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ABSTRACT:

R-(+)-Pulegone, a monoterpene ketone, is a potent hepatotoxin. The
present study was designed to evaluate whether the reduction of the
ring size in R-(+)-pulegone would affect its mode of metabolism and
its hepatotoxic potential. Metabolic fate of R-(+)-4-methyl-2-(1-
methylethylidene)-cyclopentanone (I) and 5-methyl-2-(1-methylethyli-
dene)-cyclopentanone (pL-camphorone; Il) were examined in rats.
Compounds | and Il were administered orally (250 mg/kg of b.wt./day)
to rats for 5 to 7 days. The following metabolites were isolated and
identified from the urine of rats dosed with I: 3-methyl-5-(1-
methylethylidene)-cyclopent-2-enone (le), Z-4-methyl-2-(1-hy-
droxymethylethylidene)-cyclopentanone (Ib), E-4-methyl-2-(1-
hydroxymethylethylidene)-cyclopentanone (la), 3-hydroxy-4-methyl-
2-(1-methylethylidene)-cyclopentanone (If), 4-hydroxy-4-methyl-2-(1-
methylethylidene)-cyclopentanone (lc), and E-4-methyl-2-(1-
carboxyethylidene)-cyclopentanone (Id). Phenobarbital (PB)-induced
rat liver microsomes in the presence of NADPH transformed com-
pound | into metabolites, which were identified as la, Ib, Ic, le, and If.
The following urinary metabolites were isolated and identified from

tanone (lic), 5-hydroxy-5-methyl-2-(1-methylethyl)-cyclopentanone
(llg), Z-5-methyl-2-(1-hydroxymethylethylidene)-cyclopentanone (lib),
5-methyl-2-(1-hydroxymethylethyl)-cyclopentanone (lif), E-5-methyl-
2-(1-hydroxymethylethylidene)-cyclopentanone (lla), E-5-methyl-2-(1-
carboxyethylidene)-cyclopentanone (lld), and 5-methyl-2-(1-carboxy-
ethyl)-cyclopentanone (lle). PB-induced rat liver microsomes in the
presence of NADPH were shown to transform compound Il to lia, lib,
and llc. Studies carried out in vitro demonstrated that hydroxylation at
the tertiary carbon atom or oxidation of the isopropylidene methyl
groups in Il can be specifically blocked through structural modifica-
tions as seen in compounds 2,2-dimethyl-5-(1-methylethylidene)-
cyclopentanone (lll) and 5-methyl-2-(1-ethyl-1-propylidene)-cyclo-
pentanone (IV). Similar observation was also made when
isopropylidene methyl groups in R-(+)-pulegone were replaced by
ethyl groups. Intraperitoneal administration of a single dose (250
mg/kg) of | and Il to rats did not elicit hepatotoxicity as judged by
serum alanine aminotransaminase levels and liver microsomal drug
metabolizing enzyme activities.

compound lI: 5-hydroxy-5-methyl-2-(1-methylethylidene)-cyclopen-

R-(+)-Pulegone, a monoterpene ketone, a major constituent ayiclized intramolecularly to a hemiketal, followed by dehydration to
pennyroyal oil fromMentha pulegiunis a potent hepatotoxin (Gordon menthofuran, a bicyclic furanoterpene (Gordon et al., 1987; Madyas-
et al., 1982; Thorup et al., 1983; Moorthy et al., 1989a, 1991). Thika and Moorthy, 1989; McClanahan et al., 1989; Madyastha and Raj,
hepatotoxin is extensively metabolized in the rat system, and somel&P0). In the other major pathwajR-(+)-pulegone is stereoselec-
the reactive metabolites formed are mostly responsible for the dively hydroxylated at the C-5 position, which upon dehydration
served toxicity (Gordon et al., 1987; Madyastha and Moorthy, 198@ields piperitenone (Madyastha and Raj, 1991, 1993). Most of the
McClanahan et al., 1989; Madyastha and Raj, 1990). Two majmetabolites ofR-(+)-pulegone are derived from these two common
pathways are involved in the biotransformation R{+)-pulegone intermediates, viz. menthofuran and piperitenone. Menthofuran upon
(Moorthy et al., 1989b; Madyastha and Raj, 1993). One of the majpiither metabolism yields any,B-unsaturatedr-ketoaldehyde, a
pathways is initiated through the regiospecific hydroxylation dfighly reactive metabolite capable of covalently interacting with liver
R-(+)-pulegone to 9-hydroxypulegone, and this reaction is catalyzegoteins (McClanahan et al., 1989; Madyastha and Raj, 1992). It has
by the liver microsomal cytochrome P450 system (Gordon et apgen estimated that menthofuran is responsible for nearly half of the
1987; McClanahan et al., 1988; Madyastha and Moorthy, 198gepatotoxicity caused y-(+)-pulegone (Thomassen et al., 1990). In
Madyastha and Raj, 1990). The 9-hydroxypulegone spontaneoufégt, it is known that furano compounds upon metabolism yield
strongly electrophilic metabolites that covalently interact with tissue
macromolecules causing cell injury (Boyd, 1982). It has also been
demonstrated earlier that piperitenone becomes biotransformed fur-
ther to 6,7-dehydromenthofuran amdcresol, besides other minor
metabolites (Madyastha and Gaikwad, 1999). Both these metabolites
could also contribute t&-(+)-pulegone-mediated toxicity (Deichman
and Keplinger, 1958; Boyd, 1982; Thomson et al., 1994). This is
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6 characterized appear to be unknown. Preliminary studies pertaining to the
hepatotoxic potential of compoundsndll are also presented.

G o Materials and Methods
7

Chemicals. Glucose 6-phosphate, glucose-6-phosphate dehydrogenase,
NADP™, methylcellulose, and Tris-HCI were supplied by Sigma Chemical (St.

9 8 Louis, MO). Phenobarbital (PBwas a generous gift from IDPL (Hyderabad,
India).
S-methyl-2-(1- Synthetic Methods. R-(+)-4-Methyl-2-(1-methylethylidene)-cyclopen-
R'(+)‘4'me‘hyl'2'(l“ methylethylidene)- tanone (), 5-methyl-2-(1-methylethylidene)-cyclopentanobe-¢amphorone,
R-(+)-pulegone methylethylidene)- cyclopentanone I1), and 2,2-dimethyl-5-(1-methylethylidene)-cyclopentanaitie) (were syn-
cyclopentanone (I (DL-camphorone, I)  thesized as reported earlier (Gole, 1949), and were purified by column chro-
ScHEME 1. matography over neutral alumina using 1 to 5% ethyl acetate in hexane.

