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The food antioxidants  butylated  hydroxyanisole 
(BHA) and  butylated  hydroxytoluene (BHT) are shown 
to be metabolized to covalent  binding  intermediates 
and  various  other metabolites  by  prostaglandin  H  syn- 
thase  and  horseradish  peroxidase. BHA was  exten- 
sively metabolized by  horseradish  peroxidase (80% 
conversion of parent BHA into metabolites)  resulting 
in  the  formation of three  dimeric products. Only two 
of these  dimers  were observed in  prostaglandin H  syn- 
thase-catalyzed  reactions. In  contrast to BHA,  BHT 
proved to be a relatively poor substrate  for  prostaglan- 
din  synthase  and  horseradish  peroxidase,  resulting  in 
the  formation of a small  amount of polar  and  aqueous 
metabolites (23% conversion of parent BHT into me- 
tabolites). With arachidonic  acid as the  substrate, pros- 
taglandin  H  synthase  catalyzed the covalent  binding of 
[14C]BHA and [14C]BHT to microsomal protein  which 
was  significantly  inhibited by indomethacin and glu- 
tathione. The covalent  binding of  BHA and  its metab- 
olism to dimeric  products  were  also  inhibited by BHT. 
In  contrast,  the  addition of  BHA enhanced the covalent 
binding of BHT by 400%. Moreover,  in the presence of 
BHA, the  formation of the  polar  and aqueous metabo- 
lites of BHT was  increased  and  two  additional metab- 
olites,  BHT-quinone  methide and stilbenequinone, 
were detected.  The  increased  peroxidase-dependent 
oxidation of BHT in  the presence of  BHA is proposed 
to occur via  the  direct chemical  interaction of  BHA 
phenoxyl  radical with BHT or BHT phenoxyl  radical. 
These  results suggest a potential  role  for  phenoxyl 
radicals  in  the  activation of xenobiotic chemicals to 
toxic metabolites. 

Various peroxidase enzymes have been implicated in the 
bioactivation of xenobiotics (1). For example, prostaglandin 
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H  synthase has been shown to cooxidize a spectrum of xeno- 
biotic compounds, including carcinogens, to potentially harm- 
ful reactive intermediates (2). The majority of these com- 
pounds are cooxidized  by virtue of their ability to serve as 
reducing cofactors for the peroxidase moiety of the enzyme. 
Antioxidants are good electron donors and therefore are likely 
substrates for peroxidase enzymes. 

Butylated hydroxyanisole (BHA)’ and  butylated hydroxy- 
toluene (BHT)  are phenolic antioxidants that  are widely used 
in  the food industry. It has been estimated that man consumes 
as much as 0.5 mg/kg  body weight/day of these compounds 
(3). Although BHA and  BHT  are generally recognized as safe 
by the Food and Drug Administration, several reports have 
established that these  antioxidants  are involved as causative 
agents in a number of toxic and carcinogenic processes in 
animals. For example, BHT elicits the destruction of type  I 
alveolar and pulmonary endothelial cells in the mouse lung 
(4, 5). It has been suggested that BHT-induced lung damage 
is due to  the cytochrome P-450-dependent biotransformation 
of BHT  into BHT-quinone methide (6, 7). BHT also causes 
hemorrhagic death in rats (8) and liver necrosis in  rats  (9) 
and mice (10). In addition, BHT has  a  tumor-enhancing effect 
on a variety of carcinogens in both mice and  rats (11-15) and 
is a hepatic carcinogen in male  mice (16) and  F1 generation 
rats (17). BHA, on the other  hand, is carcinogenic to  the 
forestomach of rats  and hamsters (18, 19),  acts  as  a  tumor 
promoter (14),  and causes hemorrhagic lung damage in rats 
(20). 

Although the above toxic and carcinogenic properties of 
BHA and  BHT have been well described, little is known about 
the exact mechanisms of  how these compounds cause toxicity 
or carcinogenicity. The cytochrome P-450-dependent metab- 
olism of these compounds has been thoroughly investigated 
(21-24), whereas their peroxidase-dependent metabolism has 
not been  well studied. While BHA was previously shown to 
be metabolized by peroxidases to a dimeric product (25-27), 
the metabolism of BHT by peroxidases has  not been reported. 
As such, this  study compares the metabolism and activation 
of BHA and  BHT by  two  model peroxidase enzymes: horse- 
radish peroxidase and prostaglandin H  synthase. We  were 
particularly interested  in  determining if BHT-quinone  meth- 
ide  was formed during the peroxidase-mediated oxidation of 
BHT. Since peroxidases are found in high concentrations in 
certain organs (l), the peroxidative activation of BHA or 

The abbreviations used are: BHA, butylated hydroxyanisole; 
BHT, butylated hydroxytoluene; HPLC, high performance liquid 
chromatography. 
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FIG. 3. Horseradish peroxidase-dependent metabolism of 

BHA. Reactions  contained 1 mM (1000 nmol) BHA, 100 pg of 
horseradish peroxidase, and 0.9 mM hydrogen peroxide in 1 ml of 0.01 
M phosphate buffer, pH 7. The  incubations were carried out at 25 ‘C 
for various lengths of time when they were stopped by the  addition 
of 0.5 ml of 5% trichloroacetic acid. Product  formation was analyzed 
by HPLC, as described under  “Experimental  Procedures.” Points 
represent  the mean * standard error of triplicate  samples. 

BHT could  be relevant to  the extrahepatic toxicity and  car- 
cinogenicity elicited by these agents. 

EXPERIMENTAL PROCEDURES~ 

RESULTS 

The horseradish peroxidase-catalyzed metabolism of BHA 
was investigated using HPLC. In ethyl acetate  extracts from 
these incubations we observed three peaks which eluted from 
the HPLC column at 11 (I), 16 (11), and 23 (111) min. These 
peaks were collected and analyzed by NMR and mass spec- 
trometry to determine their  structures; all three peaks were 
found to be dimeric metabolites of BHA  (Figs. 1 and 2, 
Miniprint). Dimer I1  was identical to a BHA dimer reported 
in previous studies on  BHA metabolism by peroxidases 
(25-27). The major product observed in  our studies, dimer I 
(2,4-dihydro-4-hydroxy-8-methoxy-2-oxo-4,6-di-tert-butyl- 
dibenzofuran),  and  a minor metabolite, dimer I11 (2’,3-di-tert- 
butyl-2-hydroxy-4’,5-dimethoxybiphenyl ether), have not 
previously  been reported as biological metabolites of BHA. 
The time-dependent formation of these  three metabolites, as 
well as  the disappearance of parent BHA, is shown in Fig.  3. 
BHA dimer I was the major metabolite formed, followed  by 
dimers I1 and 111. The formation of these  three products 
accounted for approximately 80% of the disappearance of 
parent BHA. Although tert-butylhydroquinone has been re- 

’ Portions of this paper (including “Experimental  Procedures” and 
Figs. 1 and 2) are presented in miniprint at the end of this paper. 
Miniprint is easily read with the aid of a standard magnifying glass. 
Full size photocopies are included in the microfilm  edition of the 
Journal that is available from Waverly Press. 

ported to be a peroxidase metabolite of BHA (27), none was 
detected under our incubation conditions. 

