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Polychlorinated biphenyls (PCBs) arc wide-
spread, low-level environmental pollutants
associated with adverse health effects such as
immune suppression and reratogenicicy.
There is increasing evidence thar seme PCB
compounds are capable of disrupting repro-
ductive and endocrine Function in Fish,
birds, and mammals, including humans,
particularly during development. Research
on the mechanism through which these
compounds act o alter reproductive func-
tion indicates estrogenic activity, wherehy
the compounds may be altering sexual dif-
ferentiation. Here we demonstrate the estro-
genic cffect of some PCBs by reversing
gonadil sex in a reptile species that exhibits
temperature-dependent sex determination.
Key words biomarker, environmental estro-
gens, gonadal sex, PCBs, sexual differentia-
tion, temperature-dependent sex determina-
tion. Enwiven Heelth Perspect 102:780-781
(1994)

Many polychlorinared Biphenyls {PCRs)
are induserialized chemicals such as those
used in adhesives, fire retardanes, and wasxes
(1) As a funcrion of physical and chemical
properties such as lipid solubility and low
rate of degradacian, PCBs persist in the
enwiranment; thus, individuals in industri-
alized nations are exposed to high levels of
theze compounds {2,.3), Because chemicals
of this nature tend to bivaccumulae, for
instance, within fomd chains, they evenrual-
lv reach measurable levels in human tissues
ar in nurient systems such as placental
cord blood, breast milk, and egg yolks,
This may result in an individual being
exposed o high levels during development,
a time when roxic effects may be more
detrimental than those seen in adulrs (3,4),
Reproductive disarders resulting from
exposure 1o xenobiotic estrogens may
include reductions in ferrilite, lower harch
rates in fish and birds, and decreased viahil-
ity of offspring, as well as alierations in har-
mone levels or adult sexual behaviars, all of
which have further implicarions, parricular-
ly in wildlife population dynamics {3-3), In
addition, there is increasing suspicion that
effects of estrogenic compounds are corre-
laved 1o disorders of the male reproducrive
system, including increased occurrence of
prostatic and resticular cancers (6,7). There
is a need for a sensitive bioassay with which
the developmental effects of environmental
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estrogens can be determined. Repriles with
temperiture-dependent sex determination
(TSN, in which the incubarion tempera-
ture of the egg determines the sex of the
individual, may provide such a bicassay.
Evidence of PCBs acting as estrogens in a
TS0 species may contribute to a clearer
understanding of how estrogens may lead
to reproductive dysfuncrion.

The red-eared slider marte, Trsehemps
seripta, is a species thar possesses a TSD
pamern in which warm incubation temper-
atures, (e.g., 317°C) produce all female
hatchlings, whereas cooler incubation tem-
peratures [e.g., 26°C) produce all male
hatchlings; intermediate temperarures
(between 29,0 and 30.0°C) result in viry-
ing ratios of males and females (8,9, In
repriles with TSD, the actions of estrogen
mimic those of emperature with regard o
gonadal differentiation { 764,71), In the red-
eared slider, as in many other TS species,
exogenous escrogens applied to the eggshell
during the period of sexual differentiation
can counteract the effects of male-produc-
ing remperatures and induce ovarian devel-
apment (2= 5).

Materials and Methods

Eggs for these experiments were purchased
from Roberr Kliebers (Hammond,
Louisiana) and incubated on a laver of ver-
miculite: water (1:1) in emperature-con-
rrolled chambers (27.8 or 26°C). We mon-
itored embryonic development by candling
eges during early stapes, then by dissecring
a smiall sample o eggs approximarely owice
a week to derermine specific developmen-
tal stages. Av the beginning of the period of
gonadal differentiation {seage 17; approxi-
mately 4 weeks from the dare eggs are
laid), which coincides with the develop-
mental stage ac which the embryos are sen-
sitive to the effects of exogenous estradiol
(I T, epgs were randomly assigned o
treatment groups and spocced with cicher
PCB compounds (Ulera Scienrific, Hope,
Rhade Tsland) in 95% cthanol, estradiol-
L76 (Sigma, 5t Louis, Missauri) in
ethanel as a positive (harmone) control, or
with ethanal alone as 2 negative (tempera-
wure) concrol. Incubation was condinued ar
the experimental remperatures uneil harch
lapproximarely 7 maore weeks ar this rem-
peratured, at which time we dissecred the

