Testrogenic Activity of PDT  nalogs and Polychlorinated Bip' yls
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Beeause of the geometric similacity of DDT to the
synthetic estrogen, stilbeatrol, DDT and 52 related
compounds were tested in o sensitive estrogen assay
in rats.  Estrogenic activity was evaluated using the
18-hr glycogen response of the immature eat uterus.
Diphenylmethane, diphenylethane, and triphenyl-
methane compounds were active when @ p- of p’-posi-
tion was unaccupicd or occupicd by an hydroxy or
mcethoxy proup. Halide or alkyl groups in the p.p’-
positions rendered the compounds inactive.  Poly.
chlorinnted  biphényls and polychlorinated  tei-

henyls, compounds which are environmental pol-
utants of industrial origin. were estrogenically
active. Phenolphthalol and phenolphthalen, com-
pounds which are used as laxatives in drug prepara-
tions, were also estrogenically active since they con-
tain the appropriate p.p‘-dihydroxy structures.
Sterco models indicated that p,p’-dihydtoxy come
pounds of the active nuclei would have internucicar
distances of the hydroxyl groups which would ap-
proximate those of the natural steroidal estrogens
and the synthetic stilbene estrogens,

sive 117-page review of the synthetic estrogens and the
- pelation Letween their strusture and activity, I the
25 years since Solmssen's review, DDT, a chiorinated hydro-

3

]' n 1945 Solmssen published an cxecllent and comprehen-

{p-chlorophenyl)ethylene:  p,p'-DDMU,  1-chloro-2,2-bis-
(p-chlorophenyl)ethylene;  and p,p"-DDA, 2,2-bis(p-chioro-
phenybacetic acid.

Table Il: 0,p"-DOT, 1,1,1-trichloro-2-(p-chlorophenvi)-2-
(o-chlorophenyl)cthane; o,p'-DDE, 1,1-dichloro-2+(p-ctloro-

carbon with a geometric similarity to the sy gens,
has been widely used throughout the world for pest control.
Fhe revent demonstration by Welch er al. (1969) of the estro-
penie activity of n,p-DDT and ur own investigations (Bit-
muan ¢t al., 1963) have prompted us to investigate a serics of
DDT anulogs, homologs, and structurally reluted compounds
in fn attempt 10 determine relaticenships of structure to estro-
genic achivity,

’
METHODS

We used the sensitive 18-hr glycogen response of the rat
uterus as o measure of estrogenic activity (Bitman er al.,
1968). The potency of active compounds is reported in
terins of the minimal subcutancous dose which will increase
plycogen to a level significantly dilferent fron¥ control. The
18-he glycogenic respansc is illustrated in Figure 1, in which

the dosc-response curve for 0,p'-DDT is represented. The

steeper response line for glycogen, as compared to ulerine
weight, is readily apparent, "

Test substances wete dissoived in olive oil or an aqueous
ethanol solution and injecied sut ly at ing
dose rate of 8 mg per rat.  Immature female Wistar rat
(21-23ays old; 36- 48 g) were killed 18 hr aftor the injection;
uteti wete quickly excised, weighed, and analyzed for glycogen
by the anthrone procedure (Seifter er al., 1950).  Substances
showing nctivity were tested further at dosage levels to 0.05
mg.  Statistical comparisons were made using Student’s t test
with cotrection for unequal group size.

ANBREVIATIONS )

Table 11 pp-DDT,  1.1,1-trichloro-2,2-bis(p-chloro-
phenyliethane; Tetrachloro-DOT, 1,1,1,2-tetrachloro-2.2-bis-
(p-chlorophenylethane:  p.p’-DFDT, 1,1, 1-ttichloro-2,2-bis-
{r-Muctopheny l)ethane;  p.p’-Perthane,  1,1,1-trichloro-2,2-
bisgrethy Iphenytethane;  p.p’-Kelthane, 1,1.1-trichioro-2.2-
bis(p-chlorophenyliethane;  pp*-DDTF, 1,1,1-trifluoro-2,2
bis(p-chlorophenyl)ethane; p.p'-DDD, 1,1.dichloro.2,2-bis
(pchlorophenylethane;  pp’-DDE, 1,1-dichloro-2,2-bis-
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phenyl),2(o-chlorophenyl)ethylene; 0,p'-DDMU, 1-ct loro-
2-(p-chlorophenyl), 2<{o-chlorophenyl)ethylcne; o,p’-DDD,
1,1 -dichioro-2-(p-chlorophenyl), 2 - (0 - chlorophenyl)ethane;
m.p'-DDD, 1,1-dichloro-2<p-chlorophenyl),2-(m-chloro-
phenyllethar.e and p,p/-Mcthoxychlor, §,1,)-trichlora-2,2-his.
(p-mcthoxyphenyli)ethane.

