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Abstract. Raw garlic contains characteristic compounds, such 
as S‑alk(en)ylcysteine sulfoxides, γ‑glutamyl‑S‑alk(en)-
ylcysteines and polysaccharides. These compounds undergo 
various transformation processes during the aging process. 
Among these compounds, the change of sulfur‑containing 
molecules is diverse and time‑dependent. Previously, by means 
of the liquid chromatography (LC)/LC‑mass spectrometry 
(MS) method, a number of unidentified peaks corresponding 
to candidates of sulfur‑containing molecules were detected in 
the chromatogram of aged garlic extract (AGE), and identified 
using MS and nuclear magnetic resonance (NMR). The 
production mechanisms of these compounds were then 
examined by model reactions and laboratory experiments 
mimicking the aging process. Three γ‑glutamyl tripeptides 
[γ‑glutamyl‑γ‑glutamyl‑S‑methylcysteine, γ‑glutamyl‑γ‑gluta-
myl‑S‑allylcysteine  (GGSAC), γ‑glutamyl‑γ‑glutamyl‑S‑1‑ 
propenylcysteine], γ‑glutamyl‑S‑allylmercaptocysteine 
(GSAMC) and cis‑S‑1‑propenylcysteine (cis‑S1PC) were 
isolated and identified. GGSAC was produced from GSAC 
through the enzymatic reaction catalyzed by γ‑glutamyl
transpeptidase (GGT), and two other tripeptides could be 
produced in similar reactions. GSAMC was produced by the 
reaction between γ‑glutamyl dipeptides and allicin. Further
more, GSAMC was a precursor compound of S‑allyl- 
mercaptocysteine (SAMC), and thus it was produced from 
GSAMC by GGT. cis‑S1PC was produced from trans‑S1PC 
by the isomerization reaction. A number of other compounds 
were also identified, including Maillard reaction products; 
however, their production mechanisms have not been 
elucidated. In this review, we present the changes in characteristic 
constituents in raw garlic and garlic extract during the aging 

process and discuss their production mechanisms involving the 
various chemical and enzymatic reactions.
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1. Introduction

Allium plants incorporate the ultimate inorganic source, 
sulfate (SO42‑), fixed as l‑cysteine molecule and produce 
several other organic sulfur compounds via various biosynthetic 
pathways, including glutamylation and glycylation to yield 
glutathione (GSH), deglycylation to yield γ‑glutamyl‑S‑alk(en)-
ylcysteines, and S‑oxygenation and deglutamylation to yield 
S‑alk(en)ylcysteine sufloxides (Fig. 1A) (1‑3). The biosynthesis 
and accumulation of these sulfur‑containing compounds become 
the most active in one to two months prior to the harvest (4). 
Other constituents, such as common amino acids, carbohydrates, 
proteins and lipids, are also actively produced and accumulate 
during the same period when garlic bulbs grow rapidly (4). 
The resulting mature garlic is harvested from early summer 
through mid‑summer to be used for various purposes, such as 
in foods, seasonings, medicinal treatments and others (4).

In the manufacturing of garlic products, raw garlic is 
processed through various methods, such as crushing, slicing, 
freeze‑drying, heating, soaking, macerating, steam distillation, 
etc. Some constituents in raw garlic change to other compounds 
by processing, and the physical and chemical properties of 
preparation depend on the processing methods (5‑7). Garlic 
oil, a yellow‑brown‑colored liquid with a sharp characteristic 
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smell, is produced by the steam distillation method and its 
constituents are mainly composed of diallylpolysulfides 
(DASn) (Fig. 1B) (5,7). Oil macerate, a liquid form with a 
characteristic smell, is produced by the soaking of garlic 
in vegetable oil, and its constituents include unique sulfur 
compounds, ajoenes and vinyldithiins (Fig. 1B) (5,7). Black 
garlic, mainly being supplied as a whole garlic bulb with an 
outer skin, is produced by the heating of garlic at 70‑80˚C 
for several months under high humidity conditions, and its 
constituents are claimed to contain Maillard reaction products 
and polyphenolic compounds (8,9).

Another unique garlic preparation, aged garlic extract 
(AGE), is produced by the soaking of garlic in a water/ethanol 
mixture, and is thus subjected to natural extraction/aging 
for >10 months at room temperature. Its constituents include 
both hydrophilic and hydrophobic compounds, such 
as S‑allylcysteine (SAC), S‑1‑propenylcysteine (S1PC), 
S‑allylmercaptocysteine (SAMC), Nα‑(1‑deoxy‑d‑fructos‑1
‑yl)‑l‑arginine  (Fru‑Arg), DASn and phenolic compounds 
(Fig. 1C and E) (10‑12). The biological properties of garlic 
have been evaluated by several researchers and garlic has 
been shown to have useful biological activities for the 
promotion of human health  (6,10,11,13). In addition, some 
characteristic constituents found in raw garlic, such as alliin, 
γ‑glutamyl‑S‑allylcysteine (GSAC) and γ‑glutamyl‑S‑1‑pro-
penylcysteine (GS1PC), are also found in AGE (6,13). These 
diverse constituents found in AGE are thought to be produced 
by the processing conditions involving both physical and 
chemical factors, such as room temperature, a near neutral pH, 
a suitable balance of hydrophilicity and hydrophobicity for 
promoting chemical/enzymatic reactions, suitable/sufficient 
processing time, etc. The compounds present in AGE can be 
produced via various and complex reactions. In particular, the 
complex chemistry of sulfur‑containing compounds is consid-
ered to contribute mostly to the diversity of the constituents 
found in AGE. In order to reveal the production mechanisms 
of characteristic compounds found in AGE during the aging 
process, the model reaction and the laboratory experiments 
mimicking the aging process were conducted under the hypoth-
esis of production mechanisms of identified compounds leading 
from the analytical results of key compounds fluctuations.

