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Metabolism of the chrysanthemates (S)-bioallethrin, cinerin I, jasmolin I, and pyrethrin I by NADPH- 
dependent oxidases of mouse liver microsomes yields 13-18 metabolites in each case oxidized a t  the 
methyl, methylene, and alkenyl substituents to form alcohols, aldehydes, carboxylic acids, epoxides, 
and dihydrodiols. Rat microsomes are more specific than mouse microsomes in hydroxylating the 
@)-methyl substituent of the 2-methylpropenyl moiety compared with other molecular sites. Metab- 
olites in the urine of allethrin-treated rats include compounds modified in both the 2-methylprope- 
nyl and allyl moieties as free carboxylic acids and glucuronides. The pyrethrates cinerin 11, jasmolin 
11, and pyrethrin I1 undergo microsomal hydrolysis of the methoxycarbonyl group and oxidation of 
the butenyl, pentenyl, and pentadienyl substituents to alcohols, epoxides, and dihydrodiols. Metab- 
olites of these chrysanthemates and pyrethrates are tentatively identified by chemical ionization mass 
spectrometry following treatment with diazomethane or diazoethane and bis(trimethylsily1)acet- 
amide and separation by high-resolution gas chromatography with hydrogen as the carrier gas. 

The six natural pyrethrins in pyrethrum extract and 
their synthetic analogue (SI-bioallethrin (i.e., the rethrins) 
are important insecticides for control of household and 
stored products pests (Casida, 1973). The metabolic fates 

(S)-bioallethrin (A): R, = CH,, R, = H 

pyrethrin chrysanthemate (I) pyrethrate (11) 
cinerins (C) CI: R, = CH,, CII: R, = CO,CH,, - -  

R, CH,- R, = CH, 

R, = CH,CH, 

R, = CH=CH, 

jasmolins (J) JI: R, = CH,, JII: R, = CO,CH,, 

pyrethrins (P) PI: R, = CH,, PII: R, = CO,CH,, 
R, = CH,CH, 

R, = CH=CH, 

of A and PI, partially defined in microsomal oxidase sys- 
tems and in rats, involve multiple sites of oxidation with 
little or no cyclopropanecarboxylate hydrolysis (Casida 
et al., 1971; Elliott et al., 1972). Comparable informa- 
tion is not available on the other pyrethrum constitu- 
ents except for their relative ease of oxidation in microso- 
mal oxidase systems (Soderlund and Casida, 1977a). With 
molecules as complex as the rethrins it is difficult to pre- 
dict the effects of relatively small structural modifica- 
tions (e.g., R, = CH,, CO,CH,; R2 = H, CH,, CH,CH,, 
CH=CH,) on their rates and sites of biodegradation. In 
further evaluating the comparative fate of the rethrins, 
it is important to use analytical methods applicable to 
all of the relevant compounds. The pyrethrum constit- 
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uents and A are conveniently analyzed by high-resolu- 
tion gas chromatography (HRGC) with an electron-cap- 
ture detector (ECD) or HRGC-chemical ionization (CI) 
mass spectrometry (MS). These methods are applied here 
to the rethrin metabolites, after appropriate derivatiza- 
tions. This study compares the metabolic fate of A and 
the six natural pyrethrins in mouse and rat liver microso- 
mal oxidase systems and of A in rats. 

MATERIALS AND METHODS 
Structures and Abbreviations for Chemicals. Struc- 

tures and designations for most of the compounds discussed 
are given in Figures 1 and 2. The abbreviations 01, al, and acid 
refer to alcohols, aldehydes, and carboxylic acids, respectively. 
Trimethylsilyl ethers are designated as TMS, ethyl esters as 
Et, epoxides as epoxy, diols from hydrolysis of epoxides as dihy- 
drodiol, and their TMS derivatives as dihydro(TMS),. Thus, 
A-10-TMS is the TMS derivative of the alcohol A-10-01 and 
CI-8’,9’-dihydro(TMS), is the bis(trimethylsily1) derivative of 
the dihydrodiol formed by hydrolysis of CI-8’,9’-epoxy. Desig- 
nations such as 5/6-01 and 6‘/10’/11‘-01 indicate that the avail- 
able information does not differentiate among the specified posi- 
tions. “PI” and “PII” refer to rearranged products shown in 
Figures 1 and 2, respectively. 

Gas Chromatography and Chemical Ionization Mass 
Spectrometry. HRGC employed an SPB5 fused silica capil- 
lary column (Supelco Inc., Bellafonte, PA) and a split/splitless 
(1 min) injection at 220 “C. HRGC-ECD with argon/methane 
(40 mL/min) as the makeup gas was performed with the Hewlett- 
Packard Model 5840A instrument. HRGC-CI-MS involved the 
Hewlett-Packard 5985 GC/MS system with the Hewlett-Pack- 
ard 59870C RTE-A data system. Methane (0.9 Torr) was the 
reactant gas, and the source temperature was 130 “C. The GC 
conditions used are given in Table I. The retention times (R,s) 
of the parent rethrins (Table I) are used to calculate relative 
R,s for the related derivatives (Table 11). 

Spectroscopy. Nuclear magnetic resonance (NMR) spec- 
troscopy was carried out with a Bruker WM 300 instrument 
(300 MHz for ‘H and 75 MHz for 13C) and an ASPECT 3000 
computer for samples dissolved in chloroform-d. 

Chemicals. A was obtained from McLaughlin Gormley King 
Co. (Minneapolis, MN) and (1R)-cis-permethrin from FMC Corp. 
(Princeton, NJ). The six pyrethrins were isolated from puri- 
fied pyrethrum extract (72% pyrethrins) (McLaughlin Gorm- 
ley King Co.). Preparative thin-layer chromatography (TLC) 
on silica gel (n-hexane/acetone, 4:l) separated chrysanthe- 
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Figure  1. Partial metabolic pathways for (S)-bioallethrin (A),  cinerin I (CI), jasmolin I (JI) ,  and pyrethrin I (PI) in mouse and rat 
liver microsomal oxidase systems and of (S)-bioallethrin in rats in vivo. Additional metabolites not designated by structures arise 
from other combinations of modifications in the acid and alcohol moieties. Brackets designate compounds tentatively identified 
from SeO, oxidation and indicated but not established as metabolites. 

