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Abstract Biomarker responses and histopathological
lesions have been documented in laboratory mammals
exposed to elevated concentrations of lead and cadmi-
um. The exposure of white-footed mice (Peromyscus
leucopus) to these metals and the potential associated
toxic effects were examined at three contaminated sites
in the Southeast Missouri Lead Mining District and at a
reference site in MO, USA. Mice from the contaminat-
ed sites showed evidence of oxidative stress and re-
duced activity of red blood cell δ-aminolevulinic acid
dehydratase (ALAD). Histological examinations of the
liver and kidney, cytologic examination of blood
smears, and biomarkers of lipid peroxidation and
DNA damage failed to show indications of toxic effects
from lead. The biomagnification factor of cadmium

(hepatic concentration/soil concentration) at a site with
a strongly acid soil was 44 times the average of the
biomagnification factors at two sites with slightly alka-
line soils. The elevated concentrations of cadmium in
the mice did not cause observable toxicity, but were
associated with about a 50% decrease in expected tissue
lead concentrations and greater ALAD activity com-
pared to the activity at the reference site. Lead was
associated with a decrease in concentrations of hepatic
glutathione and thiols, whereas cadmium was associat-
ed with an increase. In addition, to support risk assess-
ment efforts, we developed linear regression models
relating both tissue lead dosages (based on a previously
published a laboratory study) and tissue lead concen-
trations in Peromyscus to soil lead concentrations.

Keywords Toxicity .White-footedmice . Superfund
site . Biomarker . ALAD

Introduction

Lead was mined in the Old Lead Belt of the Southeast
Missouri Lead Mining District from 1721 until the last
operating mine closed in 1972 (Seeger 2008). Deep
mining began in 1953 and is ongoing in the New Lead
Belt, also known as the Viburnum Trend. Studies have
documented metal contamination in rivers and streams.
Riparian mammals, birds, and amphibians from the area
contain elevated concentrations of lead and cadmium
(Niethammer 1985), and aquatic invertebrates contain
elevated concentrations of lead, cadmium, and zinc
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(Besser 2007). Metals in water and sediments from
mining activities in the area are associated with elevated
concentrations in fish (Czarnezki 1985) and reduced
populations of crayfish (Allert et al. 2008). Terrestrial
sites have also been contaminated with lead and other
metals. Ground-feeding songbirds from the area showed
a reduction in the activity of the biomarker red blood cell
δ-aminolevulinic acid dehydratase (ALAD) (Beyer et al.
2013). Kidneys of some of the American robins (Turdus
migratorius) from the site had histological lesions asso-
ciated with very high renal concentrations of lead. Lead
is the metal of most concern in the Old Lead Belt,
although Gale and Wixson (1979) documented that
particulate emissions from two lead smelters in the
Viburnum Trend were a significant source of environ-
mental contamination from cadmium. The uptake of
lead and cadmium by organisms from soil and the
associated toxic effects have been well studied.

Lead is associated with the organic fraction of soil
and is generally only marginally taken up by plants
(Kabata-Pendias and Mukherjee 2007). Soil ingestion
is generally the principal means of an animal’s exposure
to lead, and concentrations of lead from soil generally
decrease with trophic level in food chains (National
Research Council 2005). In humans, lead is most per-
sistent in bone, with a half-life of decades, compared to a
half-life of about 30 days in blood (Agency for Toxic
Substances and Disease Registry 2007). Cadmium in
soil is generally associated with soil colloids, is taken up
by plants mainly at low soil pH, and may precipitate in
alkaline soils (Agency for Toxic Substances and Disease
Registry 2012). Cadmium is poorly absorbed by mam-
mals but is stored in renal tissue where it exhibits a long
half-life. Although the results from studies are not all
consistent, the Agency for Toxic Substances and
Disease Registry (2004) concluded that the weight of
evidence indicates that exposure to cadmium decreases
tissue concentrations of lead in an animal. Reviews by
Ma (2011, lead) and Cooke (2011, cadmium) relate
tissue metal concentrations to toxic effects in mammals.

Toxic effects of lead on mammalian blood have been
well studied. Nonregenerative anemia, often accompa-
nied by distinctive changes in erythrocyte morphology,
is a common manifestation of lead toxicity in many
species (George and Duncan 1979). Lead binds to the
sulfhydryl moieties of several enzymes important in the
biosynthesis of heme, thereby impairing the production
of hemoglobin within the developing erythrocyte. Lead
also causes several other detrimental effects on

hematopoiesis (Wardrop and Weiss 2010). The most
notable effects of lead on the biosynthesis of heme are
the inhibition of the cytosolic enzyme ALAD and the
mitochondrial enzyme ferrochelatase (Wardrop and
Weiss 2010). Inhibition of ferrochelatase by lead results
in decreased hemoglobin production, as well as reten-
tion of iron within the mitochondria (Kaneko et al.
2008). These iron-laden mitochondria can be visualized
as basophilic stippling when affected Wrights-Giemsa
stained erythrocytes are viewed by light microscopy.
When stained with Prussian blue, a ferric iron stain,
affected erythrocytes are termed siderocytes (Wardrop
and Weiss 2010). The presence of basophilic stippling
with Wrights-Giemsa stain, resulting from inhibition of
a nucleotidase leading to retention of ribosomes, is also
a sign of lead toxicity under some conditions (George
and Duncan 1979). Lead also increases the fragility and
decreases the lifespan of erythrocytes (Kempe et al.
2005). Finally, increased membrane fragility leads to
an increase in poikilocytosis, or abnormal erythrocyte
shapes.

