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Determination of Seven Organosulfur Compounds in Garlic by
High-Performance Liquid Chromatography
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The properties of garlic (Allium sativum L.) are attributed to organosulfur compounds. Although these
compounds change during cultivation and storage, there is no report of their simultaneous analysis.
Here, a newly developed analytical method with a rapid and simple sample preparation to determine
four sulfoxides and three y-glutamyl peptides in garlic is reported. All garlic samples were simply
extracted with 90% methanol solution containing 0.01 N hydrochloric acid and prepared for analysis.
Alliin, isoalliin, methiin, cycloalliin, and y-L-glutamyl-S-methyl-L-cysteine were determined by normal-
phase HPLC using an aminopropyl-bonded column. y-L-Glutamyl-S-(2-propenyl)-L-cysteine and y-L-
glutamyl-S-(trans-1-propenyl)-L-cysteine were separated on an octadecylsilane column. The overall
recoveries were 97.1-102.3%, and the relative standard deviation values of intra- and interday
precision were lower than 2.6 and 4.6%, respectively. This newly developed method offers some
advantages over the currently accepted techniques including specificity, speed, and ease of use and
would be useful for chemical and biological studies of garlic and its preparations.
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INTRODUCTION transformed into other compounds such as allicin, ajoene,
dithiins, and diallylpolysulfidesd, 7). Therefore, it becomes

food. Spi d traditional medici dies h important to control sample preparation to minimize artificial
ood, spice, and traditional medicine. Numerous studies have o5 caused by their chemical characters and the different
previously demonstrated that garlic may be useful for the g, piities of organosulfur compounds.

prevention of carcinogenesis, cardiovascular, and age-related ; . .
diseasesl(). Especially, it has been strongly suggested that its g a'rl'"f::eh ;J;Osgg;hsr%% ogztg \;\cl)ai)r/lvg];vgrt?:r? ;)f(s)l;:;l;rti ;;glfﬁgmjs n
medicinal and beneficial properties are attributed to specific peptides into their corresponding sulfoxides pyglutamy
?r:?eaen?Sllﬁl;rr:cimgogggfﬁgt Iit 'il_(nlz \;\g]n;[hﬁ;%;_r“focc;?]tﬁ')r_ls transpeptidase and oxidase g). Moreover, it has been reported
L-cys)t/eﬁwe (G)S/ A?Cf -L-giutamjll,-S-g(]trans-){-propgny%—cgs- that contents of organosulfur compounds in garlic bulb change
teine (GSPC) ang-i/-glutam I-S-methyl-cysteine (GSMC): during cultivation @0, 11) and storagel@). Therefore, an
their correspc’)nding sulfoxige deriva%i/vesy that is—){S-(Z-Y analytical method for the simultaneous determination of all
propenyl)t-cysteine sulfoxide (alliin),€)-S-(trans-1-propenyl)- zgﬁéf?&_‘? ;nqdu}reedlr fgrreg\lj;“lcfgﬁ%utﬁ?éluﬁgl(:;32 ;?”i garlic
L-cysteine sulfoxide (isoalliin), and (+)-S-methykeysteine . - .
sulfoxide (methiin), respectively; and§BR5S-5-methyl-1,4- It has been previously reported that these compounds in garlic
thiazane-3-carboxylic acid 1-oxide (cycloalliin), as shown in were analyzed using high-performance I|qu|d_ chromatography
Figure 1. Sulfoxides have been reported to have some medicinal ﬂ;lc;g(;:r)aéﬁig)s)éng dazigsherﬁrsnoa:tsogzrgf hsglj‘ab;ihdlzgaeiireg?::?;(:lo-
properties; for example, alliin shows anticancer effe2(s3], alliin were analyzed by derivatization with-phthalaldehyde

and alliin and cycloalliin present lipid-lowering effect3, @). .
) : (13—-17), dansyl chloride 18), or 9-fluorenylmethyl chlorofor-
On the other handy-glutamy peptides have been reported to mate (19), whereas cycloalliin andglutamyl peptides were

lower blood pressurésf and to have cholesterol-lowering effect .