]'I::tch]ingﬁ o derermine r-:sul:ing SCX
ratios. We derermined gonadal sex and sta-
tus of genital ducts by visualization under
a dissection n‘lil.!l'uscupl: and verified sex
histologically, as described previously for
this species (8,9, In all eases thar the
gonad was female, rhe oviducts or
Misllerian ducts were present, In some
cases in which resres developed, the
Miillerian ducts were also present, indicar-
ing estrogenic activity,

Results and Discussion

I the first experiment, 11 different PCB
campounds believed o be estrogenic (/6
were applied individually 1o eggs incubar-
ed at 27.8°C. As shown in Table 1, each
compound was administered ar 2 doses, 15
eggs per dose. The eggs average 11.4 g
(£0.21) each. Comparison of the resulring
sex ratios showed that twe compounds,
2" 46 -rrichloro-4-biphenylal {compound
Fy and 21,3',4’,ﬁ'-tctmch|ﬂrn-4-bi|:|1¢-n:.r|u]
lcompound G, significancdy reversed sex
at a male-producing remperature (Fisher's
Exact Test, p < 0.001), The former com-
pound showed 100% sex reversal ar 100
P or just below 9 ppm. In rests LLsir‘.g
maouse tissue, these same rwo compounds
showed an appreciable affinity for estrogen
recepror, due in part to their conforma-
tional properties as hydroxybiphenyls
(7617, As memabolites of other PCBs,
hydroxylaced PCBs such as F and G may
exist in sready-state concentrations in
AQUALIC enviFonments, potencially cscpnsing
wildlife 1o their ¢ffeces via direcr conract or
theough the food chain (17,

Because purified PCB compounds are
rarely found in the environment, we
decided in the second series ufi:xpd:rjnu:n[s
tor look ar combinations of the same PCBs.
All eggs were incubated ar 27 8°C and
received a low (10 pgl, medium (100 gl
or high (145-190 pg) dose of compounds
in ethanol. Some eggs received a cockiail
of all PCBs cxcept the two thar caused sex
reversal (F and G). Others were exposed o
combined h}r‘drni}’biphu:}rh;, -:xc]uding F
and G. Lastly, some eggs were sporred
with combined nonbydroxylated PCBs. In
all three conditions, chere was no evidence
of sex reversal,
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Tahle 1. Effects of some PCE compounds on sex determination”

% Hatchlings % Hatchlings
with famale gonads with oviducts
Compound {lowe dosefhigh dosa) (law dosalhigh dose)
A 25 ~dichlero-3-biphenylal 0 (E]
B 22" 4-trichloradipherd ether T 20
C 2% 5-trichloro-4-hiphenylol 0/ il
O 234 trchlorobiphenyd 71 i
E 2.3 5-trichlorabiphemd oA e
F 2 4 &-trichloro-4-biphenylal a0 0/100
G 234 5-tewrachloro-4-biphenyol 450 am
H 244 5-tetrachlorodiphenyl ether iTi] 0
J 244 EB-tetrachlarobiphenyl 7 i'rd
K 2447 B-tetrachloro-p-tarphenyl (i1} 07
L 23455 -pentachloro-2-biphenylol 00 i
Ethanal control ] ]
Estradial-17E contral 100 100

TElaven campounds ware applied to eggs incubated &t 27.8°C in two doses per compound, The dosos
weere: A, B, C F G, H,J=10pq, 100 po; 0, L =5 pg, 50 p E = 25 g, 250 pg; K = 3.35 pg, 335 pg. The estra.

diel control cansisted af 10 pg estradiol-178.
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Figure 1. Percentage of female hatchlings ata temperdture that normally produces 100% males (26°C) afler
treatment with two estrogenic PLB compounds in athanol. Contrals: tamperature, ethanal alang; hormane,
10 py estradiol-1TE. PCB compounds: F, 4" 6 -trichloro-4-biphenylal; G, 23,475 -tetrachloro-d-biphenylal,
Sample sizes in parenthesas. Siqnificant sex reversal is indicated by *p<0.03; ** o = 0.003; *** g = 0.0001.

Because we knew compounds F and G
showed estrogenic activity at the slighely
higher temperature, we decided to test
these two compounds ar a temperarure
that produces 1009 males (26°C). Both
cumpuunrjs showed ﬁ]gniﬁcﬁm sex reviersal
at this temperature (Fig, 1). When com-
bined, F and G synergived, resulting in a
significant increase in ovarian development
ar i dose of 10 pg, or less than | ppm
(Fisher's Exact Test, foe 0001, whereas F
alone and G alone required ac least a 10-
Fold higher dose o show sex reversal,
Exogenous cerradiol-176 produces similar
resules ar a dose of 0L5 pg, or 04 ppm (9,
As with the earlicr experiments involving
compaunds F and G, whenever the gonad
was feminized, the oviducts were retained,
and in some cases where testes dmrclnpnd,
there were alse Miilledan ducts present.