mates (R, 0.49) and pyrethrates (R, 0.28). High-performance 
liquid chromatography (HPLC) on a Macherey-Nagel Nucleo- 
si1 5 NO, column (10 mm (i.d.) X 25 cm) (Rainin Instrument 
Co., Inc., Woburn, MA) was used with 5% tetrahydrofuran (THF) 
in n-hexane (2 mL/min) to separate J I ,  CI, and PI [R, (min) 
18.6, 20.0 and 23.2, respectively] and with 10% T H F  in n-hex- 
ane (2  mL/min) to separate JII,  CII, and PI1 [R,  (min) 20.9, 
22.6, and 25.8, respectively] (Ando et al., 1986; McEldowney 
and Menary, 1988). The E-8'-isomers of JI ,  CI, and P I  were 
prepared by irradiation for 1 h of the individual natural 2-8'- 
isomers in degassed n-hexane with ultraviolet light a t  300 nm 
and purification by HPLC as above with 5% T H F  in n-hexane 
[R,  (min) for E isomers of 20.4 for J I ,  21.4 for CI, and 24.9 for 
PI]. In each photoisomerization reaction there was retention 
of the (1R)-trans-acid and (1's)-alcohol configurations. The iden- 
tity of each pyrethrum constituent and of the photoisomers was 
confirmed by NMR (Bramwell e t  al., 1969; Crombie et al., 1975; 
Ando and Casida, 1983). Purities for the rethrins used in the 

metabolism studies were established by HRGC-ECD as >96% 
for the pyrethrins and their photoisomers and >98% for A. Phe- 
nyl saligenin cyclic phosphonate (PSCP), a potent esterase inhib- 
itor (Casida et  al., 1961), was prepared by C. J. Palmer of this 
laboratory. 

Two diastereomers (1:l) of A-7,8-epoxy were obtained in 90- 
100% yield by treatment of A (1 mmol) with equimolar 3-chlo- 
roperoxybenzoic acid in dichloromethane (10 mL) for 1 h a t  25 
" C  with product separation by preparative TLC on silica gel 
(n-hexaneldiethy1 ether, 2:l) and characterization by NMR (sup- 
plementary Table I) and HRGC-MS (Tables I1 and 111). The 
higher R, isomer (0.26) with the slightly smaller GC R, is ten- 
tatively assigned the 7 s  configuration, and the lower R isomer 
(0.19) with the slightly larger GC R, is assigned the 7dconfig- 
uration. This is based on examination of space-filling models 
that show that rotation around the C,-C, bond is more hin- 
dered for the 7R isomer (with H, and H, in a predominantly 
anti conformation) than for the 7s isomer. Thus, the larger 
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Figure 2. Partial metabolic pathways for cinerin I1 (CII), jasmolin I1 (JII) ,  and pyrethrin I1 (PII)  in mouse liver microsomal oxi- 
dase systems. Although not observed, PII-lO',ll'-epoxy is included as a likely intermediate. 

Table I. Gas Chromatographic Retention Times of 
(S)-Bioallethrin and the  Six Natural  Pyrethrins 

rethrin 
A 
CI 
J I  
PI 
CJI 
JII 
PI1 

HRGC retention time: min 
H, ECDb H, CI-MS' He CI-MSd 
5.30 9.35 9.90 
6.02(5.85)e 11.21(10.74)' 10.70 
6.58(6.41)e 12.59(12.13)' 11.39 
6.80(6.64)' 13.21(12.80)e 
9.16 18.06 14.40 

10.20 19.71 15.50 
10.60 20.47 

R, values (min) for (1R)-cis-permethrin used as internal stan- 
dard: 10.80 in H, ECD; 21.24 in H, CI-MS; 17.46 in He CI-MS. 

Hydrogen as carrier gas (8 psi, 50 cm/s). SPB5 (15 m X 0.32 mm 
(i.d.), 0.25-gm film) capillary column. Temperature program of 90 
"C for 2 min, 30 "C/min to 180 "C, and finally 3 "C/min to 240 
"C. A modified temperature program (90 "C for 2 min, 30 "C/min 
to 150 "C, and finally 2 "C/min to 200 "C) was used in one special 
study comparing the metabolism of coincubated A, the natural chry- 
santhemates, and their E-8'4somers to give R, values (min) of 6.74, 
8.36, 8.78, 9.87, 10.31, 10.47, and 10.91 for A, (E)-8'-CI, CI, (E)-8'- 
JI, J I ,  (E)-8'-PI, and PI ,  respectively. Hydrogen as carrier gas 
(30 psi, 80 cm/s). SPB5 (30 m X 0.25 mm (i.dJ, 0.25-gm film) cap- 
illary column. Temperature program of 90 "C for 2 min, 30 "C/ 
min to 180 "C, and finally 3 "C/min to 240 "C. Helium as carrier 
gas (15 psi, 30 cm/s). SPB5 capillary column as in c.  Tempera- 
ture program of 90 "C for 2 min, 30 "C/min to 240 "C, and finally 
3 "C/min to 280 "C. PI and PI1 give broad peaks due to isomer- 
ization on the column. e E-8'-isomer. 

J3-7 coupling is expected (based on the Karplus relationship) 
for the 7R isomer ( J  = 8.0 Hz) than for the 7 s  isomer ( J  = 3.8 
Hz). 

A-10-01 and A-10-a1 were each obtained in -30% yield on 
treatment of A (1 mmol) with equimolar SeO, in dioxane/ 
water (1O:l) (5 mL) under reflux (1 h). They were isolated by 
preparative TLC on silica gel (n-hexaneldiethyl ether, 1:l; R 
0.15 for A-10-01 and 0.27 for A - 1 0 4 )  and characterized by N M d  
(supplementary Table I) and HRGC-MS (Tables I1 and 111). 
The oxidation occurs almost exclusively a t  the 10-position (Mat- 

sui and Yamada, 1963; Crombie et  al., 1970). 
A-7'-01 was synthesized from (S)-allethrolone (Roussel- 

Uclaf, Paris, France). This alcohol moiety was acetylated with 
acetic anhydride in pyridine and treated with SeO, under the 
conditions described above for oxidation of A. From the oxi- 
dized mixture, preparative TLC (n-hexanelacetone, 2:l; R 0.44) 
separated the derivative of allethronyl acetate with a hydroxyl 
group a t  the 7'-position in -20% yield. After protection of 
the hydroxyl group with dihydropyran, the acetoxyl group was 
hydrolyzed with K,CO, in methanol to obtain the alcohol with 
the tetrahydropyranyl (THP) ether a t  the 7'-position, which 
was coupled with (1R)-trans-chrysanthemoyl chloride in ben- 
zene. The THP ether was removed with p-toluenesulfonic acid 
in ethanol (Ando and Casida, 1983) to give a mixture of two 
diastereomers (1:l) of A-7'-01 (-20% overall yield from 7'-hy- 
droxyallethronyl acetate). The two diastereomers were sepa- 
rated by HPLC with the Nucleosil 5 NO, column [n-hexanel 
THF, 4:l; R, (min) 25.4,28.1] and analyzed by NMR and HRGC- 
MS (Tables I1 and 111). The isomer eluting first on HPLC is 
also the one eluting first on GC (Table 11). NMR data of the 
two diastereomers reveal the 7'-position of the hydroxyl group 
but are not suitable to  assign its configuration (supplementary 
Table I). 