5-Methyl-2-(1-ethyl-1-propylidene)- cyclohexanong)(was synthesized ac-
cording to the method of Black et al. (1956). The compound was purified by
supported by the observation that the hepatotoxic potentigH@f)-  column chromatography over neutral alumina using hexane as the eluting
pulegone is reduced considerably when the C-5 hydroxylation patiwivent. The compound/) had the following spectral characteristics. Infrared
way involved in the formation of piperitenone from pulegone i§R) spectrum (neat) indicated the presence of an enone (1685 and 1611 cm
blocked through structural modification (Thulasiram et al., 2000). PMR spectra (CDG) were:5 2.65 and 2.60 (2t, 2H, 3 4.5 Hz, H-3), 1.7-2.4
Several compounds structurally similar or relatedrig+)-pule- (™ 9H, methylene protons) and 0.91-0.99 (m, 9H, methyl protéAS)NMR

L L . spectra (75 MHz, CDG) were: § 204.9 (C1), 151.05 (C2), 131.8 (C8), 51.4
gone have been tested for their ability to elicit hepatotoxic effects, a ). 33.4 (C3), 32.2 (C5), 28.3 (C9), 26.7 (C11), 25.6 (C4), 21.8 (C7), 13.7

these stud.ies have indicated thatmisoprqpylidgne ketong gr.oup of (C10), and 12.5 (C12). Mass spectra weréz 180 (M"), 165 (M'-CHs), 151
pulegone is the necessary structural unit required for eliciting hepgr+-c,Hy), and 109 (M -C,H,0).

totoxicity (Gordon et al., 1982). Any variation in this structural 5-Methyl-2-(1-ethyl-1-propylidene)-cyclopentanon&/ Y was synthesized
requirement such as reduction of either the ketone group or thefollows: lithium diisopropylamide (17.9 mmol, in 40 ml anhydrous THF)
isopropylidene double bond completely eliminates the hepatotoxi@s taken in a round-bottomed flask (150 ml) maintained under argon. The
response (Gordon et al., 1982). Isomerization of the double bond“R§'ents of the flask were cooled te50°C and 2-methyl cyclopentanone (1.4

. : . L - 15.6 mmol in 10 ml THF) was added at50°C under argon. The resulting
the alicyclic position, as in isopulegone, or combination of exocycl%1iXture was stired at-50°C to —36°C for 30 min. Then. a solution of

and er}docychc double bonds, as !n piperitenone, decreases the t%)-ﬁ!)%ntanone (1.86 g, 21.6 mmol) in 10 ml of THF was added dropwise, and the
potential (Gordon et al., 1982). It is also known that removal of thrﬁixture was stirred for 30 min at 36°C and overnight at room temperature.
isopropylidene unit eliminates hepatotoxicity, whereas removal of thger completion of the reaction, the contents were cooled and a cold saturated
C-5 methyl group only decreases the toxic response (Gordon et almmonium chloride solution~25 ml) was added, and the product was
1982). In fact, inversion of configuration of the C-5 methyl group irxtracted with ether (50 mk 3). The combined ether extracts were washed
R-(+)-pulegone markedly affects the hepatotoxic potential. Thudith Waterz br_ine, dried over anhydrous sodium sulfate, ‘a_nd evaporated to a
S(—)-pulegone is significantly less hepatotoxic than its enantiomélorless liquid (75% yield). The compoundV( was purified by column

. . romatography over neutral alumina using 1% ethyl acetate in hexane as the
-(+)- . . -
Re()-pulegone (Gordon et al., 1982; Madyastha and Galkwaeafhent. The compound had the following spectral characteristics. IR spectrum

1998). Recently, it has been demonstrated that the C-5 chiral cente(nl&t) showed absorptions at 1693 and 1610 trtconjugated carbonyl

R-(+)-pulegone contributes substantially ®&(+)-pulegone-medi- group). PMR spectra (CDQI were: 8 2.67 (2 d, 2H, J= 1.96 Hz, C-3
ated toxicity (Thulasiram et al., 2000). All these studies clearlyethylene protons), 2.51 (m, 2H, C-4 methylene protons), 2.3 (m, 1H, C-5
indicate that some of the structural featureRef+)-pulegone are the methine proton), 2.12 (g, 4H,3 5.8 Hz and 6.0 Hz, C-8 and C-10 methylene
important determinants for its hepatotoxic response. However, it is nwetons), 1.09 (d, 3H, & 5.4 Hz, C-6 methyl protons), 1.03 (t, 3H,9 6.2
known whether reduction of the ring size R (+)-pulegone would Hz, C-9 methyl protons), and 1.0 (t, 3H~6.12 Hz, C-11 methyl protons).
affect its hepatotoxic potential. To explore this, metabolic studies WiE<*3‘3C7)N2A5RoS<pce5C)”3§765(2A;Z’2 gg%;‘;erzeeiz(gig) ((Z:i)(’J 23471)9 1(232)( 015)9?3 1
R—(+)-4-methyl-2-(.1-methylethyl|dene)-cyclopentanom)36(nd 5-meth- (C9). and 11.6 (C11). Mass spectra wendz 166 (base peak, N), 151
yI-2-(1-methylethyl|dene)-cyclopentan0@(c§mphoronel,l ) (Scheme (M*-CHy), 137 (M*-C,H,), and 109 (M -C,H:O).
1) were undertaken both in vivo and in vitro. Compourndand Il Hydrogenation of Compounds Ig Id, andIf. The compound (5.0 mg) was
(Scheme 1) are structurally very similar and have the same functiogkolved in dry methanol (0.5 ml), and a catalytic amount of palladium
groups as iR-(+)-pulegone, except there is a reduction in the ring sizeharcoal was added. The mixture was stirredt atroom temperature under
The purpose of the present investigation was to find out whether the rgdrogen atmosphere. The reaction mixture was then diluted with chloroform
system carries out the regiospecific oxidatiorl @indll to their allylic @nd passed through a celite bed, concentrated, and subjected to column
alcohols where the hydroxyl and keto groups syeto each other and, chromatography over neutral alumina. The product was eluted using 1 to 5%
ethyl acetate in hexane. The purified product was subjected to various spectral

if so, would they undergo intramolecular cyclization followed by dehyénalyses

dration to thgir corresponding furano compounds in a manner analogou)gnimals and Dosing.Adult male rats (Wistar strain, 180—200 g) were used
to the formation of menthofuran (Gordon et al., 1987; McClanahan et gk these studies. For isolation of metabolites, the test compduadi{, 250

1989; Madyastha and Raj, 1990) and 6,7-dehydromenthofuran (Mady@agtkg of b.wt./day) was administered to rats= 20) once daily for 5 days in
tha and Gaikwad, 1999) frofR-(+)-pulegone and piperitenone, respecease of compounti and 7 days in case of compoutidby gastric intubation
tively. This information not only provides new insight into the toxicas a suspension in 1 ml of 1% methylcellulose solution. Control rats 6)
potential of co_mpoyndls andll, but also on their .mOde Of. metabolism. Abbreviations used are: PB, phenobarbital; IR, infrared; PMR, proton mag-
In f".ﬂ:t’ very "Ftle is known a_lbOUt the metabolism of flve_memb_eregetic resonance; THF, tetrahydrofuran; ALT, alanine aminotransferase; GC, gas
cyclic ketones in the mammalian system. The present study describesthgnatography; MS, mass spectroscopy; TLC, thin-layer chromatography; R;,
isolation and characterization of several novel metabolites from the urig@tive front; R,, retention time; LRMS, low-resolution mass spectra; HRMS,
of rats dosed with compoundsand|l, and many of the metabolites high-resolution mass spectra.
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TABLE 1

Effect of i.p. administration of a single dose mfcamphoronel( 250 mg/kg), compound (250 mg/kg), and R«)-pulegone (250 mg/kg) on rat liver microsomal
enzymes and ALT 24 h after the treatment