In this review, we present the changes of some charac-
teristic compounds found in AGE during the aging process, 
and discuss their production mechanisms involving various 
chemical and enzymatic reactions. We also discuss associa-
tions between products and their precursor materials.

2. S‑Alk(en)ylcysteines

Garlic accumulates S‑alk(en)ylcysteine sulfoxides (SACOs; 
methiin, alliin and isoalliin) and γ‑glutamyl‑S‑alk(en)ylcyste-
ines [GSAkCs; γ‑glutamyl‑S‑methylcysteine (GSMC), GSAC 
and GS1PC] as its characteristic sulfur constituents. GSAkCs 
abundantly exist in garlic cloves during the dormant period, 
from the time after harvest in summer to before sprouting in 
autumn (Figs. 1A and 2A) (1,4). However, the contents of these 
constituents decease when garlic cloves sense a decrease in 
environmental temperature, which acts as a stimulation signal to 
break the dormancy period, and they are gradually transformed 
into SACOs  (13,14). Furthermore, deoxy forms of SACOs 

[S‑methylcysteine (SMC), SAC and trans‑S1PC] are hardly 
detected in raw garlic. Although only a trace amount of SAC is 
detected in raw garlic, the content of this compound increases 
during the processing of garlic (13,14). The same phenomenon 
is observed for the generation of SMC and trans‑S1PC. These 
compounds are produced from GSAkCs through the hydro-
lysis reaction by endogenous γ‑glutamyltranspeptidase (GGT) 
in garlic that undergoes changes when chopped/sliced garlic 
is soaked into aqueous alcohol for >10 months, i.e., during 
the aging process (Figs. 1A, and 2A and C). GGT activity in 
AGE is detectable even after 300 days, although its activity is 
weak (10). Sun et al reported that GGT activity derived from 
garlic was significantly enhanced by glucose (Glc), aspartic 
acid (Asp) and cysteine (Cys) (15). Saccharides in raw garlic 
are mainly fructans that are composed of 1‑2 glycosyl linkage 
polymer of fructose  (Fru) with the reduction end of Glc 
(Fig. 1A). Raw garlic contains almost no free Glc; however, 
its content in AGE gradually increases with the progress of 
aging by the hydrolysis of fructan, including the release of Glc 
in the reduction end of fructan. The Asp content in raw garlic 
has been shown to be 0.2‑6.1 mg/g‑dry‑weight (13). These 
constituents can promote the activity of GGT during the aging 
process.

In previous studies, when SMC, SAC and trans‑S1PC 
were orally administered to experimental animals, they were 
rapidly absorbed, and exhibited excellent bioavailability, 
remaining stable in body fluids (16,17). The beneficial effects 
of these compounds have been documented by a number of 
researchers (13,18‑24). The bioavailability of the oxide form of 
SAC, alliin, has been shown to be <17% in a pharmacokinetic 
experiment using the radioisotope compound (25). Allicin, a 
transformation product of alliin, subsequently generates various 
compounds, such as DASn, ajoenes, vinyldithiins, etc. They have 
a low absorption rate and remain unstable in the body (25‑28). 
The overall yields of these hydrophobic compounds are small 
as they transform into various compounds and their source 
compound in raw garlic is only alliin, i.e., two molecules of alliin 
transform into one molecule of allicin, diallyldisulfide (DADS) 
and dithiin, respectively, two molecules of ajoene are produced 
from three molecules of alliin, and these compounds produced 
subsequently transform into other compounds (13). On the other 
hand, one molecule of SAC is produced from one molecule 
of GSAC, and SMC and S1PC are produced in the same 
manner (13). Although produced S‑alk(en)ylcysteines are gener-
ally stable in AGE, some portion of them are used to produce 
the other compounds, such as cis‑S1PC, SAMC and Amadori 
compounds as described in the sections below.

The endogenous enzyme GGT which produces S‑alk(en)yl- 
cysteines is considered to be one of key factors for the diver-
sity of constituents in AGE. The generation of water‑soluble 
cysteine derivatives during the aging process may contribute 
to the promotion of human health.