C determined by normal-phase (NP) (D) and reversed-phase
(6). However, once garlic is crushed, these compounds are(RP) HPLC (5, 21—23), respectively, with UV detection. Al
of the above methods needed different sample preparation

Garlic (Allium sativumL.) has been used universally as a
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procedures and did not allow simultaneous determination. More
recently, the simultaneous analysis has been reported to
determine the constituents in garlic preparatio24—<23).
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O M10AVP photodiode array detector (scan rage, 1900 nm; Shi-
madzu, Kyoto, Japan) was used. HPLC conditions were as follows:

HN NH, column, Shodex Asahipak NH2P-50 2D f&n, 150 mmx 2 mm,

s Showa Denko, Tokyo, Japan); column temperature;@5flow rate,
R cooH COOH 0.2 mL/min; mobile phase, acetonitrile/water (84:16, v/v) containing

R 0.2% phosphoric acid; wavelength, UV 210 nm; injection volume,
. 1ul.
1-L-Glutamyl-S-methyl-L-cysteine (GSMC) —CH, HPLC Analysis of GSAC and GSPC.GSAC and GSPC were
y-L-Glutamyl-S-(2-propenyl)-L-cysteine (GSAC) —CHo—CH=CH, analyzed by RP HPLC, which was adopted for GSAC assay in garlic
from that listed in the United States Pharmacopoeia (U3B). (An
y-L-Glutamyl-S-(¢rans-1-propenyl)-L-cysteine (GSPC) —CH=CH-CH; LC-10AVP system, that is, the same construction system as described
above, was used. HPLC conditions were as follows: column, Symmetry
o NH C18 (5um, 150 mm x 3.9 mm, Waters, Milford, MA); column
Il 2 temperature, 25C; flow rate, 0.8 mL/min; mobile phase, 50 mM
R/S\/KCOOH phos_phatg buffer (pH 2.6)/methanol (85:15, v/v); wavelength, UV 205
R nm; injection volume, 1QcL.

. . B Moisture Content. Moisture content of garlic clove was determined
(+)-5-Methyl-L-cysteine sulfoxide (Methiin) —CHs by measuring weight loss after the clove had been sliced and dried
(+)-8-(2-Propenyl)-L-cysteine sulfoxide (Alliin) ~CHo~CH=CH;, léfg;?riinl_';gjg’&:;Tr%ekc;gﬂz:)u;)qeterm'"at'on balance G@kett
(+)-S-(trans-1-Propenyl)-L-cysteine sulfoxide (Isoalliin) ~ —~CH=CH-CHj Sample Preparation of Garlic Powder.In a 50-mL flask, garlic

powder (1 g) was added to 30 mL of 90% methanol solution containing
0.01 N HCI, and the mixture was shaken for 30 min using an SR-II
recipro shaker (Taitec, Tokyo, Japan). Additional 90% methanol
solution containing 0.01 N HCI was added to the mixture to make
exactly 50 mL. The resulting mixture was centrifuged at 110fa® 5
min using a benchtop KM-15200 microcentrifuge (Kubota, Tokyo,
Japan). The obtained supernatant was analyzed by HPLC.

Sample Preparation of Garlic Clove.A peeled garlic clove (4—
10 g) in a 250-mL homogenizing cup was added to 150 mL of 90%
methanol solution containing 0.01 N HCI and then homogenized at
the highest speed for 1 min using a 7012 laboratory blender (Waring

H th thod t sufficientl lidated with Products, Inc., Torrington, CT). The homogenate was decanted into a
owever, these methods were not sutliciently validated With 550 ) fiask. The homogenizing cup was washed with a 90% methanol

respect to the analytical performance characteristics (€.9.,solution containing 0.01 N HCI, and the washing solution was combined

specificity, linearity, limit of detection, accuracy, and precision) ith the homogenate to make exactly 250 mL. The mixture was

despite quantitative analysis. centrifuged at 11000fpr 5 min, and the supernatant was analyzed by
In the present study, we report a simple, rapid, and precise HPLC.

analytical method using a one-step sample preparation proce-

dure, followed by NP and RP HPLC techniques to determine ResuULTS AND DISCUSSION

four sulfoxides (alliin, isoalliin, methiin, and cycloalliin) and . ) )

threey-glutamyl peptides (GSMC, GSAC, and GSPC) in garlic Select|o_n of Extraction Solvent for Sample Preparation.