Enzyme Activity Control* Compound O(?e?g%r:]%%l Compoundl O?e?g%g%%l R-(+)-Pulegone errcgiz?&

Cytochrome P450 (nmol/mg protein) 0.860.01 0.80=0.03 7.0 () 0.76+0.02 116 () 0.47+0.04 45.30 ¢)

Cytochromebg (nmol/mg protein) 0.61+ 0.02 0.69+ 0.05 13.1 () 0.59=+ 0.03 33 () 0.55+ 0.03 9.8 ()

Glucose 6-phosphatase (nmol pi/min/mg protein) 1931813 191.25-3.75 095 () 178.25+7.2 77 () 102.3+4.23 47 )

Aminopyrine N-demethylase (nmol HCHO/min/mg 75*0.15 7.25-0.36 333 ) 6.6+058 120 €) 3.81*+0.25 49.2 ¢)
protein)

ALT (units/ml) 29.34+ 1.25 29.58+ 1.4 0.0087 ) 38.66* 1.5 0.32t ) 412.5*+175 13.061¢)

* Animals treated with vehicle alone. Animals were killed 24 h after the administration of test compounds. Values represent S1€amd three independent experiments consisting of tissues
pooled from 6 rats. ) indicates % decrease over control ang) (ndicates % increase over control.
T Values represent number of fold change over control. Other details of the experiment are as describkthienidés and Methods.

received only the vehicle. In our earlier studies (Madyastha and Raj, 1998hd incubated aerobically in a rotary shaker for 30 min at 37°C. At the end of
R-(+)-pulegone was administered orally to rats (250 mg/kg) to investigate ttiee incubation period, the assay mixtures were cooled to 0° to 4°C, the protein
nature of urinary metabolites. L in rats forR-(+)-pulegone is 245 to 250 was precipitated by adding 2.0 ml each of saturated BafGidyl 0.25 M
mg/kg (Moorthy et al., 1989a). Since we wanted to compare the toxic potentiahSC, solution, and the mixture was centrifuged (3QP0rhe supernatant was

as well as mode of metabolism of compouridand Il with that of R-(+)-  extracted with methylene chloride (20 ml 3), concentrated, and an aliquot
pulegone, we used the same amount of test compounds (250 mg/kg) in allwas subjected to GC and GC-MS analyses. For isolating the metabolites,
experiments. Control and experimental rats were housed separately in stainbeganic extracts of several assays were pooled and processed.

steel metabolism cages with free access to food and water (laboratory animaBinding studies were conducted in potassium phosphate buffer (50 mM, pH
food from Brooke Bond and Lipton, Bangalore, India). Urine was collected.4) with control and phenobarbital-induced rat liver microsome3 hg/ml)

daily in bottles maintained at 0° to 4°C. as reported earlier (Madyastha and Gaikwad, 1998).

To evaluate the hepatotoxic potential of compouhdsdll, and compare Chromatographic Procedures. Thin-layer chromatography (TLC) was
these values tdR-(+)-pulegone-mediated toxicity, rats were treated witttarried out on silica gel-G coated plates (0.25 mm for analytical; 0.75 mm for
R-(+)-4-methyl-2-(1-methylethylidene)-cyclopentanone 250 mg/kg of preparative) developed with either hexane-ethyl acetate (8:2, v/v, system I) or
b.wt.) or 5-methyl-2-(1-methylethylidene)-cyclopentanotie 250 mg/kg of hexane-ethyl acetate (7.5:2.5, v/v, system II) or chloroform-methanol (9.6:0.4,
b.wt.) or R-(+)-pulegone (250 mg/kg of b.wt.) as a suspension in coconut ailv, system lll) or ethyl acetate-methanol-acetic acid (96.5:3:0.5, v/v, system
(0.3 ml). Control rats received only vehicle. Treatments were carried o). The compounds were visualized by spraying with 3% vanillin in 1%
intraperitoneally (i.p.). It has been noted earlier that i.p. administration ofraethanolic sulfuric acid followed by heating at 100°C for 5 to 10 min.
single dose oR-(+)-pulegone caused a significant change in the levels of liver GC analyses were conducted on a Shimadzu model 14A instrument
microsomal glucose-6-phosphatase, aminopyikhdemethylase, and serum equipped with a hydrogen flame ionization detector and Shimadzu HR-1 wide
alanine aminotransferase (ALT). However, when the same dosage was adrore capillary column (15 nx 0.5 mm diameter). Nitrogen was used as the
istered orally, the changes observed in these activities were comparatively lemsier gas at a flow rate of 30 ml/min. Initially, the column temperature was
pronounced (Moorthy et al., 1989a). Both control and experimental rats wemaintained at 60°C for 10 min, after which it was raised by 5°C/min to 150°C
housed separately in cages with free access to food and water. Animals ward maintained at 150°C for 5 min.
killed by cervical dislocation 24 h after administration of test compounds.  Spectra.IR spectra were recorded on Perkin-Elmer model 781 spectropho-

In pretreatment experiments, rats were pretreated with phenobarbital (in @8eter. Proton ané®C NMR spectra were recorded on JEOL FT-300 MHz
ml of 0.9% NaCl solution, 80 mg/kg of b.wt./day) for 4 days prior to i.pspectrometer. Chemical shifts are reported in ppm, with respect to tetrameth-
administration of test compounds ¢r 1l, 250 mg/kg of b.wt.). For ALT ylsilane as the internal standard. MS analyses were performed on a JEOL-
determinations, rats were killed while under light ether anesthesia, and blaldX-DX 303 instrument attached with a JMA-DA-5000 data system.
was drawn from the heart by cardiac puncture.

PB-induced microsomes were prepared from livers of rats treated with PB
(80 mg/kg of b.wt./day) for 4 days. Rats were killed by cervical dislocation
24 h after the final dose, and the livers were perfused with ice-cold 0.15 M KCI

solution. Effect of Compounds |, I, and R-(+)-pulegone on Hepatic
Extraction of Urinary Metabolites. Urine samples collected daily from picrosomal Enzymes.A number of liver microsomal enzymes and
control and experimental rats were adjusted to pH 4 to § WiN HCl and e ym ALT Jevels were determined 24 h after the i.p. administration

extracted three times with diethyl ether._ The et'h'er extracts from eac_h day ngecompoundsi andll (250 mg/kg of b.wt.) to rats. The effects of
pooled, concentrated, and separated into acidic and neutral fractions, as re-

ported earlier (Madyastha and Raj, 1993). compou_ndsl andll on the hepatic microgomal enzymes were com-
Preparation of Microsomes. PB-induced rat liver microsomes were pre-pared with the effects observed after a single dose of i.p. admlnl'stra-
pared as reported earlier (Madyastha and Raj, 1992). Microsomal pellets wép& Of R-(+)-pulegone (250 mg/kg of b.wt.), a known hepatotoxin.
suspended in Tris-HCI buffer (0.05 M, pH 7.8) containing 0.25 M sucrose add1ese preliminary results are summarized in Table 1. Consistent with
20% glycerol (v/v), and were stored at20°C. Protein was estimated by thethe earlier reports (Gordon et al., 1982; Moorthy et al., 1989b, 1991),
method of Lowry et al. (1951). it was noted that i.p. administration of a single dose Rs{+)-
Enzyme AssaysCytochrome P450 (Omura and Sato, 1964), serum ALpulegone to rats resulted in a marked decrease in microsomal cyto-
(earlier referred as glutamate pyruvate transaminase) (Reitman and Frankglome P450, aminopyrink-demethylase, and glucose-6-phospha-
1957), glucose-6-phosphatase (Traiger and Plaa, 1971), and aminoyring,ce  activities (Table 1). However, these activities were not