Table 1IF: C d 20, 1,1-Diphenylmethane: 21, 1,1-
Dichloro-1,I-diphenylincthane; 22, 1,1-bis(p-bromophenyl)-
methane; 23, 1«(phenyl)-I-(p-hydroxyphenybmuthane; 24,
1,1-bis(p-hydroxyphenyhmethane; 25, 1-(p-hydroxyphenyi)-
1(p-methoxyphenyl)methane; 26, J-(phenyl)-1-(p-racihony-
o-hydroxyphenyDmethane; 27,  1,l-bis(o-hydroxyphenyt)-
methane; 28, 1,1-bis(o-hydroxy-m-chlorophenyi)methane;
29, i«(phenyl)-1-(p-chloropheny!)-l-methanol: 30, 1,1-bis(pe
chlorophenyl)-1-methanol; 1), 2,2°-dihydroxybenzophenone;
32, 2,4-dihydroxybenzophenone; 33, 4,4'-dihydroxybenzo-
phenone; and 34, 2,2'-dihydroxy-d,4’-dimethoxybenzophe-
none.

Sources of the compounds used in this study were:  Nos.
4, 5, 16~-Rolun and Haas, Philadclphia; 9, 13—Dr. G. F,
Fries, U.S. Dept. Agr., Beltsville; 17--E. K. Du Pont de
Nemours & Co,, Inc., Wilminglon; 18— Sigma Chemical Co.,
St. Louis; 24, 27, 35, 42--K & K Laboratories, inc., Plain-
view, N.Y.; 38~ Enstman Kodak Co., Rochester; 43-53-~
Monsanto Co., St. Louis. All other compounds were pur-
chased from the Aldrich Chemical Co., Inc., Milwaukee.
Purity, as given by the manufacturers, was better than 99%.

RESULTS AND DISCUSSION

The natural estrogens are steroids which contain a phenolic
ring A and an oxygen function at the C,; position, while the
synthetic estsopens, which are stilbene derivatiyes, contain
two phenolic rings (Figure 2). It is apparent that active
estrogenicity is dependent upon the presence of at least one
phenolic hydroxy ring structure,  In most ¢strogen tests these
compounds are active in the microgram or submictogram
range. N

In contrast to this, the chiovvinated hydrocmbori pesticidus
related to DDT arc only active as estrogens in mitligram
amounts, a 1000-fold difference. The DDT annlogs arc not
phenolic, but they may give rise to aromatic phenolic sub-
stitution during metabolic conversions in the aninwl.  The
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Figure 1. Dosc-responsc relationship: uterine welght, glycogen, and 0,p’-DDT

DDT analogs are compounds of the diphenylethance type
{Figure 2).  Other analogs tested were compounds of the di-
phenyimuethane or triphenylmethone serics.  We have also
eximited polychlorinated biphenyls and polychlorinated trie
phenyls, compounds which huve become increasingly ime

which the p,p’-positions are occupicd by halide or alkyl
groups. Almost all were devoid of estrogenic activity; pp'-
DDT (cnpd 1) and tetrachloro-DOT (cmpd 2) exhibited a
slight glycopenic response. Tt appears that halide of alkyd
substitutions in the p,p’-positions were stable, and during mu-

plicated as eavironmental pol! of ind | origin.

We Juwe not included in this study uny steroids, syathetic

esteopens, or anti-estropens of the stilbene structure, and have
excluded almost wil compounds of the coumarin, isoflavone,
anthracene, and phicnnnthrene (ype,

DIPHENYLETHANE COMPOUNDS -

pp"-Positions Occupied by Valide or Alkyl, The com-
pounds evalunted in Table I ac Jiphenylethane derivatives in

Table ), Diphenylethane Compounds with p,p’-Positions
Oceupied by Iatide or Alkyl Groups
R
xO-<~Ox
- Ili’ . )
. Acibity
Groups M.E.D.*
No, X R R’ Name mg
1 q H -CCh pp-DDT 4
2 Q ¢l --CCl,  Tetrachloro-DDT
3 F i —CCh pp"-DFDT g
4 CHCH, H —CCh  pp'-Pecthane r
s € O —CClL  pp-Kelthane 3
6 Cl H --Ck 2.0-DDTE »
7 Q H —CHCl pp-DDLD »
8 ‘Cl ... =CCh p,p"-DDE . »
y a ... =CUHCl  pp-DDMU ¢
w oo H  —COOH pp"-DDA P

SMED, = minimum eflective dose. *} w inoetlve,

bolism in the animal body, little if any p,p’-phenolic hydroay
compounds are produced.

