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In support of a new clinical trial designed to compare the effects of crushed fresh garlic and two
types of garlic supplement tablets (enteric-coated dried fresh garlic and dried aged garlic extract) on
serum lipids, the three garlic products have been characterized for (a) composition (14 sulfur and 2
non-sulfur compounds), (b) stability of suspected active compounds, and (c) availability of allyl
thiosulfinates (mainly allicin) under both simulated gastrointestinal (tablet dissolution) conditions and
in vivo. The allyl thiosulfinates of blended fresh garlic were stable for at least 2 years when stored at
—80 °C. The dissolution release of thiosulfinates from the enteric-coated garlic tablets was found to
be >95%. The bioavailability of allyl thiosulfinates from these tablets, measured as breath allyl methyl
sulfide, was found to be complete and equivalent to that of crushed fresh garlic. S-Allylcysteine was
stable for 12 months at ambient temperature. The stability of the suspected active compounds under
the conditions of the study and the bioavailability of allyl thiosulfinates from the dried garlic supplement
have validated the use of these preparations for comparison in a clinical trial.

KEYWORDS: Garlic; allicin; bioavailability; stability; dissolution; enteric coated; aged garlic extract; allyl
methyl thiosulfinate;  S-allylcysteine; yp-glutamyl- S-allylcysteine; yp-glutamyl- S-trans-1-propenylcysteine;
y-glutamylphenylalanine; arginine

INTRODUCTION standardized on allicin (diallyl thiosulfinate) yield, including
those used in clinical trials. Considerable evidence has indicated
that allicin is responsible for most of the effects of garlic on
serum lipids 10). However, it has been known since 1944 that
allicin is absent from garlic and garlic powders until the enzyme,
allinase, has been activated, by the crushing of cloves or the

Since 1981, 52 randomized controlled trials of at least 4
weeks’ duration have been published on the ability of a variety
of garlic supplements to affect serum lipids).(However, the
results have been inconsistent. Although most of the earlier trials
reported positive effects, 10 of the 13 trials published since 1995 . i . .
have found no effect on serum cholesterol or serum triglyceride Wetting of powder, allowing the transformation of the amino
(2). Systematic reviews (meta-analyses) of these trials haveacid, alliin, to allicin and oth(_ar gllyl thiosulfinategigure 1)_ _
concluded that most of the positive studies had significant design (6: 11, 12). When fresh garlic is crushed or blended, allicin
problems (1,3—5). The authors of most of the meta-analyses formation is complete in-6 s, well before consumptiord).
and of the trials that showed no effect have concluded that With suppl_ements the opport_unlty for allicin formation dpes not
“garlic,” rather than the particular supplement used in the trials, 0ccur until after consumption, when the tablets dissolve.
has little, if any, effect on serum lipids. However, this conclusion However, because the activity of allinase is dramatically
assumes that garlic supplements contain similar amounts ofaffected by the gastrointestinal environment (gastric acid,
compounds as garlic itself and that they are as effective asintestinal proteases) and by supplement processing procedures
crushed fresh garlic in delivering active compounds to the body, (7, 9, 13), the amount of allicin produced in the body from
assumptions that have long been suspected as douBtdi) supplements and, hence, confidence in extrapolating clinical trial
but which have been given little attention in prior trials. results to fresh garlic can be highly questionable.

Although several forms of garlic supplements have been used We have determined that upon subjecting garlic powder
in clinical trials, the most common form has been garlic powder tablets to the simulated gastrointestinal dissolution conditions
(dried garlic) supplements (10). In fact, most garlic powder  defined in the U.S. Pharmacopeia/National Formula#y, 15)
supplements claim to lower serum cholesterol and to be that the allicin released from the tablet brand used in most of

the clinical trials from 1994 to 2000 varied from 14 to 18%

* Address correspondence to this author at the Plant Bioactives Research(COmpared to 100% upon the addition of crushed tablets to
Institute, 95 S. Mountain Way Dr., Orem, UT 84058 [telephone (801) 226- water) (2). The same evaluation of 24 brands of acid-protected
3041, fax (801) 226-3083; e-mail Lawson@plant-bioactives.com]. (enteric-coated) tablets revealed an allicin release-e34%,
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HN o~ g~ of composition, stability, and bioavailability, separate from and

HOOC o preceding the trial results.
Alliin (S-allyl-L-cysteine sulfoxide)
{mesophyll cells}

S-methyl and S-frans-1-propenylcysteine sulfoxides MATERIALS AND METHODS
ALLIINASE (vascular bundle cells; Blended Fresh Garlic. In September 2002, 68 kg of recently
released upon crushing) . . . .
harvested (July/August) California Early garlic bulbs, colossal size, were
Allyl thiosulfinates Allyl sulfides purchased at Christopher Ranch in Gilroy, CA. After it had been verified
s _ S that the yield of allicin and other allyl thiosulfinates of several random
et AN bulbs from this batch fell within the typical range, the bulbs were broken
Allicin (diallyl thigsulfinate) (67-81%) Diallyl (ssuslgdzi/si n=1-3 into cloves and the clove skins manually removed from the larger cloves
cn s g with the aid of rubber tube garlic peelers (Selandia, Spokane, WA).
s St S w:”ia&, A The peeled cloves (41 kg) were then placed as 700-g portions into a
[e] O Ot water _ o Mi .
Allyl metinyl Hioeulfinates (16:26%) Allyl methyl sulfides, n=2-3 2-L Vita-Mix (Cleveland, OH) blende_r along Wlth 280 mL of water
(8-17%) (0.40 mL/g) and blended (homogenized) at high speed (24000 rpm)
ASgrs s ANSg A PPN until homogeneous, 3%45 s. The blendates were poured into four 19-L
0 ) pails, thoroughly stirred, and poured into 1-L containers, and all but
Allyl trans-1-propenyl thiosulfinates Allyl trans-1-propenyl sulfides, n=2-3 the first container to be used were frozer2Q °C). Four samples from
(4-7%) {not detected) . sy : -
each pail were analyzed within 2 days for allyl thiosulfinates to
—_— determine the amount of blendate needed to contain an equimolar
v-Glutamyl dipeptides .. .
amount ofS-allyl groups as when four Garlicin tablets are pulverized
y and placed in water. After this parcel value was determined for each
NH, B NH, H NH, pail (5.68+ 0.08 g of blendaten = 4, containing 4.06 g of fresh
Hooc)\/ﬁr"‘j/\s/\/ Hooc)\/\g"‘\&);s;\/ HOOC)\/\gNWC;;@ garlic), the blendates were thawed (1 day’s work load at a time),
O CooH accurately weighed (+0.1 g) inte 10000 plastic weighing dishes (4
Y S-allylcysteine ¥ S-trans-1-propenyley y-Glutamylpl i x 4 x 0.8 cm), covered with aluminum foil, placed into small plastic
bags, sealed, and placed in a cryofreeze8( °C) until consumption.
hydrolysis hydrolysis The parceling procedure was labor intensive, requiring four workers
for 7 days.

