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ABSTRACT: In this study, we report the optimal extraction conditions for obtaining organosulfur compounds, such as 

cycloalliin, from garlic by using principal component analysis (PCA). Extraction variables including temperature (40∼

80oC), time (0.5∼12 h), and pH (4∼12) were investigated for the highest cycloalliin yields. The cycloalliin yield (5.5 

mmol/mL) at pH 10 was enhanced by ∼40% relative to those (∼3.9 mmol/mL) at pH 4 and pH 6. The cycloalliin level 

at 80oC showed the highest yield among the tested temperatures (5.05 mmol/mL). Prolonged extraction times also in-

creased cycloalliin yield; the yield after 12 h was enhanced ∼2-fold (4 mmol/mL) compared to the control. Isoalliin and 

cycloalliin levels were inversely correlated, whereas a direct correlation between polyphenol and cycloalliin levels was 

observed. In storage for 30 days, garlic stored at 60oC (11 mmol/mL) showed higher levels of cycloalliin and polyphenols 

than those at 40oC, with the maximum cycloalliin level (13 mmol/mL) on day 15. Based on the PCA analysis, the iso-

alliin level depended on the extraction time, while cycloalliin amounts were influenced not only by extraction time, but 

also by pH and temperature. Taken together, extraction of garlic at 80oC, with an incubation time of 12 h, at pH 10 af-

forded the maximum yield of cycloalliin.
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INTRODUCTION

Garlic is a bulbous plant of the genus Allium. Relatives 

of garlic include, but are not limited to, onions, shallots, 

leeks, and chives. The cultivation of garlic has been in 

practice since the early periods of human history, and it 

has been used for both culinary and medicinal purposes. 

In addition to its hard bulbs, which make it resistant to 

pests and animals such as rabbits and moles, garlic con-

tains an abundance of sulfur-containing compounds, 

which are responsible for its pungent flavour and benefi-

cial health properties (1). Sulfoxides (alliin), thiosulfi-

nates (alliicin), and dithiin (ajoene) are the major sulfur- 

based compounds found in garlic (2). The synthesis of 

these organosulfur compounds involves the transforma-

tion of γ-glutamyl peptides (GSPCs) into sulfoxides (3, 

4). GSPCs are converted into alk(en)yl-L-cysteine sul-

foxides such as alliin, isoalliin, and methiin by γ-glutamyl 

transpeptidase and oxidase (3,4). When garlic is cut or 

crushed, alliinase is released, and it promotes the produc-

tion of thiosulfinates from sulfoxides (4,5). Upon heat-

ing, a condition under which alliinase is deactivated, iso-

alliin, an S-propenyl-cystein-sulfoxide, is converted to cy-

cloalliin [(1S,3R,5S)-5-methyl-1,4-thiazane-3-carboxylic 

acid 1-oxide], a stable cyclic compound (6,7) (Fig. 1). 

Unwilling flavours unique to garlic almost disappear in 

this compound (7). The synthesis of cycloalliin is usual-

ly achieved during the storage of raw garlic at high tem-

peratures, during which its cycloalliin content increases 

(2). In 2003, Nagao et al. (8) reported that during the 

cooking process, cycloalliin accounted for ∼50% of all 

sulfur-containing compounds in garlic. 

Like other sulfur-containing compounds in garlic, cy-

cloalliin is known to be associated with many health ben-

efits of garlic. Previous studies have shown that cyclo-

alliin is responsible for reducing the risk of both cancer 

and cardiovascular disease, as well as playing an impor-

tant role in the reduction of serum triglyceride in rats (9, 

10). Xiao and Parkin (11) have reported that cycloalliin 

promotes the reduction of quinone reductase activity, 

which is elevated in several tumors (12) in vitro. In addi-

tion, cycloalliin has been reported to increase the fibrin-

olytic activity of blood in humans, while also inhibiting 

platelet aggregation (13-15). All of these studies suggest 
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Fig. 1. Biosynthetic pathway of organosulfur compounds in garlic.

that cycloalliin can be useful as a chemical and/or biolog-

ical marker for the evaluation of garlic, onion, or garlic- 

derived foods. 

Cycloalliin is much more stable and flavourless com-

pared to the other organosulfur compounds derived from 

garlic, yet it has similar health promoting properties. 

