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The objective of this study was to compare the modulatory effect of garlic oil and its three organosulfur
compounds, diallyl sulfide (DAS), diallyl disulfide (DADS), and diallyl trisulfide (DATS), on rat hepatic
detoxification enzyme activity, and protein and mRNA expression. Rats were orally administered
garlic oil (80 or 200 mg/kg bw), DAS (20 or 80 mg/kg bw), DADS (80 mg/kg bw), or DATS (70 mg/kg
bw) three times a week for 6 weeks. Control rats received corn oil. According to the results, garlic oil
and DAS in dosages of 200 and 80 mg/kg bw, respectively, significantly increased pentoxyresorufin
O-dealkylase (PROD) activity as compared with the that of the control rats (P < 0.05). In contrast,
N-nitrosodimethylamine demethylase activity in rats that received DADS and DATS was significantly
lower than that in the control rats (P < 0.05). Ethoxyresorufin O-deethylase and erythromycin
demethylase activities were not influenced by garlic oil, DAS, DADS, or DATS. To the phase Il enzyme,
garlic oil, DADS, and DATS significantly increased the glutathione S-transferase (GST) activity toward
ethacrynic aicd (P < 0.05). Immunoblot assay showed that the protein contents of cytochrome P450
1A1, 2B1, and 3A1 were increased by garlic oil and each of three allyl sulfides, and the change
among the allyl sulfides was in the order of DAS > DADS > DATS. The placental form of GST
(PGST) level was also increased by garlic oil and the three allyl sulfides, but the increase among the
allyl sulfides was DATS = DADS > DAS. P450 2E1, however, was suppressed by each garlic
component. Northern blot results indicated that the changes in P450 1A1, 2B1, 3A1, and PGST mRNA
levels by garlic components were similar to those noted in the protein levels. These results indicate
that the modulatory effect of garlic oil on hepatic drug-metabolizing enzymes can be attributed to its
three major allyl sulfide components DAS, DADS, and DATS. These three allyl sulfides vary in
modulatory activity, and this variation is related to the number of sulfur atoms in the molecule.
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INTRODUCTION garlic-rich organosulfur compounds (OSCs) are believed to play
Garlic (Allium satioumL.) is a widely consumed herb in  key roles in these biological effects. Most garlic OSCs are
foodstuffs and medicines. Numerous studies have shown thatderived from alliin via the action of allinase and the following
garlic exhibits diverse biological activity, including antitum- rearrangement (5). Even so, the species and quantity of OSCs
origenesis, antiatherosclerosis, and detoxificatibrt4). The in different garlic products depend on several factors, such as
the method of extraction, temperature, and pH (6). Steam
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nutritional, as well as nonnutritional, factors (7). Cytochrome the DADS and DATS dosage was also tested in this study. All garlic
P450 enzymes (P450s), the most important phase | enzymesgomponents were diluted in corn oil and administered by oral intubation
catalyze the biotransformation of many xenobiotics and endog- three times (Monday, Wednesday, and Friday mornings) each week
enous compounds (8). At least 14 gene families have beenfor 6 weeks. Rats treated with 1 mL/kg bw corn oil alone were regarded
identified in mammals (9), many of which are selectively 2S the control. _ 3 o
enhanced or suppressed by a variety of chemicals, including Rats were fasted overnight and sacrificed by carbon dioxide
numerous garlic componentd@, 11). For instance, diallyl euthanasia. Fresh livers were removed, minced, and quickly freeze-
sulfide (DAS) suppressdd-nitrosodimethylamine demethylase clamped in liquid nitrogen and stored §§O c. )

(NDMAD) activity and P450 2E1 protein expressiat2(13), Cytochrome P-450 and GST Activity Assays.Livers were
whereas rat hepatic pentoxyresorufdvdealkylase (PROD) homogenized in 4>of a buffer (pH 7.4) containing 10 mM potassium

o . h phosphate and 1.15% KCI, and centrifuged at 1@00® 30 min at 4
activity and P450 2B1 protein content were induc-15). °C. The resultant supernatants were further ultracentrifuged at 165000