Decreased activity of ALAD is a sensitive bio-
chemical measure of effects from toxic exposure to
lead (Agency for Toxic Substances and Disease
Registry 2007). The activity of ALAD is normally
elevated in 21-day-old Peromyscus but remains rel-
atively constant by the time the mice are 50 days old
(McBride 2007). Inhibition of ALAD by lead, in
addition to interfering with synthesis of heme, leads
to an accumulation of δ-aminolevulinic acid (δ-
ALA), which begins at the threshold of inhibition
of ALAD (Sakai and Morita 1996). This compound
interferes with the neurotransmitter gamma-
aminobutyric acid and may be oxidized to generate
free radicals (Agency for Toxic Substances and
Disease Registry 2007; Ahamed and Siddiqui 2007).

Biochemical effects of lead and cadmium are well
understood. Although there are differences in the
way in which lead and cadmium affect the antioxi-
dant defense system (Ercal et al. 2001), both interact
with sulfhydryl groups of enzymes and proteins,
generating reactive oxygen species, inhibiting the
activity of enzymes involved in the antioxidant de-
fense system of the liver, and depleting antioxidant
reserves (Ercal et al. 2001). Our study includes five
biomarkers of intracellular redox state—glutathione
(GSH), glutathione disulfide (GSSG, which is the
oxidized form of glutathione), the ratio of
GSSG/GSH, thiols, and protein-bound thiols (total
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thiols less GSH). Oxidative stress, as shown by
glutathione status and thiol concentrations, has been
associated with lipid peroxidation and damage to
DNA in controlled lead-dosing studies on rats
(Flora et al. 2003; Alya et al. 2015; Liu et al.
2012). However, since animals may physiologically
compensate for moderate exposure by increasing
antioxidant defenses (Monaghan et al. 2009), values
of these biomarkers are not necessarily directly re-
lated to exposure. For example, Salińska et al.
(2012) failed to detect changes in either GSH or in
thiobarbituric acid reactive substances (TBARS) in
bank voles (Myodes glareolus) exposed to lead.
Agrawal et al. (2014) did find an induction of lipid
peroxidation in rats exposed to lead acetate, but no
related changes in GSH levels. Changes in bio-
markers may be difficult to interpret in field studies,
in which animals are examined once and compared
to reference animals that may not be as well
matched as in controlled studies. Based on a meta-
analysis of the impact of contaminants such as
metals on wild animals, Isaksson (2010) concluded
that GSH generally produces the strongest biomark-
er response of the oxidative markers examined and
that although TBARS showed a tendency to increase
in nine studies examined, the increase was not sta-
tistically significant.

To better understand the hazards of lead and cad-
mium from mining to terrestrial wildlife and, as part of
a Natural Resource Damage Assessment, we planned
an ecotoxicological study on various small mammals
in the mining district. Our traps, however, captured
only a single species, the white-footed mouse
(Peromyscus leucopus, Rafinesque), limiting our abil-
ity to understand the effects on the small mammal
community. Subsequently, our aims were to (1) model
exposure of mice to lead, by relating tissue concentra-
tions and estimated dosages in the mice to lead con-
centrations in contaminated soils and to (2) examine
the mice for the presence of toxic effects, by deter-
mining whether they showed signs of oxidative stress,
pathological lesions, or a reduction of the activity of
red blood cell ALAD. In addition, we considered
whether measures of bioavailability of the metals to
humans (in vitro bioaccessible lead), to earthworms
(tissue concentrations) or to plants (differential extrac-
tion method) were useful in understanding observed
differences in the accumulation of lead and cadmium
in mouse tissues at the sites.

Methods

Sites and field sampling

Four forested sites were selected for study in Missouri
(MO), USA. The BReference^ site was in the Prairie
Fork Conservation Area (38.88199° N 91.73463° W),
in eastern Callaway County, central MO. The three sites
contaminated with metals associated with mining were
in southeastern MO. The St. Francis State Park site
(BRiver 1,^ 37.95681° N 90.54126° W) and the Wash-
ington State Park site (BRiver 2,^ 38.08731° N
90.67414° W) were located along the Big River in the
Old Lead Belt of the Southeast Missouri Lead Mining
District. Soils at these two sites were contaminated with
lead mining waste deposited with sediments during
flooding (Pavlowsky et al. 2010). These sediments had
been contaminated by dam failures upriver that released
dolomite tailings. A mineralogical analysis of such sed-
iments in a previous study (Beyer et al. 2016) deter-
mined the lead to be mainly sorbed to minerals or
present as lead carbonate. The BSmelter^ site in Bixby,
MO (37.65539° N 91.12199° W), in the Viburnum
Trend, was located close to the vent of the Magmont
Mine. The Smelter site was distinct in having more
acidic soil and having been contaminated mainly with
lead oxide emitted from the nearby Buick smelter, in
Boss, MO (Gale and Wixson 1979). Analysis of soil
collected near the same smelter determined that the lead
was mainly organically bound, sorbed to minerals, or
present as lead sulfate (Beyer et al. 2016). Both lead
oxide and especially lead carbonate have high relative
bioavailabilities in soil (Casteel et al. 2006).