BN P The blended garlic was prepared for consumption by the Stanford
? ?:/O\OSH’\/ HN ~gr University Hospital General Clinical Research Kitchen by thawing the
sallyioystaine s.zrans.1.cpc:3;nylcysteme parcel, removing it with the aid of a rubber spatula, and mixing it with
~15 mL of a condiment. The condiment mixtures were placed on the
Figure 1. Structures and formation of compounds analyzed. sandwiches by the participants themselves, immediately prior to
consumption. Three sandwiches were prepared at one time, placed in
allicin formation from supplements under gastrointestinal condi- insulated containers containing ice packs, picked up by study partici-
tions and the need to establish allicin release in vivo (13). pants on the day of preparation, stored in the participant’s home
Indeed, allicin bioavailability, measured as exhaled allyl methyl refrigerator, and consumed over 3 days (one sandwich per day). Only
sulfide, has been demonstrated to be comple@5¢s) for the tho;e condiments in which allicin had been shown to be stable at
brand that gave a dissolution allicin release of 94%, whereas "éfrigeration temperature for 3 days were used. _
tablets of the same alliin content, but lower allinase activity, _CGaric Supplements.In August 2002, 38000 tablets of a single lot

L o (916243) of Garlicin, Nature’s Way Products, Inc., Springville, UT,
gave allicin bioavailability values as low as 5%5(16). Hence, and 57000 tablets of a single lot (2E06A) of Kyolic Hi-Po Formula

confidence in the ability 01_‘ 5_‘ garl_'c_ pOW_der supplemenF 0 100 (Kyolic), Wakunaga of America Co., Ltd., Mission Viejo, CA,
represent crusheql fresh garllc in a_(;llnlcal trlal can be established\yere purchased from WebVitamins.com, an independent vendor. The
only on the basis of bioavailability studies, although some pottles were emptied and repackaged into unlabeled bottles, each
confidence can be obtained by subjecting the tablets to simulatedcontaining a 2-week supply: 48 Garlicin tablets (4 tablets/day, 6 days/
gastrointestinal conditions. To date, no clinical trial has been week) or 72 Kyolic tablets (6 tablets/day, 6 days/week). Garlicin tablets
conducted with a garlic supplement of known allicin bioavail- (room temperature expiration date of January 2004) were stored at 4
ability, and only one trial has reported the dissolution allicin °C- Kyolic tablets (room temperature expiration date of July 2006) were
release 7). Therefore, the results of past clinical trials on serum Stored at room temperature until October 2004 and, thereaftef Gt 4
lipids can be applied only to the particular product used in the Thg label on Garhcm claims that gach tablet. is enteric-coated,
trial and cannot be considered valid for crushed fresh garlic, €°M@ins 350 mg of garlic powder, and is standardized to release 3200
The authors have undertaken a large-scale clinical trial to ug of allicin under'USP_method 724A dissolution (_:0nd|t|0ﬂ1$,(15).

g T . The label on Kyolic claims that each tablet contains 300 mg of aged
address this issue (June 26aRine 2005). This trial will test  g4yjic extract powder. Kyolic is standardized on unspecified amounts
the effects of blended raw garlic, an enteric-coated powdered of S-allyicysteine (18); however, no standardization claim is on the
garlic supplement of known high allicin bioavailability, and a package label. The tablet weights were determined to bet6g84nd
dried aged garlic extract supplement on plasma low-density 500.5+ 0.8 mg for Garlicin and Kyolic, respectively.
lipoprotein (LDL) cholesterol concentrations among200 Placebo.The placebo tablets were made by Nature’s Way Products,
moderately hypercholesterolemic adults. A major focus of the Inc., to match the Garlicin tablets. The tablets had the same appearance
current clinical trial is not only that of high methodological and containgd the same coating and other contents as .Garlic.in.exc.ept
design quality but also a more thorough definition of the quality that _th_e garlic powder was replaced by cellulose, the main excipient in
of the garlic products being consumed than has been done inC2icin- ) . .
the past, particularly with respect to (1) composition of the Standards. Alliin, L-(+)-S-allylcysteine sulfoxide, was purchased

: . . from Extrasynthese (Lyon-Nord, Francej-Allylcysteine, diallyl
unique sulfur compounds of garlic, (2) stability of suspected disulfide, and diallyl trisulfide were purchased from LKT Laboratories,

active compounds under the lengthy storage and particular usaggnc. (st. paul, MN). Allyl methyl sulfide and diallyl sulfide were
COﬂdItIOI‘IS Of the C||nlca| tl’la|, and (3) b|0ava|labll|ty Of purchased from Aldrich (M"Waukee’ W|) Arginine ar}dg|utamy|_
suspected active compounds when bioavailability isin question. phenylalanine were purchased from Sigma (St, Louis, M@}Jutamyl-

The intent of the results to be presented here is to address issueS-allylcysteine was purchased from U.S. Pharmacopeia (Rockville,
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MD). y-Glutamyl-Strans-1-propenylcysteine argitrans-1-propenyl-
cysteine were identified as previously describd®)( Allicin was
prepared by oxidation of diallyl disulfide with hydrogen peroxide, as
previously described (13).