Although the actual mechanism is not clear yet, the binding of 51 1 h and the cytosolic fractions were storeé-80°C until analysis.
toxins through the sulfhydryl group of OSCs has been proposedThe microsomal pellets were resuspended in 50 mM potassium
(16). phosphate/1 mM EDTA buffer (pH 7.6) for cytochrome P-450 activity
Glutathione S-transferase (GST), a phase Il drug-metabolizingand immunoblot assays. The ethoxyresor@ieethylase (EROD)
enzyme, belongs to a family of multifunctional proteins which activity was measured with a spectrophotometer (U2000, Hitachi,
detoxifies a wide variety of electrophilic xenobiotics by Tokyo, Japan) using a previously described metts).(The activity
catalyzing their conjugation to glutathione and reduces many of N-nitrosodimethylamine demethylase (NDMAD) and erythromycine
organic hydroperoxides into alcohols through its expression of demethylase (EMD) were determined by the method of Nas). (
selenium independent glutathione peroxidase actidig).(On 7-PentoxyresorufiD-dealkylase (PROD) activity was measured with

he basis of ami id h loai d ibod fluorescence spectrophotometer (F4500, Hitachi, Tokyo, Japan) as
the basis of amino acid sequence homologies and antibody CrosSgegripeqd by Lubet et al.26). Activity of PGST was determined

reactivity, cytosolic GST is grouped into six classk8(Among according to the method of Habig et a27) using ethacrynic acid as
these GST isozymes, the placental form of GST (PGST) hasthe substrate.

attracted particular interest because of its relationship with the  gpg_pglyacrylamide Gel Electrophoresis (SDSPAGE) and

formation of human ovarian (19) and colorectal cancers (20). western Blot Analysis. The amounts of cytosolic PGST and microso-
Modulation of PGST activity and protein expression by garlic mal cytochrome P450s were determined by SPAGE and immu-
components has been noted in various tissues in rats and miceoblot assay. Equal amounts of proteins were first electrophoresized
(15, 21). in 10% polyacrylamide gels. Proteins separated on -Spdyacryl-

By using gas chromatography, more than 20 OSCs have beeraMide gels were then transferred to polyvinylidene difluoride mem-
identified in garlic oil (22). Among these OSCs, DAS, diallyl ~Pranes. Membranes were incubated &(C4overnight with 5% skim
disulfide (DADS), and dially! trisulfide (DATS), which differ ~ Milk to block the nonspecific binding, and this was followed by a 30-
in their number of sulfur atoms, are the three major constituents. ;nézégfﬁrgitlglfgx?;aigggn?fitTé dc’;:(fn% ;Alérﬁ,lo' dZE;D’;;H:’;Al
Although the garlic OSC effect on the drug-metabolizing system . ug 34 y

. N tetrachloride diaminobenzidine were used to detect the immunoreactive
has attracted a great deal of investigation, DAS and DADS are pangs.

two key components that haye peen e).(tenSIVe.Iy StUd',ed' The Northern Blot Analysis. Total RNA was extracted from 40 mg of
study of DATS, however, is limited. It is also interesting to  fregp |iver tissues by homogenizing the liver in 1 mL of Trizol reagent
examine whether garlic oil modulation of hepatic drug- using a Teflon homogenizer. The homogenates were allowed to react
metabolizing enzymes can be attributed to the combined effectat room temperature for 5 min and 0.2 mL of chloroform was then
of DAS, DADS, and DATS. In this study, rats were administered added followed by incubation for an additional 3 min. While the
garlic oil or DAS, DADS, or DATS based on their amount in  homogenates were centrifuging at 12§dor 15 min, RNA in the
garlic oil, and the effects on the hepatic PGST and P450 aqueous phase was precipitated by adding 0.5 mL isopropyl alcohol.
activities, protein, and mRNA expressions were investigated. The RNA pellet was then prepared by centrifuging at 120 10
min, and it was stored in 75% ice-cold ethanol.
MATERIALS AND METHODS For Northgrn blot analysig 2(ig of each RNA sgmple was
electrophoretically separated in 1% agarose gel containing 6% form-