Study sites were from 1.3 to 2.7 ha in area. Soil
samples were collected by means of incremental soil
sampling, in which each site was considered a unit and
30 subsamples to about a 4-cm depth were taken with a
stainless steel scoop throughout the unit at randomly
located points near traps. Soil sampling was repeated
twice, providing estimates of mean soil metal concen-
trations with a standard error based on three determina-
tions. Three replicate samples of earthworms were col-
lected by digging at each site. Earthworms were rinsed
with distilled water and then frozen before they purged
themselves of ingested soil. Sixty-two mice were
trapped at various times between May 22nd and
Oct 17th 2014 in Sherman and Longworth live traps,
set out in 10 m × 10 m grids. Traps were provided with
Dacron® bedding and baited with peanut butter and
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rolled oats. They were set in the late afternoon or early
evening and checked early the following morning. Mice
were taken to Dr. StanW. Casteel, DVM, for processing.

Procedures for collecting and processing of mice
were approved by the USGS-Patuxent Wildlife Re-
search Center Institutional Animal Care and Use Com-
mittee. Mice were euthanized under the combination of
anesthesia and exsanguination as recommended by the
American Veterinary Medical Association guidelines
(Leary et al. 2013). Each mouse was put under deep
anesthesia in a chamber under a slow flow of carbon
dioxide, after which an axial cut with surgical scissors
was made followed by collection of blood in heparin-
ized capillary tubes. Hematocrit (1 μl in capillary tube)
was determined and two blood smears were prepared
(one drop on a glass slide). The remainder of the blood
sample was transferred into cryovials for lead analysis
(> 55 μl frozen at −80 °C) and determination of ALAD
activity (> 110 μl frozen in liquid nitrogen). Liver,
kidneys, pancreas and femurs were removed. A 70 mg
portion of each liver was frozen at − 80 °C and saved for
biomarker assays. Samples of liver, kidney, and pancre-
as for microscopic examination were fixed in formalin,
cut to 4-μm thickness in a microtome, dried at 80 °C for
12 min, and stained with hematoxylin and eosin in a
Leica XL autostainer. Renal tissue was also stained for
detecting the presence of intranuclear inclusion bodies
by the acid-fast Kinyoun method. Femurs and the re-
maining pieces of the hepatic and renal samples were
stored at − 80 °C until they were prepared for metal
analysis. Blood smears were examined at the School
of Veterinary Medicine of the University of Wisconsin
and slides of the other mouse tissues were examined at
the Veterinary Medical Diagnostic Lab of the University
of Missouri.

Species identification

Individual mice collected were identified genetically by
species with the use of quantitative real-time polymerase
chain reaction (qPCR) (Tessier et al. 2004). DNA was
extracted from liver using the Gentra Puregene Tissue
Kit (QIAGEN, Valencia, CA). DNA concentration and
purity was assessed on a NanoDrop™ 8000 spectropho-
tometer (Thermo Scientific, Wilmington, DE). The
qPCR was run in a 20-μl reaction containing 4 μl of
B5× reaction buffer^, 0.2 μM of each deoxynucleotide
(dNTP), 0.75 μM of each primer, 0.4 μl of Phire Hot
Start II DNA Polymerase (Thermo Fisher Scientific,

Pittsburgh, PA), 2 μl of 50 μM SYTO9 stain (Thermo
Fisher), and 2 μl of template DNA (1 ng/ul). Each
primer pair was amplified separately as follows: 98 °C
5.5 min followed by 35 cycles of 98 °C 10 s, 60 °C 10 s,
and 72 °C 15 s. Melt curve analysis (ramp from 70 to
95 °C rising at 1 °C at each step) was used to determine
which species-specific bands were present in a sample.

ALAD activity, oxidative status and DNA biomarkers

Activity of ALAD was measured in the white-footed
mouse blood samples based on Pain’s (1987) modifica-
tion of the original method by Burch and Siegel (1971)
and scaled down in volume to 25 μl of whole blood.
Effects of blood volume, incubation time, and buffer pH
were investigated to ensure that the conditions were
appropriate. Blood from both white-footed mice from
the Reference site and from laboratory mice (Mus
musculus) obtained from BioreclamationIVT, Westbury,
NY, were used in this preliminary work. Blood samples
were excluded from analysis if there was any evidence of
clotting. Following a 60-min incubation with substrate
(0.01M δ-ALA in phosphate buffer at pH 6.45) at 38 °C,
the assay was terminated by the addition of 10% trichlo-
roacetic acid. Incubation tubes were then centrifuged at
1500×g, Ehrlich’s reagent was added to the supernatant
and absorbance at 555 nmwas measured at 90-s intervals
up to 21 min using a BMG Labtech Fluorostar spectro-
photometer. Peak performance occurred at about 15 min.
Following the method of Berlin and Schaller (1974) that
was used by Pain (1987), activity was expressed as μmol
δ-ALA per min per liter of erythrocytes, which we use as
a Bunit.^ Sample sizes were 22 (Reference site), 7 (River
1 site), 6 (River 2 site), and 7 (Smelter site). In prelimi-
nary work, the measured activity of ALAD in samples of
white-footed mice collected from the Reference site was
22% of the activity of a pooled sample of blood from
laboratory mice.