3. cis‑S‑1‑Propenylcysteine

The chemical and biological properties of S1PC have not been 
evaluated for a long period of time, although S1PC was found 
to be present in garlic preparations in the early 1960s (29). 
Recently, the fluctuation of its cis‑ and trans‑form in AGE 
has been reported  (30). S1PC is an isomer of SAC that is 
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Figure 1. Chemical structures of compounds found in garlic and aged garlic extract. Chemical structures of compounds in (A) raw garlic and (B‑D) aged garlic 
extract. (B) Hydrophobic compounds, (C) S‑alk(en)ylcysteine and γ‑glutamylpeptide derivatives, and (D) phenolic compounds and saponins.
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known to be produced from GSAC by enzymatic reaction 
(Fig. 2C) (13). Garlic abundantly contains the trans‑form of 
GS1PC, a plausible precursor compound of S1PC (13,30,31). 
The content of cis‑GS1PC in raw garlic has been shown 
to be <50%  of the cis‑S1PC content in AGE on a molar 
basis, although the content of cis‑S1PC gradually increases 
during the aging period (30,31). The difference in content 
between the precursor and product suggests that cis‑S1PC is 
produced not only from the precursor compound, γ‑glutamyl 
peptide containing cis form of S1PC, but also from the other 
compounds (30,31). The production mechanism of cis‑S1PC 
was previously investigated with the hypothesis that ‘cis‑S1PC 
is produced via isomerization of trans‑form’  (30,31). The 
model reaction to confirm the isomerization of S1PC was 
previously conducted using cis‑ and trans‑form of S1PC 
organochemically synthesized on the chronological analysis 
of nuclear magnetic resonance (NMR) spectrum changes. 
While only one propenyl group form of signals was observed 
in each test sample at day 0, both proton signals of cis‑ and 
trans‑S1PC in the test substances at day 30 were detected 
with almost the same intensities (31). According to the results 
of chronological evaluation, the isomerization reaction was 
confirmed to occur reversibly (Fig. 2B). Divalent sulfides have 
an electron‑releasing conjugative effect when unsaturated 
group or carbonium ion directly binds to sulfur (32,33). This 
causes the cleavage of the π bond between C1 and C2 in the 
unsaturated group. Although a part of cis‑GS1PC in raw garlic 
was considered to be hydrolyzed by GGT to produce cis‑S1PC 
during the aging process, cis‑GS1PC exhibits a slight increase 
rather than a sharp decline, similar to a trans‑form  (31). 
According to the results of S1PC isomerization experiments 
and the analysis of cis‑GS1PC fluctuation during the aging 

process, some portion of cis‑GS1PC in AGE also seems to be 
produced from trans‑GS1PC. Although the biological proper-
ties of cis‑S1PC have not yet been reported, the advances being 
made in garlic chemistry may soon precisely clarify these 
properties, including the associations between the biological 
activities and structure difference of cis‑ and trans‑form. 
Furthermore, the balance of cis‑ and trans‑form content 
may serve as a marker of the aging process, as the content of 
cis‑form compound in fresh garlic is very small compared to 
that of trans‑form; however, its amount increases with time.

4. γ‑Glutamyl‑γ‑glutamyl‑S‑alk(en)ylcysteines

Raw garlic accumulates the dipeptides, γ‑glutamyl‑S‑alk(en)-
ylcysteines as sulfur storage molecules that are precursor 
compounds of S‑alk(en)ylcysteines/SACOs  (e.g.,  SMC, 
SAC, S1PC, methiin, alliin and isoalliin) in the agricultural 
field (1,6,13). The contents of these dipeptides in AGE 
decrease with the increasing S‑alk(en)ylcysteine content 
(Fig.  2C)  (6,13,30,31). Nakamoto  et  al confirmed that 
the mass signal [M+H]+  =  420.1435, which was likely 
tripeptides, γ‑glutamyl‑γ‑glutamyl‑S‑allylcysteine (GGSAC) 
or γ‑glutamyl‑γ‑glutamyl‑cis/trans‑S‑1‑propenylcysteine 
(cis/trans‑GGS1PC), based on its elemental composition 
on the analysis of AGE  (34). They isolated and 
identified the peak as the GGSAC using preparative 
high‑performance liquid chromatography (HPLC), liquid 
chromatography/high resolution mass spectrometry 
(LC‑HRMS) and NMR comparison with authentic 
chemically synthesized compounds. γ‑Glutamyl‑γ‑glutamyl‑ 
S‑methylcysteine (GGSMC) and cis/trans‑GGS1PC were 
isolated and identified in the same manner as GGSAC 

Figure 1. Continued. Chemical structures of compounds found in garlic and aged garlic extract. (E) Chemical structures of compounds in Maillard reac-
tion‑relating compounds.
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isolation/identification (34). Although GGSMC has been found 
in Vigna radiata seeds and Vigna mungo seeds (35), there are no 
reports available to date (at least to the best of our knowledge) 
of the identification of γ‑glutamyl‑γ‑glutamyl tripeptides 
GGSMC in Allium plants, whereas other types of γ‑glutamyl 
tripeptides, GSH and its derivatives, S‑methylglutathione 
and S‑(β‑carboxypropyl)‑glutathione, have been confirmed 
as intermediate compounds in the biosynthesis pathway 
of SACOs (Fig. 1C)  (6,13). Furthermore, the isolation and 
identification of GGSAC and cis/trans‑GGS1PC were not 
previously reported (at least to the best of our knowledge) 
before the recently published study by Nakamoto et al (34).