In reactions using prostaglandin H  synthase we observed 
the formation of dimers I and I1 from BHA, whereas no dimer 
I11 was detected. Both arachidonic acid and hydrogen peroxide 
were capable of supporting the oxidation of BHA  by prosta- 
glandin H  synthase (Fig. 4), indicating that  this oxidation 
occurs during the peroxidase portion of the enzyme reaction. 
When arachidonic acid was used as  the substrate, it was 
necessary to decrease the concentration of BHA to 100 PM 
since we observed that higher concentrations of BHA  were in 
fact inhibitory. 

Covalent binding of chemicals to biomolecules has been a 
commonly  used method to demonstrate the bioactivation of a 
number of xenobiotics. Using 14C-labeled  BHA or BHT in 
prostaglandin H synthase-catalyzed incubations, we observed 
that both  antioxidants covalently bound to microsomal pro- 
tein in a  concentration-dependent  manner (Fig. 5). Covalent 
binding occurred in  the presence of either arachidonic acid or 
hydrogen peroxide as  substrate (not shown). At  equimolar 
concentrations BHA  yielded  more covalently bound product 
than did BHT. At concentrations of BHA above 100 PM, 
however, covalent binding began to be inhibited, while BHT 
covalent binding continued to increase up to 500 p~ BHT. 
Similar concentration-dependent effects of BHA and  BHT 
were observed with 02 consumption as an end point  (not 
shown). 

The effects of indomethacin, glutathione, and various other 
compounds on the prostaglandin H synthase-catalyzed cova- 
lent binding of BHA or BHT  to protein are presented in 
Table I. Indomethacin and glutathione were effective inhibi- 
tors of the arachidonic acid-dependent prostaglandin H  syn- 
thase-catalyzed covalent binding of both BHA and  BHT. At 
a  concentration of 100 WM, ascorbate as well as methimazole, 
propylthiouracil, and  BHT inhibited the binding of BHA. 
Methimazole and propylthiouracil have previously been used 
as  inhibitors of prostaglandin H synthase-catalyzed reactions 

nme (minuter) 

FIG. 4. Prostaglandin H synthase-dependent formation of 
BHA dimer I. Reactions  contained 1 mg of ram  seminal vesicle 
microsomal protein, 1 mM BHA, and 0.9 mM hydrogen  peroxide in 1 
ml of 0.1 M Tris buffer, pH 8. When arachidonic acid (AA)  was used 
as substrate (110 p ~ ) ,  the BHA  concentration was 100 PM. Reactions 
were carried out and analyzed as described in the legend to  Fig. 3. 
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CONCENTRATION (VU) 

FIG. 5. Concentration-dependent covalent binding of [‘“C] 
BHA or [‘%]BHT to protein catalyzed by prostaglandin H 
synthase. Reaction  conditions are described under “Experimental 
Procedures.”  Points  represent  the mean f standard error of triplicate 
samples. 

TABLE I 
Effect of various  agents on  the covalent  binding of B H A  and B H T  to 

protein catalyzed by prostaglandin  H  synthuse 
Reactions contained 50 p~ BHA or BHT (0.5 pCi), 1 mg of ram 

seminal vesicle microsomes, and 100 pM of all test agents  except 
glutathione (1  mM) in 1 ml of 0.1 M Tris buffer, pH 8. Reactions were 
initiated by the  addition of 110 pM arachidonic  acid (AA) and incu- 
bated at 25 “C for 10 min. Values represent the mean & standard 
error for triplicate samples. 

Reaction nmol bound/mg protein % of complete system 

BHA 
Control (-AA) 
Complete  system 

+ Indomethacin 
+ Glutathione 
+ BHT 
+ Ascorbate 
+ Methimazole 

BHT 
+ Propylthiouracil 

Control (-AA) 
Complete  system 

+ Indomethacin 

+ BHA 
+ Glutathione 

+ Ascorbate 
+ Methimazole 
+ Propylthiouracil 

0.19 f 0.01 
6.66 f 0.87 
0.25 f 0.04 
2.08 f 0.12 
2.35 f 0.12 
3.93 f 0.27 
5.20 f 0.16 
4.02 f 0.25 

0.18 & 0.02 
1.65 & 0.09 
0.45 & 0.01 
0.18 + 0.01 
6.63 + 0.31 
1.49 f 0.04 
2.86 f 0.12 
1.40 f 0.12 

100 
1 

30 
33 
58 
78 
59 

100 
18 
0 

439 
89 

182 
83 

(37). The effects of these same compounds on the covalent 
binding of BHT, however, revealed some interesting differ- 
ences when compared to their effects on BHA. Ascorbate and 
propylthiouracil were  weak inhibitors of BHT covalent bind- 
ing,  while  BHA and methimazole enhanced  rather than  in- 
hibited the covalent binding of BHT.  In  the presence of BHA, 
the covalent binding of BHT was enhanced by approximately 
400%. Table I1 illustrates the magnitude of stimulation of 
BHT covalent binding by various concentrations of BHA. 

The horseradish peroxidase-catalyzed metabolism of BHT 
was studied in both the presence and absence of BHA. Using 
HPLC conditions identical to those used to detect dimeric 
metabolites of BHA, no peaks representing BHT metabolites 
were observed whether the reactions were conducted with 

TABLE I1 
Stimulation of prostaglandin  H  synthase-dependent  covalent  binding 

of B H T  by   BHA 
Reactions were initiated by the  addition of 110 pM arachidonic 

acid to  tubes  containing 100 p~ BHT (0.5 pCi), 1 mg of ram seminal 
vesicle microsomes and various concentrations of BHA in 1 ml of 0.1 
M Tris buffer, pH 8. Reactions were incubated at 25 “C for 10 min. 
Values represent mean f standard error of triplicate samples. Note 
that the  prostaglandin H synthase  used in this experiment had a 
higher specific activity than that which was used in the  experiments 
presented in Table I and Fig. 5. 