A-8',9'-epoxy (50 mg), prepared from (S)-allethrolone by the 
method of Ando et  al. (1983), was stirred in methanollwater 
(2:l) (3 mL) with one drop of H,SO, at 25 OC, resulting in hydrol- 
ysis of the epoxy derivative in 1 h. A-8',9'-dihydrodiol was recov- 
ered (yield -60%) on addition of saturated aqueous NaHCO, 
(5 mL) and extraction with ethyl acetate. The epoxy and dihy- 
drodiol derivatives are mixtures of two diastereomers (8's and 
8'R isomers) in ca. 1:l ratio. Since HPLC on the NO, column 
was not sufficient for separating the isomers [A-8',9'-epoxy; n- 
hexane/THF, 9:l; R, (min) 26.5, 26.9. A-8',9'-dihydrodiol; n- 
hexane/THF, 1:l; R, (min) 60.0, 62.81, they were analyzed by 
NMR (supplementary Table I) and utilized as standards for 
the metabolic studies without separation. 

Treatment of A-10-01, A-7'-01, and A-8',9'-dihydrodiol with 
N,O-bis(trimethylsily1)acetamide (BSA) in acetonitrile for 1 h 
a t  80 "C gave A-10-TMS, A-7'-TMS, and A-d',g'-dihydro- 
(TMS),, respectively, characterized by HRGC-MS (Tables I1 
and 111). 
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Table 11. Relative Gas Chromatographic Retention Times of Rethrin Metabolites and Their GC Derivatives 
retention time relative to parent rethrin,” min 

designation A CI J I  PI CII J I I  PI1 
parent rethrin 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
10-Et 1.06 1.07 1.04 
7,8-epoxy ( R  isomer) 1.11 1.11 1.11 1.09 
7’-TMS(a,b) 1.20, 1.25 1.14, 1.17 1.09, 1.10 1.08, 1.10 1.09, 1.13 1.07, 1.09 nd; 1.04 
8’,9’/ 10’,ll’-epoxyd*‘ nd 1.25 1.24 1.15 1.19 1.18 nd 
7,8-8’,9’/10’,11’-diepoxyd nd 1.39 1.37 1.28 
7,8-epoxy-7’-TMS(a,b) 1.36, 1.39 1.26, 1.301 nd, 1.24 nd, 1.21 
8’,9’/10’,1l’-epoxy-7‘-TMS(a,b) nd nd nd nd, 1.26 1.27, 1.29 1.24, 1.29 1.11, 1.16 
10-a1 1.46 1.43 1.41 1.38 
10-TMS 1.63 1.56 1.52 1.51 
TMS 1.50,@ 1.71 1.49, 1.57 1.38, 1.44 nd 1.24: 1.33, 1.39 nd nd 
(TMS), 1.91; 1.93h 1.65, 1.71,h 1.75,h 2.01 1.56, 1.65h 1.60h 1.34, 1.42, 1.55 1.18, 1.27, 1.29 1.44 
dihydro(TMS),’ 1.96 1.61 nd 1.44, 1.73 1.40 1.36 (1.42) 1.27, 1.45 

HRGC(H,)-CI-MS system described in Table I. Relative R, 1.24 and 1.26 for A-7‘-01 (a) and (b), respectively (Supplemental Figure 2). 
Not detected. 8’,9’-Epoxy for CI, CII, J I ,  and JII and lO’,ll’-epoxy for PI.  e Relative R, 1.35 for synthetic A-8’,9’-epoxy. ’Relative R, 

1.63 for the related CI-7,8-epoxy-6’/10’-TMS. Probably the 5/6-TMS derivative. Likely positions for other TMS derivatives are 6’ for A, 
6’/10’ for CI and CII, and 6’/10’/11‘ for J I .  Individual or unresolved 10,7’-diastereomers. Each of the other (TMS), derivatives is modi- 
fied in both the acid (probably position 10 of chrysanthemates and 5/6 of pyrethrates) and alcohol moieties. ’ The 8’,9’-dihydro(TMS), 
derivatives of A, CI, CII, and J I I ,  the 8’,11’-dihydro(TMS), derivatives of “PI” and “PII” (smaller R,), and the lO’,ll’-dihydro(TMS), 
derivatives of P I  and P I1  (larger R J .  The corresponding 7,8-epoxy derivatives are detected at relative R, 1.57 and 1.84 for “PIn-7,8-epoxy- 
8’,11’-dihydro(TMS), and PI-7,8-epoxy-lO’,ll’-dihydro(TMS),, respectively. The number in parentheses for JII is the ethyl ester from 
enzymatic hydrolysis and treatment with diazoethane. Relative R, 1.82 for A-8’,9’-dihydrodiol. 

Table 111. Partial  CI-MS Data ( m / z  and  Relative Intensity) for (S)-Bioallethrin (A) and I t s  Metabolites and Their GC 
Derivatives 

ions characteristic for 

ester acid moiety alcohol moiety 
[M + [RC(OH),- [ R  ++ [R‘H, - [R‘ - 

designation” [MH]+ C,H,]+ d%I, [RC(OH),]+ [RCOl+ [Rl+ (TMS)OHl+ C,HJ [R’l+ (TMS)OHl+ (TMS)OHl+ 

A 303 (70) 331 (8 )  169 (32) 151 (42) 123 (25) 163 (30) 135 (100) 

Metabolites 
A-lO-ald 317 (60) 345 (12) 183 (55) 165 (35) 137 (70) 163 (12) 135 (100) 
A-7,8-epoxydse 319 ( 8 )  347 (4) 301 (20) 185 (15) 167 (75) 139 (20) 163 (18) 135 (100) 
A-8’,9’-epoxyf 319 (100) 347 (8 )  301 (1) 169 (38) 151 (73) 123 (23) 179 (14) 151 (73) 
A-lO-old 319 (6) 347 (4) 301 (20) 167 (75) 139 (20) 163 (20) 135 (100) 
A-7’-01~*~ 319 (<2) 347 (4) 301 (20) 169 (50) 151 (60) 123 (60) 151 (60) 
A-10-Et 361 (50) 389 (8 )  315 (20) 227 (100) 209 (20) 181 (45) 163 (55) 135 (100) 

Trimethylsilyl Ethers of Alcohols 
A-10-TMS 391 (8) 419 (6) 375 (8 )  301 (22) 257 (12) 239 (4) 167 (80) 163 (20) 135 (100) 
A-9-TMSB 391 (4) 419 (5) 375 (4) 301 (26) 257 (15) 239 (6) 167 (100) 163 (20) 135 (100) 
A-5/6-TMSg 391 (2)  419 (2) 375 (4) 301 (6) 257 (6) 239 (6) 167 (40) 163 (12) 135 (100) 
A-5’-TMSB 391 (4) 419 (4) 375 (20) 301 (75) 169 (75) 151 (100) 123 (75) 251 (14) 223 (80) 135 (75) 133 (80) 
A-6’-TMS8 391 (36) 419 (8) 375 (10) 301 (6) 169 (50) 151 (100) 123 (55) 251 (6) 223 (42) 135 (30) 133 (15) 
A-7’-TMSdme 391 (5) 419 (10) 375 (45) 301 (100) 169 (22) 151 (26) 123 (22) 251 (14) 223 (45) 135 (25) 133 (60) 
A-10-al-7’- 405 (2) 433 (10) 389 (18) 315 (100) 183 (20) 165 (30) 137 (50) 251 (6) 223 (32) 135 (70) 133 (75) 