demethylase (Werringloer, 1978) were determined according to the reporg?aniﬁcantly affected after the administration of a single dose of

methods. dsl and Il. Even the i in ALT level !
Studies in Vitro. Microsomal protein (2 mg/ml) was incubated in the®OMpoOUNAst an - Even (he increase n evels was only

presence of NADP (0.5 mM), glucose 6-phosphate (5.0 mM), glucose-sMarginal. It was also noted that pretreatment of rats with PB for 4 days
phosphate dehydrogenase (1 unit), Mg(llo mM), test compoundd4v, 2  Prior to the administration of andll (as described undéviaterials

mM, in 50 ul acetone), and Tris-HCI (0.01 M, pH 7.4) in a total volume of 5.cand Methodp did not alter significantly the levels of hepatic micro-
ml. The reaction was initiated by the addition of an NADPH-generating systesomal enzymes, as well as ALT levels (data not shown).

Results
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TABLE 2
Spectral data for metabolites derived from compound
Compound IR (neatyax IH NMR (8) CDCly MS (LRMS and HRMS)
la 3400 cm* (—OH), 4.2 (s, 2H, H-9), 2.8 (d, 2H, J= 10.8 Hz, H—3), Mz 154 (M*, bp), 139 (M'—CH,), 136 (M'—H,0), 125
1703 and 1627 cmt 2.5 (2d, 2H, J= 7.5 Hz, H-5), 2.27 (s, 4H, (MT™—C,Hy), 121 (M*—CH;—H,0), 111 (M—CO—H,0)
(conjugated carbonyl) H—8 and H—4), 1.1 (d, 3H, = 7.5 Hz, H—6) HRMS: GH, O, requires 154.0994, found 154.0997
b 3400 cm* (—OH), 4.3 (s, 2H, H-8), 2.2-2.6 (m, 5H, ring protons), 1.9m/z. 154 (M*), 139 (M'—CH,), 136 (M"'—H,0), 121
1680 and 1610 cimt (s, 3H, H—9), 1.05 (d, 3H, J 6.0 Hz, H—6) (M*—CH;—H,0)
(conjugated carbonyl) HRMS: GH, ,O, requires 154.0994, found 154.0996
Ic 3440 cn1t (—OH), 2.6 (bs, 2H, H-3), 2.4 (s, 2H, H-5), 2.1 (s, 3H,  m/z 154 (M*), 139 (M*—CH,), 136 (M'—H,0), 121
1690 and 1629 cnt H—38), 1.77 (s, 3H, H-9) 1.38 (s, 3H, H-6) (M™—CH;—H,0), 111 (M"—CO—CH,), 96 (M*—C,;H.0)
(conjugated carbonyl) HRMS: GH, 0, requires 154.0994, found 154.1001
Id 3100 cm* (carboxyl), 1706 and 2.35 (s, 3H, H-8), 2.06-2.6 (m, 5H, ring protons), m/z 168 (M*), 150 (M*—H,0), 140 (M"—CO), 122
1690 cm* (carbonyl groups)  1.11 (d, 3H, J= 6.44 Hz, H—6) (MT™—CO—H,0)
le 1695 and 1620 cimt 6.05 (s, 1H, H-2), 3.1 (s, 2H, H4), 2.3 (s, 3H, m'z 136 (M", bp), 121 (M'—CHj), 93 (M"—CO—CH,)
(conjugated carbonyl) H—8), 2.1 (s, 3H, H-6), 1.86 (s, 3H, H-9) HRMS: GH, 0 requires 136.0888, found 136.0886
If 3390 cm* (—OH), 1690 and 4.6 (s, 1H, H-3), 2.7 (2d, 2H, J= 8.1 Hz, H—5), m/z 154 (M"), 139 (M'—CHj), 136 (M'—H,0), 121
1620 cm* (conjugated 2.3 (bs, 4H, H-8, and H—4), 2.04 (s, 3H, (M*—CH;—H,0), 111 (M'—CO—CH,), 83 (M*—C,H-0, bp)
carbonyl) H—9), 1.0 (d, 3H, J= 6.9 Hz, H—6) HRMS: GH, O, requires 154.0994, found 154.0993

Biotransformation of R-(+)-4-Methyl-2-(1-methylethylidene)-
cyclopentanone (I).Neutral metabolitesExamination of the neutral 6 o 6
fraction (0.76 g) by TLC (system I) showed the presence of five ;
metabolites R 0.43, 0.2, 0.18, 0.15, and 0.12) that were absent in the Q —_ — @
control urine extract. This fraction was subjected to column chroma- o o
tography over neutral alumina (20 g), and the metabolites were eluted | I | |
with hexane-ethyl acetate mixtures. Elution of the column with hex- con 7
ane yielded a compoundR(0.59 system IR, 5.4 min) identified as : [
unmetabolized substratd)(by comparing its GC retention time, \
PMR, and mass spectra with that of authentic compound. J

C

The metabolite corresponding & 0.43 (system IR, 11.8 min) was
eluted from the column with hexane-ethyl acetate (9.8: 0.2, v/v). From the
spectral characteristics (Table 2), it was identified as 3-methyl-5-(1- o o HO o
methylethylidene)-cyclopent-2-enonke,(Fig. 1A). Elution of the col- | |
umn with hexane-ethyl acetate (9:1, v/v) yielded two fractions, one

containing a compound witR; 0.2 (system IR, 15.0 min) and the other +Hooc™ 4 HOH;
with R; 0.18 (system IR, 15.9 min). These two metabolites were further
purified by preparative TLC (system I). Based on the spectral charact
istics (Table 2), the metabolites wiij 0.2 and 0.18 were identified as HO
Z-4-methyl-2-(1-hydroxymethylethylidene)-cyclopentanorile, (Fig.

1A) and E-4-methyl-2-(1-hydroxymethylethylidene)-cyclopentantme (

Fig. 1A), respectively.