Reaction nmol BHT bound/mg  protein % of BHT alone 

BHT alone 4.35 f 0.12  100 
+BHA 10pM 11.41 f 0.33  262 

25 pM 14.77 f 0.65 340 
50 pM 14.89 f 0.83  342 

100 pM 15.19 f 0.39  372 
250 p M  16.87 & 0.06  388 
500 pM 5.15 5 0.16  118 

BHT alone or in the presence of BHA. Incubations containing 
both  antioxidants, however,  were observed to  turn yellow in 
color. This metabolite was purified by preparative TLC  and 
identified as stilbenequinone, a dimeric metabolite of BHT. 

The horseradish peroxidase-catalyzed oxidation of BHT 
was also directly monitored by UV-visible spectroscopy. Re- 
action mixtures were repetitively scanned over the UV-visible 
range of  250-500 nm (see Fig. 6A) .  In reactions containing 
both BHA and  BHT, two peaks were observed, one at 300 nm 
(BHT-quinone methide) and one at 460 nm (stilbenequinone). 
In the absence of BHA, no BHT-quinone methide or stilbe- 
nequinone peaks were detected (not shown). The appearance 
of these peaks was time-dependent; BHT-quinone methide 
formed first, followed  by stilbenequinone. The kinetics of this 
reaction are  better  illustrated in Fig. 6B, which  follows the 
formation and disappearance of both of these products over 
20 min. The rate of formation of BHT-quinone methide was 
maximal during the first min of the reaction (42.3 nmol/min) 
and the maximal concentration was reached between 1 and 2 
min. Thereafter, the concentration of BHT-quinone methide 
decreased, reaching a relatively constant  rate of disappearance 
of approximately 0.30 nmol/min between 10 and 20 min. On 
the other  hand, stilbenequinone did not begin to be formed 
until 1 min after the reaction had been initiated, which  was 
the time  point at which BHT-quinone methide concentration 
was maximal. The  rate of formation of stilbenequinone was 
maximal from about 2 min until about 6 min (5.7 nmol/min), 
when it gradually slowed to a  rate of approximately 0.17 nmol/ 
min between 10 and 20 min. Between 10 and 20 min, the rate 
of disappearance of BHT-quinone methide was approximately 
equivalent to  the rate of formation of stilbenequinone (2 nmol 
of BHT-quinone methide forming 1 nmol of stilbenequinone). 
The final concentration of stilbenequinone at 20 min was  30 
p M ,  which represented 30% of the  BHT initially present in 
the reaction. Synthetic  BHT-quinone methide reportedly 
forms equimolar amounts of BHT dimer and stilbenequinone 
upon standing  (38). Small, variable amounts of BHT dimer 
were detected on TLC from a horseradish peroxidase-cata- 
lyzed reaction when [14C]BHT was used. However, we also 
observed that  BHT dimer can be further oxidized to form 
stilbenequinone by horseradish peroxidase in the presence of 
BHA. Therefore, some of the stilbenequinone observed in this 
spectral assay may represent BHT dimer which  was further 
oxidized to form stilbenequinone. 

Prostaglandin H  synthase also catalyzed the formation of 
BHT-quinone methide from BHT in the presence of BHA 
which could be detected spectrally (not shown). In  contrast 
to  the horseradish peroxidase system, no stilbenequinone was 
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FIG. 6. Spectrophotometric  demonstration of the formation 

of BHT-quinone methide and stilbenequinone during  the 
horseradish peroxidase-catalyzed oxidation of BHT in  the 
presence of  BHA. The reaction contained 100 pg  of horseradish 
peroxidase, 100 p~ BHA, and 200 +M BHT in 1 ml  of 0.01 M 
phosphate buffer, pH 7, and was initiated by the addition of 0.9 mM 
hydrogen peroxide. A, scan of reaction products at various time points 
after start of reaction. Absorption maxima: BHT-quinone methide 
(300 nm), stilbenequinone (460 nm). Truces A-D represent scans 
initiated at various times  after start of reaction: truce A, 0 s; trace B ,  
30 s; truce C, 60 s; and truce D, 90 s. Each scan took approximately 
25 s and began at 500 nm. AU, absorption units. B, kinetics of the 
horseradish peroxidase-catalyzed formation of BHT-quinone methide 
and stilbenequinone. Reaction conditions were the same as in A 
except 180 p~ hydrogen peroxide was  used. The formation and/or 
disappearance of BHT-quinone methide (QM, 300 nm) and stilbe- 
nequinone (SQ, 460 nm) were  followed over a time period of 20 min. 

detected spectrally in the prostaglandin  H  synthase-catalyzed 
reactions, presumably because of the higher concentration of 
protein (1 mg/ml) used. If exogenous protein (1 mg/ml bovine 
serum albumin) was added to a horseradish peroxidase-cata- 
lyzed reaction, stilbenequinone formation was greatly inhib- 
ited (not shown). 

In addition to horseradish peroxidase and prostaglandin  H 
synthase, lactoperoxidase was used to investigate the  nature 
of the interaction between BHA and  BHT which results  in 
the formation of BHT-quinone methide. Lactoperoxidase cat- 
alyzes the one-electron oxidation of xenobiotics in a manner 
similar to  other peroxidases (39). However, in the presence of 
iodide, the reaction shifts  to a two-electron pathway. This is 
due to preference of the enzyme for iodide as a reducing 
cofactor. In incubations with lactoperoxidase, in  the absence 
of iodide,  BHA  was necessary to see the formation of BHT- 
quinone methide, similar to horseradish peroxidase and pros- 
taglandin  H  synthase (not shown). However, in the presence 

of iodide, BHT-quinone  methide was formed directly from 
BHT (Fig. 7). When BHA was added to  these incubations, 
the formation of BHT-quinone  methide was delayed. This 
observation suggests that  the oxidized metabolite of BHA 
which enhances the oxidation of BHT is a one-electron oxi- 
dation product (the phenoxy radical) rather  than a two- 
electron oxidation product. 