Nakamoto et al hypothesized that γ‑glutamyl‑γ‑glutamyl 
tripeptides were produced from two molecules of γ‑glutamyl 
dipeptides by the endogenous GGT in garlic during the aging 
period, and conducted the model reactions using synthesized 
γ‑glutamyl dipeptides and a protein fraction derived from 
garlic having GGT activity, which were inhibited by the GGT 
inhibitor (34). The production of γ‑glutamyl‑γ‑glutamyl tripep-
tides was also confirmed in laboratory experiments mimicking 
the aging process, and GGT inhibitor suppressed the produc-
tion of these compounds (Fig. 2D) (34). Both cis‑GGS1PC and 
trans‑GGS1PC were identified and the proportion of their content 

in AGE was approximately cis/trans = 10/90 (%) that was similar 
to the ratio of cis/trans‑S1PC at aging at 16‑22 months (30,31). 
According to the above‑mentioned report concerning the produc-
tion mechanism of cis‑S1PC in AGE, the cis form of GGS1PC 
can be produced from the trans form by an isomerization reac-
tion during the aging process, as the contents of the cis‑GS1PC 
in raw garlic are much lower than those in AGE (13,31,34). The 
study by Nakamoto et al suggested that γ‑glutamyl tripeptides 
are produced via the transfer of γ‑glutamyl‑S‑alk(en)ylcysteines 
to glutamic acid in other γ‑glutamyl‑S‑alk(en)ylcysteines by 
an endogenous catalyst in garlic, which helps to simultane-
ously produce γ‑glutamyl‑γ‑glutamyl‑S‑alk(en)ylcysteines and 
S‑alk(en)ylcysteines during the aging process. Furthermore, the 
aging process in an aqueous alcoholic solution can provide the 
conditions under which to produce γ‑glutamyl tripeptides that 
are formed by endogenous GGT in raw garlic.

To date, at least to the best of our knowledge, there is 
no report available concerning the biological properties of 
three γ‑glutamyl tripeptides above. Kasai et al suggested that 
GGSMC is a useful index compound for the quality control of 
imported Vigna radiata seeds and Vigna mungo seeds (35). 
These three compounds may be the same as a marker/index 
compound for the aging process using an aqueous alcoholic 

Figure 2. Constituents in raw garlic and production pathways of characteristic compounds in aged garlic extract. (A) Constituents in raw garlic. (B) Production 
mechanism of cis‑S‑1‑propenylcysteine by isomerization. (C) Production mechanism of S‑alk(en)ylcyteine by enzymatic reaction and compounds pro-
duced. (D) Production mechanism of γ‑glutamyl tripeptides by enzymatic reaction and compounds produced. (E) Hydrolysis of polysaccharide, fructan. 
(F) Production mechanism of Amadori compounds by the Maillard reaction and compounds produced. (G) Production mechanism of S‑allylmercaptocysteine. 
(H) Hydrophobic compounds derived from alliin and their transformed compounds. Combination of block arrows and compound names indicate the providing 
of raw materials to the reaction pathways involved. Please refer to the corresponding names spelled out and the structures shown in Fig. 1 for abbreviated 
compound names in this figure. GGT, γ‑glutamyl transpeptidase.
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solution, as the contents of these compounds in raw garlic 
are <10‑20% of the corresponding amount in AGE, since 
these compounds are generated mainly during the aging 
process (34).

5. S‑Allylmercaptocysteine

SAMC is formed in AGE as a characteristic hydrophilic 
compound, and its biological properties have been evaluated 
(13,19). However, this compound is not detected in fresh whole 
garlic, and only a trace amount is found when garlic is crushed 
(approximately 0.01 µmol/g fresh garlic) (13). SAMC is chemi-
cally synthesized by the reaction between allicin and Cys 
that proceeds very rapidly, even at room temperature (13,36). 
Allicin is rapidly and abundantly produced from the precursor, 
alliin, when raw garlic is crushed or sliced; however, Cys is not 
detectable in whole raw garlic and crushed garlic (13). Fujii et al 
analyzed the chronological fluctuation of the SAMC content 
during the aging process and found that its content gradually 
increased during the aging process (37). Furthermore, allicin 
disappears in the early stage of the aging process. These find-
ings indicate that SAMC in AGE can be produced without Cys 
during the aging process. This is different from the production 
mechanism in the textbook involving the reaction between 
allicin and Cys.

Matsutomo et al demonstrated that SAMC was produced 
by the reaction between SAC/S1PC and DADS using model 
reactions, and the amount of production was tempera-
ture‑dependent (e.g., 25˚C << 40˚C << 60˚C) (30). Since the 
aging process normally occurs at room temperature, the 
contribution of the reaction involving DADS/SAC/S1PC 
towards total SAMC production may be minimal (Fig. 2G).