Liver tissue was analyzed for four measures of oxi-
dative status: total thiols, GSH, total GSH (sum of GSH
and GSSG), and TBARS, a biomarker of lipid peroxi-
dation. Protein-bound thiols, GSSG ([total GSH −
GSH]/2), and the ratio of GSSG to GSH (GSSG/GSH)
were calculated using the measured endpoints.

Frozen liver samples were thawed and homogenized
on ice in 2× solution of phosphate-buffered saline (PBS,
pH 7.4; Fisher BioReagents, Waltham, MA, USA) at
200 μg/μl. After the homogenate was centrifuged at
10,000×g for 10 min at 4 °C, 60 μl aliquots of the
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supernatant were transferred to 0.2-ml tubes and frozen
at − 80 °C until analysis. To quantify GSH, GSSG, and
GSSG/GSH, we thawed the liver supernatant, diluted it
to 12.5 μg/μl in 1× PBS and analyzed it with the
DetectX® Glutathione Fluorescent Detection Kit (Ar-
bor Assays, Ann Arbor, MI, USA), following the man-
ufacturer’s protocol. To quantify TBARS, we thawed
the supernatant on ice, diluted it to 25 μg/μl in 1× PBS,
and analyzed the samples with the QuantiChrom™
TBARS Assay Kit (Bioassay Systems, Hayward, CA,
USA), following the manufacturer’s instructions. TSH
was determined in thawed supernatant that had been
diluted to 12.5 μg/μl in 1× PBS using the Measure-
iT™ Thiol Assay Kit (Life Technologies - Molecular
Probes, Inc., Eugene, OR, USA), following the manu-
facturer’s instructions.

Levels of 8-hydroxy-deoxy-guanosine (8-OH-dG)
were quantified in liver as a biomarker of DNA damage
resulting from oxidative stress. DNAwas purified from
thawed liver samples using the QiaAMP DNA Mini Kit
(QIAGEN, Gaithersburg, MD), following the manufac-
turer’s protocol. DNA concentration and purity was
assessed on a NanoDrop™ 8000 spectrophotometer
(Thermo Scientific, Wilmington, DE), and samples were
normalized to a concentration of 0.15 μg/ul. Aliquots of
the normalized samples (15 μg total DNA) were dena-
tured by heating for 10 min at 100 °C and then cooled on
ice for 5 min. Each tube received 50 μl of 40-mM
sodium acetate and 0.4 mM ZnCl2, followed by 50 μl
of 5 U/ml nuclease P1 (Sigma Aldrich, St. Louis, MO)
and was incubated at 37 °C for 30 min. The pH was
adjusted to 7.5–8.0 with 20μl of 1M Tris-HCl and 15 μl
of 10 U/ml alkaline phosphatase was added to each tube.
The samples were incubated at 37 °C for 30 min, heated
for 10 min at 95 °C to inactivate the enzyme and then
placed on ice. Concentrations of 8-OH-dG were deter-
mined by enzyme-linked immunosorbent assay (ELISA)
using the Cayman Chemical 8-OH-dGEIAKit (Cayman
Chemical Company, Ann Arbor, MI), following the
manufacturer’s protocol. Each plate was incubated for
120 min after the addition of Ellman’s reagent and ab-
sorbance was determined at 410 nm. The standards were
fit using a 4-parameter logistic curve. The reporting limit
was 10.3 pg/ml. Intra-assay variability of duplicates was
6.74 ± 4.9% (mean ± SD). Plates included blanks and
two reference samples, composed of a mixture of DNA
from the individual samples, used to monitor inter-assay
variability (coefficients of variability = 1.86 and 2.04%,
respectively; n = 3 assays).

Blood smears

Blood smears submitted to the Clinical Pathology Labo-
ratory of the University of Wisconsin School of Veteri-
nary Medicine were evaluated for hematologic manifes-
tations of lead toxicity. An automated system (Westcore
Aerospray® 7150, Logan, Utah) was used to stain blood
smears with a modified Wrights-Giemsa stain (Thiazin
and Eosin stain packs, Westcore®, Logan, Utah). Blood
smears were examined for the presence of basophilic
stippling, metarubricytes, poikilocytosis, and
polychromasia. Briefly, for each blood smear, 500 eryth-
rocytes were examined in microscopic fields chosen at
random. Erythrocytes with basophilic stippling and
metarubricytes were enumerated and the relative propor-
tions expressed as percentages. Poikilocytosis and
polychromasia were expressed semi-quantitatively using
standards currently in use at the Clinical Pathology Lab-
oratory. A classification of 1+ was given for specimens
with 1–10 poikilocytes per field at 1000-fold magnifica-
tion (×1000 field). Specimens with 10–20 poikilocytes
per ×100 field were classified as 2+, and specimens with
more than 20 poikilocytes per ×100 field were classified
as 3+. Polychromatophilic erythrocytes were enumerated
as the range of polychromatophils observed in 10 ×100
fields. For specimens in which basophilic stippling was
detected, additional slides were stained with Prussian
blue stain to determine whether the basophilic stippling
was due to siderotic granules. Staining of blood with new
methylene blue for ribosomal RNA could not be per-
formed owing to inability to collect sufficient blood
volume or to stain blood in the field. The clinical pathol-
ogist was blinded to the source of the specimens (con-
taminated versus reference site) throughout the duration
of the study.