A-10-Et-7’- 449 (2) 477 (4) 433 (8) 359 (55) 227 (100) 209 (40) 181 (50) 251 (6) 223 (30) 135 (70) 133 (65) 

A-7,8-e oxy 407 (2) 435 (4) 391 (12) 317 (40) 185 (8) 167 (80) 139 (30) 251 (10) 223 (30) 135 (50) 133 (100) 

A-10,7‘- 479 (4) 507 (8) 463 (40) 389 (100) 257 (22) 239 (50) 211 (6) 167 (50) 251 (18) 223 (60) 135 (35) 133 (88) 

A-8’,9‘- 481 (70) 509 (8) 465 (60) 391 (100) 169 (50) 151 (701 123 (50) 225 (18) 223 (36) 

TMS 

TMS 

7’-ThSe 

(TMS),‘ 

dihydro- 

dihydro- 

(TMS)zd 
A-lO-Et-8’,9’- 539 (28) 567 (4) 523 (15) 449 (2) 227 (100) 209 (35) 181 (74) 341 (2) 313 (6) 225 (28) 223 (40) 

(TMS), 

GC properties are shown in Tables I and 11, Figures 4 and 5, and Supplementary Figures 1 and 2. * X = H for epoxides and alcohols, 
C,H, for ethyl esters, and TMS for trimethylsilyl ethers. An additional [RC(OC,H,)OH]+ fragment ion is present in most MS with an 
intensity of 10-20% relative to [RC(OH),]+. MS of standards essentially identical with those of metabolites. e Two diastereomers have 
very similar MS. f Synthetic standard not detected as metabolite. g MS for compounds tentatively designated A-5/6-TMS, A-9-TMS, A-5‘- 
TMS, and A-6’-TMS are from products formed by SeO, oxidation followed by BSA derivatization. The 5/6-01, 9-01, and 6’-01 but not the 
5’-ol appear to be trace microsomal metabolites. 

Formation a n d  Analysis of Microsomal Metabolites. The extracted again with ethyl acetate (2 mL). After the combined 
substrate (0.1 pmol) was incubated with twice-washed mouse organic extract was dried with MgSO,, the organosoluble metab- 
or rat liver microsomes (Johnston e t  al., 1989) (0.1, 0.3, 1.0, or olites were treated with diazomethane or diazoethane (gener- 
3.0 mg of protein) and NADPH (0 or 2.4 pmol) in phosphate ated from 1-methyl- or 1-ethyl-3-nitro-1-nitrosoguanidine) in 
buffer (0.1 M, pH 7.4, 2 mL) with shaking for 1 h a t  37 “C. An diethyl ether (2 h, 25 “C) to  obtain the esters, and then after 
internal standard (0.1 pmol of (1R)-cis-permethrin or 0.025 pmol concentration under a stream of nitrogen the residue was treated 
of A) in ethanol (10 pL) was then added, and the mixture was with a 10% acetonitrile solution (25 pL) of BSA (0.5 h, 80 “C). 
saturated with NaCl and extracted with ethyl acetate (2 mL). Before and following each derivatization step, the solutions were 
The aqueous phase was acidified with HC1 (2 N)  to pH 2-3 and analyzed by HRGC-ECD injecting an equivalent of 0.014.1 nmol 
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ions characteristic for 

ester acid moiety alcohol moiety .~ 

[M++ [MH- [MH- IRC(OH), - [R’ + [R‘H, - 
designation” IMHI’ C,H,I CH,]’ XbOH]+ [RCO]’ [R]+ (TMS)OH]+ C,H,]+ [R’]’ (TMS)OH]+ (Td&H]+ 

P I  
P I P  

329 (70) 
373 (80) 

PII‘ 373 (30) 
PI-10-a1 343 (40) 
PI-7,8-epoxy 345 (6) 
PI-10’J 1’-epoxy 345 (40) 
PI.7,8-lO’,ll’-diepoxy 361 (18) 

PI-10-TMS 417 (4) 
PI-7I-TMS‘ 417 (28) 
PI-7,8-epoxy-7’-TMS 433 ( 2 )  
PI-lO’,ll’-epoxy-7‘-TMS8 433 (60) 
PI-10,7’-(TMS), 505 (<2)  
‘PI”-8‘,11’-dihydro(TMS), 507 (18) 
PI-lO’,ll’-dihydro(TMS), 507 (4) 
‘PI”-7 8-epox 8’ 11’- 523 (100) 

dih;dro(T&Si.# 

357 (9) 
401 (10) 

401 (4) 
371 (6) 
373 (4) 
373 (6) 
389 (6) 

445 (2) 
445 (6) 
461 (<2)  
461 (20) 
533 (4) 
535 (2) 
535 (4) 
551 (20) 

401 ( 2 )  
401 (32) 
417 ( 8 )  
417 (60) 
489 (6) 
491 (16) 
491 (20) 
507 (95) 

Pyrethrins 
169 (25) 151 (25) 123 (25) 

341 (3) 213 (40) 195 (12) 167 (12) 

Metabolites 
341 (<2)  213 (40) 195 (22) 167 (30) 

183 (40) 165 (60) 137 (50) 
327 (8) 185 (10) 167 (50) 139 (40) 

169 (50) 151 (50) 123 (70) 
167 (100) 139 (70) 343 (4) 

327 (8) 257 (4) 239 (6) 
327 (36) 169 (75) 151 (70) 123 (95) 
343 (20) 167 (100) 139 (70) 
343 (80) 169 (28)  151 (30) 123 (30) 
415 (10) 257 (4) 239 (16) 167 (80) 
417 (12) 169 (70) 151 (60) 123 (100) 
417 (70) 169 (100) 151 (80) 123 (85) 
433 (65) 185 (5) 167 (80) 139 (20) 

Trimethylsilyl Ethers of Alcohols 
167 (40) 

p1-7,a-e ox - 1 O ~ i i J .  523 (4) 551 (8) 507 (30) 433 (70) 185 (5) 167 (60) 139 (10) 
dihy&o(&MS), 

189 (20) 161 (100) 
189 (30) 161 (100) 

189 (30) 161 (100) 
189 (36) 161 (100) 
189 (14) 161 (100) 

177 (40) 
177 (90) 

189 (10) 161 (100) 
277 (8)’ 249 (20)’ 
277 (4) 249 (20) 161 (40) 159 (90) 