Further elution of the column with hexane-ethyl acetate (8.8:1.2,
v/v) gave two compounds witlR 0.15 and 0.12 (system [). The
spectral data of these compounds are presented in Table 2. From the
spectral characteristics, the compounds Wit0.15 R, 15.9 min) and
0.12 R 15.0 min) were identified as 3-hydroxy-4-methyl-2-(1- Y4
methylethylidene)-cyclopentanonéf ,( Fig. 1A) and 4-hydroxy-4-
methyl-2-(1-methylethylidene)-cyclopentanone, (Fig. 1A), respec-
tively. It was observed that the GC analysislof(R, 15.0 min) upon o o o o
storage indicated the appearance of a new pBakX.8 min), which ‘
was enhanced when mixed with 3-methyl-5-(1-methylethylidene)-

cyclopent-2-enonelg, Fig. 1A). lig b CHzOH f CHOH HOOC™ ype

Acidic metabolitesTLC examination (system V) of the acidic Fie. 1. A, probable metabolic pathways of RY-4-methyl-2-(1-
fraction showed the presence of one compoRd(51,R, 19.9 min), methylethylidene)-cyclopentanorig; (B, probable metabolic pathways of 5-
which was absent in control urine extract. This fraction (0.8 g) was methyl-2-(1-methylethylidene)-cyclopentanohig. (

chromatographed on a silica gel column (30 g), and the compound

corresponding tdx 0.51 was eluted with hexane-ethyl acetate (19:Inetabolites and unmetabolized compoundrhese peaks were en-

vlv). From the spectral characteristics (Table 2), the compound waanced when mixed with the purified metabolités—(f) isolated by

tentatively identified as E-4-methyl-2-(1-carboxyethylidene)-cyclazolumn chromatography. GC profile also showed a couple of very

pentanoneld, Fig. 1A). minor peaks, which accounted for 5% of the total metabolites formed,
Composition of the total urine extract was determined by GE&nd these minor metabolites could not be characterized. Nearly 35%

analyses, which showed the presence of seven peaks correspondirg the administered dose was excreted in the urine as metabolites and
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TABLE 3

825

Spectral data for metabolites derived from compotind

Compound

IR (neatyax

IH NMR (8) CDCly

MS (LRMS and HRMS)

lla

3380 cm* (—OH),
1690 and 1615 cm'
(conjugated carbonyl)

4.2 (s, 2H, H-9), 2.27 (s, 3H, H-8), 2.15 (m,

1H, exchanges with D), 1.95-2.7 (m, 5H, ring

protons), 1.1 (d, 3H, & 7.7 Hz, H—6)

m/z: 154 (M"), 136 (M*—H,0), 125 (M"'—C,Hs), 121
(M*—CH;—H,0), 111 (M"—CO—CHj), 83 (M"—C,H,0)
HRMS: GH,,O, requires 154.0994, found 154.0994

Ib 3400 cm'* (—OH), 1680 4.3 (s, 2H, H-8), 2.2-2.6 (m, 5H, ring protons), m/z: 154 (M*, bp), 139 (M'—CH,), 136 (M"—H,0), 125
and 1610 cm* 1.9 (s, 3H, H-9), 1.05 (d, 3H, J= 6.4 Hz, (M*—C,Hy), 121 (M*—CH;—H,0), 111 (M"—CO—CH,), 84
(conjugated carbonyl) H—6) (M™—C,H0)
HRMS: GH,,O, requires 154.0994, found 154.0997
lic 3440 cm'* (—OH), 1700 2.8 (s, 1H, exchanges with,D), 2.25 (s, 3H, m/z: 154 (M*), 139 (M'—CH,), 136 (M"—H,0), 126
and 1610 cm* H—8), 1.87 (s, 3H, H-9), 1.9-2.5 (m, 4H, (M*—CO0), 121 (M"—CH;—H,0), 111 (M'—CO—CH,), 93
(conjugated carbonyl) H—3 & H—4), 1.23 (s, 3H, H-6) (M*—CO—H,0—CH,)
HRMS: GH,,O, requires 154.0994, found 154.1007
Iid 3000 cmi'* (carboxyl), 1700 8.5 (bs, 1H, acidic proton), 2.32 (s, 3H;+8), m/z: 168 (M), 150 (M*—H,0), 140 (M'—CO), 123
and 1670 cm® (carbonyl 2.2-3.1 (m, 5H, ring protons), 1.15 (d, 3H=) (M*—COOH), 98 (M"—C,H0)
groups) 6.6 Hz, H—6) HRMS: GH,,O; requires 168.0786, found 168.0771
lle 3120 cm'* (carboxyl), 1720 6.7 (bs, 1H, acidic proton), 1.7-3.2 (m, 7H~+2, m/z: 170 (M"), 152 (M'—H,0), 142 (M'—CO), 125
and 1690 cm? (carbonyl H—3, H—4, H—5, and H—7), 1.1 (d, 6H, J= (M*—COOCH), 98 (M"—C,;H,0,)
groups) 6.4 Hz, H—6 and H—-8) HRMS: GH,,O; requires 170.0943, found 170.0954
I 3390 cm* (—OH), 1720 3.6 (m, 2H, H-8), 1.8-2.6 (m, 7H, H-2, H—3,  m/z: 156 (M"), 141 (M'—CH,), 125 (M*—CH,0), 113
cm™* (carbonyl) H—4, H—5, H—7), 1.1 (d, 3H, J= 6.4 Hz, (M*—C,H,0), 98 (M*—C,H4O, bp)
H—6), 0.95 (d, 3H, J= 7.7 Hz, H—9) HRMS: GH, O, requires 156.1150, found 156.1148
Iig 3440 cm* (—OH), 1740 1.6-2.6 (m, 6H, H-2, H—3, H—4, and H-7), m/z: 156 (M*), 139 (M*—OH), 128 (M"'—CO), 58

cm™* (carbonyl)

1.2 (s, 3H, H-6), 0.95 (2d, 6H, J= 7.7 Hz,
H—8 and H—9)

