Arch. Environ. Contam. Toxicol. 42, 93-98 (2002) ARCHIVES OF
DOI: 10.1007/s002440010296 E .

nvironmental

Contamination

ana Toxicology

© 2002 Springer-Verlag New York Inc.

Interactions in Developmental Toxicology: Effects of Concurrent Exposure to
Lead, Organic Mercury, and Arsenic in Pregnant Mice

M. Belles! M. L. Albina,* D. J. Sachez* J. Corbell& J. L. Domingd

1 Laboratory of Toxicology and Environmental Health, School of Medicine, “Rovira i Virgili” University, San Lorenzo 21, 43201-Reus, Spain
2 Toxicology Unit, School of Medicine, University of Barcelona, 08036-Barcelona, Spain

Received: 26 March 2001/Accepted: 15 July 2001

Abstract. The development toxicity of lead nitrate (25 mg/kg, been corroborated by means of a recent bibliographical re-
SC), methylmercury chloride (12.5 mg/kg, PO), and sodiumsearch using Medline as the database. When “toxicity of metal
arsenite (6 mg/kg, SC) was assessed in CD1 mice followingombinations in mammals” or “toxicity of metal mixtures in
administration on gestation day 10 of these chemicals sepanammals” were used as base terms for the search, only 184
rately or in their binary and ternary combinations. Cesarearand 74 references, respectively, were found. In contrast, the
sections were performed on day 18 of gestation, and fetusgshrase “toxicity of metals in mammals” showed 13,627 refer-
were examined for malformations and variations. Three fetusesnces (www.ncbi.nlm.nih.gov/entrez/query.fcgi).

from each dam were used for whole-body analyses of Pb, Hg, In recent years, developmental toxicologists have investi-
and As. Maternal toxic effects were more remarkable in thegated the interactive effects from concurrent exposure to a
group concurrently exposed to Pb, Hg, and As than in thoseariety of chemical and physical agents. However, in a litera-
given binary combinations of the elements. In turn, maternature review on interactions in developmental toxicology,
toxicity was more notable in these groups than in those giveramong approximately 160 reports reviewed (Nelson 1994),
separately the test compounds. With regard to developmentanly 4 corresponded to studies with binary combinations of
toxicity, the most relevant effects (decreased fetal weight, clefinetals (Layton and Ferm 1980; Garcia and Lee 1981; Gale
palate) corresponded to the Hg-treated groups. It is in agreergg4; Naruse and Hayashi 1989), and only 1 was designed to
ment with the finding that in all experimental groups the levelsassess the teratogenicity of a combination of three metals in
of Pb and As in whole fetuses were under their respectivgnammals (Masomt al. 1989).

detection limits. In general terms, the present data Suggests thatArseniC (AS) Compounds are ubiquitous in the environment.
at the current doses, the interactive effects of Pb and As ompundant evidence exists for the teratogenicity of As in the
Hg-induced developmental toxicity were not greater than adchick, hamster, mouse, and rat when administered intraperito-
ditive. In contrast, exposure of pregnant mice to Pb and As aheally or subcutaneosly (Golub 1994, 1998; DeSestsal.

doses that were practically nontoxic to dams, concurrently with 9gg). However, administration of inorganic As by the most
organic Hg at a toxic dose, caused supra-additive interactiongjevant routes for risk assessment (oral and inhalation) did not
in maternal toxicity. cause malformations in offspring even at near-fatal doses to
pregnant females (Holscet al. 1999, 2000a, 2000b; Jacobson
et al. 1999; Stumpet al. 1999). In turn, it has been shown that
lead (Pb) may cross the placental barrier and cause develop-

Human exposure to chemicals, either occupational or environmental toxicity in hamsters; rats, and mice (Domingo 1994).
mental, is rarely limited to a single chemical, for most chemicalMoreover, although the placenta may represent a certain barrier
mixtures data on exposure and toxicity are rather fragmentar{o mercury (Hg) in mammals, developmental toxicity of or-
(Yang 1994, 1998; Carpentet al. 1998). Nowadays, approx- ganic compounds of this element has been observed in rats,
imately 95% of the resources in toxicology are still devoted tomice, golden hamsters, and cats (Domingo 1994n€zet al.
studies of single chemicals (Yang 1994; Casstes. 1998). In ~ 1994).
relation to this, metals are not an exception (Beyersmann 1994; In spite of the well-established embryo/fetal toxicity of As,
Madden and Fowler 2000). In recent decades a great deal ¢tb and organic Hg, the potential developmental effects derived
research using experimental animals has been carried out feom exposure to combinations of these elements in mammals
study the toxic effects of metals, but the great majority of theseare not well known. The present study was undertaken to
studies have involved exposure to one toxic element. It hasletermine whether concurrent administration of As, Pb and
organic Hg to pregnant mice could change the severity and/or
types of effects produced by the metals Pb and Hg and the
metalloid As on an individual basis. It can be of interest taking
Correspondence to: J. L. Domingo;email: jlldr@fmcs.urv.es into account that As, Pb, and methylmercury-induced develop-
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mental toxicity can occur in pregnant women after both occu-
pational and environmental exposure to high levels of these
elements.