GC properties are given in Tables I and I1 and Figure 6. * X = H for epoxides and alcohols, CH, for PII, and TMS for trimethylsilyl 
ethers. An additional [RC(OC,H,)OH]+ fragment ion is present in most MS with an intensity of 10-20% relative to [RC(OH),]+. Stan- 
dard from pyrethrum extract. e MS obtained from trace level of product from enzymatic oxidation followed by methylation with diaz- 
omethane. Relative R, identical with that of PII.  ’Two diastereomers with similar MS. 8 MS obtained at  slightly different instrumental 
conditions favoring higher intensities for larger m/z .  
of internal standard in ethyl acetate (1-4 wL). Changes in chro- 
matographic behavior on derivatization were used to  interpret 
newly introduced functional groups of the metabolites. Finally, 
the extracts were concentrated to  30 WL and analyzed by HRGC- 
CI-MS. The amount of substrate recovered was determined 
by HRGC-ECD relative to the internal standard. Recoveries 
of the chrysanthemates were 100 A 10% a t  0-3 mg of microso- 
mal protein in the absence of NADPH. The extent of metab- 
olism of the chrysanthemates was therefore calculated from the 
loss of substrate with NADPH. 

One special study compared the microsomal metabolism of 
the pyrethrates in the presence and the absence of PSCP. The 
esterase inhibitor (0 or 0.04 Wmol) in ethanol (10 wL) was added 
to the microsomes in buffer with preincubation for 5 min at  37 
“C before adding the substrate and NADPH and proceeding as 
above. The extent of pyrethrate metabolism was determined 
as substrate loss for incubations with microsomes compared with 
no microsomes. Another investigation compared the extent of 
metabolism of the E-8’-versus the Z-8’4somers of CI, JI, and 
PI incubated as  a mixture with A each a t  0.014 pmol/ 
incubation with 0.3 and 1.0 mg of mouse microsomal protein 
and NADPH. The incubation and analysis methods were the 
same as above except for a modified temperature program (Table 
I). 

Format ion  a n d  Analysis of Urina ry  Metabolites. Male 
albino rats were treated with A orally by stomach tube (250 
mg/kg followed after 6 h with 500 mg/kg) or intraperitoneally 
(12.5 mg/kg followed after 6 h with 25 mg/kg) with methyl sul- 
foxide (99.9%; Aldrich Chemical Co., Milwaukee, WIS) as the 
carrier vehicle. None of the treatments produced any signs of 
poisoning. Urine collected 0-6 h after the second treatments 
(and comparable control urine) were frozen and later analyzed 
for free and conjugated urinary metabolites. Deconjugation 
involved incubating (16 h, 37 “C) 0.1 mL of urine in phosphate 
buffer (0.4 M, pH 4.5, 1.9 mL) either with 6-glucuronidase (0 
or 63 units, Type 1 bacterial; Sigma Chemical Co., St .  Louis, 
MO) alone and with D-saccharic acid 1,4-lactone (1.0 mg; Sigma; 
to inhibit @-glucuronidase activity; Cape1 et  al., 1974) or with 
arylsulfatase (0 or 1 2  units; Type V; Sigma). The deconjuga- 
tion mixtures were analyzed as outlined above for microsomal 
incubations. 

RESULTS 
Analysis of Rethrins. High-Resolution Gas Chro- 

matography. Tab le  I gives the G C  Rt values for the seven 

pa ren t  re thr ins  and for  the photoisomers of the chrysan- 
themates in th ree  different HRGC systems. Hydrogen  
was employed instead of he l ium as the carrier gas in ana- 
lyzing the pyrethrins since with helium the higher required 
column tempera tu re  of above  240 “C results in thermal 
isomerization of PI and PI1 [discussed b y  Elliott  (1964)l. 
ECD is particularly sensitive and selective for the rethrins, 
the reby  provid ing  a method to ana lyze  subnanogram 
amounts of the parent compounds and their  derivatives 
i n  t h e  present s tudy .  

Chemical Ionization Mass Spectrometry (Tables 111 
and IV; Supplementary Tables ZI-In.  Electron impac t  
MS of the re thr ins  shows weak molecular ions and the 
pr imary  f ragments  result f rom fission at the ester link- 
age (King  and Paisley,  1969; Pattenden et  al., 1973). CI- 
MS is preferred since pro tona t ion  b y  CH5+ and addition 
of reagent  ions at the carbonyl oxygens result in intense 
quas i -molecu la r  i o n s  [ M H ] +  ( r e l a t ive  i n t e n s i t y  70- 
100%) and ion adducts [M + C2H,]+ and [M + C3H5]+. 
An in te rpre ta t ion  of the CI-MS fragmenta t ion  pa thways  
of the re thr ins  [RC(O)OR’] is given in Figure  3 [see also 
M u n s o n  and Fie ld  (1966) and H e r m a n  and Harrison 
(198l)l .  Ion series f rom the acid moiety are [ R  + 74]+, 
[R + 46]+, [ R  + 28]+, and [R]+ whereas those f rom the 
alcohol moie ty  are [R’ + 28]+, [R’ + 21+, [R’]+, and [R’ 
- 28]+. Py re th ra t e s  show some loss of CH30H. 

Examinat ion  of the authentic derivatives of A [lo-al ,  
7,8-epoxy, lO-ol, lO-TMS, 7’-01,7’-TMS, 8’,9‘-epoxy, 8’,9‘- 
d i h y d r ~ ( T M S ) ~ ]  established the changes i n  CI-MS frag- 
menta t ion  pa t t e rns  wi th  known s t ruc tura l  modifications 
(Figure 3; Table 111). The a ldehyde  shows CI-MS simi- 
lar to t h e  parent re thr in  wi th  f ragments  characterist ic 
for the acid moie ty  sh i f ted  b y  addi t ion  of 1 4  mass  units. 
The 7,8-epoxides b u t  not the 8’,9’-epoxides show loss of 
H20 on CI-MS;  the posit ion of epoxidation is ind ica ted  
by  incorporation of oxygen in to  the f ragments  of the acid 
or alcohol moiety,  respectively. The hydroxy  deriva- 
tives give weak [MH]+ signals, while loss of H 2 0  predom- 
inates. T h e  posit ion of modification i n  the ac id  or alco- 
hol moie ty  is ind ica ted  b y  changes in  the f ragment  series 
originating f rom their  respective portion of the pa ren t  
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[RC(OCzH5)OH]+- [M + C&]+ - [R’ + CzH4]+ 

[RC(OHI2]+ e--- [MH]’ - [R‘H21+ 

Class et ai. 