clove and its powder. In addition, this method was validated When garlic cloves are cut or crushed, the enzyme alliinase (EC

with respect to specificity, linearity, limit of detection, accuracy, 4-4.1.4) cleaves sulfoxides except cycloalliin to give thiosulf-

and precision. Thus, this newly established method will be useful inates, pyruvate, and ammonia, 26). Several studies have
for chemical and biological studies of garlic and its preparations. demonstrated that sulfoxides were extracted with acidic solutions

to inhibit enzymatic activity of alliinase, which is irreversibly
inhibited at acidic pH values below 3.8(). In addition, higher
methanol concentration as extraction solvent protects the
analytical column due to decrease in the solubility of carbohy-
drates and proteins in garlic. To select an extraction solvent,

0
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)isj\

N~ TCOOH

H

Cycloalliin
Figure 1. Chemical structures of organosulfur compounds in garlic.

MATERIALS AND METHODS

Chemicals. Alliin, methiin, cycloallin, GSAC, and GSMC were
synthesized as previously describd@,26—28). Isoalliin and GSPC

were isolated from onion and garlic bulbs, respectively, according to . .
the methods of Shen et a9) and Lawson et al.12) with slight effects of HCl and methanol concentrations on extraction

modifications. Acetonitrile and methanol for HPLC were purchased efficiency of organosulfur_compounds in garlic p_owder were
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All other evaluatedTable 1). Increasing methanol concentrations resulted

chemicals of reagent grade were purchased from Tokyo Kasei Kogyo In decreases in extraction efficiency ptglutamyl peptides

Co., Ltd. (Tokyo, Japan) or Yoneyama Yakuhin Kogyo Co., Ltd.
(Osaka, Japan). Water purified through a Milli-Q Labo (Millipore,
Bedford, MA) water system was used for all sample preparation and
mobile phase.

Garlic Samples.Garlic grown in China was purchased from local

(GSMC, GSAC, and GSPC) in the presence of 0.001 N HCI.
This might be due to solidification of prepared samples, which
decreased the solubility of polar compounds. On the other hand,
at high HCI concentrations (0.01 and 0.1 N HCI), samples
extracted with 80 or 90% methanol showed higher contents of

markets in Japan. Other garlic used was harvested in July 2004 aty-glutamyl peptides than those with 95% methanol. This might

Hokkaido and Hiroshima (Japan) or in California (United States). Garlic
powder was prepared as follows: 500 g of freshly peeled garlic cloves
was collected in 2003 (Hokkaido, Japan), then frozen in liquid nitrogen,
and freeze-dried using an FRD-50P freeze-dryer (Iwaki, Tokyo, Japan).
The resulting lyophilisate was ground into powder with a mortar and
pestle and stored at35 °C until analysis.

HPLC Analysis of Alliin, Isoalliin, Methiin, Cycloalliin, and
GSMC. A Shimadzu LC-10AVP system coupled with an SPD-

result from enhancement of solubility in all concentrations of
methanol by suppression of ionization pfglutamyl peptides

at high HCI concentrations. The sample extracted with a solution
containing 90% methanol and 0.01 N HClI resulted in the highest
contents of sulfoxides (alliin, isoalliin, methiin, and cycloalliin)
among samples prepared with solvents used in this experiment.
Furthermore, there were no significant differences in the contents
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Table 1. Effects of Hydrochloric Acid and Methanol Concentrations on Extraction Efficiency of Organosulfur Compounds in Garlic Powder