Allyl Thiosulfinates. Blended fresh garlic (thiosulfinates already
maximally present) was extracted for 15 s with water at 20 mL/g of
blendate (20.8 mL of total volume/g of blendate). Garlicin and Kyolic

Lawson and Gardner

Technologies, Wilmington, DE). The separation was performed with
an HP-1 (cross-linked methyl siloxane) capillary column, 3&1@.25

mm x 0.25um film, at a flow rate of 5 mL/min (nitrogen) and a split
ratio of 10:1. The oven was operated at°TOfor 3 min, then elevated

to 140°C at 3°C/min. The detector was operated at 280 Ground
Garlicin tablets were suspended at 10 mL/g in 10 mM carboxymethox-
ylamine (alliinase inhibitor), followed by extraction with 1 volume of

tablets were pulverized in an electric coffee bean grinder and extracteddichloromethane. Allinase inhibitor was used to prevent allicin

for 5 min with water at 50 and 10 mL/g, respectively. Prior to HPLC
analysis, protein was precipitated by the addition of 1 volume of
acetonitrile, followed by high-speed centrifugation (microfuge), giving
final dilutions of 41.6 mL/g of blendate and 100 mL/g of tablet.
Thiosulfinates were analyzed by C18 HPLC at 240 nm, upon elution
with acetonitrile/water (45:55) at 1 mL/min, using a cooled°@®)
autosampler, similar to that which was previously descril2&). Pure
allicin (0.100 mg/mL of water) was used as the standard for quantitation
of all thiosulfinates. Quantitation of the other allyl thiosulfinates was

formation, because allicin rapidly breaks down to a variety of sulfides
in a heated GC24, 25). Ground Kyolic tablets were suspended at 10
mL/g in water (due to the absence of allicin), followed by extraction
with 1 volume of dichloromethane. Standards for allyl methyl di- and
trisulfides were not available, but they were identified on the basis of
a logarithmic plot of absolute retention time versus number of sulfur
atoms and allyl methyl sulfide standard (Aldrich, Milwaukee, V3.
They were quantified on the basis of relative extinction coefficients
compared to diallyl disulfide (23).

based on dividing by the relative response factors, which were calculated Dissolution Allicin Release.The formation and release of allicin

from published extinction coefficients and relative abundance of the
regioisomersZ0). For the allyl methyl thiosulfinates, the response factor
was found to be essentially the same as for allitians-1-Propenyl
allyl thiosulfinate has a substantially higher extinction coefficient (4040
M~tin HPLC eluant) than allicin (2395 M), whereas that of the less
abundant allytrans-1-propenyl isomer is assumed to be the same as
allicin (20). Their relative abundance was determined by HPLC upon

and other allyl thiosulfinates from the Garlicin tablets under simulated
gastrointestinal conditions was determined according to the USP-NF
dissolution method for delayed-release garlic tablets and as previously
described (13,15). Using a model VK 700 dissolution apparatus
(VanKel Technology Group, Cary, NC) equilibrated at°8%7 one tablet

was placed into each of six covered 1-L round-bottom glass vessels
containing 750 mL of 0.1 N HCI and paddle-stirred at 100 rpm for 2

elution with methanol/water (50:50) because of better isomer separationh, after which 250 mL of 0.2 M Ng O, was added and the pH slightly

than with acetonitrile/water. Th&ans-1-propenylallyl/allyltrans-1-
propenyl ratio was found to be 50 for blended garlic and 7.7 for
Garlicin. It is higher for blended garlic than for Garlicin because the
thiosulfinates were formed long before analysis, upon blending, and
because allytrans-1-propenyl thiosulfinate is much less stable than
its isomer. Hence, the relative response factors for the totaltediys-
1-propenyl thiosulfinates were 1.69 (4040/2395) for blended fresh garlic
and 1.61 (1.69< 7.7/8.7+ 1/8.7) for Garlicin.

Alliin and Arginine. Alliin and arginine (a stable non-sulfur marker

adjusted if necessary, giving 1000 mL at pH 6800.05. After an
additional 60 min of stirring, 1 mL of medium was added to 0.05 mL
of 210 mM (final 10 mM) carboxymethoxylamine (Sigma, St. Louis,
MO) alliinase inhibitor, followed by HPLC analysis of allyl thiosul-
finates. The time to achieve complete disintegration was determined
by observation during the dissolution test.