- ot p,p’ Position Occupied by —H or —OCI,. Whenone of
the pura positions of the aromatic ting is substituted by a hy-
drogen or methoxy group, the compound cxhibils estrogenic

- activity (Table 11). Potency is of a low order of magnitude,
being approximaicly 1000 times less active than compounds of
the stilbene serics, but is similar in potency to coumarin and
isoflavone ¢strogens (BickofT ¢f afl., 1960). The minimum
effective dose (MED) of dicthylstilbestrol which elicited a
glycogen response was 0.1 pg, as compared to the most active
compound of Tabie II, 0,,"-DDT, empd 11, whose MED
was 0.25 mg. .

The phenolic character of the natural and synthetic estro-
gens has demonstrated the dependency of cstrogenicity upon
the presence of a phenolic structure.  The arommatic rings of
the active compounds of Tabic 11 arc open, i.e., they have 8
p- of p'-position occupicd by —I1 and may give rise to phenolic
substitution during metabolism. There also appears (o be a
requirement for the cthane chain to be incrt, i.e, either the tri-
chlorocthane (*CH-CCly) or (he vinyl halide grolp (>C=
CCl:) must also be present (empds 11, 12, 13),  Thus, cmpds
14, 15, and 19, containing more reactive 2-carbon chain con-
figurations, arc inactive, even though onc of the aromatic rings
could be hydroxylated to the phenolic structure. We have
concluded that rapid in vico metabolism of Ihese compounds is
tesponsible for theit lack of activity,

In the stilbestrol series (Solmssen, 1945) and in the coutmarin
scrics (Bickofl es al., 1960) of estrogens, p,p’-dimcthoxy com-
pounds arc less active than comparabie p,p’-dibydroxy comn-
pounds.  In the chloninsted diphenylethane series (Table 1i),
the pp'-tucthogy campound, methoxychlor (cnpd 17} was
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. Table 11,

Dighenylewiane Compounds with p- or p’-Position Occupicd vy —H or

. R
@@

—0cCtl,

Activity
Groups, M.E.D.
No. ? rk e R R Name mg
H -~ Cl H -CCl, 0,0-DDT 0.2
12 H a cl wCCly 0.p"-DDE 4
Al H a (o] . ==CHC] 0,p-DDMU [
" M < ci H ~CHCl, 0.p'-DDD »
15 . N (o} m-Cl H ~CHCl, m,p'-DDD [
16 " H H H H -CCl,y |,l,|-Tricl\|or>7.1-bi$(rhcnyl)zlhlnc 1
Tl OCH, OCH, H H —CCly Pup’-Methoxychlor 4
18 OCH; OCH, H H ~CCly Tech. Methoxychlor (p.p"- 4 0.p") 1
19 H H o-Cl H ~CHO 2,2-Bis(e pheny 13

o MLEED. = minimum effective dose. "} = inactive.

appwxmmlcly as active as olhex fompounds which might give

The most active compound was p,p’-dihydroxydiphinyl-
hane which elicited a glycogunic response at the 1 mg dose

vise to phenolic hydroxy sub n on boli Tech-
nical methoxychlor (cmpd 18), which may contain an o,p’-
methoxychlor, was four times more active than pure p,p'~
methoxychlor. .

DIPHENVLMETHANE COMPOUNDS:
I)(.hLOI'lIL.\OhL COMPOUNDS

level. Solmssen (1945) reported activity for this cornpourd at
the 100 mg [evel, but the differences in bioassay procedures
could cxplnin part of this diference in result.