The prostaglandin  H  synthase-dependent metabolism of 
[14C]BHT was also investigated by TLC.  In Fig. 8 the profile 
of products formed from three  sets of reactions  are shown: 
(a) BHT alone, ( b )  BHT  and BHA, and ( e )  BHT, BHA, and 
glutathione. As shown, with BHT alone (100 pM) less than 
25% of the  parent compound was metabolized. Products de- 

0 

FIG. 7. Effect of BHA on the lactoperoxidase-catalyzed for- 
mation of BHT-quinone methide. Incubations  contained 1 pg/ml 
lactoperoxidase, 200 p~ BHT, 100 p~ BHA (where indicated), and 1 
mM potassium iodide in  a total of 2 ml  of 0.1 M phosphate buffer, pH 
7. Hydrogen peroxide (250 p ~ )  was added to incubations approxi- 
mately 10 s after recording of absorbance began. 
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FIG. 8. TLC of products formed from the prostaglandin H 
synthase-catalyzed metabolism of BHT. Reactions contained 110 
PM arachidonic acid, 100 p~ BHT (0.25 pCi), and 1 mg  of ram 
seminal vesicle microsomes in 1 ml  of 0.1 M Tris buffer, pH 8. Some 
reactions also contained 100 p~ BHA or 1 mM glutathione. 0, BHT 
alone; H, BHT  and  BHA E!, BHT, BHA, and glutathione. A, aqueous 
metabolite; B, covalently bound metabolite; C, polar metabolite (RF 
= 0); D, stilbenequinone (RF = 0.49); and E, BHT (RF = 0.81). 
Chromatograms were  developed on silica gel in heptanehenzene 
(1:l). Total nanomoles BHT present at  the  start of each reaction was 
100. Values represent the mean from at least six reactions. 
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tected were the previously mentioned covalently bound me- 
tabolite and two unidentified metabolites: a polar metabolite 
which  was extracted  into the organic phase  but stayed at  the 
origin of the  TLC plate when chromatographed, and  an 
aqueous metabolite representing counts which remained in 
the aqueous phase. When 100 PM BHA  was added to  the 
reaction the formation of each of these products was greatly 
increased, and  a small amount of stilbenequinone was de- 
tected. The percentage of parent BHT metabolized was in- 
creased from 23 to 85%. In the presence of 1 mM glutathione 
the amounts of aqueous and polar metabolites formed were 
further increased, indicating the probable formation of a 
BHT-glutathione conjugate. Likewise, the amounts of cova- 
lently bound product and stilbenequinone formed were de- 
creased. 

Glutathione  has been shown to play an important role in 
modifying  some of the toxic effects of BHT on rat liver and 
mouse lung (40-42), presumably through  its direct interaction 

;m of BHA and BHT 3961 

1.2 I 1 

O . J A  

I / 
0.6 0.6 . + 100 pM a8n 

0.3 . 

+ 500 pM OSH 

I '  1 
-0.3 4 1 

0 1  2 3 4 5 

1.0 

-z 0.8 
C 
0 
0 2 0.8 

8 

8 
c 

0.4 

9 0.2 

B 

0 4  1 
0 6 12  18 24 30 

Time (seconds) 
FIG. 9. Horseradish peroxidase-catalyzed formation of 

BHT-quinone methide in the presence of glutathione. Reac- 
tions contained 100 pg  of horseradish peroxidase, 100 p~ BHA, 200 
p~ BHT, and 0.9 mM hydrogen peroxide in 0.01 M phosphate buffer, 
pH 7. A ,  various concentrations of glutathione (GSH) were  added to 
reactions just before the hydrogen peroxide. B, effect of glutathione 
on the disappearance of BHT-quinone methide. When the concentra- 
tion of BHT-quinone methide had reached its peak (at approximately 
2 min in A ) ,  1 mM glutathione was quickly added and the rate  of 
absorbance change at 300 nm monitored. The time of addition of 
glutathione is equivalent to 0 s. The absorbance at the time of addition 
of glutathione was 1.0, and approximately 2-4 s elapsed between the 
addition of glutathione and the start of the recording  of the absorb- 
ance changes. 
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FIG. 10. Horseradish peroxidase-catalyzed formation of 
BHT-glutathione (GSH) conjugate. Reactions contained 100 pM 
BHA and/or BHT, 100 p~ [35S]glutathione (0.25  pCi), 100 pg of 
horseradish peroxidase, and 0.9 mM hydrogen  peroxide  in 1 ml  of 0.01 
M phosphate buffer,  pH 7. Incubations were  carried out at 25 "C for 
various lengths of time. BHT-glutathione was quantified by TLC and 
is expressed as nanomoles of GSH equivalents. Values represent the 
mean f standard error for triplicate samples. 

with BHT-quinone methide. Accordingly, we measured the 
effect of glutathione on both the formation of BHT-quinone 
methide as well as  its direct interaction with BHT-quinone 
methide (Fig. 9). When glutathione was present at  the begin- 
ning of the reaction it was able to prevent the formation of 
BHT-quinone methide in  a  concentration-dependent  manner 
(Fig. 9A). 100 PM glutathione  inhibited the rate of BHT- 
quinone methide formation by approximately 50%, while 500 
PM was completely inhibitory. The formation of stilbenequi- 
none was similarly inhibited (not shown). If 1 mM glutathione 
was added to  the reaction mixture after  BHT-quinone  meth- 
ide had already been formed (at approximately 2 minutes 
after  starting  the reaction, a time when the concentration of 
BHT-quinone methide was highest), the peak representing 
BHT-quinone methide rapidly disappeared (Fig. 9B). This 
disappearance of BHT-quinone methide could  be due to either 
the formation of a  BHT-glutathione conjugate or possibly the 
formation of oxidized glutathione  and the reduction of the 
quinone methide back to BHT. The horseradish peroxidase- 
catalyzed formation of a BHT-[35S]glutathione conjugate was 
measured in the presence and absence of BHA (Fig. 10). In 
the presence of BHA almost four times  as much BHT-gluta- 
thione conjugate was formed as compared to  that in the 
absence of BHA. These  data  demonstrate that BHT-quinone 
methide is highly reactive toward glutathione  and that  this 
interaction  results  in the formation of a  BHT-glutathione 
conjugate. 