Matsutomo  et  al also demonstrated the presence of 
γ‑glutamyl‑S‑allylmercaptocysteine (GSAMC) in AGE by 
LC‑HRMS analysis, a putative precursor of SAMC, similar 
to GSAC for a precursor of SAC and GS1PC for a precursor of 
S1PC (Fig. 1C). GSAMC is not detectable in raw garlic (30), 
although its content in AGE reaches a maximum level within 
one month and then gradually decreases  (37). Based on 
these fluctuations of GSAMC and SAMC in AGE, Fujii et al 
hypothesized that GSAMC is produced from GSAC/GS1PC 
in the early stages of the aging process, and that SAMC is 
produced from GSAMC by endogenous GGT as an alterna-
tive mechanism of SAMC production (37). They conducted 
model reactions and laboratory experiments mimicking the 
aging process using GSAC, GS1PC, alliin, allicin, garlic 
protein fraction (GPF) having GGT activity and raw garlic 
cloves  (37). The production of GSAMC and SAMC was 
observed in the combination of GS1PC/allicin/GPF and 
GSAC/allicin/GPF, and SAMC production was inhibited 
by GGT inhibitor. GGT inhibitor also suppressed SAMC 
production in laboratory experiments mimicking the aging 
process using raw garlic.

According to the above‑mentioned observations, the 
production of SAMC during the aging process is postulated 
as follows: First, when garlic is soaked in an aqueous alco-
holic solution, alliin is transformed to allicin by alliinase, 
and GSAMC is produced by the reaction between allicin and 
GSAC/GS1PC, and finally SAMC is produced from GSAMC 
by GGT (Fig. 2G). Thus, it is suggested that GSAMC and 

SAMC in AGE are produced through the combination of 
chemical and enzymatic reactions during the aging process. 
The two production pathways of SAMC mentioned above 
differ from the ones in the textbook, and suggest that SAMC 
can be made without endogenous Cys during aging process. 
Furthermore, SAMC production involves plural reaction path-
ways that provide several raw materials by the chemical and 
enzymatic reactions. This is not a simple reaction, such as the 
condensation of two raw materials, Cys and allicin.

SAMC has been reported to possess useful biological 
properties, such as hepatoprotective effects, anti‑ototoxicity 
and anticancer effects (38‑41). However, SAMC quickly disap-
peared when it was mixed with blood (26). Recently, Yang et al 
reported the metabolism of SAMC using LC‑MS/MS, and 
revealed that its half‑life in rat plasma was <5 min and its 
clearance was within 30 min (42). These results suggest that 
SAMC has strong affinity to proteins in plasma or that the 
metabolite of SAMC may be an active molecule.

6. Hydrophobic sulfur compounds

Following the discovery of allicin and the alliin‑allinase 
system in the early 1940s, the scientific knowledge in the 
garlic chemistry, particularly that relating to the chemical and 
biological properties of hydrophobic compounds, has rapidly 
expanded (7,43). Allicin has always played a central role in 
garlic chemistry; however, this compound has chemical 
characteristics of low stability and high reactivity (26,27). 
Allicin transforms into various sulfur compounds, such 
as DASn, ajoenes and vinyldithiins (Figs. 1B and 2H) (7). 
Transformation products have also been widely investigated 
in terms of their biological and chemical properties by several 
researchers (13,43). These include characteristic constituents 
in the lipophilic products, such as garlic oil and oil macerate 
product. AGE is characterized by water‑soluble constituents 
and its content of lipophilic substances is very low (7,10). 
Among these hydrophobic compounds in AGE, DASn are 
main lipophilic constituents and play an important role in 
producing one of the characteristic sulfur compounds, SAMC. 
Matsutomo et al performed model reactions to confirm the 
production mechanism of SAMC using DADS, SAC and 
S1PC (Fig. 2G and H) (30). The production of SAMC was 
observed in the model reaction mixtures of DADS/SAC and 
DADS/S1PC, and its production was enhanced in a temper-
ature‑dependent manner. These results indicate that some 
hydrophobic volatile compounds in AGE are condensed into 
a hydrophilic compound through the production of SAMC by 
the reaction with SAC/S1PC during the aging process. The 
appropriate balance of hydrophilicity and hydrophobicity in 
AGE may provide the proper condition for the production of 
SAMC.