The maximization of cycloalliin levels found in garlic is 

very important in the application of garlic in both food 

and medications. In this study, we have investigated the 

optimal conditions for the extraction of cycloalliin from 

garlic and the optimal steaming time for the pre-proc-

essing of garlic. The changes in the cycloalliin levels ac-

cording to storage temperature were also determined. 

Moreover, the extraction variables that affected garlic 

components were examined via principal component an-

alysis (PCA) analysis. 

MATERIALS AND METHODS

Chemical and plant materials 

Cycloalliin was purchased from Tokyo Chemical Industry 

Co., Ltd. (Tokyo, Japan). GSPC and isoalliin were iso-

lated from garlic and onion bulbs, respectively, accord-

ing to the methods of Lawson et al. (16) and Shen and 

Parkin (17) with slight modifications. Acetonitrile, meth-

anol, and water for high-performance liquid chromatog-

raphy (HPLC) were purchased from Honeywell Burdick 

& JacksonⓇ (Muskegon, MI, USA). All other chemicals 

were of reagent grade and obtained from local suppliers. 

Extraction of organosulfur compounds

Bulbs of a garlic plant that had been harvested in the Ui-

seong, Korea and stored at room temperature for either 

1 or 6 months were obtained from a local market. The 

extraction of garlic was carried out as follows: the de-

hulled garlic was first steamed (5, 10, 20, 30, or 60 min) 

in order to deactivate the native alliinase. This was fol-

lowed by homogenizing for 10 min to obtain an uniform 

slurry. Extraction temperature (40, 50, 60, and 80oC), 

extraction pH (pH 4.0, 6.0, 8.0, 10.0, and 12.0), and ex-

traction time (0.5, 1, 2, 4, 8, and 12 h) were investigated 

in order to elucidate the optimal extraction conditions. 

Solids were separated by centrifugation at 2,000 g for 10 

min under 5oC, and the resulting supernatant was ana-

lysed.

Analysis of isoalliin and cycloalliin 

The HPLC analysis of isoalliin and cycloalliin was per-

formed by the method described by Ichikawa et al. (18), 

with some modifications (Fig. 2A). The HPLC system 

employed was a Varian Prostar 200 (Varian Medical Sys-

tems Inc., Palo Alto, CA, USA) equipped with a quater-

nary solvent delivery system, an autosampler, and a UV 

detector, which measured the absorbance at 210 nm. 

The column was a Shodex Asahipak NH2P-50 4E column 

(250×4.6 mm, Showa Donko Co., Tokyo, Japan). Gradi-

ent elution was employed using solvent A (0.2%, v/v, 

phosphoric acid in water) and solvent B (0.2%, v/v, phos-

phoric acid in acetonitrile) at 30oC: 0→5 min, 84% B (iso-

cratic); 5→15 min, 84→80% B; 15→20 min, 80→84% B; 

20→30 min, 84% B (isocratic). The flow rate was kept at 

1.5 mL/min and the sample injection volume was 10 μL. 

Analysis of GSPC 

GSPC was analysed by reversed-phase HPLC, a Varian 

Prostar 200 system (Varian Medical Systems Inc.), of the 

same construction as described above, and used as de-

scribed above (Fig. 2B). The HPLC conditions were as 

follows: the column used was an SP column C18 type 

UG120 (150×4.6 mm, 5 μm, Macherey-Nagel GmbH & 

Co. KG, Düren, Germany); the column temperature was 

30oC, the flow rate was 0.8 mL/min, the mobile phase 

was 50 mM phosphate buffer (pH 2.6) in methanol (85: 

15, v/v) under isocratic condition, the wavelength em-

ployed was 205 nm, and the injection volume was 10 μL.

Analysis of polyphenols 

The polyphenol content was determined using the Folin- 

Ciocalteu method (19), adapted to a micro scale. In a 

1.5-mL Eppendorf tube, 0.79 mL of distilled water, 0.01 
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Fig. 2. Typical (A) normal-phase, (B) reversed-phase HPLC chromatograms of garlic extracts.

mL of sample, and 0.05 mL of 0.9 N Folin-Ciocalteu re-

agent were added and mixed. After exactly 1 min, 0.15 

mL of 20% sodium carbonate was added, and the mix-

ture was allowed to stand at room temperature for 120 

min. The absorbance was read at 750 nm, and the poly-

phenol concentration was calculated from a calibration 

curve using gallic acid as a standard.