(M*—CgH,0)
HRMS: GH, O, requires 156.1150, found 156.1136

unmetabolized substrate. However, these values are approximagtion further supports the structures assignediirandllb (Fig.
since both substrate and metabolites are highly volatile and a congi@).
erable amount must have been lost during extraction and storage. Acidic metabolites Examination of the acidic fraction by TLC
Biotransformation of 5-methyl-2-(1-methylethylidene)-cyclopeshowed two compounddx( 0.6 and 0.62, system IV), which were
tanone (I, bL.-camphorone) in vivoThe neutral fraction (1.4 g) upon absent in the control urine extract. These two compounds Ryith6
TLC analysis (system Il) revealed the presence of six compound®, 20.7 min) andR; 0.61 R 19.3 min) were eluted from the column
which were absent in the control urine extract. This fraction wasith 9.7:0.3 and 9.6:0.4 hexane-ethyl acetate (v/v), respectively. The
subjected to column chromatography over silica gel (30 g), ammpounds were further purified by preparative TLC (system IV), and
elution of the column with hexane yielded a compouy @.76, their spectral data are presented in Table 3. Based on the spectral
system 1) identified as unmetabolized camphordhglly comparing characteristics, they were identified as E-5-methyl-2-(1-carboxyeth-
its PMR, IR, and mass spectra with that of authentic compound. ylidene)-cyclopentanoneR{ 0.6, Ild, Fig. 1B) and 5-methyl-2-(1-
Elution of the column with hexane-ethyl acetate (9.8:0.2, vAQarboxyethyl)-cyclopentanon&(0.61,lle, Fig. 1B). Hydrogenation
yielded two fractions, each containing mainly one compound and thef/ Ild in the presence of palladium charcoal as catalyst yielded a
(R 0.35, 0.34, system Il) were further purified by preparative TL@roduct with spectral characteristics (PMR and MS), the same as that
(system 1I). The compound witR; 0.35 showed a UV absorption of metabolitelle.
maximum at 255 nm. Based on the spectral characteristics (Table 3)C analyses of the total urine extract showed the presence of seven
these two metabolites were identified as 5-hydroxy-5-methyl-2-(beaks corresponding to the metabolitda {llg). The peaks corre-
methylethylidene)-cyclopentanoni; (0.35,R, 9.1 min,lic, Fig. 1B) sponding to these metabolites were enhanced when mixed with the
and 5-hydroxy-5-methyl-2-(1-methylethyl)-cyclopentanofe .34, purified metabolites isolated by column chromatography. GC profile
R, 5.3 min, llg, Fig. 1B). Hydrogenation oflc in the presence of also showed couple of very minor peaks, which accounted for 9.4% of
palladium charcoal resulted in the formation lég, as judged by the total metabolites formed. Nearly 37% of the administered dose
various spectral analyses. was excreted in the urine as metabolites and unmetabolized substrate.
The compounds witlR; 0.27 and 0.21 (system 1) were eluted fromThese values may not be accurate, since both substrate and its me-
the column with hexane-ethyl acetate (9.6:0.4, v/v). The compoutabolites are highly volatile and a considerable amount must have
with R 0.27 showed a UV absorption maximum at 257 nm. From thgeen lost during extraction.
spectral data (Table 3), these two metabolites were identified aBinding studiesBoth compoundd and Il elicit type | binding
Z-5-methyl-2-(1-hydroxymethylethylidene)-cyclopentanoRe .27, spectrum k.« 385-388 nmA,,,;, 420—423 nm), with control and
R, 15.7 min,llb, Fig. 1B) and 5-methyl-2-(1-hydroxymethylethyl)- PB-induced microsomes. The value of spectral dissociation constant
cyclopentanoneR; 0.21,R, 12 minlIf , Fig. 1B). (K calculated from the double-reciprocal plot (as described under
Additional elution of the column with hexane-ethyl acetate (9.6:0.Materials and Methodsfor compound with control and PB-induced
v/v) yielded a compound witR; 0.2 (system Il) andR, 18.6 min. This microsomes was 90.8M and 35.7uM, respectively, and for com-
compound showed an UV absorption maximum at 250 nm. From theundll was 55.5uM and 29uM, respectively. Binding affinity of
spectral data (Table 3), the metabolite was identified as E-5-methlgbth compounds$ andll toward PB-induced microsomes is compar-
2-(1-hydroxymethylethylidene)-cyclopentanoniga( Fig. 1B). Hy- atively higher than with control microsomes.
drogenation oflla and llb using palladium charcoal as catalyst Biotransformation of compoundsandll by rat liver microsomes.
yielded the same product whose spectral characteristics (PMR d@fttenobarbital-induced rat liver microsomes were incubated aerobi-
MS) matched well with that of metabolitéf (Fig. 1B). This obser- cally with R-(+)-4-methyl-2-(1-methylethylidene)-cyclopentanone
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TABLE 4
Spectral data for metabolites derived from compoutfdV, andV

Compound IR (neatymayx IH NMR (8) CDCly MS (LRMS and HRMS)

Illa 3400 cm'* (—OH), 4.92 (d, 1H, J= 6.0 Hz, H—4), 2.27 (s, 3H, m/z: 168 (M), 153 (M"—CHj), 150 (M'—H,0), 135
1690 and 1610 cm' H—9), 2.03 (s, 3H, H-10), 1.79 (2d, 2H, & (M*—CHz—H,0, bp), 107 (M—CO—CH;—H,0)
(conjugated carbonyl) 2.1 Hz, H=3), 1.19 and 1.02 (2s, 6H,-H6 and HRMS: C,H,,0, requires 168.1150, found 168.1147

H—7)
Ilb 3400 cm'* (—OH), 1690 4.26 (s, 2H, H-9), 2.4 (t, 2H, J= 7.2 Hz, H—4), m/z: 168 (M"), 153 (M'—CHj,), 150 (M*—H,0), 135
and 1610 cm* 1.87 (s, 3H, H-10), 1.7 (t, 2H, J= 7.5 Hz, (M*—CHz—H,0, bp), 107 (M —CO—CH,—H,0)
(conjugated carbonyl) H—3), 1.02 (s, 6H, H-6 and H—7) HRMS: C,H,0, requires 168.1150, found 168.1157
Illc 3400 cm'* (—OH), 1690 4.15 (s, 2H, H-10), 2.46 (m, 2H, H-4), 2.22 (bs, m/z: 168 (M), 153 (M'—CH,), 150 (M"—H,0), 135
and 1613 cm* 3H, H—9), 1.68 (t, 2H, J= 7.8 Hz, H—3), 0.97 (M*—CH;—H,0, bp) 125 (M'—CO—CH;), 107
(conjugated carbonyl) (s, 6H, H—6 and H—7) (M*—CO—H,0—CH,)
HRMS: C,H,0, requires 168.1150, found 168.1153
IVa 3400 cm'* (—OH), 1690 2.71 (m, 2H, H-8), 2.49 (m, 2H, H-3), 2.18 (q, m/z: 182 (M"), 164 (M"—H,0), 149 (M'—CH,—H,0, bp), 121
and 1605 cm* 2H, J= 6.1 Hz, H—10), 1.95 (m, 2H, H-4), (M*—CO—CHs—H,0)
(conjugated carbonyl) 1.23 (s, 3H, H-6), 1.07 (t, 3H, J= 6.2 Hz, HRMS: C,;H,¢0, requires 182.1307, found 182.1302
H—9), 1.04 (t, 3H, J= 6.04 Hz, H—11)
Va 3412 cm* (—OH), 1678 2.04-2.57 (m, 10H, methylene protons), 1.33 (s, m/z: 192 (M*), 178 (M*—H,0), 163 (M'—CH;—H,0), 135
and 1610 cm* 3H, H—7), 1.03 (q, 6H, J= 7.5 Hz, H—10 and (M*—CO—CH;—H,0)
(conjugated carbonyl) H—12) HRMS: C,,H,,0, requires 196.1463, found 196.11462
Vb 1655 and 1610 cm' 5.88 (bs, 1H, H-2), 2.63 (t, 2H, J= 6.3 Hz, m/z: 178 (M*), 163 (M'—CH,), 149 (M'—C,H;), 96
(conjugated carbonyl) H—4), 2.42 (q, 2H, J= 7.5 Hz, H—9), 2.29 (t, (MT—CH0), 82 (M*—C,H,,)

2H, J= 6.6 Hz, H-5), 2.17 (g, 2H, = 7.5 HRMS: C,H, O requires 178.1357, found 178.1343
Hz, H—11), 1.93 (s, 3H, H-7), 1.07 (t, 3H, J

= 7.5 Hz, H—10), 1.03 (t, 3H, = 7.5 Hz,

H—12)