7. Maillard reaction products

The amino‑carbonyl reaction, namely, the Maillard reaction, is 
known as a chemical reaction between reducing sugars and the 
amino group in amino acids and peptides. This reaction occurs 
non‑enzymatically and yields browning, characteristic flavors 
and tastes to food materials (44). Although raw garlic contains 
abundant polysaccharides and amino acids, the contents of 
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reducing monosaccharides, such as Glc, galactose and Fru, 
are very low (Fig. 2E and F). Ryu et al isolated and identi-
fied Fru‑Arg as a Maillard reaction product in AGE that was 
produced by the reaction between Glc and Arg (Fig. 1E) (11). 
Arg is the most abundant common amino acid in raw garlic, 
although free Glc is not detectable. Although Fru‑Arg is not 
detectable within four months of aging, its content gradually 
increases with the further progression of aging, as Glc is 
supplied into the container in which the aging process occurs 
by the degradation of fructan, having Glc at the reducing end 
(please see section 8 below entitled ‘Sugars’). Matsutomo et al 
isolated and identified the ‘Fru‑Arg’ type of sulfur‑containing 
Amadori compounds, such as Nα‑(1‑deoxy‑d‑fructos‑1‑yl)‑S‑
allylcysteine (Fru‑SAC), Nα‑(1‑deoxy‑d‑fructos‑1‑yl)‑γ‑glu-
tamyl‑S‑allylcysteine (Fru‑GSAC) and Nα‑(1‑deoxy‑d‑fructos
‑1‑yl)‑γ‑glutamyl‑S‑1‑propenyl‑cysteine (Fru‑GS1PC) in AGE 
(Fig. 1E) (45). These sulfur‑containing Amadori compounds 
are characteristic compounds in AGE as they are produced 
during the aging process from GSAC and GS1PC that are 
characteristic constituents in A. sativum L.

Ide et al reported the identification of four Maillard reaction 
products, namely (1R, 3S)‑1‑methyl‑1, 2, 3, 4‑tetrahydro‑β‑carbo-
line‑3‑carboxylic acid [(1R, 3S)‑MTCC], (1S, 3S)‑1‑methyl‑1, 2, 
3, 4‑tetrahydro‑β‑carboline‑3‑carboxylic acid [(1S, 3S)‑MTCC], 
(1R, 3S)‑1‑methyl‑1, 2, 3, 4‑tetrahydro‑β‑carboline‑1, 
3‑dicarboxylic acid [(1R, 3S)‑MTCdiC], (1S, 3S)‑1‑methyl‑1, 
2, 3, 4‑tetrahydro‑β‑carboline‑1, 3‑dicarboxylic acid [(1S, 
3S)‑MTCdiC] that were produced by the reaction between tryp-
tophan and acetaldehyde/pyruvic acid (Figs. 1E and 2F) (46). 
These compounds differ from the type of ‘Fru‑Arg’. Small 
amounts of these four compounds were found in four 
month‑aging material, and their contents were then gradually 
increased. Raw garlic contains tryptophan, while acetaldehyde 
and pyruvic acid are not detectable. Acetaldehyde may be 
produced from ethanol added and pyruvic acid is generated 
by the degradation of alliin and deoxyglucoson produced by 
the Maillard reaction (46). When the aging process begins, 
the degradation of alliin immediately occurs, and the produc-
tion/degradation of deoxyglucoson progresses later than the 
degradation of alliin. Therefore, these four compounds may 
be generated earlier than Fru‑Arg production, while the 
degradation of polysaccharides and the production/degra-
dation of deoxyglucoson are also necessary for providing 
pyruvic acid.

Reactive oxygen species (ROS) play an important role in 
the induction of various diseases. AGE has been shown to have 
antioxidant activities, including the scavenging of ROS, and its 
sulfur‑containing constituents are mainly responsible for these 
antioxidant activities (47). Ryu et al and Ide et al evaluated the 
antioxidant activity of their isolated Maillard reaction products 
by H2O2 scavenging activity, and found that the antioxidant 
activity of (1S,3S)‑MTCdiC was particularly more potent than 
that of ascorbic acid (11,46). Zhou et al reported that Fru‑Arg 
attenuated neuroinflammatory responses and Nrf2‑mediated 
oxidative stress response in microglial cells (48). Oxidative 
stress in neuron cells induces brain dysfunction, resulting 
in severe symptoms, such as cognitive impairment and 
Alzheimer's disease. These results indicate that the aging 
process generates the various antioxidant compounds via the 
Maillard reaction.

8. Sugars

Carbohydrates are the most abundant components in raw 
garlic, which are approximately 80% of the dry weight (8,49). 
Among these, the main constituent is a water‑soluble 
fructo‑polysaccharide termed fructan, which has the struc-
ture of an inulin type 2→1 linkage and Glc molecule at the 
reducing end (13,49). Fructan is the main carbohydrate storage 
compound and may play a role in osmotic regulation and 
in cold resistance (50). Its amount in raw garlic is >60% of 
the dry weight (49). The other carbohydrate constituents are 
the monosaccharides, Glc and Fru, disaccharide sucrose and 
the polysaccharides, galactan, galacturonan, xyloglucan and 
pectin (13,51). Fructan is gradually hydrolyzed into the mono-
saccharides, Fru and Glc, during the aging process (Fig. 2E). 
The Glc content in AGE has been shown to be 3.3%, indicating 
that a number of fructans remained without hydrolysis (11). 
On the other hand, black garlic is produced by continuous 
heating at 70‑80˚C under high humidity conditions for several 
months; subsequently, fructan is completely hydrolyzed into 
monosaccharide, and the resulting product becomes sweet, wet 
and sticky (8,9,52). The contents/balance of monosaccharides 
and polysaccharides affects the development of the product 
formulation through changes in physical properties, such as 
viscosity and density in liquid form, promoting the dissolu-
tion of slightly soluble substances in liquid form, the binding 
ability of the powder in solid form, the active water content in 
solid form, and so on. Furthermore, the monosaccharide Fru 
content affects the taste in the final product, which contributes 
to the sweetness.