Changes in the amount of organosulfur compounds pres-

ent in garlic cloves during storage

The garlic extract was stored at 40oC and 60oC for 0, 1, 

2, 3, 5, 10, 15, or 30 days. The organosulfur compound 

composition and polyphenol content in the garlic extract 

were determined according to the quantitative method 

described for the analysis of polyphenol and organo-

sulfur compounds. The pH was measured with a Orion 

3-Star pH meter (Thermo Scientific Orion, Beverly, MA, 

USA) with a glass electrode. 

The degree of browning was also measured spectro-

photometrically (NanoQuant Infinite M200, Tecan Group 

Ltd., Männedorf, Switzerland) at 420 nm. The colour de-

terminations of the garlic extracts were performed using 

a colour measurement spectrophotometer (Minolta Cam-

era, Tokyo, Japan) set for Hunter L (lightness), a (red-

ness), b (yellowness), and ΔE (total colour difference) 

values. The results of the Hunter L, a, and b values were 

averaged from 10 replications, and analyses were per-

formed with the garlic samples from each storage con-

dition in triplicate. 

∆

 −  
  −  

  −  


Statistical analysis

All statistical analyses were performed using the Statisti-

cal Package for Social Sciences version 12.0 (SPSS Inc., 

Chicago, IL, USA). The statistical significance of differ-

ences was determined using unpaired Student's t-tests 

and one-way ANOVA at a significance level of P＜0.05 

followed by Duncan's multiple range test. All data are 

reported as mean±standard deviations (SD). PCA was 

performed on a set of data derived from extraction and 

storage experiments by transforming the original varia-

bles into a smaller set of linear combinations [principal 

components (PCs)]. We selected two PCs. The best con-

dition vector was extracted from the combination plot of 

the two PCs.

RESULTS AND DISCUSSION

Effect of steaming time

To induce the production of cycloalliin from isoalliin, al-

liinase (which can also produce other sulfur-containing 

compounds such as thiosulfinates) should be deactivated. 

Thus, we performed a steaming treatment as a means of 

deactivating alliinase, and determined its effects on the 

levels of cycloalliin and related sulfur compounds (i.e. its 

precursors). The yield of each garlic extract showed no 

significant change (data not shown). The levels of cyclo-

alliin, GSPC, and alliin were enhanced as steaming time 

increased, whereas the level of isoalliin decreased in a 

time-dependent manner (Fig. 3). Steaming for 60 min 

resulted in the highest observed levels of GSPC and cy-

cloalliin, whereas the level of isoalliin was the lowest at 

30 min, and the level of alliin greatly increased until 10 

min and then reached a plateau (Fig. 3). Consequently, 

10 min seems to be the optimal steaming time for the 

inhibition of alliinase activity during the processing of 

garlic. However, this study did not provide an exact cor-

relation between enzyme activity and steaming time. 

Our data shows that alliinase was active after 10 min 

considering the level of cycloalliin. Therefore, a detailed 

steaming time should be established through the exami-

nation of alliinase enzymatic activity. Our results demon-

strate that the deactivation of alliinase through steaming 

allows for the synthesis of cycloalliin by blocking allii-

nase-catalysed pathways, which produce thiosulfinates 

such as allicin. The increase in the level of GSPC by 

steaming appears to be due to the deactivation of γ-glu-

tamyl transpeptidase oxidase, which catalyses the syn-
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Fig. 3. Effect of steaming time on the organosulfur compounds and polyphenol content in garlic. Each bar represents mean±SD
(n=3). (A) γ-glutamyl peptide (GSPC), (B) isoalliin, (C) cycloalliin, and (D) alliin. Different letters (a-e) are significantly different at 
P<0.05 using Duncan's multiple range test.

thesis of isoalliin (a precursor of cycloalliin) from GSPC. 

We also believe that the deactivation of alliinase and γ- 

glutamyl transpeptidase oxidase by steaming led to a sig-

nificant drop in the level of isoalliin content. 