Materials. DAS, DADS, and DATS were purchased from Fluka aldehyde and transferred to HYBond membranes as previously
Chemical Co. (Buchs, Switzerland), Tokyo Kasei Chemical Co. (Tokyo, described (23). The membranes were prehybridized for 2 h at 42 °C in
Japan), and LKT Laboratories Inc. (St. Paul, MN), respectively. Fresh a solution containing 10 Denhardt's reagent (0.2% Ficoll, 0.2%
garlic was purchased from the local market, and garlic oil was prepared polyvinylprolidone, and 0.2% bovine serum albumink SSPE (750
by steam distillation (23). The constituent profile of the garlic oil was mM NaCl, 50 mM NaHPO,, and 5 mM EDTA), 2% SDS, 50%
analyzed and identified using a GMS system (G1800 GCD, Hewlett- ~ formamide, and 10Q:g/mL of single-strand sheared salmon sperm
Packard, Palo Alto, CA). The volatile constituents include DAS (10%), DNA. The membranes were then hybridized in the same solution with
DADS (39%), DATS (35%), and other minor components. The 32P-labeled cDNA probes at #Z overnight. cDNA probes for PGST
monoclonal antibody against cytochrome P450 1A1 was obtained from and P450s were generated by-FHCR as describe®7). Two pairs
GENTEST Co. (Woburn, MA), and polyclonal antibodies against of oligonucleotide primers were designed on the basis of the published
cytochrome P450 2B1, 2E1, or 3A1 were obtained from Chemicon sequence and were as follows: 1A1 (forwardCTGCCTTGGAT-
International (Temecular, CA). The PGST antiserum was purchased TCTGGGTGGTT-3 backward, 5CAAAGGATGAATGTCGGAAG-
from Biotrin Co. (Dublin, Ireland). GT-3); 2B1 (forward, 5GGATGGGAAAGAGGAGTGTGGA-3;

Animals and Treatments. Four-week-old male Spragu®awley backward, 5-CTGGAGGATGGTGGTGAAGAAG] 3A1 (forward,
rats were purchased from the National Animal Breeding and Research5'-TTGCCATCACGCACACAGAAT-3'; backward, 5'-ATGCTGC-
Center (Taipei, Taiwan). After one week of acclimation, rats were CCTTGTTCTCCTTGC-3'); and PGST (forward, 5'-TTCAAGGCTC-
randomly assigned to each experimental group by weight and housedGCTCAAGTCCAC-3; backward, 5CTTGATCTTGGGGCGGGCA-
with a 12-hr light cycle. Animals had free access to water and AIN- CTG-3'). Autoradiography was performed by exposing the membrane
76A diet. The treated dose of garlic oil was either 80 or 200 mg/kg to Kodak SuperRx X-ray film. For rehybridization with the other cDNA
bw. The dosages of DAS, DADS, and DATS were estimated on the probes, membranes were deprobed by washing them with boiling 0.1%
basis of their amount in 200 mg of garlic oil and were 20, 80, and 70 SDS. The bands on the X-ray film were quantitated with an Alphalm-
mg/kg bw, respectively. An additional 80 mg/kg bw of DAS, close to ager2000 (Alpha Innotech Co., San Leandro, CA).
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Table 1. Effects of Garlic Oil and Allyl Sulfides on Hepatic Ethoxyresorufin O-deethylase (EROD), N-nitrosodimethylamine N-demethylase (NDMAD),
Pentoxyresorufin O-demethylase (PROD), and Erythromycin Demethylase (EMD) Activities?

dose EROD EMD PROD NDMAD
treatment mag/kg pmol/min/mg protein nmol/min/mg potein pmol/min/mg protein nmol/min/mg protein
control -- 13.4 + 2.5+ 0.36 £0.15 8.4+ 25 0.81+0.18*
GO 80 18.6 + 2,91 0.64 £0.29 11.6 £5.17# 0.52 +018*T
GO 200 18.6 + 2.9 1 0.67 £0.20 15,9 + 141 0.56 + 0.15%1
DAS 20 22.3+3.6%" 0.67 +0.27 10.6 + 1.8+ 0.61 +0.28%F
DAS 80 247 £7.2* 0.80+0.35 22.3+5.9* 0.57 +£0.28%"
DADS 80 19.6 + 8.4+ 1 0.56 £0.28 9.6+2.7"* 0.37 £0.05
DATS 70 12.0+2.8° 0.62 +0.26 9.2 + 1.41# 0.47 +0.06"

2 Rats were orally administered with various doses of garlic oil and three allyl sulfides for 6 weeks. Data are expressed as means+ SD (n = 4 — 6). GO, garlic oil; DAS,
diallyl sulfide; DADS, diallyl disulfide; DATS, diallyl trisulfide. **+Treatment means not sharing the same symbols differ significantly (P < 0.05) by Tukey's comparison.