DISCUSSION 

Both BHA and  BHT have been used to block the actions 
of peroxidase enzymes, including their ability to catalyze the 
oxidation of xenobiotics (43). Surprisingly, the possibility that 
BHA or BHT  are themselves oxidized during such reactions 
has not been addressed. In this study we have investigated 
and compared the peroxidative metabolism of two commonly 
used phenolic antioxidants, BHA and  BHT,  and have shown 
that both horseradish peroxidase and  the peroxidase compo- 
nent of prostaglandin H  synthase  are capable of oxidizing 
BHA and BHT  to reactive intermediates which can covalently 
bind to protein or form dimeric products. In addition, we 
observed a chemical-chemical interaction between BHA and 
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BHT resulting in a significant stimulation of BHT oxidation 
and the formation of the potentially toxic BHT-quinone 
methide. 

From a horseradish peroxidase-catalyzed reaction three 
dimeric products of BHA  were identified, whereas with pros- 
taglandin H synthase only two dimers were found. Two of 
these dimeric products, BHA dimers I  and 111, have not been 
reported previously in biological incubations. In studying the 
metabolism of BHA by horseradish peroxidase and  rat  intes- 
tinal peroxidase, Sgaragli et al. (25) reported the formation of 
a BHA dimer (equivalent to dimer 11). This same dimeric 
product has also been reported by Guarna et al. (26) and 
Rahimtula (27). The formation of this dimer was detected 
using TLC or gas chromatography. In  contrast, we used HPLC 
to separate the products of BHA metabolism, as well as 
different reaction conditions, which might account for the 
fact that we obtained two additional dimeric products. 

Compared with BHA, BHT is a much poorer substrate for 
peroxidase. This is evident from the observations that dimeric 
products are readily formed from  BHA alone but  not from 
BHT alone. In prostaglandin H synthase-dependent incuba- 
tions with BHT alone, only 23% of the parent compound was 
converted into metabolites, compared with approximately 
80% of BHA.  Also, using equimolar concentrations of these 
antioxidants, greater amounts of BHA  were covalently bound 
to protein than  BHT.  The binding of BHT only surpassed 
BHA binding at concentrations of BHA  which inhibited pros- 
taglandin H  synthase activity. This observation is in agree- 
ment with other  reports in the literature which  suggest that 
BHA  is a  better cofactor (electron donor) for peroxidase 
enzymes than is BHT (44). 

The most significant observation from this study is the 
stimulation of BHT metabolism by BHA. We anticipated that 
BHA would inhibit the peroxidase-dependent oxidation of 
BHT through competition for the binding site for electron 
donating cofactors on the peroxidase. Instead, we observed 
that BHA markedly stimulated the covalent binding of BHT 
(400%)  and the formation of BHT-quinone methide and 
stilbenequinone. Although the direct formation of BHT-qui- 
none methide in in uitro incubations has never been reported, 
the quantities of BHT-quinone methide formed in the pres- 
ence of BHA  were of sufficient concentration that we were 
able to observe it spectrally. Previous studies have detected 

this metabolite indirectly through  trapping or directly, using 
gas chromatography-mass spectrometry, in  the bile of rats 
injected with extremely large quantities of BHT (7, 45). 

Fig. 11 summarizes our results on the peroxidative activa- 
tion of BHA and BHT  and also details a possible mechanism 
for the formation of BHT-quinone methide and stilbenequi- 
none from peroxidative reactions in  the presence of both BHA 
and  BHT.  In the schematic, when BHA is present in peroxi- 
dase incubations in the absence of BHT, BHA is metabolized 
to a reactive intermediate (phenoxyl radical), which subse- 
quently dimerizes or covalently binds to cellular macromole- 
cules. In the presence of BHT, however,  BHA is recycled back 
to  the  parent compound. Using HPLC we observed that very 
little  parent BHA (<lo%) was metabolized in horseradish 
peroxidase-catalyzed reactions in the presence of BHT  and 
that  the production of BHA dimers was completely inhibited 
(not shown). We have shown in  Table  I that  BHT also inhibits 
BHA covalent binding by approximately 70%. These data all 
indicate that BHA is not consumed in  these  reactions in the 
presence of BHT. Similarly, in  the absence of BHA, BHT 
was metabolized to a reactive intermediate (phenoxyl radical), 
which  was capable of covalently binding to cellular macro- 
molecules. Previous studies on the  BHT phenoxyl radical 
indicate that  it disproportionates into  BHT-quinone methide 
and  the parent compound (38). However, in our spectral assay, 
we could not detect any  BHT-quinone methide from BHT 
alone (limit of detection was approximately 1 NM). In the 
presence of BHA the metabolism of BHT was enhanced to 
form BHT-quinone methide and  its subsequent dimerization 
product, stilbenequinone. Since BHT-quinone methide is 
highly reactive, its increased formation was likely responsible 
for the enhanced covalent binding of BHT  to protein observed 
in the presence of BHA (Tables I and 11). 

A crucial point in this mechanism is  the direct  interaction 
of an oxidized metabolite of BHA with BHT. Our data with 
lactoperoxidase suggest that  the phenoxyl radical of BHA is 
the species which interacts with BHT. The occurrence of such 
an interaction  has been suggested previously in the chemical 
literature. Using tert-butyl hydroperoxyl radical as  the oxidiz- 
ing species, Kurechi and  Kat0 (46) suggested that  the BHA 
phenoxyl radical may directly interact with BHT. These 
authors suggested that such an interaction is the molecular 
basis for the synergism between BHA and  BHT seen in 
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antioxidation experiments. On the basis of kinetic experi- 
ments on the inhibition of cumene oxidation by BHA and 
BHT, Ivanova et al. (47) also suggested that a rapid one- 
electron transfer occurs between BHT  and  the phenoxyl 
radical of BHA. A similar result was reported for the combi- 
nation of BHT  and 4-methoxyphenol (48). These observa- 
tions  and  our suggested mechanism (Fig. 11) imply the for- 
mation of phenoxyl radicals from BHA and  BHT. Valoti et 
al. (49) have recently demonstrated the formation of the 
primary radicals from BHA and  BHT in a horseradish per- 
oxidase-catalyzed reaction. 