Both garlic and onion contain pungent sulfur com-

pounds, which can generate undesirable breath odours. 

Previous studies have reported that boiling or homoge-

nizing garlic bulbs in alcohol mixed with water removed 

the pungent odour and deactivated alliinase (20,21). 

Anno et al. (22) reported that at 70oC, the endogenous 

alliinase could be deactivated in 5∼10 min, and that at 

80oC or 100oC, the enzyme could be deactivated in 1 

min. Meanwhile, despite the fact that blanching treat-

ment with water at 90oC or 100oC for 15 min appears to 

achieve the complete deactivation of alliinase (23,24), 

the optimum blanching conditions have not yet been es-

tablished for garlic. Over-blanching, apart from exhibit-

ing high energy consumption, may cause the loss of nu-

trients and texture. Our steaming treatment, at 100oC for 

10 min, was considered to be sufficient for the deactiva-

tion of alliinase.

Effect of pH 

In order to determine the optimal pH for the extraction 

of organosulfur compounds from garlic, the levels of 

GSPC, isoalliin, cycloalliin, and polyphenols were anal-

ysed after extraction over a range of pH values (Fig. 4). 

To investigate the effects of pH on the levels of organo-

sulfur compounds, the pH values of the garlic extract 

were varied from 4.0 to 12.0, while keeping the incuba-

tion temperature at 40oC and the incubation time at 12 

h (Fig. 4). The GSPC level did not show any significant 

change at any pH value, and only showed a slight in-

crease at pH 6. The levels of cycloalliin and polyphenols 

increased under alkaline conditions, while the level of 

isoalliin considerably decreased at high pH values. Cy-

cloalliin was at its maximum level (5.43 mmol/mL) at 

pH 10, but the level of isoalliin was lowest at pH 10. 

Meanwhile, the polyphenol level was maximum at pH 12. 

These results indicate that the conversion of isoalliin 

to cycloalliin is promoted under alkaline conditions. Ueda 

et al. (7) reported that the degradation of isoalliin is ac-

celerated at high pH levels, which is in agreement with 

our data. In addition, alkaline conditions could partially 

contribute to the suppression of the remaining activity 

of alliinase, the optimal pH of which is around 6. Our 

results showed that the polyphenol level was enhanced 

at pH 9 and 10 as opposed to at lower pH values. Wissam 

et al. (25) reported that the level of proanthocyanidins, 

the polyphenols found in pomegranate peels, was in-

creased at pH 9 and 10 compared to that at pH 5.5, but 

the polyphenol level was not altered. However, Cheng et 

al. (26) showed that the levels of polyphenols extracted 

from blueberry leaves at pH 2 were higher than those 

extracted at pH 6. The dependence of the level of extrac-

ted polyphenol on pH values seems to be affected by 

both the type and source of the polyphenols. However, 

polyphenols have been known to undergo oxidation to 
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Fig. 4. Effect of pH on the organosulfur compounds and polyphenol content of garlic extracts. Each bar represents mean±SD (n=3).
(A) γ-glutamyl peptide (GSPC), (B) isoalliin, (C) cycloalliin, and (D) polyphenol. Different letters (a-e) are significantly different at 
P<0.05 using Duncan's multiple range test.

form quinones under alkaline conditions (27), which 

could impact our analysis of the polyphenol content. Ul-

timately, our data showed that the optimal pH for the 

effective extraction of cycloalliin is 10. 

Effect of extraction temperature

We next sought to determine the effect of temperature 

on the extraction of the aforementioned organosulfur 

compounds (Fig. 5). After 12 h of incubation, the cyclo-

alliin level was found to increase when the temperature 

was increased, with cycloalliin content at 80oC enhanced 

by 45% compared with that at 40oC (Fig. 5C). Addition-

ally, the isoalliin level was decreased 2-fold at 80oC com-

pared with that at 40oC (Fig. 5B), which demonstrates 

that the conversion of isoalliin to cycloalliin is more ef-

fectively promoted at higher temperatures, and that 80oC 

is the optimum extraction temperature. This temperature 

increase also induced higher amounts of polyphenols (Fig. 