The nature of TS0 in this and ocher
r:.'pti]r_' species provides a useful SYsLem in
which to assay the extent of estrogenic
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activity found in xenobiotic compounds.
This report contribures labaratory evidence
of the effect of PCRs on sex dererminartion,
emphasizing the usefulness of a TSD
specics a5 a biomarker to assess environ-
mental contamination and serve as a warn-
ing of conditions threatening wildlife pop-
ulations. The PCB levels reported here as
effective in disrupting normal gonadal dif-
Ferentiation in the mrdes are comparable
to average levels of PCBRs found in human
breast milk in industeialized nations (3). In
addirion, this study supports the con-
tention that environmental estrogens,
thraugh their action on reproductive devel-
apiment, have the porential to alrer wildlife
populations as well as contribuse 10 repro-
ductive dysfuncrion in humans (3-7).
Furure studies i:'ul..'cﬁ:lgming the mecha-
nisms through which these estrogenic com-
pounds act o affect sex differentiation will
continue 1o shed light on a human conm-
bution to the environment.

o
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Estrogenicity of
Environmental PCBs
The paper by Bergeron, Crews, and
MecLachlan, “PCBs as Environmental
Estrogens: Turtle Sex Determination as a
Biomarker of Environmental Contamin-
ation” (EHP 102:780-781) presents dara
on the estrogenic acrivity of 11 chlorinated
biphenyls or diphenyl ethers, or hydroxy-
laced derivarives thereof, sclected so as to
represent a variety of scrucrural types,
Some of the PCB types examined (c.g.,
compounds A, C, D, E, and ]} arise from
PCB congeners acrually detectable in the
commercial Aroclors (f) and hence also in
environmental samples, whereas acher
PCB types (e.g., those with heavily uneven
chlorinarion of the rwo rings, as in com-
pounds F.G, and L} arise from PCB con-
geners that are nor detectable in either the
Aroclors themselves (7) or even environ-
mentally transformed PCB compositions
(2). Ir is noreworchy thar the only com-
pounds found to have statistically signifi-
cant estrogenic actvity (compounds F and
(3) both represented 4-hydroxylation prod-
ucts of PCB congeners belonging to the
nonenvironmental group, whereas the five
compounds representative of PCB scruc-
tures acrually present in the environment
were all negative. In shorr, the results pre-
sent zero evidence that environmeneal
PCBs present risk of estrogenic acrivicy,
This is hardly what the auchors claim,
however. In their discussion they state (p.
781):
This eeport contributes laboratory evidence of
the effect of PCBs on sex determinacion . . . and
serve as a warning of conditions threacening
wildlife populacions. The PCB levels reporred
here as effecrive in disrupting normal gonadal
differentiation in the wrles are comparable to

average levels of PCBs found in human breast
milk in industrialized narians,

This mast misleading statcment repre-
sents a false alarm chat can only impede the
search for the environmenral contaminants
thar actually do present estrogenic risk.

Stephen B. Hamilton
Environmenral Programs
GE Company

Fairfield, Connecricut

REFERENCES

I Shulz DE, Parrick G, Duinker ], Complere
characterizacion of palychlorinaced biphenyl
congeners in commercial Aroclor and

lophen mixzures by multidimensional gas
chromatography-electran capture derection.
Environ Sci Technol 23:832-839 (1959),