The peroxidase-mediated formation of BHT-quinone  meth- 
ide is of interest from a toxicologic standpoint since this 
metabolite has been suggested to be responsible for the pul- 
monary damage elicited by BHT  in mice (7). The ability of 
BHA to stimulate the in uitro formation of BHT-quinone 
methide suggests that coadministration of BHA with BHT 
may exacerbate BHT-induced pulmonary toxicity in uiuo. 
Indeed, we have recently completed studies which demon- 
strate  that BHA can  enhance the pulmonary toxicity of sub- 
threshold doses of BHT  and  that  this might be due to  the 
increased formation of BHT-quinone methide (50, 51). In 
addition, we have observed that aspirin  inhibits BHT-induced 
lung toxicity in mice: and  aspirin  has also been reported to 
inhibit BHA-induced hyperplasia in  rat forestomach (52). 
These observations suggest that peroxidase-mediated activa- 
tion of antioxidants might be important in uiuo in some of 
the toxic or carcinogenic processes mentioned above. 
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supplementary  naterial to: 

The  Peroxidase-Dependent  Activation  of  Butylated  Hydroxyanisole 

lormation  of  BHT-Quinone  lethide Via  a Chemlcol-Chemical  Intsraction 
and  Butylated  Bydroxytolvcne to Reactive 1ntar.adI.tes: 

David C. Thompson. YoUng-Nam Cha. and  Michael A. TCUsh 

Experimental  ProceduLes 

Hateriais: 
BHA. BHT, glutathione,  methimazole,  prapylthiouracll  (6-n-propyl- 

potassium  lodide,  horreradish peroxidase Itype 1 1 1 .  lactoperoxidase and 
2-thiouraci11r  llthiua a l u m i o ~ m  hydrlde,  lithium aluminum deuteride, 

1101. ASCOrblC  acid  and  BHT  acid i 3 . 5 - d l - t e r t - h u f y l - l - h y d r o x y b e n . o i c  

hydrogen  peraxlde ( 3 0 %  solution) w e r e  obtained  from  sigma  1st.  LOUIS, 

was pucchased  from  Pfaltz  and ~ a u e r  istanford,  CTI.  lndoncthacin  isodium 
acid) w e r e  obtained  from  Aldrich Illilwaukee, WIl. Di-=-butyl phenol 

PA). Arachidonic acid W E %  obtained  from Nu Chek  Prep  IElysian. PIN) .  

trihydratel was a generOuE gift  of n e r c k .  Sharp  and  Dohme  [West  Point. 

IRlng U-l'C) BHA 111.1 mCi/analeI  and BHT 120  aCl/amolei wexe purchased 
from  Amershaa  IArlington  Heights.  IL)  whlle  35S-glutathione  1158  Ci/ 
mlnole) was from New England Nuclear IBostOn, M A ] .  These  compounds w e r e  

> 98% pure a b  determaned  by TLC and  HPLc. 
PHs Encyme  preparation: 

Ram semlnal vesicles wece  obtained  either  from l oca l  Sheep  farmers 
and slaughterhouses o r  from ~ r .  Lawrence marnett,  wayne Stare University. 
Veslcles wece stared  frozen at -80'. Microsomes w e c e  prepared a s  a 25% 
homogenate ~n 0.15 n K C 1  adjusted to  pH 7 . 8  with  dlhasic  sodium 
phosphate.  The  homqenate was spun at 9.000 9 for 20 minutes.  The 
pellet was washed  wlth  0.15 PI ICL  buffer  and spun agaln.  The  combined 
supernatant$ Yere flltered  through  cheesecloth  and  then  spun  at  100.000 g 
for 1 hour. The f l n a l  mlcrosomdl pellet w a s  resuspended ~n 0.15 n K C 1  

buffer at a protein  concentration  Of  approximately 10 mg/ml and  then 

activity of PHS m1crosome6 was measured by monitoring  oxygen Consumption 
rapidly frosen ~n aethanol/dry ice and stored a t  - 8 0 D .  The bpeclfic 

Covalent  Binding Lo Proteln: 
( 2 8 1 .  

m l l i  or arachidonic  acid (110 "111 and allowed  to  pcoceed  far  10  minutes at 

Reactions were initlatad by the  addjtion  of  hydrogen  peroxide  10.9 

25".  Each  tube  contained  0.5  of l'c-labeled BHA or BHT (diluted t o  

the appropriate concentration w ~ t h  cold  antioxidant)  and 1 Rg of ram 
Ienrlnal veslcle nicroJimes in d total volume of  1 nl af 0.1 H Trig buffer 
IpH 8.01. BHA. BHT  and  other test compounds were dlbrolved in DNSO. 

vstcr, or methanol  and  added t o  the  reaction in a volume not  cxCetding 10 

V I .  Thebe  SolVentS  had no effect on the  Covalent  binding  Of  BHA or BHT. 

centrifuqed at 2300 rpn for 10 minutes to  pellet the proteln.  The 

Reactions were stopped by the addlrlon of 4 a1 methanol  and  subsequently 

pellets were repeatedly  extracted w ~ t h  2 ml methanol o r  methanol/ether 
I 3 : 1 1  until no further  radioactxvity  could be extracted  (apprbxiaately 
12-15  washes).  pellets were dissolved in 1 ml of  1 N NaoH by heating at 
60" for 1 houc. A 0.5 m 1  aliquot was added  to 10 ml ACS  IAmerSham) 
scintillation  fluid  and  the  radioactivity  measured an a Packard  Tri-Calb 

determine  protein  concentratlan u s i n g  the  Lowry  pcocedure  1291. 
300 Liquid  Scinrillatlon C o u n t e r .  Another  aliquot (50 011 vas used to 

ldentlflcation and R n a l y S 1 ~  of BHA  Metabolltes: 

blphenyli was synthesized  by  the  method  of  Hewgill  and  Hewitt 1301.  The 
BHA dimer 12,2'-dlol-3.3'~11.I-diaethylethylI-5,5'-d~aethaxy- 

proran nuclear magnetic resonance INIIRI  and ma166 spectra 1151 of  this 
compound  Ideslgnsted BHA diner 11) are Shorn in iiguzes 1 and  2. 
Electron  lmplct p1s analyses were carrled  out by D c .  Catherine Fenselau 
and associates of  the  middle  Atlantlc nabs Spectrometry  Labocatory, a 

Natlclnal Science Foundation  Shared  Instrumentation  Facility, o r  by  the 
University of nlnnesota Mass Spectrometry Service Laboratory.  NnR 
spectra were determined by D r .  LOU-Sing  tan of the  Johns  Hopkins 
U n i v e r s i t y  Biophyhlcs NMR Center  (supported by GPI 275121. 