[RCO]’ [MH-XbOH]+ [MH-CH,]’ [ R ’ ] ’  

i M 
PI+ [R‘-(TMS)OH]’ [R ’ -28 ]+  

1 6 

‘Only for  T M S  ethers 

bOnly for  pyrethrates ( X  = CH3), ethyl  esters of IO-ocld 
( x  = C2H5), epoxides and alcohols (X = H )  and TMS 
ethers ( X  = T M S )  

Figure 3. Proposed partial CI-MS fragmentation pathways for 
the rethrins, RC(O)OR’, and their derivatives. Additional ion 
(not tabulated) is [M + C,H,]+. 

molecule. The TMS derivatives lose CH, and (TMS)OH 
as neutral species, resulting in [MH - 16]+ and [MH - 
90]+ fragments, respectively. The presence of the 
[RC(OH), - (TMS)OH]+ ion or of the [R’H, - 
(TMS)OH]+ and [R’ - (TMS)OH]+ ions establishes the 
site of the TMS on the acid or alcohol moiety, respec- 
tively. 

Metabolites of A and the six natural pyrethrins and 
their GC derivatives not available as synthetic stan- 
dards can be tentatively identified by the presence of 
ions characteristic for the intact esters and of ion series 
unique for the modified or unmodified acid and alcohol 
moieties and by the loss of CH, and (TMS)OH in the 
case of trimethylsilyl ethers. The same criteria can be 
used for metabolites modified at  two sites in the mole- 
cule. 

Selenium Dioxide Oxidation of (S)-Bioallethrin. 
Treatment of A with SeO, gives primarily A-10-01 and 
A-10-al. Additional minor products become evident when 
the two principal compounds are mostly removed by TLC 
and the remaining portion is derivatized with BSA and 
analyzed by HRGC-MS (Table 111; Supplementary Fig- 
ure 1). One minor product is considered to be A-9-01 
since its TMS derivative gives a slightly smaller R, value 
and the same CI-MS characteristics as A-10-TMS. The 
TMS derivatives of two additional minor products, ten- 
tatively designated as A-5-TMS and A-6-TMS, show an 
unmodified allethrolone moiety but hydroxylation in the 
acid portion. Three other TMS derivatives are modi- 
fied only in the allethrolone moiety. Two of these com- 
pounds, designated together as A-5’-TMS, give the same 
CI-MS characteristics appropriate for a diastereomeric 
pair. The third, indicated as A-6‘-TMS, is a single prod- 
uct of different CI-MS properties. These tentative assign- 
ments of the trimethylsilyl ethers are consistent with a 
more intense fragment originating from loss of (TMS)OH 
for the TMS derivatives of the secondary alcohols [A-5’- 
TMS and A-7’-TMS (not detected as SeO, product in 
the fractions analyzed)] than of the primary alcohols (A- 

not illustrated, additional SeO, products are observed 
with oxidation in both the acid moiety (e.g., 10-a1 and 
10-01) and the alcohol moiety. 

Microsomal Metabolism of Rethrins. The chrysan- 
themates undergo significant metabolism in the mouse 
or rat liver microsomal incubations only when these sys- 
tems are fortified with NADPH. Mouse microsomes are 

9-TMS, A-10-TMS, A-5/6-TMS, A-6’-TMS). Although 

10 15 
R t ,  min 

Figure 4. HRGC(He)-MS chromatogram of (S)-bioallethrin 
and some of its mouse liver microsomal (1.0 mg of protein) oxi- 
dase metabolites after treatment with diazoethane and BSA. 
Metabolites are characterized or tentatively identified as indi- 
cated in the text. Peaks: A = (S)-bioallethrin; 1 = A-7,8-ep- 
oxy; 2a,b = A-7’-TMS(a,b); 3 = A-7,8-epoxy-7’-TMS(b); 4 = 
A-10-al; 5 = A-5/6-TMS; 6 = A-10-TMS; 7 = A-10-Et; 8 = A- 
10-al-7’-TMS; 9 = A-l0,7’-(TMS),; 10 = A-8’,9‘-dihydro- 
(TMS),. Peaks 1 and 5 contain the indicated metabolite incom- 
pletely resolved from endogenous materials. Some of the uni- 
dentified peaks are normal microsomal components. A-10-Et- 
7’-TMS as a derivative of a urinary metabolite of A 
chromatographs immediately after peak 8. 

more effective than equivalent levels of rat microsomes 
in metabolizing each of A, CI, JI, and PI, which differ 
little in their relative extent of metabolism (supplemen- 
tary Table V). In a direct comparison as cosubstrates, 
the E-8’-photoisomers of CI, JI, and PI are metabolized 
slightly faster than the corresponding natural 2-8’- 
isomers. Mouse microsomal metabolism of the pyreth- 
rates proceeds to some extent without NADPH. Prein- 
cubation of microsomes with PSCP reduces the extent 
of metabolism in both the presence and the absence of 
NADPH. 

HRGC-MS analysis was normally made for incuba- 
tions with 1 mg of microsomal protein to maximize for- 
mation of metabolites modified primarily a t  only one 
molecular site and to minimize endogenous interfering 
peaks. 

Microsomal Metabolites of the Chrysanthemates. 
(S)-Bioallethrin.  A yields more than 10 NADPH- 
dependent microsomal metabolites when the incubation 
extracts are examined by HRGC-MS and HRGC-ECD 
following sequential treatment with diazoethane and BSA 
(Table 11; Figures 4 and 5; supplementary Figure 2). Two 
of these metabolites do not change their chromato- 
graphic properties on treatment with the derivatizing 
agents and are identified by their R,s as A-7,8-epoxy (7R 
isomer) and A-10-al. Eight of the metabolites shift slightly 
in R, values on treatment with BSA, and one is detect- 
able only on treatment with diazoethane; so they are con- 
sidered to be alcohols and a carboxylic acid, respectively 
(supplementary Figure 2). 

Chemical structures of the microsomal oxidase metab- 
olites of A are established or suggested by HRGC-MS 
following derivatization (Tables I1 and 111; Figure 4). Five 
of the A metabolites are identified by having the same 
GC and CI-MS properties as the standards, i.e. A-73- 
epoxy, -10-al, -10-01, and -7’-ol(a,b) and their derivatives 
A-10-TMS and -7’-TMS(a,b) (Table 111). Only the longer 
R, 7,g-epoxide (7R isomer) is detected as a metabolite in 
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Figure 5. HRGC-ECD chromatogram of (S)-bioallethrin and 
some of its mouse and rat liver microsomal oxidase metabolites 
at different protein levels (0.3 and 3 mg) after treatment with 
diazoethane and BSA. Metabolites are characterized or tenta- 
tively identified as indicated in the text. Peak assignments as 
in Figure 4. The 7s isomer of A-7,8-epoxy appears as a shoul- 
der immediately prior to the 7 R  isomer (peak 1) with rat but 
not mouse microsomes. Some of the unidentified peaks are nor- 
mal microsomal components. 

mouse microsomes, but both are detected in rat microsomes 
(Figure 5). A-10-Et is identified following diazoethane 
treatment by its fragmentation pattern. The longer R, 
diastereomer A-7’-ol(b) (analyzed as its TMS deriva- 
tive) is preferentially formed by mouse and rat microsomes. 
A-5/6-01 analyzed as A-5/6-TMS is a minor metabolite 
in both mouse and rat microsomes. Although not illus- 
trated, compounds with GC-MS characteristics appro- 
priate for A-9-01 and A-6‘-01 (as A-9-TMS and A-6’- 
TMS) appear in trace amounts with mouse microsomes. 
A-5’-TMS is not detected by HRGC-MS. A-8’,9’- 
dihydro(TMS1, but not its 7,Bisomer is detected as a 
metabolite following derivatization. 