12

2. Brown JF Jr, Wagner RE. PCE movement,
dechlorination and deroxication in the
Acushnet estuary. Environ Toxicol Chem

$:1213-1233 (1990),

Response to Hamilton

There ar¢ several poines we would like o
address in our response. First of all, che
compounds studied were chosen because
these pardeular congeners were believed o
be estrogenic based on cheir conformarion-
al structure, The primary reason for con-
ducting this type of study was to show the
effectiveness of a temperacure-dependent
sex determined (TSDY) species as a tool in
assessing estrogenic activity in ive. This
poinc is furchered by an earlier repore in
EHP by Guillerte et al. (4). While che PCB
compounds we used may not be primary
components of commerically available
PCB mixtures, there are parallels berween
these compounds and other PCB con-
geners in the parern of arghe-chlorine sub-
stitutions, as Korach et al. (&) indicare. It is
important to study how these struceures
affect a developing organism in order w
understand how PCBs can act as estrogens.
Though these particular congeners may
not be currencly used in the readily avail-
able mixrures, McKinney et al. (3) make
reference to goals of using PCBs that are
easily deroxified via hydroxylation. IF such
considerations lead to composition of com-
mereially available PCB mixtures away
from congeners thar exhibir a dioxinlike
toxicity, these considerations should
include assessment of the cstrogenic activi-
ty of these compounds. The TSD system
can be used ro test such mixtures in pivo.
Furthermare, the appearance of hydroxy-
lared PCB congeners in “nature” is an
emerging issue: for example, Bergman ec
al. (4} report that the hydroxylared forms
of heavily chlorinated (penta- or hep-
tachlorinared) biphenyls werc among the
most retentive forms of PCBs found in
blood from humans or seals. Cleadly, chis
class of molecules may have environmental
significance which is only now being
appreciated.

The second point that we would like o
emphasize regards the porential for second-
gencration exposure to PCBs as environ-
mental estrogens. While the congeners that
we found to clearly exhibit estrogenic
activity may not be produced in the com-
mercial PCB mixtures, or even found in
soil and warer samples, they may exist
within animal tissue during merabolism of
the environmental compounds, Marernal

metzbolic by-produces may affect the
reproductive system at a critical stage in
development of the offspring, producing
the detrimental estrogenic effect on the
second generation. This is particularly a
concern when enhanced estrogenic effecs
are produced by the synergy of different
combinarions of low-level PCBs, an issuc
brought to light by the study in question.

Finally, we share Dr. Hamiltons con-
cern thae false alarms may impede identifi-
cation of contaminants chat acrually pre-
sent risk of estrogenic activicy. However,
Dr. Hamilton’s cited quoration of our dis-
cussion, and his interpretation of ir,
require clarification so as not to be mis-
leading. Dr, Hamilton's abbreviared quore
would lead readers to believe that it is our
repore which we say scrves as a warning of
threatening environmental conditions. In
fact, the passage he omited cleady ident-
fies “the usefulness of 2 TSD species a5 a
biomarker” to serve in the capacity which
Dr. Hamilton apparendy ascribes o our
FEpOIE.

Our findings support the call from che
sciendfic communicy for the need to fur-
ther study the mechanisms of estrogenic
activity of enviranmental contaminants.
These findings, together with the growing
body of evidence that a number of environ-
mental compounds mimic estrogens and do
have an effect on developing reproductive
systems, provide ample indication for fue-
ther investigation of these mechanisms and
their outcomes. Qur report suggests a
model by which to continue these effors,
and we appreciare the canrinued interest in
our work and the opportunicy to address
guestions regarding it

Judith Bergeron

David Crews

Institute of Reproductive Biology
University of Texas ar Austin

John A, McLachlan
MIEHS
Research Triangle Pack, North Carolina
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Human Toxicity of PBDDs and
PBDFs

The brillant licerature review and healch
risk assessment by Mennear and Cheng-
Chung, “Polybrominzred Dibenzo-p-diox-
ins and Dibenzofurans: Litcrature Review
and Health Assessment” [EHP 102(suppl
1):265-274], states that “reports of human
roxicity associated with exposure o
PBDDs and PBDFEs were not found” (p.
272). In facr, in cheir review, no eeferences
are discussed or quored regarding human
studies.

Two papers have been published on the
human toxicology of these compounds. The
first (1) is a recent reporr, previously pre-
sented at the Dioxin '90 Congress (2), abour
a chemist who was exposed to 2,3,7.8.-
rerrzbromodibenzodioxin (TBDD) and o
2.3,7 8-rerrachlorodibenzodioxin (TCDD)
in March and Seprember 1956, respective-
ly, when synthesizing these chemicals. The
chemist was defined as “in good health” in
1990, when determinacions of chlorinated
and brominaced dioxins and dibenzofurans
were performed on whaole bloed. High
concentrations of several congeners were
detecred, and the results were used o dis-
cuss the half-life of the chemicals in
humans. The subject presented a mild
chloracne after an unspecified time from
his exposure to bromodixzoins in March,
suggesting that TBDD could produce skin
effects as chlorodioxins, Other more rele-
vant symproms oocurred after the exposure
to TCDD in Seprember, and the patient
was hospitalized for a shorr period,