Stability of Allyl Thiosulfinates in Condiments. The stability of
the thiosulfinates in a variety of condiment-blended garlic mixtures
was determined at 4C. Blended garlic (35 g) was thoroughly mixed

and most abundant free amino acid in garlic) were analyzed by C18 with the condiments at a ratio of 1 g of blendate per 2.75 g of

HPLC analysis at 337 nm after derivatization witfphthaldialdehyde
and tert-butyl thiol, according to the method of Ziegler and Sticher
(21). Garlicin and Kyolic were extracted with 10 mM carboxymethoxyl-
amine (allinase inhibitor) at 40 mL/g of pulverized tablet, whereas
blended garlic was extracted at 20 mL/g of blendate. This method
widely separates the natunal(+)-isomer from the.-(—)-isomer that
forms to a modest extent (7—15% of total) during garlic powder
manufacture. The-(—)-isomer is a less effective, but sufficiently
effective, substrate for alliinase generation of allicin. The identity of
the alliin peak in Kyolic was verified by the disappearance of the peak
upon addition of crude alliinase, prepared as previously descrifed (
This was necessary due to the lack of active alliinase in this product.
Cysteines,y-Glutamylcysteines, andy-Glutamylphenylalanine.

condiment. After mixing, portions were placed at@ and at—80 °C

(day O control). At 24, 48, and 72 h, triplicate aliquots of each mixture
placed at £C were weighed and placed-aB0 °C. After thawing, the
mixtures were extracted with 25% acetonitrile/water at a ratio of 4 mL/g
(shaken by hand for 30 s and then rotated for 10 min), followed by the
addition of 1 volume of 75% acetonitrile/water (final, 50%) and HPLC
analysis. The HPLC conditions used were the same as was described
for the thiosulfinates, except that the column was eluted with a higher
percentage of acetonitrile (60%) to allow for the analysis of the typical
allicin transformation compounds (diallyl sulfides, ajoene, and vinyl
dithiins). Unmixed portions of the condiments were also analyzed to
determine the possible presence of compounds from the condiments
that would interfere with the allyl thiosulfinates.

These compounds were analyzed by C18 HPLC of the aqueous extracts Allyl Thiosulfinate Bioavailability. The bioavailability of the allyl

of ground tablets (30 mL/g, vortexed for 10 s, rotated for 20 min) and
blended garlic (10 mL/g), upon elution with 0.05 M KPO,/MeOH
(97:3) at 220 nm, as previously describe®). y-Glutamyl-S-trans-
1-propenylcysteiney-glutamyl-S-cis1-propenylcysteine, ans-trans
1-propenylcysteine were quantified on the basis of the relative extinction

thiosulfinates was determined by measuring the breath content of allyl
methyl sulfide, the main metabolite of the allyl group of allyl
thiosulfinates, over a 32-h period after the consumption of single doses
of blended garlic or Garlicin tablets with a standard meal (tuna and
mayonnaise sandwich, containing 25 g of pressed tuna and 13 g of

coefficients of 2.1, 3.2, and 3.0, respectively, compared to those of the protein) and measuring the area under the 32-h elimination curve

appropriateS-allyl standards19). y-Glutamylphenylalanine was identi-
cal with peak U of a previous report9). TheS-allylcysteine content
was verified by an additional HPLC method that gave improved
resolution for the Kyolic samples: #/acetonitrile/trifluoroacetic acid
(95:5:0.1) for 7 min, followed by a 10 min wash with®/acetonitrile/
trifluoroacetic acid (88:12:0.1).

Allyl Sulfides. Diallyl trisulfide, diallyl disulfide, diallyl sulfide, allyl
methyl trisulfide, and allyl methyl disulfide are the main transformation
products of allicin and the allyl methyl thiosulfinatesigure 1) (22,

(GraphPad Prism 3.0, San Diego, CA), similar to previous descriptions
(13, 16).

Whole breath samples were collected in 1.2-L Tedlar bags (Alltech,
Deerfield, IL) every hour for the first 8 h, then every 2 h, except during
sleep. Participants were restricted from consuming significant amounts
of garlic for 24 h prior to a test. Onion (raw and cooked) and mustard
were also restricted, due to the presence of compounds that eluted
closely to and interfered with the analysis of allyl methyl sulfide. Tests
were conducted at least 3 days apart. Each of the four participants was

23). For blended garlic, extracted with 10 volumes of 50% acetonitrile/ tested two times with blended garlic and three times with Garlicin.
water, these compounds were analyzed by C18 HPLC at 240 nm, uponBreath samples (5 mL) were injected once directly into a gas
elution with 72% methanol/water at 1.6 mL/min, similar to previous chromatograph fitted with a model 5380 sulfur-selective pulsed flame
work (23). Due to much lower abundance and interference by non- photometric detector (Ol Analytical, College Station, TX) and a 30 m
sulfur compounds, the allyl sulfides of Garlicin and Kyolic were  x 0.32 mmx 4 um SPB-1 sulfur (bonded polydimethylpolysiloxane)

analyzed by GC, using a sulfur-selective FPD detector (Agilent capillary column (Supelco, Bellefonte, PA). Helium was the carrier
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Table 1. Analysis of the Three Garlic Products Consumed (Amount per Daily Dose)

blended fresh garlic? Garlicin? Kyolic 1002

(mg/4.06 g of garlic = (mg/4 tablets = (mg/6 tablets =

mg/1.54 g of dgmb) mg/1.40 g of dgm) mg/1.80 g of dgm)

compound (n=8-16)° (n=16)° (n=16)°¢

Sulfur Compounds Derived from Alliin
alliin nd? (<0.06) 36.4+2.3¢ 0.102 £ 0.021¢
allicin (diallyl thiosulfinate) 12.6 +0.45 15.3+0.45 nd (<0.001)
allyl methyl thiosulfinates 4.88+0.21 2.95+0.09 nd (<0.001)
allyl trans-1-propenyl thiosulfinates 1.25+0.09 0.68 +0.03 nd (<0.001)
total allyl thiosulfinates 18.7 +0.65 18.9 + 0.56
total allyl thiosulfinates («mol of allyl) 198+ 75 214+6.0
allyl sulfides? 0.63 +0.07 0.061 +0.004 nd (<0.018)