Chemical analytical methods

Concentrations of aluminum, cadmium, copper, iron,
nickel, lead, and zinc in sieved soils (< 2 mm) and in
earthworms from the sites were quantified at the USGS
Columbia Environmental Research Center (Columbia,
MO). Thesemetals were extracted in a mixture of heated
concentrated HNO3 and HCl and quantified by induc-
tively coupled plasma mass spectrometry (ICP-MS), as
described in Beyer et al. (2013). Recoveries from
MESS-3 Marine Sediment Reference Material (from
the National Research Council of Canada) were 33%
of aluminum, 98% of cadmium, 100% of copper, 87%
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of iron, 85% of nickel, 96% of lead, and 98% of zinc.
Recoveries of pre-digestion spiked samples of soil were
105% of cadmium, 99% of copper, 103% of nickel,
119% of lead, and 106% of zinc. All percent relative
standard deviations from triplicate digestion and analy-
ses of the same five elements were less than 4%.

A composite sample of soil from each site was sent to
each of three laboratories. The Agricultural Analytical
Services Laboratory at the Pennsylvania State University
analyzed the soil for nutrients and determined the texture.
The Soil, Water and Plant Testing Laboratory of Colora-
do State University determined the concentrations of
metals extractable with ammonium bicarbonate-
diethylenetriaminepentaacetic acid (AB-DTPA). This ex-
traction solution, at pH 7.6, is appropriate for use in
neutral and calcareous soils when estimating the potential
for uptake by plants. The third composite sample was
sent to Karen Bradham at the US Environmental Protec-
tion Agency’s (EPA) National Exposure Research Labo-
ratory, where in vitro bioaccessible lead was estimated by
the EPA method 3051A. This method was designed to
estimate bioaccessibility to humans, but was modified to
a pH of 2.5 and a particle size < 2 mm, making it more
appropriate for wild mice. Bioavailability of lead to mice
was estimated from a calibration regression relating bio-
availability of lead to Japanese quail to bioaccessibility at
pH 2.5 (Fig. 1 in Beyer et al. 2016 ).

Tissue samples from the mice were extracted follow-
ing the procedures in Casteel et al. (2006). Bones were
dry ashed, ground to a powder, and dissolved in a 50%
solution of nitric acid. Samples of blood were added to a
mixture of 0.2% (v/v) ultrapure nitric acid, 0.5% (v/v)
Triton X-100, and 0.2% (w/v) dibasic ammonium phos-
phate in deionized distilled water, as recommended by
the Centers for Disease Control and Prevention. Liver
and kidney samples were extracted at 90 °C with 70%
nitric acid. Concentrations of lead in blood, liver, kid-
ney, and bone and concentrations of cadmium in liver
and kidney were quantified at the Missouri State Public
Health Laboratory, MO, USA following the laboratory’s
BMetals in Food by ICP-MS version 1.0^ protocol. This
procedure was based on EPA method 200.8 (Determi-
nation of Trace Elements in Waters and Wastes by
Inductively Coupled Plasma - Mass Spectrometry) and
FDA document # T039 (Determination of Trace Ele-
ments in Aqueous Solutions by Inductively Coupled
Plasma – Mass Spectrometry). It was first validated on
test tissues and all blanks, spikes, duplicates, and stan-
dard reference materials (NIST SRM lot 955b – blood,

NRCC TORT-2 - liver, NIST SRM 1400 - bone) run
with samples were within acceptable limits for quality
assurance. Reportable limits were 4 ng lead/ml in blood,
0.027 mg lead/kg and 0.022 mg cadmium/kg in liver,
0.085 mg lead/kg and 0.069 mg cadmium/kg in kidney,
and 0.37 mg lead/kg in bone. Many of the concentra-
tions detected in tissues of the 31 reference mice were
below reportable limits (31 livers and 22 kidneys for
lead and 6 livers for cadmium). These concentrations
were approximated as half the reported concentrations
for statistical purposes and means below reportable
limits were reported as below reportable limits.