Several metabolites are detected involving more than 
one metabolic modification, and their structures are con- 
firmed by experiments with the primary metabolites used 
as substrates. The 7R isomer of A-7,8-epoxy is the more 
stable diastereomer when they are individually used as 
substrates in microsomal incubations (supplementary Table 
V). Each 7,8-epoxy diastereomer, as a substrate, yields 
preferentially the longer R, “’-01 metabolite [analyzed as 
A-7,8-epoxy-7’-TMS(b)], which is also detected with A- 
7’-01 as the substrate. This is confirmed by finding that 
A-10-a1 yields two major metabolites on incubation with 
microsomes, one giving A-10-Et on reaction with diaz- 
oethane and the other forming A-lO-al-7’-TMS on reac- 
tion with BSA. The corresponding acid, analyzed as its 
ethyl ester, i.e., A-lO-Et-7’-TMS, is not detected in the 
microsomal preparation. With A-10-01 as the substrate 
the two major metabolites are A-10-a1 and, following BSA 

I 
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Figure 6. HRGC(H,)-MS chromatograms of pyrethrin I and 
its E-8’-photoisomer and some of their mouse liver microsomal 
(1.0 mg of protein) oxidase metabolites after treatment with 
diazomethane and BSA. Metabolites are characterized or ten- 
tatively identified as indicated in the text assuming no isomer- 
ization except as an intermediate step in hydrolysis of the lO’,ll’- 
epoxy compounds. Peaks: PI = pyrethrin I and (E)-8’-PI = 
E-8’4somer of PI; 1 = 7,8-epoxy; 2a,b = 7’-TMS(a,b); 3 = lO‘,ll’- 
epoxy; 4 = 7,8-epoxy-7‘-TMS; 5a,b = 10’,11’-epoxy-7’- 
TMS(a,b); 6 = 10-al; 7 = “PI”-8’,11’-dihydro-(TMS),; 8 = 10- 
TMS; 9 = PI1 and (E)-8’-P11; 10 = “PI”-7,8-epoxy-8’,11’- 
dihydro(TMS),; 11 = 10’,ll’-dihydro(TMS),; 12 = 7,8-epoxy- 
lO’,ll’-dihydro-(TMS),. Some of the unidentified peaks are 
normal microsomal components. 

treatment, A-l0,7’-(TMS),(a,b), which is also formed with 
A-7’-ol(a,b) as the substrate. No diastereomer differ- 
ence is observed in the extent of metabolism of the A- 
7’-01 diastereomers (supplementary Table V). 

Natural Chrysanthemates. CI, J I ,  and PI provide sev- 
eral NADPH-dependent metabolites analogous in GC 
properties, following derivatization, to those obtained from 
A (Table 11). In each case a carboxylic acid metabolite 
is tentatively identified as CI-, JI-, and PI-10-acid by 
treatment with diazomethane and cochromatography with 
the corresponding pyrethrate (CII, JII, PII). Many of 
the major metabolites of CI, J I ,  and PI are interpret- 
able based on their CI-MS characteristics compared to 
those of the A metabolites (Figure 6; Table IV; supple- 
mentary Tables I1 and 111). Analogous metabolites and 
derivatives in the CI, J I ,  and PI series versus A include 
the following: 10-al; 7,8-epoxy; 10-TMS; 7’-TMS; 6’- 
TMS; 7,8-epoxy-7‘-TMS; 10,7’-(TMS),; 8’,9’-dihydro- 
(TMS),. New metabolites from the chrysanthemates with- 
out analogy from A result from the extended alcohol side 
chain in each series, i.e., the 8’,9’- or l0’,11’-epoxide (and 
the 7,8-8’,9’- or 7,8-10’,1l’-diepoxide), and from specific 
modifications for each compound, i.e., 10’-TMS and 7,8- 
epoxy-6’/ 10’-TMS from CI, 6’/ lO’/ll’-TMS from JI, and 
8’,11’-dihydro(TMS),, 10’,ll’-dihydro(TMS),, and the cor- 
responding 7,8-epoxy-dihydro(TMS), derivatives from 
PI. 

Mouse vs Rat Microsomes. The major metabolites 
of A in mouse microsomes involve oxidation at  the 10- 
methyl and 7’-methylene substituents and at  the 7,8 dou- 
ble bond, and there is extensive formation of metabo- 
lites combining these sites of attack (Figure 5). Rat 
microsomes appear to be more selective for oxidation of 
A at  the 10-methyl substituent compared with other sites, 
yielding smaller amounts of metabolites oxidized a t  two 
molecular positions (Figure 5). With CI  and JI the addi- 
tional methyl and methylene groups are hydroxylated to 
a comparable extent. With PI the major site of attack 
with both species is the 10’,11’ double bond, forming the 
lO’,ll’-epoxide and after hydrolysis the dihydrodiols (Fig- 
ure 6). 
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Figure 7. HRGC(H,)-MS chromatogram of cinerin I1 and some 
of its mouse liver microsomal (1.0 mg of protein) oxidase metab- 
olites after treatment with diazoethane and BSA. Metabolites 
are characterized or tentatively identified as indicated in the 
text. Peaks: CII = cinerin 11; 1 = CII-10-Et; 2a,b = CII-7’- 
TMS(a,b); 3 = CII-B’,g’-epoxy; 4 = CII-5/6-TMS; 5a,b = CII- 
8’,9’-epoxy7’-TMS(a,b); 6 and 8 = CII-6’/10f-TMS; 7 = CII- 
5/6,7’-(TMS),; 9 = CII-8’,9’-dihydro(TMS),; 10 = CII-(TMS),. 
Some of the unidentified peaks are normal microsomal compo- 
nents. 

Microsomal Metabolites of the Pyrethrates. The 
principal and almost the only microsomal metabolite from 
each of CII, JII, and PI1 in the absence of NADPH is 
identified as the corresponding 10-acid based on conver- 
sion to the 10-Et derivative on treatment with diazo- 
ethane. With PSCP there is less loss of the parent com- 
pound and less formation of the corresponding carboxy- 
lic acids (supplementary Table V). The metabolites 
detected with each substrate in the presence of NADPH 
are the same with or without PSCP. Metabolites of 
CII ,  J I I ,  and PI1 (Table 111; Figures 2 and 7; supple- 
mentary Table IV) analogous to  those in the chrysanthe- 
mates series are 10-acid, 8‘,9‘-epoxy (from CII  and JII), 
7’-01,5/6-01 (from CII) ,  and various dihydrodiols includ- 
ing the 8’,9’-isomer (from CII  and JII) and the 8’,11’- 
and lO’,ll’-isomers (from PII). New metabolites are the 
5/6,7‘-diol (from CII) ,  8’,9’-epoxy-7’-01 (from CII  and 
JII), l0’,11’-epoxy-7’-01 (from PII ) ,  and lO-acid-g’,g’-di- 
hydrodiol (from JII). 