Sulfur Compounds Not Derived from Allin
y-glutamyl-S-allylcysteine 205%12 8.44 £ 0.68 2.39+£0.03
y-glutamyl-S-trans-1-propenylcysteine 147406 7.86 +0.64 0.87 £0.02
y-glutamyl-S-cis-1-propenylcysteine 0.24 £0.01 1.11+0.09 0.23+0.01f
S-allylcysteine 0.25+0.01 1.06 +0.08 1.81 +0.04
S-trans-1-propenylcysteine nd (<0.08) 0.12+£0.01 0.76 £0.01
Non-sulfur Compounds

y-glutamylphenylalanine 456 +0.33 3.72+0.28 0.71£0.02
arginine 188+17 36.5+17 3.90+0.09

2The average daily dose of blended garlic consumed was 5.68 g (4.06 g of fresh garlic). Peeled fresh cloves contained 37.8 + 0.2% dry matter. Garlicin tablets weighed
0.684 + 0.002 g and contained 0.350 g (label claim) of whole garlic powder. Kyolic tablets weighed 0.5005 + 0.0008 g and contained 0.300 g (label claim) of dry aged
garlic extract. b dgm, dry garlic matter, based on the dry weight of the fresh garlic and the label claims for Garlicin and Kyolic. ¢ Assay replicates. For blended fresh garlic,
n = 16 for the thiosulfinates or n = 8 for all other compounds. Four aliquots were randomly removed from each of four 19-L pails, in which the blended garlic was originally
prepared and temporarily stored. For Garlicin and Kyolic tablets, the n value represents separate grindings of 15 tablets from six randomly selected bottles of the same
batch number. 9nd, not detected, followed by limit of detection. € Allinase inhibited with 10 mM carboxymethoxylamine. Not significantly different from blended fresh garlic.
All other pairwise differences between the three garlic products were significant (P < 0.01). 9 For blended garlic the individual sulfide values («g/dose) were diallyl disulfide,
360; diallyl trisulfide, 220; and allyl methyl trisulfide, 50, whereas diallyl sulfide and allyl methyl disulfide were undetectable (<15). For Garlicin the values (ug/dose) were
diallyl disulfide, 20; diallyl trisulfide, 20; diallyl sulfide, 11; allyl methyl trisulfide, 5.5; and allyl methyl disulfide, 4.9.

gas (1.6 mL/min) and air the makeup gas. The column temperature 1535, 1400, and 1800 mg of garlic material (dry wt) for blended
was programmed from 4%C (0.2 min) to 200°C (1.2 min) at 50°C/ garlic, Garlicin, and Kyolic, respectively. Structures of the
min, giving a retention time of 3.8 min and a run time of 12 min. The  compounds are given ifigure 1. For Garlicin and Kyolic
injection port was operated at 17 in the spliless mode, with @ apjets, the thiosulfinate values represent the thiosulfinate
purge flow of 45 mL/min for 0.8 min. The detector was operated at otential, which is the yield of thiosulfinates found after
250°C. The peak area is the square root of the detector response. Thisp ! . . . . -
pulverized tablets are mixed with water, which activates active

sulfur-selective detector gave at least 15 times greater sensitivity (6 li f fici . hi . hi If
ng/L or 2 ppb at s/r= 2, giving a minimum AUC of 15 ngv/L) than alliinase, for sufficient time to achieve maximum thiosulfinate

the FID detector used in prior allicin bioavailability studies, which made formation (13). Alliin was undetectable in the blended garlic,
it possible to measure the AUC after the consumption of the smaller demonstrating that the blending procedure allowed for complete
amounts of allyl thiosulfinates present in this study than the 3-fold larger formation of allyl thiosulfinates.

amounts consumed in the prior studies (16). The qualitative differences between fresh garlic and Kyolic
The allyl methyl sulfide (98% pure) vapor standard (266 ng/L) was aged extract mainly represent differences caused by the aging
prepared by adding 13,0L of a solution of 88ug of allyl methyl and extraction proceduresQ, 26). The qualitative compositional

sulfide/mL in methanol in triplicate to 4.3-L glass jugs of nitrogen with

taped lid holes, allowing 1.5 h for complete vaporization. The o
concentration in the jugs remained stable for 18—36 h. Dilutions of ences caused by natural variati@®{26). For the purposes of

this standard gave a linear response down to 20 ng/L. The concentrationsIhe clinical trial, the content O_f total allyl th|osulf|nate_s for
for breaths not analyzed within 5 h (the evening breaths) were correctedPlended fresh garlic and the yield of total allyl thiosulfinates

for predetermined bag-specific losses of allyl methyl sulfide (6.06 ~ from Garlicin were intentionally designed to be similar. The
0.5% loss/h). higher amount of allyl sulfides found in blended garlic represents

Statistical Analysis. Statistical analyses were conducted using partial transformation of the moderately unstable allyl thiosul-
Microsoft Excel software. Data were examined for homogeneity among finates during the lengthy parceling procedure. Garlicin alliin
variances. Differences between groups were analyzed by Student's consists of both the-(+)-isomer and the-(—)-isomer, at a
test (two-tailed) P values of<0.05 were considered to be significant.  5tig of 5.6:1, which is typical for garlic powders. Both isomers
Data are presented as meahsSD. are rapidly transformed to allyl thiosulfinates by garlic allinase

(27); however, the-(—)-isomer is absent in unprocessed garlic
RESULTS AND DISCUSSION (6). Free arginine ang-glutamylphenylalanine were selected