Materials and Methods

Chemicals

Pb, Hg, and As were administered as lead (I1) nitrate, methylmercury
chloride, and sodium arsenite. These compounds were purchased from
E. Merck (Darmstadt, Germany). Solutions of Pb and As were pre-
pared in 0.9% saline, and those of Hg were prepared in deionized
water. Solution concentrations were adjusted so that a 30-g mouse
would receive a volume of 0.10 ml.

Animals

Virgin male and female Charles River CD1 mice, weighing 28—-32 g,
were purchased from Criffa (Barcelona, Spain). Animals were housed
in afully air-conditioned facility with a constant day-night cycle (dark
period from 10 PM to 10 AM) at a temperature of 22 = 2°C and a
relative humidity of 50 = 10%. After an acclimation period of 1 week,
female mice were mated with males (2:1) overnight and examined the
following morning for copulatory plugs. The day on which a vagina
plug was found was designated as day O of gestation. Animals were
assigned to experimental groups by stratified randomization so that
body weights were equivalent across all groups on gestation day 0. The
number of pregnant females per group was 10, except in the groups
treated with Pb, As, and Hg plus As in which the number of pregnant
mice was 11. All animals were alowed free access to tap water and
Panlab rodent chow (Panlab, Barcelona).

Treatment

On day 10 of gestation, pregnant mice were divided into eight groups,
which consisted of one control group and seven experimental groups
to which Pb, Hg, and As were administered. Lead nitrate and sodium
arsenite were given by SC injection, while methylmercury chloride
was given by gavage. A single dose of each compound was adminis-
tered to the animals according to the following scheme: group 1, 25
mg/kg of lead nitrate; group 11, 12.5 mg/kg of methylmercury chloride;
group 111, 6 mg/kg of sodium arsenite; group 1V, 25 mg/kg of lead
nitrate plus 12.5 mg/kg of methylmercury chloride; group V, 25 mg/kg
of lead nitrate plus 6 mg/kg of sodium arsenite; group VI, 12.5 mg/kg
of methylmercury chloride plus 6 mg/kg of sodium arsenite, and group
VII, 25 mg/kg of lead nitrate plus 12.5 mg/kg of methylmercury
chloride plus 6 mg/kg of sodium arsenite. Approximately 5 min passed
between each compound administration (binary and ternary combina-
tions). Animals in the control group were given an SC injection of
0.9% saline, an oral administration of deionized water, and a second
SC injection of 0.9% saline. The choice of the compound doses was
based on the results of previous studies showing that 50 mg/kg of lead
nitrate (SC), 25 mg/kg of methylmercury chloride (PO), and 12 mg/kg
of sodium arsenite (SC) given on gestation day 10 caused maternal and
developmental toxicity in mice (Domingo 1994, 1995; Colominaet al.
1995; Domingo et al. 1995).

Observations

On gestation day 18 all animals were sacrificed under diethyl ether
anesthesia, and the pregnant uteri were excised immediately and
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immersed in a 10% solution of ammonium sulfide for at least 10 min
to identify entire litter resorptions. The number of early and late
resorptions, as well as the number of dead and live fetuses, was
recorded. Each living fetus was dissected free of its placenta and fetal
membranes, weighed, and examined grossy for externally visible
abnormalities. The placenta and three fetuses selected randomly from
each dam were kept for analyses of Pb, Hg, and As concentrations. The
remaining fetuses were fixed in 95% ethanol, macerated in 1% KOH,
stained with Alizarin red S, and examined for skeletal anomalies
(Staples and Schnell 1968), or were fixed in Bouin’s fluid, sectioned,
and evaluated for internal malformations and variations (Wilson
1965).

For the determination of Pb, Hg, and As concentrations, placenta or
the whole fetus were mixed with 65% nitric acid (E. Marck) and
heated under pressure at 190°C. The samples were then diluted with
deionized water, filtered, and the Pb, Hg, and As concentrations were
measured by inductively coupled plasma mass spectrometry (ICP-MS,
Perkin Elmer Elan 6000) as previously described (LIobet et al. 1998).
Detection limits were 0.005 wg/g for Pb and 0.02 p.g/g for Hg and As.