The second was a study of subjecrs
exposed o PBDDs and PBDFs as 2 result
of working at a BAST factory in etrusion
blending of polyburyleneterphrhalare with
decarbromodiphenyl ether, used as 4 flame
retardant, The incensity of exposure was
determined in 1989 through air monitor-
ing (3). The paper presents blood levels of
2,3,7,8,-TBDF and TBDD and of toral
congener profiles for some exposed work-
ers and che results of a comparison of sev-
eral immunalogical rests in a population of
exposed versus a population of unexposed
deriving from the same working cohorr.
Workers had detectable blood levels of
TBDD and TBDF; half-life estimates of
these chemicals are presented. The resules
of immunological tests were described as
“not adversely impacred at these burdens
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of PBDFs and PBDDs,” even though the
results of several tests showed a correlation
with exposure, and in the subject having
the highest bload levels of PEDFs and
PBDDs, immunological changes were
quite relevant, The aurhors srared that clin-
ical examinarion did nor reveal “skin
lesions consistent with an acnegenic
response.”

It should be stressed thac che results of
the two quoted articles do not change che
conclusions of Mennear and Cheng-
Chung on the health risks of PBDDs and
PBDFs. However, slighely different sugges-
tions for future research can be derived.
Human populacions have been or are
exposed to these chemicals because of their
use in several work processes invelving
flame retardancs, environmental exposures
{mainly due to municipal incineratoes), or
because of accidents due to chermal de-
composition of flame retardanes, These
exposed human popularions can he suic-
able, ar least in theory, for toxicological
and epideminlogical observations.

Enzo Merler

Eva Buiatt

Cenrre for che Study and Prevention of
Cancer

Florence, Tealy
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Arsenic Risk Assessment

A commentary highly critical of two of our
published studies was recently published in
Environmenta! Health Perspeetiver (Carlson-
Lynch er al., 102:354-356). One of our
papers examines the epidemiological evi-
dence for a methylarion threshold for inor-
panic arsenic and concludes thar chere is no
consistent evidence to supporr the hypoth-
esis of such a threshold in humans (1), The
second paper critiqued by Carlson-Lynch
cr al. estimates the human cancer risks of
arsenic ar incernal sites (lung, liver, kidney,
and bladder) using linear exrrapolation
from Taiwanese data (2). Carlson-Lynch er
al. contend char the analyses conducred in

our studies are flawed and that the conclu-
sions reached in our publications are erco-
neous, rendering them unsuitable for use
by the EPA in risk assessment,

Whether or not our studies are used by
the EPA for risk assessment is of little con-
cern to us, bur we are certainly concerned
abour statements char they are fawed,
Careful examinatien will show thae all of
the mzjor points raised in the commentary
are either incorrect or have no valid basis.
We would like to respond to the criticisms
made, point by poine, in the order present-
ed, beginning with the methylation paper
(.

Cririgna The average arsenic exposures
in almosr all of the studies analyzed were
oo low to observe methylation saturacion,

Response: The commentators base this
stacement on three issucs. First, the auchaors
stare thar evidence from an experimental
study {of only four human volunceers each
receiving only one dose level) suggests that
methylation would be completely sarurared
ar exposures greater than 500 pg/day (3).
However, ac the highest oral dose in this
study, 1000 pefday, the amount of urinary
arsenic in the inorganic form was only
26%, hardly demonstrating mechylarion
saturarion even at this level. Bucher er al.
(3) state in their paper thar “speciation of
the arsenic metabolites in urine indicared
thart the arsenic methyladon capacicy of the
human body was net yer saturated, even
with an oral daily dose of 1000 pg As.”
The evidence of any merabolic saturarion
from this study is not conclusive. Each of
four arsenic dosing levels was assigned o a
different individual subject, making it
impossible o differendare incerindividual
differences in methylation efficiency from
dose-dependent effects thar mighe apply 10
a general population.

Second, the auchors stare char we ana-
lyzed only two groups with average urinary
arsenic levels ar or above 190 pg/fl, which
they hypathesize corresponds to the concen-
rracion above which methvladon saturadon
oceurs, This statement obscures the facr thar
1} the owo groups combined had a ol of
35 people, 2) our analysis of available indi-
vidual dara (see Figure 2 of our paper)
included 14 persons with urinary arsenic
levels =190 pgil. No rrend of higher relacive
proportions of unmethylaced arsenic is sug-
gested for those 14 individuals.

Third, the authors state: . . . a regres-
sion analysis on the individual daga within
the Yamauchi er al. [4] population was bor-
derline significane at g = 0.10. . ." (p. 354).
However, this was just one of nine regres-
sion analyses we presented. The slopes were
positve in four (including the Yamauchi
study) but negative in five [ 5 Table 9),

As a marter of interest, in our more
recent studies of chronically exposed popu-

13