Composition of the Garlic Products Used in the Clinical to represent non-sulfur compounds because of their uniquely
Trial . The content of sulfur compounds and selected non-sulfur high abundance in garlic and because of the known stability of
compounds in the garlic products consumed during the clinical arginine when garlic is aged (106, 28).
trial, at the daily dose, are given ifiable 1. The daily dose To determine if the composition of the garlic products used
values can be converted to milligram per gram values by in the clinical trial falls within the range of typical samples, a
multiplying by the following conversion factors: blended garlic, comparison for the main allyl sulfur compounds was made to
x 0.2465 (mg/g of fresh wt) ox 0.6521 (mg/g of dry wt); published values for fresh garlic and to three or four other
Garlicin, x 0.3655; Kyolic,x 0.333. The daily doses contained sample lots for Garlicin and KyolicT@able 2). All study

differences between fresh garlic and Garlicin represent differ-
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Table 2. Comparison of Study Samples to Other Samples for the
Main Allyl Sulfur Compounds

mg/g of fresh wt or mg/g of tablet

study other samples®

product/compound sample (mean * SD, range)

blended fresh garlic

allicin 31 44+13(n=21),2.3-6.6
allyl methyl thiosulfinates 120 1.0+£05(n=21),04-21
y-glutamyl-S-allylcysteine 5.1 38+1.7(n=27),0.9-6.8
Garlicin
allicin 5.6 52+03(n=23),5.0-55
allyl methyl thiosulfinates 11 12+01(n=3),1.2-1.3
y-glutamyl-S-allylcysteine 31 33+12(n=23),26-4.7
dissolution allicin release (%)  >95 all>95 (n=13)
Kyolic 100
S-allylcysteine 0.60 0.60+0.11 (n=4),0.50-0.75
y-glutamyl-S-allylcysteine 080 0.82+10(n=4),0.16-2.3

@Values of other fresh garlic samples were previously published for thiosulfinates
and y-glutamyl-S-allylcysteine (20, 26). Values of other samples of Garlicin and
Kyolic were determined in June 2002 for additional lots purchased at local stores,
with expiration dates ranging from January 2004 to May 2004 for Garlicin and
from December 2004 to March 2006 for Kyolic.

Lawson and Gardner

condiments. Except for salsa verde, there tended to be an
immediate partial loss of the thiosulfinates at the day 0 time
point (the mixtures were at room temperature for about an hour
before being placed at80 °C), followed by fairly level values
throughout the following 3 days. This indicates that something
in the condiments reacted rapidly with the thiosulfinates until
the reactant was consumed, a reaction that is typical for cysteine
or other thiol-containing compound$he most dramatic loss

of thiosulfinates occurred with salsa verde, a green tomato
product. Uniquely, the loss of allyl thiosulfinates in salsa verde
was accompanied by a nearly quantitative increase in diallyl
disulfide. It is well-known that alkaline medium (pkt10)
causes rapid transformation of allicin to diallyl disulfid29(

30), but the pH of salsa verde was 4.1, leaving the reason for
diallyl disulfide formation unknown. Neither diallyl disulfide
nor any other known transformation compound of allicin was
found in the other condiment—garlic mixtures, but for honey
mustard and cucumber there were substantial increases in
compounds of unknown identity that were less polar than diallyl
trisulfide. Significant interference with the thiosulfinates by
compounds present in the unmixed condiments was found only
in the honey mustard, but this interference was eliminated by
decreasing the amount of acetonitrile in the HPLC eluant.

compounds fell within 1.3 SD units of the composition of other Detectable amounts of the allyl thiosulfinates were not found
samples, indicating that the garlic products used in the trial are jn any of the 11 condiments prior to mixing. A test of the

typical.
Stability of Allyl Thiosulfinates in Condiments (4 °C). The

stability of the thiosulfinates of crushed garlic at@ in the
absence of condiment revealed no significant decrease in any

consumption of blended fresh garlic was made palatable by of the thiosulfinates at 12 days (not shown).

mixing it with a condiment and placing the mixture in a Long-term Stability of the Garlic Products. Because of
sandwich. However, because the stability of allyl thiosulfinates the length of the clinical trial (3 years between the start of the
is known to be dependent upon their environment, especially first group of participants to the end of the 6-month protocol
in the presence of oils (triglycerides) or cysteine (protein), their for the last group) and the known instability of allyl thiosulfi-
stability in a variety of possible mixtures of condiments with nates (26,31), the allyl thiosulfinate content of the frozen
the blended garlic was determined for up to 3 days 4 4the blended fresh garlic was measured periodically over 2 years
same temperature and maximum time at which the study (Table 4). No loss of any thiosulfinate was found between 3
sandwiches are stored between preparation and consumptionand 24 months, demonstrating that they were adequately
and at the same garlic/condiment ratio used in the sandwiches stabilized upon storage at80 °C. Hence, little loss would be
To reduce the possible instability of the thiosulfinates, only expected by 3 years, thus validating the storage conditions for
fatfree or low-fat condiments were tested. Of the 11 condiments the entire length of the clinical trial. The prestart values were
tested, the thiosulfinates were shown to be adequately stablemeasured immediately before the several-day-long parceling
(=10% loss in 3 days) in five (the upper half Bable 3). These period, during which period the blended garlic was at refrigera-
five condiments were used to prepare the study sandwiches. tion and room temperatures for various lengths of time prior to
The importance of conducting this stability test is highlighted cryofreezer storage, which resulted in a 9% loss of thiosulfinates.
by the instability of the thiosulfinates in the remainder of the The ability of Garlicin tablets to form allicin and total allyl

Table 3. Stability of Allyl Thiosulfinates in Blended Garlic Mixed with Condiments?

allicin allyl methyl thiosulfinates allyl trans-1-propeny! thiosulfinates
0 days 1 day 2 days 3 days 0 days 1 day 2 days 3 days 0 days 1 day 2 days 3 days
condiment at4°C at4°C at4°C at4°C at4°C at4°C at4°C at4°C at4°C at4°C at4°C at4°C
mayonnaise, fatfree 101 100 98 95 100 101 100 99 100 99 97 96
yogurt, strained, fatfree 96 93 92 91 97 94 90 93 99 101 98 96
creamy horseradish? 98 97 94 93 101 103 102 101 101 102 100 99
sour cream, fat free 100 101 99 99 97 101 100 101 100 105 109 111
LaVictoria salsa 97 98 97 98 100 100 98 99 102 102 102 101
salsa verde® 71 1 <1 <1 86 <1 <1 <1 83 20 19 18
honey mustard 91 81 76 71 89 82 80 82 100 93 91 96
Dijon mustard + 70 64 58 53 77 75 73 71 66 62 58 57
mayonnaise,
fatfree (1:3)
cucumber, diced 86 80 78 78 87 83 82 82 80 74 72 70
mango chutney 29 36 30 33 45 54 46 51 26 33 27 30