Satistical Analysis

Data were evaluated by means of analysis of variance (ANOVA),
followed by a Student-Newman-Keuls multiple range test. Statistical
analyses of fetal anomalies were performed on both an individual fetus
and a litter basis. Statistical methods included chi-square analyses for
comparisons of frequency data and independent sample t test for
analysis of frequency data between a treatment group and the control
group. Significance was set at the 0.05 probability level.

Results

There were no deaths or abortions in the groups exposed to Pb
or Asonly or in the group given a concurrent administration of
both elements (Table 1). In contrast, all Hg-exposed groups,
either alone or in binary and ternary combinations, showed
significant increases in the number of dead females. This
number was significantly higher in the group treated with Hg
plus As than in that receiving the ternary combination of
elements. In addition to deaths and abortions, in the groups
exposed to Asonly, Pb plusHg, and Pb, Hg, and As, there were
some dams carrying completely resorbed litters. However, in
relation to food consumption and body weight gain the only
significant differences among groups were the decreases seen
in the group concurrently exposed to Pb, Hg and As (Table 1).

At termination on day 18 of gestation, significant reductions
in maternal body weight and gravid uterine weight were ob-
served in the groups treated with Pb plus As, Hg plus As (only
in body weight gain), and Pb, Hg, and As. However, no
significant differences between the binary and the ternary
combinations were noted. There were no significant differ-
ences among groups in corrected body weight, corrected body
weight change, absolute and relative liver weight (excepting
the group given Pb plus Hg), and absolute and relative kidney
weight (with the exceptions of the Pb/Hg, and Hg/As groups)
(Table 1).

A summary of the reproductive findingsis presented in Table
2. When the experimental groups were compared to the control
group, only a few significant differences could be seen in the
number of total implants per litter, the number of total nonvi-
able implants (early and late resorptions plus dead fetuses) per
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Table 2. Reproductive effects of lead nitrate (25 mg/kg), methylmercury chloride (12.5 mg/kg), and sodium arsenite (6 mg/kg) concurrently

administered on day 10 of gestation to mice

Control Pb Hg As Pb + Hg Po + As Hg + As Pb + Hg + As

No. of dams 10 11 10 11 10 10 1 10
No. of implants/

litter 13.11 + 2.85% 13.30 + 1.70? 13.50 + 2.072 12.36 + 1.80% 12.78 + 1.85%® 9.78 + 3.63" 11.64 + 1.75® 11.60 + 2.27®
No. of viable

implants/litter ~ 12.89 = 3.06® 12.70 + 2.00% 12.87 + 2.29? 11.00 + 3.77% 11.89 + 2.47* 7.89 + 2.89° 10.27 + 2.76® 8.00 + 4.05"
No. of total

nonviable

implants/litter ~ 0.22 = 0.44* 0.60 =~ 0.84% 0.62 + 1.06% 1.36 + 2.42% 0.89 + 1.05* 1.89 + 2.42® 136+ 2.11%® 3.60 ~ 3.63°
Sex ratio (M/F) 045+ 011 048+ 020 040+019 047*022 048+0.15 047+021 048+010 047+ 0.14
Average fetal body

weight/litter (g) 1.35 + 0.042 1.30 + 0.09% 1.12 +0.13° 1.25+ 0.06* 1.10+0.09° 1.31 +0.11* 1.01+0.10° 111+ 0.15°

Results are expressed as mean values = SD.
Statistics: ANOVA and Student-Newman-Keuls test.

abeVaues in the same row not showing a common superscript are significantly different at p < 0.05.

litter, or in the sex ratio. The only exceptions corresponded to
adecrease in the number of total implants per litter in the group
given Pb plus As, and an increase in the number of total
nonviable implants per litter in the group exposed to the ternary
combination. In turn, the number of viable implants (live
fetuses) per litter was significantly reduced in the group con-
currently exposed to Pb and As, and in the group treated with
Pb, Hg, and As. Fetal body weight was significantly lower in
al the Hg-treated groups. However, the differences among
these groups did not reach the level of statistical significance.

There were no significant differences between the control
group and the experimental groups with respect to the inci-
dence and types of external anomalies (data not shown). The
types and frequency of skeletal and internal anomalies ob-
served in the current study are shown in Table 3. As for the
average fetal body weight, the incidence of cleft palate was
higher in fetuses of al Hg-treated groups than in those of the
remaining groups. However, significant differences among
these groups again were not noted. Although all groups treated
with Hg showed a higher incidence of skeletal defects, once
more the differences among these groups did not reach the
level of statistical significance.