concentration content (mg/g)
HCI (N) methanol (%) alliin isoalliin methiin cycloalliin GSAC GSPC GSMC
0.001 80 18.7 (93)2 0.93 (89) 117 (92) 0.80 (100) 3.47 (97) 4.89 (97) 0.17 (82)
90 19.0 (94) 1.00 (96) 1.12 (87) 0.80 (99) 2.49 (70) 3.60 (72) 0.12 (60)
95 15.1(75) 0.86 (83) 0.78 (61) 0.51 (63) 1.43 (40) 2.08 (41) 0.07 (36)
0.01 80 19.2 (95) 0.93 (89) 1.23(97) 0.77 (95) 3.55 (99) 4.99 (99) 0.20 (97)
90 20.2 (100) 1.04 (100) 1.28 (100) 0.81 (100) 3.57 (100) 5.06 (100) 0.20 (100)
95 18.1(89) 1.00 (96) 1.00 (78) 0.65 (81) 259 (73) 3.67 (73) 0.15(73)
0.1 80 20.0 (99) 1.01(97) 1.29 (101) 0.66 (81) 3.43 (96) 4.82 (95) 0.20 (96)
90 20.2 (100) 1.06 (102) 1.28 (100) 0.77 (95) 3.33(93) 4.83 (96) 0.18 (88)
95 20.2 (100) 1.07 (102) 1.18 (92) 0.80 (99) 2.98 (83) 4.51 (89) 0.17 (82)
50 9.3 (46) 0.13 (13) 1.00 (78) 0.72 (89) 3.49 (98) 5.02 (99) 0.18 (87)
2 Relative value (%) against content of 90% methanol solution containing 0.01 N HCI is given in parentheses.
50 @) Retention times of all compounds were found to be dependent
40 on acetonitrile concentration, and peaks of all compounds except
GSAC and GSPC were completely separated when the aceto-
_ 30 nitrile concentration was84%. Peak resolution @R values
= a0 between isoalliin and alliin increased at higher concentrations
of acetonitrile, andRs values of 80, 84, 85, and 90% acetonitrile
10 were 0.9, 1.6, 1.7, and 2.5, respectively. Therefore, 84%
o acetonitrile was selected as the optimum concentration to shorten
70 75 80 85 90 95 the analytical timeFigure 2b shows the effects of various
Acetonitrile concentration (%) phosphoric acid concentrations in the mobile phask' ealues
2 ®) of organosulfur compounds. Peaks of thglutamyl peptides

(GSMC, GSAC, and GSPC) did not appear on the chromato-
5 b gram in the absence of phosphoric acid. There might be an ionic
interaction between negative charges-@lutamyl peptides and
\\ amines on the surface of the stationary phase support particles.
However, all peaks appeared on the chromatogram when 0.2
\% or 0.4% phosphoric acid was added to the mobile phase, and
o . e , these might result from suppression of ionizatiory aflutamyl
peptides. Peaks of all compounds except GSAC and GSPC
showed good separatioR; values between isoalliin and alliin
with 0.2 and 0.4% phosphoric acid were 1.6 and 1.1, respec-

X 10

0 0.1 0.2 0.3 0.4 0.5
Phosphoric acid concentration (%)

« Alliin miscallin & Methiin e Cycloalliin tively. Therefore, 0.2% phosphoric acid was selected as the

©GSAC 3 GSPC & GSMC optimum concentration in the mobile phaégure 3a shows
Figure 2. Effects of acetonitrile (a) and phosphoric acid (b) concentrations a typical chromatogram of sample prepared with garlic from
in the mobile phase on the capacity factor (k) of organosulfur compounds. Hokkaido, Japan. However, GSAC and GSPC were not sepa-
Conditions: column, Shodex Asahipak NH2P-50 2D (150 mm x 2 mm); rated using NP HPLC techniques with mobile phase as described
flow rate, 0.2 mL/min; wavelength, 210 nm; column temperature, 25 °C; above.
mobile phase (a), acetonitrile/water (75:25, 80:20, 84:16, 85:15, or 90: Further experiments were conducted to separate GSAC and
10, viv) containing 0.2% phosphoric acid; mobile phase (b), acetonitrile/ GSPC by RP chromatography. Garlic samples were analyzed
water (84:16, v/v) containing phosphoric acid (0, 0.2, or 0.4%). with HPLC conditions, which were adopted for GSAC assay