of a W a t e r s  Associates  Hodel 6000 A solvent  delivery  system  and  Model U 6 R  
injector, a Kzatob SF 169 z variable  wavelength  UV-visible  spectro- 
photomecer,  and a Hevlett  Packard  model 3390 A Integrator.  A  Llchroborb 
Si 60 (10 urn, MerckI r e v e r s e  phase c-18 column and a c-18 guard column 
were used  with  80%  methanol  IiEoCratiCI a s  the  moblle  phase.  The  flow 

PHs were initiated by the  addition  af 0.9 mII hydrogen  peroxide or 110 " n  
rate was Set  at 1 nl/min and  the  UV-defector at 280 ~ n m ,  Incubations  with 

arachidonic  acid and allowed to proceed  for 10 minutes a t  250.  Each  tube 
contained 1 m 9  ram semxnal ~ e b ~ c l e  microsomes and  excher 1 0 0  yfl 

n l  of 0.1 K Trib buffer  (pH 8.0). Incubations  with W R P  contained 100 rg 
iarachidonic  acid) Or 1 RI I  BHA  ihydroqen  peroxide] ~n a total volume o f  1 

HRP li5 Units1  and 1 mM BHA in a total volume of 1 ml o f  0.01 M phosphate 
buffer.  pH  7.0  and were initiated by the  addLtion  of 0.9 m p ~  hydrogen 
peroxide. A 1 1  reactions w e r e  stopped by the  additxan  of  0.5 ml of 58 
trichlaraacetic  acid or 1 N perchloric  acid and extracted  with 3 ml ethyl 
acetdtC. Aiiquors (20 "11 were directly  assayed  for BHA metdbolite8. 
Diner formation was quantlfled  by constructing a standard c u r v e  using the 
synthetic dimer  and by Y s l n g  radiolabeled BHA. Efficiency  of  extractlo" 
YdlJ monitored by spiking  each sample vlrh SO yg d i - G - b u t y i  phenol. 

Plerabolltes Of  BHA were defected u h l n g  HPLC.  The  system  consisted 

Upon  HPLC  analysis  of  the  horseradxrh  peroxidase-catalyzed  reaction 
for  BHA  metabolites.  three  peaka were detected: 11 minutes I I ) ,  16 
minutes (111 and 23 minuter 11111. The  peak  at 1 6  minutes  coeluted  with 
synthetic BHA  dimer. TO ldentlfy the other  two  metabolites,  the HRP 
reaction was proportionately  scaled  up  and  the  three  products  separated 
and  collected  using a semi-prepacative  HPLC column i l 0  X 250 mm RP-18 
Hibar ,  7.5 pm, Merck) and similar  chromatographic  Conditlons  except  the 

products  Under  these  conditions were 18, 23 and 31 minutes,  respectively. 
flow  rate was lncreahed t o  2 ml/mln. The  retention  times  for  the  three 

and p1S analysis.  The  NKR  and M S  for  the  three  metabolites ace shown in 
The metabolite. were collected, vacuum evaporated  and  subjected  to NMR 

assigned  based  an t h e m  spectcal analyses. The  spectrum  for  Compound 11 

Figures 1 and 2 and  the  dimeric  strwCtUreS  illustcated i n  Figure 1 WeCP 

was identical  to  synthetic  BHA  diner. Dimer I was also  subjected  to 
infrared  8pectrDscopy  whlch  revealed an absorption  hand at 1645 m 

Identification  and  Analysis  of  BHT  uetabolitea: 
confirming  the  presence  of a carbonyl  functlonai  group. 

Stilbenequinone 13.5,1'.5'-tetra-~-butyl-stilh~~=-4.4'- quinone) 
was synthesized  according to the  method of Cauh e t  a 1  1311. The 
UV-vlslhle  spectrum  Iin  hexane)  showed a maximum at 4 4 5  nm with  two 
5maller shoulder  peaks at 418 and  395 na. BHT dlaer  (1.2-bi6-[3,5-di- 
tert -butyl -C-hydroxyphenol I -ethane)  vas Prepared by the llthlua aluminum 
hydride  reduction  of  stilbenequlnone a b  described by Yohe et a 1  132). 

qroup are replaced  by  deuterium, w a s  prepared  by  the  reduction  of  the 
Deuterated  BHT  Id3-BHTl, in whlch  the  three  hyOcogenb on the C - 4  methyl 

procedure  of  nizutani  et a 1  ( 7 1 .  TIC  crude  pr0duct was purified  by  flash 
methanol  ester  of  BHT-acid by lithium aluminum deuterlde  following  the 

melysib revealed  the  isotopic  purlty  of  the  deuterated  Compound  to he 

Chromatography Isi1ica qell using benzene/heptane 11:11 a s  eluent. ns 

greater  than 9 9 % .  BHT-quinone  methide was synthesized  accocdlng  to  the 
method  of  Becker 1 3 3 1 .  ~H~-quinone  methide has a strong  ultrav~01et 
abborption at 285 na and in concentrated S O ~ U Z I O ~ S  I >  10'2n) wlll 

dimerize i 3 0 .  Identification of  BHT-quinone  methide was based on ~ t r  

and BHT diner  from  concentrated  solutions. 
ultraviolet  absorptian in i 6 m C L a n e  and  the  formation  of  stllbenequinon~ 

Metabolites  of BHT were analyzed by HPLC,  TLC  and  UV-viblble 
Spectroscopy. While dimeric  products of BHA  could  be  detected  using HPLC. 

discussed  later,  BHT  only  formed  detectable  dileric  metabolites 
no dimeric  products  of BHT were detected using this  method.  Ab vlll be 

ihtilbenequinonei in the  presence  of BHA. Sinee  stilbenequinone  doer nor 
absorb in the  UV reqion but is earlly  Separated on TLC. we measured  BHT 
mtab01ism using "C-BHT and  TLC.  Reactions  contained  0.5 yCi I'C-BHT 
i l 0 0  OM total  BHT)  and 1 mq ram seminal v e s i c 1 ~  m i ~ r ~ h ~ m e s  in a total  of 

110 uM arachldonic acid. In additLon. some ceaction6 contained 100 OM 

1 a1 of 0.1 PI TciS buffer IpH 8.01.  and were ihitiated by the  addition  of 

BHA O <  100 PPI BHA  and 1 nM glutathione. Reactions were terminated by the 
addition  of  0.5 a1 of  58  trichloroacetic  acid.  The  incubation  mixtures 
were extracted  with  5 x 2 ml ethyl  acetate  and  then  evaporated  under 
nitrogen. The  rebldues wece dissolved in benzene  and a small aliquot 
spotted on a Dllica g e l  plate  ISi25OF-PAl19Ci.  Baker1  and  developed 15 c m  
in heprane/benrene  1l:ll.  The Rf values of standards  and  metabolites 
Yere: polar  netabolitelri - 0.0; Stilbenequinone - 0.49; BHT  dimer - 
0.70; BHT - 0.81. Pcodwtb were viwallred by iodine  vapor.  scraped  and 
counted  for  radioactivity. 