In the di ylethane series, comy Is with a p-hydrogen
Ind a slablc cthanc chain were metabolized to active estrogens,
ining & p-hydroxy structurc. In contrast, di-

F Y
+ teneth

A serics of diphenylmeth pounds was ined to
determine stiuctural coreclates of cstrogenic activity (Table
H1).  Active compounds contained cither one or two p-hy-
droxy or p-methoxy groups (cmpds 23, 24, 25, 32, 33, 34),

2

Tablc 111, Diphenyhncthane Compounds;
Bcnmphenune Compounds

PC}—C—OP *@"@p

Activity
Growps M.ED.
No. » 7 R LY mg
Diphenylmethane derivatives
20 H H H H ©
2 H H Cl c »
27 B Bt H H »
2 H OH H H 2.
24 on on H \ H 1
sd OCH, OH H H 4
% - OCH, H R ‘H »
b " H H H g
28¢ " H H H »
29 H Cl H on »
30 [a} (o] H OH r
3 H H e o r
DBenzophenone derivatives
%2, n on - - 2
B on OoH 2
. M OCH, OCH, v vee 4
D, = minimum effcctive dose. *1 = inactive. tbis(o-hy-
dmly»henyl)n-nelhnne 4 bis(o-hydrony, m-chlorophenyl)methane.

", U0 3 AGR. FOOD CHEM., VOL. 18, NO. €, 1970
L.

ds with a p-hydrogen were not active,
probably being metabolized rapidly at the mcthane linkage
and excreted from the body.

Benzophenone derivatives, which contain the more stable
ketone structure at the methane carbon, were active if o
p-hydroxy was present (Table EHI).

DIPHENYL PROPANE COMPOUNDS:
TRIPHENYL METHANE COMPOUNOS

Two diphenylpropane compounds were active (empds 38
and 36), the p,p’-hydroxy compound exhibiting much greater
activity than a p,p'-dimcthoxy compound. Dihydroxy di-
phenyl propane (cmipd 35) was as active as 0.p’-DDT,  Solms-
scn (1945) found that this compound was aclive at » 100 mg
dose level.

Since the p,p’-dihydroxy structure appeaccd to be the struc-
ture conferring activity, phenolphthalol, a-phenyl substituted
diphenylmethane p ¢ ining p,p’-dihydroxy groups
was tested.  Phenolphthalol was as potent as any compound
of the types studicd. Ring closure, as in phenolphthalein,
resulted in a 20-fold loss in potency. These compounds are
not known to have estrogenic activity and ate extensively
uscd as laxatives in & number of drug preparations.

In Table [V two miscellancous derivatives which bear some
relation to clOsed ring diphenylmethane structures are in-
cluded: fluotene and 9,10-dimcthylanthracene,  Both of
these compounds were inactive when tested at dose levels up to
8 mg per rat,

BIPHENYL AND TRIPHENYL COMPOUNDS '

Two hydroxy biphenyl compounds were active but only at
the 4 and 8 mg dose levels (Table V). In a scries of poly-
chlorinated biphenyls, the compounds containing up to 48%
chlorine were active.  A: judped from gle chromatograms,
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Figure 2.  Structural formulae of cstrogenic ~ompounds N .
. '
these products arc crude mixluu-s\ containing a number of
compounds, A polychlorinated triphenyl containing 42%
chiorine was found to be more active, at a | mg dose level. ’l‘n}vlc IV, Diphenylpropane and
Triphenylmethane Compounds
CORRLLATIONS DEYWLLEN CHEMICAL STRUCTURE - " Activity
AND OLOGICAL ACTIVITY . M.E.1.e
Schueler (1946) and his coworkers (Fisher e al., 1952; M. Formua Name "8
Keasling and Schucler, 1950) have theorized that a rather 15 f"s 22Bisphy.  0.25
tacge, tigid, lipoid soluble moleculnr struciure with two active no@-c—@oﬂ droayphen-
hydropen-bond forming groups located at an optimum dis- ' & yh)propane
tance of 14,5 A units fiom cach othes would be estrogenic. - 2
"llmy further stated that potency is decreased as the distance 36 H,C1 l.;~§)i::h:wo- 4
tween proups is decreased or increased. v2-bis( -
While IDT possesses o relatively large, rigid, lipoid soluble c”’:.‘.@‘j _@:CN' ':":::";"y'l
molecular constitution, it docs not present active hydrogen . He T phenyl)>
atoms at the hypothicsized optimum distance of 14.5 A, how- HO, OR propane
ever,  The presence of the electronegative chlorine atoms in @ ")@
the p.p"oricnations would prohibit the existence of active 2 ¢ Phenol: 0.2
hydrogen. 3 these p,p* chiorine atoms were metabolized to @cn,ou phthalol '
froups posycssing active hydrogen, the possibility of cstrogen

#ction would exist, The general leck of estrogenic activity of
,p’-LDT analogs suggests that such metabolism does not
okcur readily in the biologicel situations studied thus far.