(1) and 5-methyl-2-(1-methylethylidene)-cyclopentanome-¢am- the column with hexane yielded a fraction containing unmetabolized
phorone|l) in the presence of NADPH as described unéliaterials compoundlll (R 0.93 system II;R, 5.7 min).
and Methods The metabolite withR; 0.38 R, 16.8 min) was eluted from the
Transformation ofl. TLC (system |) and GC analyses of thecolumn with hexane-ethyl acetate (9.5:0.5, v/v) and from the spectral
methylene chloride extract of the assay mixture indicated the presedeg¢a (Table 4), the compound was identified as 4-hydroxy-2,2-
of five metabolitesl@, Ib, Ic, Id, andle). The peaks corresponding dimethyl-5-(1-methylethylidene)-cyclopentanonilg, Fig. 2A).
to these metabolites were enhanced when admixed with samgfesther elution of the column with hexane-ethyl acetate (9.4:0.6, v/v)
isolated from the urine of rats treated with compoundGC-MS yielded two fractions, each containing mainly one compound. These
analysis of the methylene chloride extract also revealed the presetwee metabolites R; 0.35, 0.34) were further purified by preparative
of five metabolites whose fragmentation pattern matched well wiffLC (system II). From their spectral data (Table 4), the metabolites
that ofla, Ib, Ic, Id, andle, isolated and characterized from the urinevith R; 0.35 ® 18.4 min) andR; 0.34 R, 20.7 min) were identified
extract. It was observed that PB-induced liver microsomes conved Z-2,2-dimethyl-5-(1-hydroxymethylethylidene)-cyclopentanone
nearly 21% of the added substratg ifito these five metabolitedq, (lllb , Fig. 2A) and E-2,2-dimethyl-5-(1-hydroxymethylethylidene)-
Ib, Ic, Id, and le), whereas control microsomes were shown tayclopentanonelllc , Fig. 2A), respectively. It was noted that PB-
transform only 5% of added substrate into these metabolites. induced liver microsomes convert nearly 35% of the substiéitg (
Transformation ofll . The methylene chloride extract of the assajnto these three metabolitesllé, Illb , and llic). However, the
mixture upon TLC (system I) and GC analyses indicated the presemecentage of conversion was significantly lower606) when unin-
of three metabolites that corresponded well with, IIb , andlic. All  duced (control) rat liver microsomes were used.
of the peaks corresponding to these metabolites were enhanced whéransformation of 5-methyl-2-(1-ethyl-1-propylidene)-cyclopen-
mixed with samples isolated from the urine extract. GC-MS analydisnone (V). Incubation oflV with PB-induced rat liver microsomes
of the methylene chloride extract of the reaction mixture indicated tfre the presence of NADPH resulted in the formation of a metabolite
presence of three compounds whose fragmentation pattern matc{i®d0.44, system IR, 17.0 min), which was absent in the control
well with that oflla, IIb, andllc isolated from the urine of rats dosedexperiment. This metabolite was separated by column chromatogra-
with II'. It was demonstrated that PB-induced rat liver microsomgdhy on neutral alumina using hexane-ethyl acetate (9.4:0.6, v/v) as the
convert nearly 16% of the substratié)(to various metabolitedlé, eluent. From the spectral data (Table 4), this metabolite was identified
llb, andlic) under the assay condition used, whereas uninducad 5-hydroxy-5-methyl-2-(1-ethyl-1-propylidene)-cyclopentandive (
microsomes (control) transform only 4% of the substrdteigto lla, Fig. 2B). Nearly 16% of the substraté/() was converted intdVa.
Ilb, andllc. However, the conversion was significantly less (4%) when uninduced
Biotransformation of 2,2-dimethyl-5-(1-methylethylidene)-cycldeontrol) rat liver microsomes were used.
pentanone I{l ). PB-induced rat liver microsomes were incubated Transformation of 2-(1-ethyl-1-propylidene)-5-methyl-cyclohex-
aerobically withlll in the presence of NADPH as described undesnone ¥). PB-induced rat liver microsomes were incubated aerobi-
Materials and MethodsThe methylene chloride extract of the assagally with compound V) in the presence of NADPH as described in
mixture upon TLC (system Il) and GC analyses indicated the preseridaterials and MethodsThe methylene chloride extract of the assay
of three metabolitesR; 0.38, 0.35 and 0.34, system II) which weremixture upon TLC (system I) and GC analyses showed the presence
absent in control experiment. The organic extract (60 mg) was sudf-two metabolitesR; 0.6 and 0.25 system R, 12.3 min and 15.2
jected to column chromatography on neutral alumina (6.0 g) and tivén, respectively) that were absent in the control experiment. This
metabolites were eluted with hexane-ethyl acetate mixtures. Elutionfafction was subjected to column chromatography over neutral alu-
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characteristic structural feature Bf(+)-pulegone required for elic-

A ! iting hepatotoxicity (Gordon et al., 1982). The only striking difference
6 between them is the size of the ring; pulegone is a cyclohexanone
‘ derivative, whereas compoumhds a cyclopentanone derivative. Com-
o o o o poundll is the positional isomer df. The present study has demon-
| strated that structural modification Bf(+)-pulegone by reducing the
ring size, as il andll, eliminates its toxic potential. Studies carried
— 10 8¢ ITEp CH2OH out with | and I, both in vivo and in vitro, clearly indicate the

m existence of significant difference in the mode of biotransformation
betweenR-(+)-pulegone and compoundisandll . This difference in
the mode of biotransformation appears to be responsible for their (
andll) inability to elicit hepatotoxicity.

The present study represents characterization of various metabolites
isolated from the urine of the rats dosed withand Il . We have
assigned chemical structures mainly by comparingthélMR spec

[ tra of the metabolites with that of the substrates used. The structures
assigned were further confirmed by mass spectral analyses (LRMS
and HRMS). Most of the metabolites isolated and characterized ap-
pear to be hitherto unknown. It was not possible to accurately quantify

6 HO the metabolites formed due to their high volatility, although suitable
precautions were taken to minimize the loss and nonenzymatic trans-

G formations of the metabolites during extraction and isolation. Specu-

—_—
o]

HOH.C™  qp1¢

lative pathways have been proposed for the biotransformatibarnd
Il (Fig. 1, A and B) on the basis of various metabolites isolated and
‘ characterized. In fact, these hypothetical pathways are based more on
1 7 9 chemical logic than on direct experimental proof. However, studies
10 yp 8 Via carried out in vitro using PB-induced rat liver microsomes supported
the in vivo findings and the proposed sequence of reactions.
It is interesting to note that the early sequence of reactions involved
in the biotransformation df andll (Fig. 1, A and B) is similar to that
of R-(+)- andS(—)-pulegone. The metabolic fate Bf(+)-pulegone
(Moorthy et al., 1989a; Madyastha and Raj, 1993) and its enantiomer
S(—)-pulegone (Madyastha and Gaikwad, 1998) has been studied in
great detail. These studies have established that the methyl gyoup
to the carbonyl in pulegone gets hydroxylated to 9-hydroxypulegone,
which on intramolecular cyclization followed by dehydration yields a
furanoterpene, menthofuran (Gordon et al., 1987; McClanahan et al.,
Fic. 2. Transformation of (A) 2,2-dimethyl-5-(1-methylethylidene)- 1988; Madyastha and Raj, 1990; Madyastha and Gaikwad, 1998). In
cyclopentanonelll ), (B) 4-methyl-2-(1-ethyl-1-propylidene)-cyclopentanohg) ( . . .
and (C) 5-methyl-2-(1-ethyl-1-propylidene)-cyclohexandetly PB-induced rat contrast, it was observed' that both the isopropylidene methyl groups
liver microsomes. (C-8 and C-9 methyls) in compoundsand Il are hydroxylated

yielding la, Ib, lla, andIlb (Fig. 1, A and B). In fact, in these
{,)anoundsl(andll) , the methyl grougsynto the carbonyl is poorly
wydroxylated. This observation is based on the factithandllb are

o

OH

Va

mina, and the metabolites were eluted with hexane-ethyl acet

mixtures. Elution of the column with hexane yielded a fraction co the minor metabolites, wheress andlla are the major metabolites
taining the unmetabolized substral 0.74, system IR, 7.2 min). . . X ) .
9 % & y R ) (Fig. 1, A and B) isolated from the urine of rats treated wigndll ,