Reactions  contained 1 0 0  PPI BHA andlor BHT, 1 0 0  VII 10.25 u c i ~  of 35s- 
glutathione  and 100 eg HRP in 1 ml of 0.01  I phosphate  buffer.  p~ 7 . 0 .  
Reactions w e r e  initiated by the  addition of  0.9 mII hydrogen  peroxide  and 
allowed to incubate  for various lengths of  tine at 25'. R ~ ~ C L ~ O ~ S  were 

stopped  at  the  indicated  times  with 4 mi methanol  and  evaporated  under 
nitrogen. The  residues were redissolved i n  100 (rl methanol  and an 
a1Iquot  spotted on a sllicl gel plate  and  developed  15 cm In n-butanol/ 
erhanol/wster 12:l:ll 1351.  The  Rf v a l u e  Of  the  BHT-glutathione 

glutathione  conjugate vas accomplished by running parallel  experiments 
conjusate X I S  0.55. The  preliminary  identification  Of  this  compound a s  a 

incorporating  either 14C-labeled BHT or 35S-labeled  glutathione. 

The formation  of BHT-glutathione conjugate vas also meaeured by TLC. 

A  Beekaan  DU7  apectrophatoneter o r  Hevlett  Iackard  84501  diode  azray 
spectrophotometer was used  to measure the  direct  formation  of  BHT-quinone 
nethide  and  stilbenegulnone.  Reactions  Contained 100 yq HRP 115  units), 

phosphate  buffer,  pH 7.0. ~ n c u b a r i a n s  with l a ~ t o p e c o x l d a ~ ~  contained 1 

0.9 RM hydrogen  peroxide, 100 Y M  BHA  and 200 #PI BHT in 1 m 1  of 0.01 M 

#g/ml lactoperoxidase. 1 0 0  OM BHA, 200 YM BHT, 1 mII potassium  iodide  and 
250 P M  hydrogen  peroxide 1" the sane buffer a s  the HAP incubations.  The 
rate  of  formation  of  BHT-quinone  methide was measuced at 300 nm using an 

extinction  coefficient of  21,0Oo/n/cm 1 3 3 1 .  Identification of the 
reaction product I300 om) a s  BHT-quinone methide  1285 nm in organlc 
solvents1 vas based  on  the  following  observations: a1 When the product 
formed in aqueous solution w a b  extracted  wlth  hexane.  the  absorbance 
shifted  back  to  285 nn and gave a spectrum  identical  to  the  synthetic 
BHT-quinone methide,  b)  upon  standing l o r  allowing the  reaction  to 
Continue)  the  product  formed  BHT  dimer  and  stilbenequhnone,  two  compounds 
known  to Cesult from  the  dlmeriration  of  BHT-quinone  methide 1 3 0 ,  c l  

deuteration of BHT  dramatically  slowed  the rate of formation of this 
product  irate  of  BHT/d3-BHT was 2 . 6  for  BHT-quinone  methide  and 4 . 7  for 
stilbenequinone).  and  finally  d)  glutathione  blocked  the  formation of 
product  in  the  this  reaction  and also caused  the  rapid  disappearance  of 
prevloubly  formed  product  18mdlately  upon  its  addition  to  the  reaction 
mxture,  leading LO the formation of a BHT-glutathione  conlugate I s e e  

results  bectionl. 
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s ~ m ~ l a r l y ,  we observed a spectral  shlft in the  absorbance  rnaxi~um 

for  stilbenequinone  from  445 m Ihexane)  to 460 nm in aqueous solution. 
The  rate  of  formation  of  Stllbenequlnone was measured at 460 nn using an 
ertlnction  coefficient  of 12.000/M/cm (361.  Stilbenequinone.  formed  from 
the  above  HRP-catalyzed  reactions  with  BHA  and  BHT, vas extracted  and 
pullfied  using  preparative  TLC (1 mm platen,  Kieselgel  60  F254S. n e r c k )  
and  compared  to  the  synthetic  stilbenequinone  (uv-vis  spectra. ns and 
NIIRI to  confirm  the  identity  of  this  pcoduct. 
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rigurc 1. Proton nuclear magnetic resonance spectra of BHA  metabolites 
resulting  fromlsn  HRP-catalyzed  reaction.  The  three  BHA  metabolites  had 
the  following H NnR spectral  characteristics.  Compounds were dissolved 

silane. Each spectra  also contains an expansion  of  the aronatlc region. 
in  CDC13. Chemical  shifts are listed a 6  ppm,  relative to tetranethyl- 

BHA  diner I - 1.34 - e ,  9 ~ .  !-butyl 
1.44 - P, 9H. !-butyl 

6.25 - s, IH, hydroxyl 3.77 - h ,  3H.  methoxyl 

6.50 - d. 1H. vinylic 
6.61 - d. 1H. arornat~c 
6.13 - d, 1H. aromatic 
1.00 - d, 1H. vinylic 

BHA  dimer I 1  - 1.43 - B, 188. t-butyl 
3.78 - b, 6H.  mithaxyl 
4.99 - h ,  2H. hydroxyl 
6.62 - d. 2H.  a ~ o m a t i c  
6.96 - d. 2H. aromatxc 

,.* 

- .  . . , , . . . . 
100 , 0 SO 100 150 200  250 300 3SO 400 

I I  

2.7 

102 

L ,  
loo 0 SO 100 150 200 250 300 3SO 400 

1 I I 

0 SO 100 150 200 250 300 350 400 

BHA  dimer 1 1 1  - 1.42 - s, 9H. !-butyl 
1.44 - D, 9H. I-butyl 
3.64 - I, IH, nethoxyl 
3.80 - I .  3".  aethoxyl 
5.60 - s, 1H. hydroxyl 
6.18 - d, 1H. acomatic 
6.59 - d. 1H. acomatic 

6.15 - d. In. aromatic 
6.66 - q. 1H. aromatxc 

6.96 - d. 113, aromatic 