5D), although the GSPC content was not altered within 

the tested temperature range (Fig. 5A). It should be not-

ed that Ichikawa et al. (2) observed the conversion of 

isoalliin to cycloalliin at 35oC, and that Anno et al. (22) 

found that extraction temperatures needed to be increas-

ed in order to promote the conversion of isoalliin to cy-

cloalliin. 

A recent study reported that a significant increase in 

the levels of phenolic compounds found in garlic was ob-

served upon heating (28). Polyphenols contain a phenol-

ic hydroxyl group, which provides an antioxidative effect 

via interactions with the phenol ring and a resonance 

stabilization effect (29). Stewart et al. (30) reported that 

this heat-induced increase in polyphenol levels is due to 

the fact that phenolic compounds contain bound cellular 

constituents that can be released upon heating. Elevated 

temperatures could also cause a breakdown of the phe-

nol-protein and phenol-polysaccharide interactions in the 

garlic tissues, thus releasing more phenolic compounds.

Effect of extraction time

The effect of incubation time on the extraction of orga-

nosulfur compounds was also examined (Fig. 6). Ho-

mogenized samples were incubated for various periods 

of time at different pH levels, and the contents analysed 

in order to determine the levels of organosulfur com-

pounds present. The GSPC content did not show any 

significant change during the incubations, except for a 

slight decrease after 8 and 12 h (Fig. 6A). The cycloalliin 

level was increased with increased incubation time (Fig. 

6C), a trend that was most obvious at pH 10 (Fig. 6C). 

In contrast, the isoalliin content showed a marked de-

crease when the incubation time was extended, partic-

ularly at pH 8 and 10 (Fig. 6B). The polyphenol content 

increased with longer incubation times, with an increase 

in the polyphenol levels also observed under alkaline con-

ditions (Fig. 6D). These results indicate that increasing 

the extraction time promoted the conversion of isoalliin 

to cycloalliin, with a concomitant increase in the level of 

polyphenols present. Anno et al. (22) reported that the 
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Fig. 5. Effect of temperature on the organosulfur compounds and polyphenol content of garlic extracts. Each bar represents mean±
SD (n=3). (A) γ-glutamyl peptide (GSPC), (B) isoalliin, (C) cycloalliin, and (D) polyphenol. Different letters (a-c) are significantly different 
at P<0.05 using Duncan's multiple range test. NS: not significant.

Fig. 6. Effect of pH and time on the organosulfur compounds and polyphenol content of garlic extracts. Each bar represents mean±
SD (n=3). (A) γ-glutamyl peptide (GSPC), (B) isoalliin, (C) cycloalliin, and (D) polyphenol.
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Fig. 7. Changes in the organosulfur compounds found in garlic extracts during storage at 40
o

C and at 60
o

C for 30 days. Each 
bar represents mean±SD (n=3). (A) γ-glutamyl peptide (GSPC), (B) isoalliin, (C) cycloalliin, and (D) polyphenol of garlic extract. 
*Significant differences as compared with day 0 by Student's t-test (P<0.05).

cycloalliin content increased more than 2-fold when the 

extraction time was increased from 1 min to 30 min in 

onion juice. Likewise, Kim et al. (31) reported that thio-

sulfinate content slightly increased (from 177.9 μmol/g 

of garlic to 195.8 μmol/g) when the ethanol extraction 

time was increased from 1 to 3 h in garlic oleoresin. Our 

data also showed that an incubation period of 12 h led 

to the maximum cycloalliin and the minimum isoalliin 

yields, meaning that the conversion between both com-

pounds reached a peak. Additionally, our results showed 

that the amount of cycloalliin was further enhanced when 

the pH was optimized at 10, thus demonstrating that 

combining the optimized conditions maximized the con-

version of isoalliin to cycloalliin.

Changes in the amounts of organosulfur compounds pres-

ent during storage

We observed changes in the levels of organosulfur com-

pounds present in garlic extracts after prolonged storage 

at different temperatures. Levels of organosulfur com-

pounds were monitored during storage at 40oC or 60oC 

for 30 days (Fig. 7). The GSPC content did not change 

until day 5, after which time the level of GSPC stored at 

60oC dramatically decreased (eventually going from 100 

mmol/mL to less than 30 mmol/mL by day 30), and the 

level of GSPC in the solution stored at 40oC slightly de-

creased (from 100 mmol/mL to 80 mmol/mL). The iso-

alliin level was also reduced until day 10, after which the 

level reached a plateau (Fig. 7B). In the solution stored 

at 60oC, the isoalliin level was reduced by ∼70% com-

pared to the initial levels, while the level was stabilized 

at 0.6 mmol/mL after day 1; this indicated a significant 

decrease in isoalliin compared to that on day 0 (Fig. 7B). 