It is well known that sugars react with amino acids to 
produce the Maillard reaction products (44). Although the 
amount of reducing monosaccharides is low in raw garlic, its 
content during the aging process gradually increases with the 
progression of the aging process, and the content of Maillard 
reaction products fluctuates in a synchronized manner (please 
see the section 7 above entitled ‘Maillard reaction products’). 
Fructans and the degradation products of fructans may char-
acterize AGE both physically and chemically.

9. Saponins

Saponin is a general term for compounds in natural products 
that produce foam and possess surface‑active properties as 
they consist of a fat‑soluble aglycone linked to one or more 
water‑soluble carbohydrate chains. A number of plants 
contain saponins, and in particular, ginsenoside in ginseng 
and glycyrrhizin in liquorice are well known as useful sapo-
nins for human health. In their chemical structures, they are 
divided into two groups, triterpenoid saponins and steroidal 
saponins. Furthermore, steroidal saponins are divided into 
two forms, namely spirostanol and furostanol. Although 
Smoczkiewicz et al suggested in the early of 1980s that garlic 
contains saponins having a structure of steroidal glycoside, 
the isolation and structural determination of these had not 
yet been accomplished (53). Towards the end of the 1980s, 
Matsuura et al successfully isolated novel furostanol glyco-
sides termed proto‑eruboside‑B and satiboside‑B from a crude 
glycoside fraction that was prepared from methanol extract of 
frozen garlic (Fig. 1D) (54,55). Furthermore, they found that 
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the combination of freezing and extraction with methanol was 
effective by the suppression of glucosidase activity in order 
to isolate genuine glycosides from raw materials. That is, 
no spirostanol glycosides were observed in the extract with 
the combination treatment of freezing and extraction with 
methanol. However, spirostanol glycosides were observed in 
the methanol extract of garlic without freezing treatment.

In the steroidal saponins isolated from garlic, spirostanol 
types have several biological activities and effects, such as 
antimicrobial activities (54), anticancer activities (56), inhibi-
tory effects on blood coagulability (57), promoting effects 
on fibrinolysis  (57) and cholesterol‑lowering effects  (58). 
However, genuine glycosides furostanol types do not have 
these activities. According to previous studies (54‑58), the 
processing method involving the reaction with endogenous 
enzymes in garlic may be crucial for the production of the 
useful biological activities.

A. ampeloprasum L. (common name: Elephant garlic) is 
often used as garlic. This plant is commonly known as wild 
leek, while its appearance is very similar to A. sativum L. in 
its stalk, leaves, cloves and bulb, apart from the size of the 
clove and bulb. A. ampeloprasum L. also contains spirostanol 
glycoside having agigenin as an aglycone (56). On the other 
hand, the sapogenin part of spirostanol glycoside derived from 
garlic is β‑chlorogenin. Itakura et al successfully established 
the convenient analytical method of TLC to distinguish 
A. sativum L. and A. ampeloprasum L. using the difference 
of aglycones in their saponins (59). Furthermore, their method 
can distinguish A. sativum L. from other Allium plants, such 
as A. cepa (onion), A. porrum (leek), A. fistulosum (Welsh 
onion), and so on, even they are processed into commercial 
products (56,59).

10. Compounds of which the production mechanisms have 
not been elucidated

The existence of two sulfanyl‑alanines, 3‑allyltrisulfanyl‑alanine 
(3ATSA) and 4‑allyltetrasulfanyl‑alanine (4ATSA), was 
confirmed by the LC‑HRMS analysis of AGE: 3ATSA, calcu-
lated [M+H]+ = 226.0025, observed [M+H]+ = 226.0021; 4ATSA, 
calculated [M+H]+ = 257.9745, observed [M+H]+ = 257.9744 
(Fig. 1C). 3ATSA has been reported as a novel sulfur compound 
derived from garlic having a potent anti‑yeast activity, which 
is generated when garlic is heated at 120˚C for 30 min and 
completely disappears following 90 min of heating, while its 
content in heated garlic and production mechanisms have not 
been described (60). The MS signal of 3ATSA is not detectable 
in 4‑month‑old AGE; however, its content gradually increases in 
the subsequent aging process, while the aging process occurs at 
room temperature. Although the content of 4ATSA is lower than 
that of 3ATSA, it gradually increases with aging. According to 
the fluctuation during the aging process, it may be produced 
by the reaction between S‑alkenylcysteines and DASn, such 
as SAMC production mechanisms (please see sections 5 and 6 
above, entitled ‘S‑Allylmercaptocysteine’ and ‘Hydrophobic 
sulfur compounds’, respectively).