2Values are means for three determinations, given as percent of the value found at day 0 for blended garlic in the absence of condiment. The condiments in the bottom
half of the table were not used in the trial. ® Noncommercial preparation, prepared by mixing fatfree mayonnaise (12 volume), diced dill pickle (3 volume), horseradish (1
volume), and ketchup (1 volume). ¢ Salsa verde is made from green tomatoes.
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Table 4. Stability of the Thiosulfinate Content (Blended Garlic) or Thiosulfinate Potential (Garlicin)

blended fresh garlic, stored at =80 °C (mg/4.06 g of garlic) (n = 16) Garlicin, stored at 4 °C (mg/4 tablets) (n = 6)
prestart? 3 months 12 months 18 months 24 months start 12 months 24 months
allicin 135+0.27 12.6 £0.45 125+0.12 12.6 £0.26 12.7+0.29 15.3+0.45 154+0.13 15.4+0.18
allyl methyl thiosulfinates 5.30 +£0.140 488+0.21 4,90 +0.07 4.97+0.33 488+0.13 2.95+0.09 3.14 £ 0.06° 3.08 +£0.020
allyl trans-1-propenyl 1.83+0.13° 1.25+0.09 1.16 £ 0.07 1.17+0.10 1.14 £ 0.06 0.68 £0.03 0.59 +0.05° 0.61+0.03>
thiosulfinates
total allyl thiosulfinates 20.6 + 0.440 18.7 £ 0.65 18.5+0.30 18.7+0.28 18.7+0.38 18.9 £ 0.56 19.1+£0.12 19.2+0.27
total allyl thiosulfinates 216 + 4.0 198+75 197 +3.6 199 +6.2 199+ 4.0 214 +6.0 217+24 217+3.0
(«mol of allyl)

aThe prestart value was measured immediately before the several-day-long parceling period. b Significantly different (P < 0.05) from the 3-month value (blended garlic)
or the start value (Garlicin).

Table 5. Stability of Allyl Compounds in Kyolic Tablets Stored at Table 7. Effects of Consuming Blended Garlic and Garlicin on Breath
Room Temperature Allyl Methyl Sulfide, the Main Metabolite of Allicin?
mg/6 tablets (n = 6) blended fresh garlic Garlicin
start 12 months 24 months (4.06 g of garlic) (4 tablets)
S-allylcysteine 1.81+0.04 1.76 +0.13 159 + 0,062 allyl thiosulfinates 198 (content) 214 (potential)
y-glutamyl-S-allylcysteine ~ 2.39+0.03  243+0.09  237+0.11 (umol of allyl)
AUCaa (ng-hiL) 1480 = 400 1440 + 450
Py , Cinax (ngIL) 174+ 35 207 £47
Significantly different (P < 0.01) from the start value. fma (0) 20403 6.0+ 1.4b
% of Cnaxat 32 h 02+18 06+08

Table 6. Dissolution Release of Allicin and Other Allyl Thiosulfinates
from Garlicin Tablets Stored at 4°C aValues are means * standard deviation for the same four persons.
Abbreviations: AUCs, = area under the 32-h curve; Crnax = maximum concentration

% of potential® reached; tnex = time after consumption to reach maximum concentration. 2 Different
start 12 months 24 months from blended fresh garlic: P < 0.05. No other differences are significant (P > 0.3).
allicin >95 >95 >95
allyl methyl thiosulfinates 73 69 71 still >90%. When the dissolution tests were extended for another
allyl trans-1-propenyl thiosulfinates  >95 >95 >95 20 min in buffer (not shown), the release of allyl methyl
total allyl thiosulfinates >92 >0 >0 thiosulfinates reached 85%. The formation of allyl methyl
disintegration time (buffer) (min) 51 52 52