The level of cycloalliin increased until day 5 in solutions 

stored at both temperatures. However, the cycloalliin 

level stored at 40oC was maintained at less than 9 mmol 

/mL, while the cycloalliin level in the solution stored at 

60oC showed an increase until day 15, eventually stabi-

lizing at higher than 11 mmol/mL (Fig. 7C). The poly-

phenol levels in the solution stored at 60oC also showed 

a significant increase during prolonged storage, with a 

great increase after day 15, thus, showing an increase by 

1.5-fold at day 30 compared to the initial levels (Fig. 

7D). However, the polyphenol level in the 40oC solution 

was not significantly changed during storage (Fig. 7D). 

These results demonstrate that the storage of garlic ex-

tract at 60oC effectively promotes the conversion of iso-

alliin to cycloalliin, with a concomitant increase in the 

level of polyphenols present. Based on the above data 

(Fig. 5), a storage temperature of 80oC was expected to 

show an increased conversion of isoalliin to cycloalliin, 

given that a higher cycloalliin level was observed at 80oC 

than at 60oC. However, the levels of isoalliin and poly-

phenols were virtually identical at both 80oC and 60oC 
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Fig. 8. Score plots of principal component analysis (PCA) of vari-
ous garlic extracts by the combination of principal component 
(PC) 1 and PC2. PCA was performed on a set of data derived 
from extraction and storage experiments by transforming the 
original variables into a smaller set of linear combinations (PCs).

(Fig. 5C). The analysis at 80oC was not recognized to be 

valuable due to the small difference of cycloalliin con-

tent between 80oC and 60oC. In addition to this consid-

eration, the relative economy of storing extracts at 60oC 

is also an important factor. 

Because our results indicate that the maximum level of 

cycloalliin and corresponding minimum level of isoalliin 

occurred on day 15, storage for 15 d at 60oC is thought 

to be optimal for the desirable conversion of organosul-

fur compounds. 

PCA analysis 

Principal component analysis (PCA) is a non-parametric 

method to induce relevant information from complex 

data (32). It is useful in identifying meaningful variables 

from complex data. We adopted the PCA analysis to de-

termine which extraction variables affected the levels of 

garlic components more importantly. Our PCA analysis 

data showed that the level of isoalliin in the extract was 

significantly affected by the extraction time rather than 

the other variables on principal component 1 (PC1), 

while GSPC levels did not undergo crucial changes by 

the combination of PC1 and PC2. In particular, cycloal-

liin levels were easily separated from isoalliin by PC1 

and PC2 combinational analysis (Fig. 8), which presents 

that cycloalliin levels were influenced not only by extrac-

tion time but also by pH and temperatures. The condi-

tion for the polyphenol extraction also followed the same 

pattern as cycloalliin (Fig. 8). This data indicated that 

various extraction variables should be considered to op-

timize the levels of cycloalliin from garlic. In addition, 

since isoalliin levels were inversely correlated to cycloal-

liin production, enough time for extraction and storage 

should be considered more importantly. 

CONCLUSION

We have investigated various extraction conditions for 

the production of organosulfur compounds, particularly 

cycloalliin, from garlic. The extraction of garlic at pH 

10.0, after heating at 80oC for 12 h, was found to pro-

vide the highest amounts of cycloalliin and polyphenols. 

The storage of garlic extract at 60oC significantly in-

creased the amounts of cycloalliin and polyphenol con-

tent by factors of 1.5 and 2.6, respectively, compared to 

storage at 40oC. Overall, our results indicate that iso-

alliin produced enzymatically from GSPC is chemically 

converted to cycloalliin by heat and alkaline treatment, 

and that cycloalliin content is increased during storage 

at higher temperatures. This information could be useful 

as a chemical marker for the non-pungent preparation of 

garlic containing a high level of cycloalliin, and in the 

quality control of garlic extract. 
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