Statistics

Concentrations of lead and cadmium in tissues were
summarized by site (mean plus or minus two standard
errors). Lead and cadmium tissue concentrations were
regressed on total, bioavailable (lead only), and AB-
DTPA-extractable soil concentrations of the two metals.
Because variances in lead and cadmium tissue concen-
trations were heterogeneous, increasing with the means,
regressions were weighted by the reciprocal of the pre-
dicted value (weighted least squares regression). The
method of weighted least squares was used also when
regressing concentrations of lead in earthworms to

Fig. 1 Mean red blood cell ALAD activity and 95% confidence
intervals in white-footed mice from a reference site and from three
sites contaminatedwith lead and cadmium located in the Southeast
Missouri LeadMiningDistrict. ALAD activity varied significantly
among sites (Kruskal-Wallis, p < 0.05) and was significantly
(p < 0.05) less at the River site 2 than at the Reference site (one-
tailed Mann-Whitney p of 0.016 is less than Sidak alpha value of
0.017 corrected for multiple comparisons.) Although the mean
activity at the Smelter site was greater than the activity at the
Reference site, the confidence intervals overlapped
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concentrations of total lead in soil. We relied on a previ-
ously published 28-day dietary exposure study on deer
mice (Peromyscus maniculatus) by McBride (2007;
Table 2.4) to provide uswith data to calculate regressions
of hepatic and renal lead concentrations on dosages.
McBride’s data on blood lead concentrations were not
used because they were not linear, the slope decreasing
with dosage. Means of biomarker values were examined
for differences among the sites and for differences be-
tween particular sites and the Reference site. When the
data were normally distributedwith equal variances, then
an ANOVAwas run followed by the Holm-Sidak meth-
od. When the data were not normally distributed or the
variances were not equal, then a Kruskal-Wallis test was
run followed by Dunn’s method. Statistical calculations
were performed with SigmaPlot® 13 software (Systat
Software, San Jose, CA). Analytical and biochemical
data on the individual mice may be accessed at
https://doi.org/10.5066/F7JD4V85.

Results

Soils and earthworms

Soils from the three sites in the mining district contained
elevated concentrations of total lead, cadmium, zinc,
and copper (Table 1). Soil lead concentrations at the
three contaminated sites (1500–2150 mg/kg) were well
above the 17 mg/kg at the Reference site. On average,
about 48% of the cadmium and 34% of the lead were
extractable with AB-DTPA at the four sites. In vitro
bioaccessibility of lead at the Reference site was
15.0%, well below the percentages at the River 1 site
(68.4%), the River 2 site (51.2%), and the Smelter site
(49.1%). Estimated concentrations of bioavailable lead
and percent bioavailability were 2.81 mg/kg (17%) at
the Reference site, 835 mg/kg (56%) at the River 1 site,
927 mg/kg (43%) at the River 2 site, and 803 mg/kg
(42%) at the Smelter site.

Based on the Web Soil Survey of the USDA Natural
Resources Soil Survey (http://websoilsurvey.sc.egov.
usda.gov/App/HomePage.htm), dominant soil types
were Armster cobbly loam (Reference site), Haymond
silt loam (River 1 site), Kaintuck fine sandy loam (River
2 site) and Viburnum silt loam (Smelter site). Haymond
and Kaintuck soils were formed in alluvium, were
frequently flooded, and had a slightly alkaline soil pH
of 7.5 (Table 1). The Armster cobbly loam at the

Reference site was slightly acid, with a pH of 6.5. The
pH (5.3) of the strongly acid Viburnum silt loam soil is
noteworthy because bioavailability of cadmium in-
creases with soil acidity. This soil had a high organic
matter content of 10.5% from a buildup of litter on the
surface that overlaid a mineral soil that was platy and
lacked organic matter. Soil cation exchange capacities of
the sites were similar to each other (14–16 meq/100 g).

Earthworms from the Reference site were identified
as Allolobophora rosea. Earthworms belonging to an
unidentified species of Pheretima were most abundant
at the River 1 and 2 sites, with some Eiseniella tetraedra
(River 1) and Dendrobaena octaedra (River 2) present.
No earthworms were found in the platy mineral horizon
of the rocky Viburnum silt loam at the Smelter site, but
some Lumbricus rubelluswere collected in or just below
the well-developed litter layer. Cadmium biomagnified
in earthworms at all sites and zinc at the two sites with
the most acidic soil (Table 2). Lead did not biomagnify
in earthworms at any of the sites. The weighted (1/pre-
dicted) least squares regression relating lead concentra-
tions in earthworms (Y) to soil (X) was Y = − 0.53 +
(0.73 X) (r2 = 0.93, p < 0001, 11 degrees of freedom);
the slope of 0.73 and the high correlation coefficient
suggest that much of the lead measured in the earth-
worms could be attributed to the contaminated soil in the
earthworms’ digestive tracts.

Lead and cadmium tissue concentrations in mice

The 62 mice trapped included subadults and adults
weighing an average of 22 g (range of 14–37 g). All
of these mice were genetically identified as P. leucopus.
Mice were not separated by age or sex because of the
small sample sizes at the sites. Mean concentrations of
lead in blood, liver, and kidneys were much higher in
mice from the contaminated sites than in mice from the
Reference site (Table 3), and Eqs. 1–12 illustrate the
relation of tissue lead concentrations to the three mea-
sures of soil lead concentrations. Although tissue lead
concentrations in mice from the Smelter site tended to
be less than those predicted by the regressions, all of the
equations had good fits, significant at p < 0.05 and with
r2 values of 0.61 to 0.80 (Table 4). Regressions on total
and bioavailable lead explained greater fractions of the
variances than did regressions based on the AB-DTPA
extraction. In contrast to soil lead concentrations, total
and AB-DTPA-extractable soil cadmium concentra-
tions explained little or none of the considerable
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variance in cadmium concentrations in liver and kidney
(Eqs. 13–16), as shown by the low r2 values (≤ 0.09).
The ratios of the cadmium concentrations in liver to soil
were strikingly different, varying more than a hundred-
fold (0.015 at the River 1 site, 0.066 at River 2 site,
0.72 at the Reference site and 1.8 at the Smelter site).
The soil cadmium concentration at the River 1 site was
60 times the cadmium concentration at the Reference
site, whereas the mean renal cadmium concentration
was lower at the River 1 site than at the Reference site
(Tables 1 and 3).