thiosulfinates is known to be significantly slower and more
sensitive to alliinase inhibition than the formation of allic®).(
Bioavailability of Allyl Thiosulfinates from Garlicin . The
ability of Garlicin tablets, which contain alliin and alliinase but
no thiosulfinates, to form maximum possible amounts of ally!
thiosulfinates in the gastrointestinal tract was determined by
thiosulfinates also did not change over the 2-year period, comparing the bioavailability of allyl thiosulfinates from Garlicin
indicating that alliin was stable at°€ and that allinase activity ~ to the bioavailability of allyl thiosulfinates from blended fresh
remained high. The content @-allylcysteine in the Kyolic garlic, which contains preformed allyl thiosulfinates but no alliin.
tablets was found to be stable at room temperature for 12 monthsBoth were consumed at similar amounts of allyl thiosulfinate
but to decline significantly by 12% in 24 months; however, the content (fresh garlic) or allyl thiosulfinate potential (Garlicin).
content ofy-glutamyl-S-allylcysteine was stable for 24 months The same amounts of the same batches of the products used
(Table 5). This product was stored at room temperature becausefor the clinical trial were also used in the bioavailability tests.
pureS-allylcysteine was previously reported to be stable for at Breath allyl methyl sulfide content is the only established
least 4 years at 25C (32). It appears that other compounds method for determining the bioavailability of allicin or allyl
present in the tablets decrease the stabilityadllylcysteine. thiosulfinates, as neither allicin nor its known metabolites have
Starting at 25 months, the Kyolic tablets were stored 4t 40 yet been found in blood or urind@, 16). Although breath allyl
improve stability. methyl sulfide can also be produced by the consumption of
Dissolution Release of Allyl Thiosulfinates from Garlicin S-allylmercaptocysteine, ajoene, allyl mercaptan, and the allyl
Simulated gastrointestinal conditions for the release of allicin sulfides (Table 1) {6), only the allyl sulfides are present in
from garlic powder tablets have been defined in the U.S. the fresh garlic and Garlicin, and their abundance accounts for
Pharmacopeia/National Formulad4( 15) and provide arapid  only 4 and 0.3%, respectively, of the allyl methyl sulfide that
in vitro method to estimate the formation of thiosulfinates from can be produced from the allyl thiosulfinates. AsJ@lots for
garlic tablets in the body. Under these dissolution conditions, exhalation of allyl methyl sulfide revealed no difference between
the Garlicin tablets were found to release, in—&2 min, Garlicin and blended fresh garligéble 7), demonstrating that
essentially all £ 95%) of the allicin and allytrans-1-propenyl the batch of Garlicin tablets being used in the clinical trial is
thiosulfinates that they are capable of producihglfle 6), and as effective as blended fresh garlic in deliing allyl thiosul-
this ability did not decrease when the tablets were stored at 4finates to the bodyAlthough Garlicin tablets have previously
°C for 2 years. The formation of allyl methyl thiosulfinates, been shown to provide high allicin bioavailability when
however, was only-70% complete, but because the allyl methyl consumed at a 3-fold higher dosk3}], it was considered to be
thiosulfinates represent only 16% of the total allyl thiosulfinates important to verify that the particular batch of Garlicin being
of Garlicin, the total amount of allyl thiosulfinates released was used in the mentioned clinical trial also gives high bioavailability

@Values indicate the average percent of potential reached at 1 h in the buffer
stage for 6 tablets tested individually. The USP/NF 2003 protocol for allicin release
from enteric-coated garlic tablets requires that >80% of the allicin potential be
released after 2 h in acid and after 1 h in buffer (15).
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when consumed at the trial dose. Significant variation in allicin

release among different batches of the same brand of garlic

powder tablets is known to occu2)(
The maximum breath concentrations of allyl methyl sulfide
(Cmay were also not significantly different between the two

garlic products. However, the time to reach the maximum breath

concentrations ff.) was significantly greater by 3.1 h for
Garlicin, reflecting the amount of time required for these enteric-

coated tablets to disintegrate. The concentration of allyl methyl

sulfide in the breath at 32 h after consumption of the garlic
products was only 0:20.6% of the maximum concentrations,
indicating that 32 h was a sufficient amount of time to obtain
a reliable AUC. A slight, but insignificant, trend®(= 0.25)
toward higher within-person variation (not shown) for the
AUC3, was found for Garlicin (CV%= 20.9+ 12.2) than for
fresh garlic (12.3t 5.5). Hence, Garlicin was tested three times

on each person rather than two times. However, the third set of

tests for Garlicin changed the mean Atj@y only 0.6% and

decreased the standard deviation by only 18%. Greater within-

Lawson and Gardner

(6) Stoll, A.; Seebeck, E. Chemical investigations on alliin, the
specific principle of garlicAdv. Enzymol1951,11, 377—400.

(7) Jansen, H.; Miiller, B.; Knobloch, K. Characterization of an alliin
lyase preparation from garlic (Allium sativunflanta Med.
1989,55, 434—439.

(8) Blania, G.; Spangenberg, B. Formation of allicin from dried garlic
(Allium sativum): A simple HPTLC method for simultaneous
determination of allicin and ajoene in dried garlic and garlic
preparationsPlanta Med.1991,57, 371-375.

9) Lawson, L. D.; Hughes, B. G. Characterization of the formation

of allicin and other thiosulfinates from garliPlanta Med.1992

58, 345—350.

Lawson, L. D. Garlic: a review of its medicinal effects and

indicated active compounds. IRhytomedicines of Europe:

Chemistry and Biological Actity; Lawson, L. D., Bauer, R.,

Eds.; American Chemical Society: Washington, DC, 1998; pp

176—209.

Cavallito, C. J.; Bailey, J. H. Allicin, the antibacterial principle

of Allium satwum |. Isolation, physical properties and antibacte-

rial action.J. Am. Chem. Sod.944,66, 1950—1951.

(10)

11

person variation would be expected for allinase-dependent (12) Cavallito, C. J.; Bailey, J. H.: Buck, J. S. The antibacterial

Garlicin, because the activity of allinase is subject to conditions

in the intestinal tract that are variable, such as the presence of

other food components and concentrations of proteolytic
enzymes.

As a control to determine if the consumption of alliinase-
inactivated Garlicin would also result in the production of allyl

methyl sulfide, four pulverized tablets were suspended in 0.5

N HCI to inactivate alliinase, followed by pH neutralization with
NaOH. Only trace amounts of allicin were produced (0.03% of

the value found when pulverized tablets were suspended in

water, indicating little alliin loss). After consumption of the

suspension (one person), a small amount of allyl methyl sulfide

was found in the breath, giving an AlJg£that accounted for

3.2% of the value found when undisturbed tablets were
consumed. The production of small amounts of allyl methyl
sulfide after the consumption of acid-inactivated Garlicin

indicates that there is some alliinase activity in the body. Indeed,

Japanese researchers showed in the 19608#wiltus subtilis
andEscherichia coli, common microbes of the intestinal tract,
possess allinase activit3, 34). The failure of a previous study
to find allyl methyl sulfide in the breath after the consumption
of garlic that had been inactivated by microwave cooking
probably reflects the lower sensitivity of the FID detector used
in that study (13,16).
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