Comversely, the activity of o0.p-DDDT raises interesting
theorctical selatiouships b hemical itution and
estropenic activity, The o,p’ chlorine atoms ate not at the
h)l:o(hc&kcd oplimum distance. The exact nature of the
Betive estragen structure arising from o,p’-DDT, if it is not
O -DDY jtnelf, might provide important information relating
o lhu‘;pnlial configuration of an aciive estrogen.

l')lﬂdinn Stercomodels were constructed of many of the
Sctive structures to detes mine whether consistent stereochemi-
€al factors were present, Internucicar distances were mea-
suted wnd were given in Figure 2 for both O to O atoms of
tssumed dihydroxy compounds, and for the H to H distance
of the hydroxyl groups. Interatomic distances for the Preid-
"8 models of esbane mid stiflene were found 1o be mch
L.

L} .

® - Puencl. 4 S
= phthalcin o
@-c-o i a
- . ]
o
¥ @.@ Fluotene »
2]
3
40 Sty 9,10-Dimeth. 1 z
ylanthro-
CK, cene

* M.E.D. ~ minimum cflcciive dose. 1 = inactive.
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- Table V. Diphenyl and Triphenyl Compounds

OO0

Activity
ME.D*
No. Name mg
 mintanal 2.2".Bihyd cbanyl 4
0.0"-Dif g ydroxydip
& oo hohenal 44 Dibydrorydiphen :
l'ob:h(onnaled
Dipheny) (PCB)

43 PCB Aroclor 1221 21% Chiorine [ 1
49 PCD Aroclor 1232 327, CI '
45 PCD Asoclor 1242 42% C H
46 PChH Aroclor 1248 48% C1 ]
47 PCO Aroclor 1254 543 Cl »
43 PCH Aroclor 12607, 6074 C1 »
49 PCB Asoclor 1262 62% CI P
"7 0 PO Areclor 1268 687 Cl . »

sI I'Ch Arcclor 4465 0%, I'C13, 40%, polychlori-

. nl(ed triphenyl (PCT),
63%;

82 PCT Arxlor 5442 2%, CI 1
$3 I'CT Aroclor $460 609 C1 »

* M.E,D. = minimum cllectivs dose, *1 = Inactive.

smaller than the 14.5 A quoted by Kensling and Schueler
(1950). The 10.9 A we found agree closcly with the X-ray
crystatlographic data of Noston ef af. (1963, 1964), who found
10.95 A fos 17g-cstradiol.  Thisdiscrepancy in interatomic dif
ferences may be related lo the improved accuracy of the cur-
yent atomic models, when compared to those used in 1950.
The diphenylewhanc, diphenylmethane, diphenylpropane,
lnphtnylmc(hnnc, biphenyl, and triphenyl compounds all
have interntomic distances of 9.4 to 10.3 A for the most likely
OtoOsubstitulions. The H to H internuclear distances of the
hydroxyt groups range from 9.1 1o 11.1 A in hese compounds.
Doth the O—O0 and H—N internuclear distances, therefore,

A
L. '
. ' ’ 3
\ - : . e
. \, .
. \\ .
- \ \
. 3
/ \
i \
’ *
R
12 1 AGnr Foow cimn., VoL, 970

IR, NO, &,
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are only slightly s...ler than corr g bond di
in natural and synthetic cstrogens,

The structural observations regarding estrogenic activity in
the I ds studied indi d (hat activity is confurred
when a p- or p’-position is unoccupicd (- H), or is substituted
by ~OH of ~OCH,. Halide, or n(kyl groups, occupying the

render the ically inactive,
A slnblc ethane chain was found to be nccessary for activity,
e.g., the trichlorocthane or the incrt vinyl halide group; if
either C of the ethane chain bears an oxygen functicn (alco-
hol, aldehyde, o acid), the compound is metabolized and no
cstrogenic activity is obselvcd Somc polythlorinnhd bi-
phenyl and triphenyl I ibi o etivity,
Mcasurements of internuclcor distances of Dreiding steric
models indicnted that active sites would be 9-11 A apart, &
range similar (o thosc found in natural and synthetic estro-
gens, Q fy simifar genic activily was oblained
wilh a scries of diphenylmethane or triphenylmethane deriva-
tives which contained p-OH functions. Corrclations of struc-
ture witl activity suggest that the active estrogens derived
from o,p’-analogs of DDT are p-phenolic metabolites.
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