Regressions of McBride’s (2007) laboratory data of
mean hepatic and mean renal lead concentrations on
four dosages of lead (as lead acetate) fed to deer mice
resulted in excellent fits, with r2 values of 1.0 and 0.97
(Eqs. 17 and 18). These two equations were used to
convert lead concentrations detected in individual livers
and kidneys to associated dietary dosages, which were
then regressed on total and bioavailable soil lead con-
centrations, yielding Eqs. 19–22. The lead dosages

Table 1 Analyses of soils from a reference site and three contaminated sites in the Southeast Missouri Lead Mining District

Reference River 1 River 2 Smelter

Total metals (mg/kg)

Lead 17.0 1500 2150 1930

Cadmium 0.18 10.8 8.45 4.54

Zinc 24.9 615 583 170

Copper 6.24 52.0 60.4 65.4

Aluminum 9490 868 11,000 7280

Metals extracted with AB-DTPA (mg/kg)

Lead 4.20 473 714 915

Cadmium 0.10 4.30 3.70 2.40

Zinc 2.30 150 140 46.2

Copper 2.10 14.7 18.1 18.8

Aluminum 1.20 0.25 0.29 5.40

Nutrient analyses and texture

Soil pH (in water) 6.5 7.5 7.5 5.3

Phosphorus (Mehlich-3, mg/kg) 15 22 30 11

Exchangeable cations (meq/100 g)

Acidity 2.2 0.00 0.00 8.7

Potassium 0.40 0.40 0.40 0.40

Magnesium 2.1 3.9 3.9 1.8

Calcium 9.3 11 12 4.9

Cation exchange capacity 14 16 16 16

Organic matter (%) 3.8 3.3 4.3 11

Texture Loam Loam Loam Sandy loam

Table 2 Metal concentrations (dry weight) in earthworms and
biomagnification factors from a reference site and three contami-
nated sites in the Southeast Missouri Lead Mining District

Reference River 1 River 2 Smelter

Metals in earthworms (mg/kg, dry weight)

Lead 7.2 933 1310 1830

Cadmium 5.0 62 78 78

Zinc 224 491 642 537

Copper 7.0 44 50 35

Aluminum 7160 9780 8530 1920

Biomagnification factor

Lead 0.42 0.62 0.61 0.95

Cadmium 28 5.8 9.3 17

Zinc 9.0 0.80 1.1 3.2

Copper 1.1 0.85 0.83 0.54

Aluminum 0.75 1.1 0.78 0.26
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estimated may be compared directly to a toxicity refer-
ence value to predict toxic effects associated with a
given soil lead concentration. In theory, slopes of the
regressions based on kidney and on liver metal concen-
trations should be similar and, in practice, they were
within 10% of each other. Note that although the calcu-
lations were based on tissue residues, tissue residues do
not appear as variables in Eqs. 19–22.

Histopathology

No lesions associated with lead or cadmium toxicity
were observed in liver, spleen, or kidney of mice. Spleen
and kidney were unremarkable with the exception of a
kidney from a mouse collected from the Reference site
that had a focal area of inflammation (macrophages and
eosinophils) in the cortex. Liver of some the mice
showed mild inflammation, variation in nuclei, or mod-
erate cytoplasmic vacuolization.

Of 58 blood smears examined, 9 showed evidence of
basophilic stippling with Wright-Giemsa stain. Erythro-
cytes with basophilic stippling were present in low num-
bers (0.2–0.8%) and stained negatively with Prussian blue
stain, indicating that the basophilic stipplingwas not due to
siderotic granules. Poikilocytosis was present with a clas-
sification of 1+ in 18 specimens and 2+ in only 1 speci-
men. No metarubricytes were identified. Polychromasia
was present in all specimens and was often pronounced,
with 14 specimens containing 7–10 or more polychro-
matophilic erythrocytes per ×100 field. Based on the fre-
quent polychromatophilic erythrocytes and absence of iron
staining, the basophilic stippled cells were likely reticulo-
cytes and likely represented the normal level of circulating
immature erythrocytes or evidence of a regenerative

response. Neither of these findings was indicative of eryth-
rocyte morphologic manifestations of lead toxicity.

ALAD activity, oxidative status, and DNA biomarkers

Activity of ALAD varied significantly among sites
(Kruskal-Wallis, p < 0.05, Fig. 1). The activity of
6.19 units at the Reference site was greater than the
activity of 4.69 units (76% of value at Reference site)
at the River 1 site and the activity of 1.97 units (32% of
value at Reference site) at the River 2 site. The mean
activity at the River 2 site was significantly less than the
activity at the Reference site by the Mann-Whitney test
with a multiple comparison Sidak alpha correction
(p < 0.017). Although the mean ALAD activity at the
Smelter site (14.4 units) was above the reference activ-
ity, the 95% confidence limits overlapped.