The concentrations of Pb, Hg, and Asin placenta, as well as
those in whole fetuses are presented in Table 4. Though Pb
could not be detected in the placenta of dams exposed to Pb
plus As, As was not detected in any experimental group. By
contrast, Hg was found in placenta of all Hg-exposed groups.
In turn, Hg was the only metal detected in whole fetuses; Pb
and As were under their respective detection limits.

Discussion

It is becoming recognized that human exposure (occupational
or environmental) to chemicals does not correspond to a single
compound. It has been noted that in a concurrent or sequential
exposure to multiple chemicals, each component of the mixture
or combination has a unique toxic potential and may influence
the toxicity of other mixture or combination components by
affecting their toxicokinetics or toxicodynamics (Simmons
1995).

Pb, Hg, and As are well-known environmental pollutants to
which humans can result concurrently exposed. Information
regarding interactive developmental effects of metals and met-
aloids in mammals (Layton and Ferm 1980; Garcia and Lee
1981; Gale 1984; Mason et al. 1989; Naruse and Hayashi
1989) or other animal species (Hoffman et al. 1992; Stanley et
al. 1994; Trieff et al. 1995; Pagano et al. 1996) is rather scarce.
Taking this into account, the purpose of the current study was
to evaluate the potential maternal and developmental toxic
interactions of a concurrent exposure to Pb, organic Hg, and As
in the pregnant mouse. Toxic interactions refer to the qualita-
tive and/or quantitative modifications of the toxicity of one
chemical by another, the process principaly occurring within
the organism after the exposure phase (Krishnan and Brodeur
1994). Interaction can result in additive, greater-than-additive
(potentiation, synergism), or less-than-additive (antagonism)
toxic response (Ince et al. 1999; Preston et al. 2000).

In the current study, a single Pb administration did not cause
significant maternal toxicity, and the only effect of Asexposure
was the presence of one dam with a completely resorbed litter.
In contrast, in the group of pregnant mice exposed to organic
Hg, 16.6% of dams resulted affected by the treatment (one
death, one abortion). On the other hand, while single SC
administration of Pb nitrate and sodium arsenite at 25 and 6
mg/kg, respectively, did not cause significant developmental
toxicity, ora treatment of pregnant mice with 12.5 mg/kg of
methylmercury chloride resulted in significant embryo/fetal
toxicity. An increase in the number of nonviable implants as
well as a higher incidence of fetuses with cleft palate, were
previously reported to occur in pregnant mice as a consequence
of exposure to organic Hg (Domingo 1994; Gomez et al. 1994;
Colominaet al. 1995). The differences between the behavior of
Hg and that of Pb and As, observed in the present study, are in
agreement with the absence of Pb and As found in whole
fetuses, which means that at the current doses the placenta
could act as a complete barrier for these elements.

With respect to the binary and ternary combinations, the
most relevant interactive effects were seen in the group con-
currently exposed to Pb, Hg, and As. In this group, maternal
toxicity was evidenced by a significant decrease in the number
of litters with fetuses, as well as a reduction in food consump-
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Table 3. Summary incidence of skeletal and internal defects in mouse fetuses after maternal exposure to lead nitrate (25 mg/kg), methylmer-
cury chloride (12.5 mg/kg), and sodium arsenite (6 mg/kg) on day 10 of gestation to mice