Ur inary  Metabolites of (S)-Bioallethrin. The uri- 
nary metabolites from both oral and intraperitoneal treat- 
ments, on direct extraction and derivatization with dia- 
zoethane and BSA, yield three distinct HRGC peaks iden- 
tified by CI-MS (Table 111) as A-10-Et, A-lO-Et-7’- 
TMS, and A-lO-Et-8’,9’-dihydro(TMS), (R,  larger than 
other A metabolites in Table 11). A-10-Et is also evi- 
dent in microsomal reactions, but the other microsomal 
metabolites and parent A itself are not detected in the 
urine. The three metabolites detected appear in a t  least 
2-fold higher amounts on treatment of the urine with p- 
glucuronidase (but not with @-glucuronidase in the pres- 
ence of the inhibitor D-saccharic acid 1,6lactone), indi- 
cating that they each exist in part as glucuronide conju- 
gates. Sulfatase treatment gave no indication of any sulfate 
conjugates of these metabolites of A. 

DISCUSSION 

The sites of metabolic attack on the chrysanthemates 
and the metabolites observed for each compound are shown 
in Figure 1. (S)-Bioallethrin was examined most exten- 

sively as the simplest compound within the series. The 
most facile oxidation occurs a t  the 10-position to give 
A-10-01, -lO-al, and -10-acid followed by the allylic meth- 
ylene group to give A-7’-ol with preference for one dia- 
stereomer. Oxidative attack a t  multiple sites is evident 
directly from A and also from intermediary metabolites; 
i.e., A-10-01 and A-10-a1 undergo further oxidations to 
give A-l0,7’-diol and A-lO-a1-7’-01, both of which are also 
formed from A-7’-01. Epoxidation gives specifically (in 
mouse) or preferentially (in rat) a single isomer of A-7,8- 
epoxy. The major epoxyallethrin isomer formed meta- 
bolically is tentatively assigned the 7 R  configuration. A- 
7,8-epoxy-7’-01 is formed from both A-7,8-epoxy and A- 
7’-01. The 8‘,9‘-dihydrodiol is probably formed via the 
8’,9’-epoxy intermediate. Minor metabolites or those only 
tentatively identified are A-5/6-01, A-9-01, A-g-al, and 
A-6’-01 from oxidation at  other methyl groups. 

Enzymatic reactions occurring in the microsomal oxi- 
dase system appear to closely mimic those observed in 
vivo. Metabolites previously noted in the urine of A- 
treated rats are A-10-01, A-10-acid, A-5/6-ol-lO-acid, A- 
lO-acid-7’-01, and A-lO-acid-8’,9’-dihydrodiol (Elliott et 
al., 1972); the second, fourth, and fifth of these oxida- 
tion products are also excreted as glucuronides based on 
the present study. 

The naturally occurring chrysanthemates (CI, J I ,  PI) 
undergo metabolic reactions in mouse and rat liver microso- 
mal oxidase systems anticipated from the pathways dis- 
cussed above with A (Figure 1). Thus, major sites of oxi- 
dation are the 10-,lo’-, and 11’-methyls, the 7’- and 10’- 
methylene groups, the 7,8- and 8’,9’-double bonds, and 
particularly the lO’,ll’-double bond of PI. Epoxidation 
of these double bonds yields 7,8-epoxy, 8‘,9‘-epoxy, and 
lO’,ll’-epoxy derivatives. Epoxides from the alcohol moi- 
ety metabolites readily form dihydrodiols, Le., the 8‘,9‘- 
dihydrodiol from CI-8’,9’-epoxy and the lO‘,ll‘- and 8’,11’- 
dihydrodiols from PI-lO’,ll’-epoxy, which are the major 
metabolites of PI (Elliott e t  al., 1972). In addition, sev- 
eral of the metabolites are formed by oxidation at  both 
the acid and alcohol moieties. 

The pyrethrates (CII, J I I ,  PII) (Figure 2) give one 
major metabolite in common with the corresponding chry- 
santhemates as expected since oxidation at  the 10-posi- 
tion of the chrysanthemates yields the same carboxylic 
acids formed on hydrolysis of the pyrethrates. Esteratic 
hydrolysis of the pyrethrates may involve both A and B 
esterases because it is only partially inhibited by PSCP. 
The acid moiety of the pyrethrates is resistant to oxida- 
tion except a t  a 5/6-methyl substituent whereas the alco- 
hol moieties undergo the oxidation reactions anticipated 
from the findings on the chrysanthemates. The resis- 
tance of the acid moiety of the pyrethrates to oxidation 
may contribute to the formation of 8‘,9‘- or lO’,ll’-epoxy- 
7’-01 metabolites observed with the pyrethrates but not 
with the chrysanthemates. 

Rat microsomal oxidases are more selective than mouse 
microsomal oxidases in hydroxylating the chrysanthe- 
mates a t  the 10-position versus oxidation at  the 7,8 dou- 
ble bond and 7’-position. Rat and mouse microsomal oxi- 
dases also differ in their stereospecificity for metabo- 
lism of the resmethrin isomers (Ueda et al., 1975; Soderlund 
and Casida, 197713). 

The methodology used in the present investigation is 
applicable to other pyrethroids and xenobiotics in gen- 
eral. In studies of an isobutyldienamide insecticide this 
GC-MS approach without metabolite standards led to 
the same conclusions as HPLC analysis with authentic 
metabolites from synthesis (Horsham et al., 1989; Johnston 
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et al., 1989). The rethrins are particularly appropriate 
for the present type of GC-MS study because of their 
ease of metabolic attack a t  multiple sites. When com- 
pared with other pyrethroids on a preliminary basis, the 
rethrins were metabolized more rapidly than the per- 
methrin isomers and particularly than biphenthrin or etho- 
fenprox. 
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NMR data for A, A-10-01, A-10-al, the diastereomers of A-7,8- 
epoxy, A-7’-01, A-B’,9’-epoxy, and A-8’,9’-dihydrodiol, partial CI- 
MS data for CI, CII, JI, JII, and PI1 and their microsomal 
metabolites and GC derivatives thereof, quantitative data on 
the extent of metabolism of A, diastereomers of A-7,8-epoxy, 
A-10-al, A-10-01, A-7l-01, and the six natural pyrethrins in mouse 
and/or rat liver microsomal systems in the presence and absence 
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