in garlic listed in the USP13). A typical chromatogram for
of seven organosulfur compounds extracted with a range-ef 88 9arlic from Hokkaido, Japan, is shown fiigure 4. The peaks
92% methanol in the presence of 0.01 N HCI (data not shown). of GSAC and GSPC were separated completely; therefore, these
In addition, the GSAC content of the sample extracted with a chromatographic conditions were chosen for separation of
90% methanol solution containing 0.01 N HCI was as high as GSAC and GSPC.
that with 50% methanol, which was previously used as the Validation. The proposed quantitative methods for seven
extraction solvent for GSAC assay in garlic as listed in the USP organosulfur compounds in garlic and its powder product were
(13) (Table 1). The remaining rate of organosulfur compounds validated with regard to specificity, linearity, detection limit,
in the sample and reference solutions prepared with a 90%accuracy, and precision.
methanol solution containing 0.01 N HCI wa®6% even after Specificity was demonstrated by analyzing garlic samples
storage for 48 h at room temperature (data not shown). It obtained from four different culture areas and garlic powder.
suggested that the sample preparation minimized the artificial All peaks for organosulfur compounds in chromatograms were
errors caused by the instability of analytes. completely separated from peaks for other constituents in garlic

Chromatography. Preliminary experiments were conducted (Figures 3aand4) and were identified by comparing retention

to separate organosulfur compounds by NP chromatographytimes and UV spectra of samples with those of reference
using an aminopropyl-bonded columisigure 2a shows the compounds. Moreover, no peaks for alliin, isoalliin, and methiin
effects of acetonitrile concentrations in the mobile phase on the were found in the chromatogram of garlic sample homogenized
capacity factork’ value o, 1.9 min) of organosulfur compounds.  with water, as shown irfFigure 3b, due to the activity of
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Figure 3. Typical normal-phase HPLC chromatogram of garlic clove (a)
and homogenized garlic clove with water (b). Peaks: 1, GSAC and GSPC;
2, GSMC; 3, isoalliin; 4, alliin; 5, cycloallin; 6, methiin. Garlic clove
(Hokkaido, Japan) was (a) prepared according to the method described
in the text or (b) homogenized with an equal volume of water and then
prepared according to the method described in the text. Conditions:
column, Shodex Asahipak NH2P-50 2D (150 mm x 2 mm); flow rate, 0.2
mL/min; wavelength, 210 nm; column temperature, 25 °C; mobile phase,
acetonitrile/water (84:16, viv) containing 0.2% phosphoric acid.

mAbs

100 -

50
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0 5 10 15 min
Figure 4. Typical reversed-phase HPLC chromatogram of garlic clove.
Peaks: 1, GSAC; 2, GSPC. Garlic clove (Hokkaido, Japan) was prepared
according to the method described in the text. Conditions: column,
Symmetry C18 (150 mm x 4.6 mm); flow rate, 0.8 mL/min; wavelength,
205 nm; column temperature, 25 °C; mobile phase, 50 mM phosphate
buffer (pH 2.6)/methanol (85:15, v/v).

Ichikawa et al.

Table 2. Linearity Response Range and Detection Limits

correlation  linear range  detection limit?

compound regression eq? coefficient («g/mL) («g/mL)
alliin y =5606x + 6768 0.999 4.4-6000 0.9
isoalliin y=5438x + 2714 0.999 4.1-821 0.8
methiin y=3241x - 7850 0.999 9.7-970 2.4
cycloallin ~ y=2797x - 5765 0.999 4.0-1000 1.0
GSAC y=13889x — 150 0.999 0.5-1015 0.2
GSPC y=11734x + 3486 0.999 1.6-816 0.4
GSMC y=2874x+ 1723 0.999 5.2-521 1.0

an the regression equation, x is the concentration of compound (xg/mL) and
y is the peak area (mAbs x s). ? Detection limits are estimated on the basis of a
signal-to-noise ratio of 3.

Table 3. Recoveries of Organosulfur Compounds Spiked to Garlic
Powder (n = 3)

original amount  added amount  found amount  recovery RSD

compound (mg/g) (mglg) (mglg) (%) (%)
alliin 19.8 10.1 30.0 1016 15
20.1 39.6 986 26

isoalliin 0.967 0.557 1536 1023 30
1.113 2.062 984 28

methiin 1.157 0.588 1.745 1001 22
1.175 2.323 9.2 16

cycloalliin 0.795 0.228 1.019 987 35
0.455 1.256 1013 14

GSAC 354 1.80 5.30 977 13
3.60 7.09 971 09

GSPC 5.02 1.68 6.70 1006 06
3.35 8.39 1006 09

GSMC 0.231 0.107 0.339 1012 34
0.214 0.441 980 25

Table 4. Intra- and Interday Precision and Reproducibility of Injection

RSD (%)