Control  Pb Hg As Pb+Hg Pb+As Hg+As Pb+ Hg+ As

No. of fetuses examined skeletally (litters) 49 (10) 54 (11) 49(10) 46(11) 49 (10) 49 (10)  40(11) 34 (10)
Total altered fetuses (litters) 126 10(4)2 42(9)*° 13(7)*° 48(10)>* 12(6)* 39(11)° 26 (9)**
Parietal bone, reduced ossification 0(0) 1(1) 2(2) 0(0) 2(1) 0(0) 0(0) 6(3)
Occipital bone, reduced ossification 3(1)? 0(0)* 1(1)? 0(0)* 1(n2 3(1)? 12 (7)° 4 (22
Frontal bone, reduced ossification 2(1)? 0(0)* 10(4)* 0(0)* 10(3)? 2(1)? 21 (10)° 8(3)?
Caudal, delayed ossification 4(2) 4(2) 20(5 33 15(7) 4(2) 18(7) 12 (5)
Calcaneous, delayed ossification 422 322 37(8° 106 48(10)* 11(5* 40(11)°  25(9)>
Sternebrae, delayed ossification 1(1)* 0()?2 11?2 0(0)2 2(2)?2 112 21(100° 13(7)°
Assymetrical sternebrae 1(1) 0(0) 2(1) 1(1) 703 1(1) 7(6) 2(2)
Xiphoid, delayed ossification 0(0* 0(02 0(0)? 0(0)® 3(2)? 0(0)® 8(5)° 703®
Supernumerary ribs 0(0) 33 5(4) 0(0) 32 0(0) 0(0) 3(3)
Asymmetrical ribs 1(1) 3(3) 1(1) 1(1) 0(0) 1(1) 1(1) 1(1)
Metacarpians, delayed ossification 0(0) 0(0) 5(3) 3(1) 2(1) 3(1) 4(2) 1(1)
Metatarsians, delayed ossification 0(0* 0(02 7472 3()2 8(2)? 3(M* 19(9)° 9(4)2
No. of fetuses examined internaly (litters) 54 (10) 56 (11) 46 (10) 55 (11) 47 (10) 29 (10) 48 (11) 31(10)
Total altered fetuses (litters) 0(0* 0(0)* 28(8)° 0(0* 25(7)° 0(0*  38(11)° 15(7)°
Cleft palate 002 0(0* 28(8)° 00?2 25(7)° 0(0®  34(10° 15(7)°
Dilated bladder 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 5 (4) 1(1)
Hydrocephalia 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 2(1) 0(0)
Renal hypotrophy 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 7(4) 0(0)
Pelvis dilatation 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 3(1) 0(0)

Statistics: Chi-square test.
abed values in the same row not showing a common superscript are significantly different at p < 0.05.

Table 4. Lead, mercury, and arsenic concentrations (/g tissue) in placenta and fetuses (whole-body) of mice after concurrent exposure to
lead nitrate (25 mg/kg), methylmercury chloride (12.5 mg/kg), and sodium arsenite (6 mg/kg) concurrently administered on day 10 of
gestation

Control Pb Hg As Pb + Hg Pb + As Hg + As Pb + Hg + As

Lead

Placenta ND 0.76 = 0.57 ND ND 0.60 = 1.32 ND ND 198 + 2.19

Fetus ND ND ND ND ND ND ND ND
Mercury

Placenta ND ND 6.12 + 1.77 ND 6.92 + 2.34 ND 7.94 += 2.05 7.14 + 343

Fetus ND ND 5.41 + 1.80 ND 6.44 + 2.53 ND 6.82 = 2.09 6.73 = 3.57
Arsenic

Placenta ND ND ND ND ND ND ND ND

Fetus ND ND ND ND ND ND ND ND

The number of placenta samples analyzed was 10 except in the groups given Pb, As, and Hg plus As, in which was 11. The number of fetuses
analyzed was 30 except in the groups given Pb, As, and Hg plus As, in which was 33.

Results are expressed as mean values = SD.

ND: not detected; detection limit: 0.005 wg/g for lead and 0.02 p.g/g for mercury and arsenic.

tion, body weight gain, body weight at termination, and gravid
uterine weight. This toxicity was comparatively higher than
that observed in the groups exposed to the binary combina-
tions. In turn, animals in these groups showed some toxic
effects that were not noted after a single exposure to the
individual elements. Taking into account that maternal toxic
effects of a single Pb administration were not observed, the
toxicity seen in the binary Pb combinations suggests that a
potentiation (the increased effect of a toxicant by the concur-
rent action of another agent at a dose that is not toxicant) of the
Hg- and As-induced effects occurred. The resultsin the ternary
combination would be also a consequence of supra-additive
interactions among the three elements.

With respect to the devel opmental toxicity of Pb, Hg, and As

combinations, the most notable effects were found in the
groups exposed to Hg, either in the binary or in the ternary
combinations. It is in agreement with the finding that in all
experimental groups the levels of Pb and As in whole fetuses
were under their respective detection limits. Only a few non-
significant differences between the groups exposed to the bi-
nary and ternary combinations of the elements and the group
given Hg aone could be noted. It indicates that at the current
doses of the test compounds, the interactive effects of Pb and
Ason Hg-induced devel opmental toxicity were not greater than
additive.

In conclusion, exposure of pregnant mice to Pb and As at
doses that were in fact practically nontoxic to dams, concur-
rently with organic Hg at a relatively low but toxic dose,
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caused supra-additive interactions in maternal toxicity. In con-
trast, significant interactions between these elements and Hg-
induced embryo/fetal toxicity were not evident.
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