Table 2. Effects of Garlic Oil and Allyl Sulfides on Hepatic Glutathione

S S » & »
S-Transferase (GST) Activities® é§° 6\0§ ‘?‘? ,§° @G’ &
¢ QR Q Q‘?
dose GST
treatment mag/kg nmol/min/mg protein
control  ----- 375 + 70 -5 LSO N —
GO 80 496 + 511 1Al
GO 200 533 £ 51*
DAS 20 382 + 68*
DAS 80 436 + 51
DADS 80 555 + 104*
DATS 70 532+ 77* 2B1 —» | v P w— 5
2 Rats were orally administered with various doses of garlic oil and three allyl
sulfides for 6 weeks. Data are expressed as meanst SD (n = 4-6). GO, garlic
oil; DAS, diallyl sulfide; DADS, diallyl disulfide; DATS, diallyl trisulfide. *+Treatment
means not sharing the same symbols differ significantly by Tukey's comparison (P
< 0.05). 2E1 —» |om=e -
Statistical Analysis. Statistical analyses were performed using
ANOVA (SAS Institute Inc., Cary, NC). Tukey’s multiple comparison
was used to determine significant differences among the group means
(P < 0.05). 3A1 — —_— —— _——
RESULTS
Drug-Metabolizing Enzyme Activities. After 6 weeks of
treatment, the growth rate of the rats did not change from each  pagr A e 2ot
garlic component as compared with the controls (data not

shown). The effects of garlic oil and three allyl sulfides on the
hepatic phase | drug-metabolizing enzyme activities are shown
in Table 1. No change in the EROD and EMD activity was
noted in rats administered either with garlic oil or each allyl
sulfide as compared with that in the control rats. Rats that
received high doses of garlic oil (200 mg/kg) or DAS (80 mg/
kg) had higher PROD activities than the contrdis < 0.05).
With the exception of the 200 mg/kg garlic oil group, 80 mg/
kg DAS caused significantly higher PROD activity than the cytochrome P450s and PGST protein expression but in different
other garlic groups (P< 0.05). In contrast to the increase of manners (Figure 1). P450 1A1 and 2B1 levels were higher in
PROD activity, NDMAD activity in rats that received DADS  each garlic-treated group than in the control. A dose-dependent
and DATS was significantly lower than that in the control rats increase was also noted in rats dosed with garlic oil and DAS.
(P < 0.05). Among allyl sulfides, DAS showed a greater induction than
To measure the PGST activity, ethacrynic acid was used asDADS and DATS. Even the DAS in a dose of 20 mg/kg resulted
the substrate for the enzyme activity assay instead of 1-chloro-in higher levels of P450 1A1 and 2B1 than DADS and DATS.
2,4-dinitrobenzene. As the results indicated, garlic oil, either DADS had greater induction than DATS. Similar induction was
in a dose of 80 or 200 mg/kg bw, DAD,S or DATS significantly also noted in the P450 3A1. Rats dosed with 80 mg/kg DAS
increased hepatic PGST activity as compared to that of the had the highest protein level. In contrast to the induction,
control rats P < 0.05)(Table 2). DAS, either in low or high  cytochrome P450 2E1 expression was suppressed by either
doses, however, had no influence on this phase Il enzymegarlic oil or each of the three allyl sulfides. P450 2E1 levels in
activity. DADS and DATS groups were similar to that in the 80 mg/kg
Cytochrome P450 1A1, 2B1, 2E1, 3A1, and PGST Protein  DAS group.
Levels. Immunoblot assay showed that garlic oil and its three ~ Regarding the phase Il drug-metabolizing enzyme, PGST
allyl sulfide components actively modulated four hepatic expression in rat livers was increased by garlic oil and its three

Figure 1. Immunoblot analysis of P450s and PGST in rats treated with
garlic oil (GO) or its three major allyl sulfides. Control rats received corn
oil alone. Proteins were separated on 10% SDS—polyacrylamide gels and
were electrophoretically transferred to poly(vinylidene difluoride) mem-
branes. The amount of proteins in each lane for P450s and PGST
immunostaining was 6 and 3 ug, respectively.