Two GSH derivatives, S‑allylglutathione (SAG) and 
S‑allylmercaptoglutathione (SAMG), were also confirmed by 
the LC‑HRMS analysis of AGE, yielding mass signals of theoret-
ical elemental composition of each compound: SAG, calculated 

[M+H]+ = 348.1224, observed [M+H]+ = 348.1219; SAMG, 
calculated [M+H]+ = 380.0945, observed [M+H]+ = 380.0940 
(Fig. 1C). SAG is thought to exist in raw garlic as an inter-
mediate on alliin synthesis pathway involving S‑alk(en)ylation 
of Cys residue, deglycinylation of GSH, S‑oxygenation of SAC 
moiety and deglutamylation of γ‑glutamylpeptide, while its 
source in the allyl group is unknown (13). SAG in AGE may 
be the remaining part not being used for alliin production. 
Rabinkov et al charactrerized the chemical and biological prop-
erties of SAMG that was organochemically synthesized using 
allicin and GSH (61). To date, to the best of our knowledge, 
there is no report available to indicate that raw garlic contains 
SAMG. S‑Allylsulfanylation on GSH/SAG could occur similar 
to SAMC production; however, the production mechanisms of 
SAMG are unknown.

Ban et al reported the induction of colon cancer apoptosis 
by a unique heterocyclic compound, thiacremonone, derived 
from heated garlic (Fig. 1E) (62). This compound is known to 
be related to pigment and aroma in soy sauce, miso, beer, heated 
garlic and heated onion, which is produced by the Maillard reac-
tion between Cys/cystine (Cys2) and Fru (63). This compound 
in AGE has been investigated by LC/LC‑MS analysis and its 
content has been found to be lower than a few micrograms 
per dry‑material base of AGE. Fru is abundantly produced by 
hydrolysis of fructan during the aging process, while the small 
amount is present in raw garlic (please see section 8 above 
entitled ‘Sugars’). Since Cys and Cys2 are not detectable in raw 
garlic (13); thiacremonone in AGE could be produced by the 
Maillard reaction between Fru and some of Cys derivatives, 
such as SAC, S1PC and SAMC. However, at the present time, 
its production mechanism during the aging process are unclear.

Matsutomo et al isolated and identified coniferyl alcohols 
and dilignol drivatives, (‑)‑(2R,3S)‑dihydrodehydrodiconiferyl 
alcohol (DDDC), (+)‑(2S,3R)‑dehydrodiconiferyl alcohol 
(DDC), erythro‑guaiacylglycerol‑β‑O‑4'‑coniferyl ether and 
threo‑guaiacylglycerol‑β‑O‑4'‑coniferyl ether in AGE by HPLC 
under the activity‑guided fractionation of antioxidant activity 
(Fig. 1D) (12). These compounds exhibit a high antioxidant 
activity. Yamakawa et al examined the effects of DDDC and DDC 
on primary human coronary artery smooth muscle cells, and 
only DDC inhibited alkaline phosphatase activity in cells (64). 
The production mechanisms of these phenolic compounds 
are unclear. Ichikawa et al isolated and identified six phenolic 
compounds, namely trans‑coumaric acid, trans‑ferulic acid, 
N‑trans‑coumaroyloctopamine, N‑trans‑feruloyloctopamine, 
guaiacylglycerol‑β‑ferulic acid and guaiacylglycerol‑β‑caffeic 
acid methyl ether, as an antioxidant derived from garlic skin (65). 
According to their report, DDC and DDDC may be degradation 
products of lignans in garlic skin or cell walls.

Kodera  et al isolated and identified a unique phenolic 
compound, 3‑hydroxy‑5‑methoxy‑6‑methyl‑2‑n‑pentyl‑4H
‑pyran‑4‑one, named allixin (Fig. 1D) (66). This compound 
is classified as phytoalexin that is produced by plants when 
they are subjected to stress from their environment, and is the 
first phytoalexin isolated from garlic (66‑68). This compound 
exhibits weak antimicrobial activity (66), potent antitumor 
activity in vivo/in vitro (69) and neurotrophic activity (70). 
Phytoalexins are synthesized de novo by plants at harmed 
areas by pathogen infection, or physical/chemical stress. 
Kodera  et  al induced this compound using several phys-
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ical/chemical stresses; however, the details of the biosynthesis 
of this compound are not clear (66‑68). Allixin in AGE may be 
produced before the aging process or at the very early period 
of aging.

11. Conclusion

The constituents in raw garlic can change into various 
compounds depending on the processing method and condi-
tions. The aging process produces both hydrophilic and 
hydrophobic substances by the enzymatic and chemical 
reactions, including transformation, hydrolysis, isomeriza-
tion, the Maillard reaction, etc. During the aging process, 
some hydrophobic volatile compounds reacted with hydro-
philic compounds to produce useful constituents in AGE, 
indicating that the aging process can condense even volatile 
compounds and these reactions lead to a greater diversity of 
constituents in AGE. Aging is a superior processing method 
as some of the constituents in AGE have been found to 
possess useful biological properties which are beneficial to 
human health.
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