intraday interday reproducibility of
compound (n=16) (n=23) injection (n = 6)
alliin 13 12 09
isoalliin 2.0 39 13
methiin 25 37 15
cycloalliin 2.6 2.3 13
GSAC 1.0 18 1.0
GSPC 1.0 08 0.9
GSMC 21 4.6 14

concentrations of organosulfur compounds and corresponding
peak areas were obtained, and regression equations and cor-
relation coefficients are shown ifiable 2. Linearity response
ranges were 446000, 4.1-821, 9.7970, 4-1000, 0.5-1015,
1.6—816, and 5.2521 ug/mL for alliin, isoalliin, methiin,
cycloalliin, GSAC, GSPC, and GSMC, respectively. Correlation
coefficients (r) of all of these compounds werd.999.

Detection limit was estimated on the basis of a signal-to-
noise ratio of 3. Detection limits were 0.9, 0.8, 2.4, 1.0, 0.2,
0.4, and 1.0ug/mL for alliin, isoalliin, methiin, cycloalliin,
GSAC, GSPC, and GSMC, respectively (Table 2).

Accuracy of the analytical method was studied by recovery
experiments rf = 3) using garlic powder. Recoveries were

alliinase, which is the conversion enzyme for sulfoxides except determined by adding two different concentrations of each

for cycloalliin to thiosulfinates, in garlic?, 26).

organosulfur compound to garlic powder, and the results are

Linearity was examined using a standard mixture solution listed in Table 3. Recoveries of 97-1102.3% were obtained
of organosulfur compounds. Linearity relationships between with relative standard deviation (RSD) values lower than 3.5%.
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content? (mg/g of dry wt)

source alliin isoalliin methiin cycloalliin GSAC GSPC GSMC
Hokkaido, Japan 12.44 +2.00 0.14 £0.03 1.52 £0.67 0.70+0.27 1487 +£2.11 1174 +1.34 0.78+0.17
Hiroshima, Japan 12.68 +1.77 0.72+0.12 2.18+0.08 0.80+0.11 1451+1.73 1512 +0.51 0.90+0.10
United States 20.70 +2.33 1.77+£0.35 161+0.34 118+0.24 14.84 +2.80 8.52 +0.50 0.79+0.16
China 24.05 + 3.68 2.33+0.15 214041 0.87 £0.02 543+0.29 7.93+0.49 1.27+0.12

2Values are means = SD (n = 5).

Table 4 gives RSD values of intra- and interday precision
and reproducibility of injection. Intra- and interday precisions
were investigated by analyzing six separately prepared samples
daily, and for 3 days, respectively, using garlic powder. In both
situations, RSD values were lower than 2.6 and 4.6%, respec-
tively. Reproducibility of injection was evaluated by six replicate
injections of a sample solution of garlic powder. RSD values
of all organosulfur compounds werel.5%.

Our data demonstrated this method was quite suitable for the
quantitative analysis of alliin, isoalliin, methiin, cycloalliin,
GSAC, GSPC, and GSMC in garlic and its powder products.

Contents of Organosulfur Compounds in Garlic Clove.
Contents (corrected for moisture) of organosulfur compounds
in garlic cloves obtained from four different culture areas are
shown inTable 5. We found that contents of all compounds
were different among culture areas. Especially, isoalliin content
in garlic from China was~17 times higher than that from
Hokkaido, Japan. These results may be due to origin, variety,
cultivation (10,11), and storage conditions (12).

In summary, we developed and validated a simple, rapid, and
precise analytical method for the determination of alliin, isoalliin,
methiin, cycloalliin, GSAC, GSPC, and GSMC in garlic clove
and its powder using a one-step sample preparation procedure
and NP and RP HPLC techniques. Validation of this analytical
method showed good specificity, linearityX 0.999), detection
limit (0.2—2.4 ug/mL), recovery (97.1—102.3%), intraday
precision (RSD< 2.6%), and interday precision (RSD4.6%).

This newly developed analytical method offers some advantages
over the currently accepted techniques including specificity,
linearity, accuracy, precision, speed, and ease of use and would
be useful for chemical and biological studies of garlic and its
preparations.
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