Garlic and Detoxification Enzymes J. Agric. Food Chem., Vol. 50, No. 2, 2002 381

protein content, DADS or DATS had higher PGST mRNA
expression than DAS.

DISCUSSION

In various animal models, garlic has been demonstrated to
be effective in suppressing tumor formatiod, @, 28, 29).
Epidemological evidence also supports that garlic consumption
is inversely correlated to the incidence of stomach, breast, and
colon cancer in China, Italy, France, and the United St&@s (

33). Several mechanisms have been proposed to participate in
the antitumorigenic effects of garlic, including an increase in
antioxidant defense activity and the modulation of immune
responses, such as splenocyte proliferation, cytokine secretion,
and natural killer cell activities34, 35). In addition, modulation

3A1 > W on the drug-metabolizing enzyme activity by garlic and its active
il e components has also been proposed (11).

Although biotransformation of xenobiotics is regarded as a
detoxification process, this is not always the case. Some
carcinogens may sometimes be activated and are more toxic
than the parent compounds. The balance between detoxification
and bioactivation determines the net effed), The inhibitory
effect of DAS on cytochrome P450 2E1, which catalyzes the
oxidation of many volatile environmental carcinoge8g)( has
been implicated in its anticarcinogenic capability. Instead, the
increase in cytochrome P450 2B1 activity, which oxidizes
foreign lipophilic compounds and is responsible for the intro-
duction of a polar group into the substrate molecule, by DAS
enhances the detoxification in livers (14). The results of this
study showed that the volatile OSC-rich garlic oil is effective
in modulating both phase | and Il drug-metabolizing enzyme
expression in the transcriptional stage. Whether the modulation
is induction or suppression, it depends on the enzyme examined.
With the exception of the inhibition of P450 2E1 expression,
P450 1A1, 2B1, and 3Al, and also the PGST protein and
MRNA, levels were increased by garlic oil. On the basis of the
results noted in the allyl sulfide groups, results revealed that
the effect of garlic oil on these drug-metabolizing enzymes is
related to DAS, DADS, and DATS, which account for-80

major allyl sulfide components. The potency of induction among 85% of the total volatile OSCs in garlic oil. However, the effect
allyl sulfides, however, was different from that noted on of garlic oil on P450s and PGST activities and expression was

cytochrome P450 1A1, 2B1, and 3Al. For this phase I less effective as compared with the quantitatively combined

detoxifying enzyme, rats dosed with DADS or DATS showed effects of each individual allyl sulfide. This implicates that the
a greater induction than those with either 20 or 80 mg/kg bw €Xistence of chemical interactions among DAS, DADS, and

DAS. The PGST level was similar between DADS and DATS. DATS, and/or the effect of other minor volatile allyl sulfides,

. in garlic oil on P450s and PGST activities and expression is
mRNA Expression.Northern blot assay revealed that cyto- possible
chrome P450 1A1, 2B1, and 3A1 and PGST mRNA levels were '

iod with the ch - tein levels (Fi 2 A In this study, the sulfur atom numbers of allyl sulfides was
accompanied wi e changes in protein levels (Figure 2). As demonstrated to correlate with the potency in modulating the

noted, garlic oil and DAS dose-_d_ependently increased mMRNA drug-metabolizing enzyme expression. For P450 1A1, 2B1, and
contents of all four drug-metabolizing enzymes. For three P450s, 3A1, protein and mMRNA levels were inversely correlated to the

DAS had the greater potency in induction of mRNA than n,mper of sulfur atoms and were in the order of DADADS
DADS, and DADS was greater than DATS. Even DAS atthe - pATS. In contrast, such a structuréunction relationship

dose of 20 mg/kg bw caused higher mRNA levels as comparedfor pGST expression was reversed. For this phase Il enzyme,
with 80 mg/kg bw DADS and 70 mg/kg bw DATS. As  pADS and DATS showed greater potency in the induction than
examined, the extent of DAS induction of PA50 mRNA levels, pAs. The differential effect of DAS, DADS, and DATS on
2B1 increased much more than that noted in 1A1 and 3A1. As drug-metabolizing enzymes accounts, at least in part, for their
quantitated by densitometry, the induction of P450 1A1, 2B1, difference in anticarcinogenic activit$,(29). Similar structure