The metabolites withR; 0.6 and 0.25 (system I) were eluted withé pectively. Interestingly, unlike in the case R{+)- and S-(—)
.9:0.1 4:0. h -ethyl ively. F ' ’ . A
9.9:0.1, vlv and 9.4:0.6, vlv hexane-ethyl acetate, respectively. Fr REegone (Gordon et al., 1987; McClanahan et al., 1988; Madyastha

tahseg‘_ ?f_céiﬁ;lc_g?g?ggrl:32;56giﬂiﬁ%’/ﬁgﬁiﬂﬁt&beﬂI_tle_sdgg(%:(:ntl and Raj, 1990; Madyas_tha and Gaikwad,_1998), the_ metabalites

12.3 min: Vb, Fig. 2C) and 6-(1-ethyl-1-propylidene)-5-hydr0xy-5-and”b_ do not undergo intramolecular cyclization to yle!d the corre-

metnycycohexanoned 025 152 min Va, Fi. 20)Nearty 10onan U1 ombouncs. ntheaner e majreteboes
0 . .

8.5% of v was converted into these two metabolites. atives (d andlld ; Fig. 1, A and B). Earlier studies have established

that menthofuran, a furanoterpene, was one of the metabolites respon-

sible for at least half of the hepatocellular necrosis cause-py)-

The objective of the present investigation was to find out whethpulegone (Thomassen et al., 1988). Further metabolism of menthofu-
reduction in the ring size iR-(+)-pulegone would affect its hepato-ran results in the formation of an,B-unsaturatedr-ketoaldehyde
toxic potential and mode of metabolism. This aspect was evaluai@dcClanahan et al., 1988; Moorthy et al., 1989b; Madyastha and Raj,
using R-(+)-4-methyl-2-(1-methylethylidene)-cyclopentanorig¢ s 1990) andp-cresol (Madyastha and Raj, 1991, 1993) as major me-
the test compound, which is structurally very similar to the potetabolites, the former binding irreversibly to the hepatic microsomal
hepatotoxin,R-(+)-pulegone. Both the compounds (pulegone anfilaction in vitro (McClanahan et al., 1989) and the latter a known
compoundl) possess arx-isopropylidene ketone unit with & toxin, as well as a glutathione depletor (Thomassen et al., 1990). So,
configuration methyl group positionefl to the carbonyl group, a it is quite possible that the inability of the rat system to produce

Discussion



828 THULASIRAM ET AL.

furanoterpene from and Il could be one of the reasons for theirand C-9 hydroxylation pathways involved in the metabolism of
failure to elicit hepatotoxicity. R-(+)-pulegone through structural modification. Both these pathways
Earlier studies have also shown the hydroxylatiorRef+)- and generate toxic metabolites and hence blocking one of the pathways
S(—)-pulegone at the C-5 position (hydroxylation at the tertiaryould significantly reduce the hepatotoxic potential of the structurally
carbon atom) to form 5-hydroxypulegone, which upon dehydratianodified R-(+)-pulegone (Thulasiram et al., 2000).
yields piperitenone (Madyastha and Raj, 1993; Madyastha and Gaikin the present study, we have compared the hepatotoxic potential of
wad, 1998). It is interesting to note that compouhdsdll are also compound$ andll with R-(+)-pulegone, a potent hepatotoxin. These
hydroxylated at the tertiary carbon atom yieldihg and lic (4- preliminary studies point out thatand!l are not hepatotoxic. This
hydroxy and 5-hydroxy compounds; Fig. 1, A and B), respectivelpbservation is based on the fact that i.p. administration (250 mg/kg of
The 4-hydroxy compoundd) undergoes dehydration to forta, ina  b.wt.) of I/1l to rats did not significantly alter the levels of hepatic
manner analogous to the formation of piperitenone from 5-hydroxpricrosomal cytochrome P450, aminopyriNedemethylase, glucose-
pulegone. It appears that the keto group allylic to the C-5 methyleBgphosphatase, and serum ALT (Table 1). Pretreatment of rats with
protons inlc facilitates the dehydration and formation of the C4-Cphenobarbital, prior to the administration of compouhdsdll , did
double bond irle (Fig. 1A). Such a situation does not existlio and  not significantly change these parameters suggesting that these com-
that may be the reason for its resistance to dehydration. On the otheands do not elicit toxicity (results are not presented). In fact, studies
hand,llc gets converted tdlg (Fig. 1B) through reduction of the carried out in vitro clearly indicate that phenobarbital-induced rat liver
isopropylidene double bond. In a similar way, reduction of the exenicrosomes transformandll to various metabolites more efficiently
cyclic double bond inlb andlld results in the formation ofif and  than uninduced microsomes. So, if any of these metabolites have the
lle, respectively (Fig. 1B). Earlier, it was shown that reduction of thgbility to elicit toxicity, then one would expect to see significant
isopropylidene double bond in pulegone eliminates its hepatotojfanges in the levels of glucose-6-phosphatase, aminoplkitie-
response (Gordon et al., 1982). Hence, it is reasonable to assumert,liahwase, and ALT after the administration lobr Il to rats pre-
metabolites (Fig. 1B)le, lif, andllg may not elicit toxicity. treated with phenobarbital. Since the levels of microsomal enzymes
It can be inferred from the present study that the rat system initiatggd ALT have not changed, it appears that the metabolishandi|l
the biotransformation of andIl either through hydroxylation at the does not result in the formation of reactive metabolites responsible for
tertiary carbon atom or oxidation of the isopropylidene methyl grougsiciting toxicity. However, consistent with the earlier report (Moor-
(C-8 and C-9 methyl groups). Studies carried out in vitro usingy et al., 1989a, 1991R-(+)-pulegone caused severe hepatotoxicity
phenobarbital-induced rat liver microsomes in the presence jafrats, as evidenced by a significant increase in ALT levels (a 13-fold
NADPH and G support this observation and suggest direct hydroxyncrease, Table 1) and potentiation of hepatotoxicity when it was
lation of I at the C-8, C-9, C-4, and C-3 positions (Fig. 1A). Comagministered to PB-treated rats (results not shown). Our results sug-
poundll gets hydroxylated at the C-8, C-9, and C-5 positions (Figest that the hepatotoxic potential Bf(+)-pulegone can be elimi-
1B). GC analysis of the assays carried out in vitro indicated that thgeq by reducing the ring size aslimndll . This could be possibly

levels of different metabolites formed frohandll were significantly gye to the differences in the mode of metabolism betwRér)-
higher with phenobarbital-induced rat liver microsomes than with,jegone and compoundsandi .
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tabolites. In fact, earlier it was demonstrated that the microsomal ) )
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hydrogen inl is replaced by another methyl group as in 2,2-dimethyl- g5:413-424.
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