and 3Al by 80 mg/kg DAS were 3.1, 18.8, and 9.3-fold, function relationship of garlic allyl sulfides has also been
respectively, as compared to those of the control rats. The reported on the number of allyl groups on the suppression of
increase of mMRNA content by garlic oil was less than that of colon cancer formation in mic&(29) and the number of sulfur
DAS but was higher than DADS and DATS. Increase of PGST atoms on the hepatic antioxidant enzyme activity in rag).(
MRNA level was also noted in rats treated with garlic oil or It is not clear at present what causes such a differential
each of the allyl sulfides as compared with those of the control structure—function relationship in modulating the P450s and
rats. Among allyl sulfides, similar to the changes noted on PGST, and this requires further study. Different regulatory

PGST > st

28S »

188 =

Figure 2. Contents of hepatic P450 1A1, 2B1, 2E1, and 3A1 and PGST
mRNA in rats orally administered with garlic oil, diallyl sulfide (DAS), diallyl
disulfide (DADS), or diallyl trisulfide (DATS). Total RNA was extracted
using Trizol as described in Materials and Methods. A 20-ug aliquot of
RNA of each sample was subjected to Northern blot analysis. The
membrane was first hybridized with a P450 2B1 cDNA and then
rehybridized in an order with 1A1, 3A1, and PGST cDNA.
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pathways for P450s and PGST and/or varied binding affinity
of allyl sulfides and their metabolic products may explain in
part this discrepancy.

DAS in rat livers was metabolized into diallyl sulfoxide and
diallyl sulfone. Diallyl sulfoxide has been shown to be
responsible for the increase in the P450 2B1/2 mRNA and
protein expression, and, thus, the activity of PRQB)(Diallyl
sulfone has also been thought to participate in the inhibition of
NDMAD activity and the decrease in P450 2E1 level in the
hepatic microsomes of rats treated with DAIR). DADS was
metabolized into allyl mercaptan rather than diallyl sulfod@)(
Allyl mercaptan inhibition of P450 2E1 at the posttranscriptional
stage has been reportetD]. In addition to this evidence, more
investigations are required before drawing a solid conclusion
on the biological roles of garlic metabolites. For instance, the
possible roles of allyl sulfides and their metabolites in the
degradation of specific P450 mRNA, in the translation process,
and in the P450 degradation through protein turnover or by
suicide inhibition, remain for further study.

Although P450 genes share similar regulatory elements, their

expression pattern is complex and depends on several factors,

such as the gender, age, and cell typE)( At present, little is
known about the transcriptional regulation of 2B genes by drugs
in rats, and the presence of specific receptors for such drugs
has not yet been identified. Instead, the regulation of P450 1A
is much better understood. Enhancement of the P450 1A
expression by polycyclic aromatic hydrocarbons is now know
to occur through the Ah receptor, in which the ligarrdceptor
complex translocates into the nucleus and binds to xenobiotic-
responsive elementg?). It is still not clear what mechanism

causes DAS and other garlic components to modulate P450 gene

expression. In this study, cytochrome P450 1A1, 2B1, and 3A1
levels were co-modulated by DAS, however, the extent of
increase was dramatically different and was in the order of 2B1
> 3A1 > 1A1. This result indicates that garlic allyl sulfides
simultaneously modulate a couple of P450 genes, but with
variable efficacy.

In conclusion, the modulation of garlic oil on the hepatic drug-
metabolizing system could be explained by the combined effect
of DAS, DADS, and DATS. These three allyl sulfides differ-
entially modulate the hepatic P450s and PGST mRNA and
protein levels, and the potency is related to the number of sulfur
atoms in the molecule.

ABBREVIATIONS USED

GO, garlic oil; DAS, diallyl sulfide; DADS, diallyl disulfide;
DATS, diallyl trisulfide; P450, cytochrome P450; EMD,
erythromycin demethylase; EROD, ethoxyresoru@rdeeth-
ylase; GST, glutathione S-transferase; NDMAD-nitrosodi-
methylamine demethylase; OSCs, organosulfur compounds;
PGST, placental form of glutathione S-transferase; PROD,
pentoxyresorufirO-dealkylase.
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