The mean TBARS value was greatest at the Refer-
ence site, indicating that neither lead nor cadmium
caused lipid peroxidation in mouse liver at the three
contaminated sites (Table 5). Mean values of 8-OH-dG
did not differ significantly among sites, indicating that
there was no perceptible damage to hepatic DNA in
mice from contaminated sites. All hepatic biomarkers
of exposure showed significant differences among
groups. Concentrations of GSH and GSSG were signif-
icantly less at the River 2 site than at the Reference site,
consistent with a negative response to lead exposure.
Mice from the Smelter site, also contaminated with soil
lead, had higher mean concentrations of GSH, thiols,
and protein-bound thiols than detected at the Reference
site, although the differences were not statistically sig-
nificant. These biomarkers show the opposite trend
(lower concentrations) at the River 1 and 2 sites.

Table 3 Mean (± 2 standard errors of the mean) concentrations of lead (Pb) and cadmium (Cd) in tissues of white-footed mice from a
reference site and three contaminated sites in the Southeast Missouri Lead Mining District

Variable Reference River 1 River 2 Smelter

Sample size 31 13 10 7

Blood Pb (ng/ml, wet wt) 12.6 (± 2.6)a 168 (± 33) 207 (± 53) 88 (± 20)

Hepatic Pb (mg/kg, wet wt) < 0.027 0.90 (± 0.30) 1.75 (± 0.70) 0.76 (± 0.69)

Renal Pb, (mg/kg, wet wt) 0.098 (± 0.035) 2.74 (± 5.70) 3.51 (± 0.85) 1.48 (± 0.33)

Bone Pb (mg/kg, ash wt) 1.04 (± 0.35) 112 (± 43) 171 (± 78) 121 (± 97)

Hepatic Cd (mg/kg, wet wt) 0.13 (± 0.044) 0.16 (± 0.072) 0.56 (± 0.75) 8.01 (± 6.2)

Renal Cd (mg/kg, wet wt) 1.19 (± 0.42) 0.73 (± 0.29) 1.92 (± 2.2) 20.7 (± 16.3)

a Sample size of blood at the Reference site was 29 mice
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Discussion

Relationship of tissue lead and cadmium concentrations
to soil lead and cadmium concentrations

The combination of the soil lead concentrations, the
tissue lead concentrations, and the laboratory data

relating lead dosages to tissue lead concentrations pro-
vides us with a means of predicting exposures of
Peromyscus to lead at mining sites directly from soil lead
concentrations. Risk assessors evaluating hazards to ter-
restrial wildlife from lead typically use a general ap-
proach to predict exposure, relying on estimates of the
lead concentration in dietary items, the soil ingestion rate

Table 4 Least squares linear regressions relating (1) tissue lead
(Pb) or cadmium (Cd) concentrations in Peromyscus leucopus to
soil metal concentrations, (2) tissue lead concentrations to dosages
based on a controlled feeding study on Peromyscus maniculatus,

and (3) lead dosages to soil lead concentrations from combining
the corresponding equations. The mice were collected from a
reference site and three contaminated sites in the Southeast Mis-
souri Lead Mining District

Intercept Slope r2 of
slope

Significance
of slopeb

Regressions of tissue Pb on soil Pb and tissue Cd on soil Cd (weighted least squares)a

(1) Blood Pb on total soil Pb 11.4 0.0818 0.77 **

(2) Hepatic Pb on total soil Pb 0.00347 0.0006 0.65 **

(3) Renal Pb on total soil Pb 0.0752 0.0014 0.78 **

(4) Bone Pb on total soil Pb −0.210 0.0737 0.63 **

(5) Blood Pb on bioavailable soil Pb 12.0 0.171 0.80 **

(6) Hepatic Pb on bioavailable soil Pb 0.0105 0.0013 0.62 **

(7) Renal Pb on bioavailable soil Pb 0.0883 0.003 0.80 **

(8) Bone Pb on bioavailable soil Pb 0.600 0.155 0.62 **

(9) Blood Pb on AB-DTPA soil Pb 13.0 0.220 0.68 **

(10) Hepatic Pb on AB-DTPA soil Pb 0.0078 0.002 0.61 **

(11) Renal Pb on AB-DTPA soil Pb 0.0915 0.004 0.71 **

(12) Bone Pb on AB-DTPA soil Pb 0.239 0.203 0.61 **

(13) Hepatic Cd on total soil Cd 0.476 0.148 0.03 ns

(14) Renal Cd on total soil Cd 3.16 0.0685 0.00 ns

(15) Hepatic Cd on AB-DTPA soil Cd 0.130 0.600 0.09 *

(16) Renal Cd on AB-DTPA soil Cd 1.60 1.13 0.04 ns

Regression of hepatic or renal Pb on dosage from McBride (2007)ac

(17) Hepatic Pb on dosage 0.0143 0.108 1.00 **

(18) Renal Pb on dosage 0.395 0.266 0.97 *

Regression of Pb dosage on soil Pb (weighted least squares) ad

(19) Pb dosage on total soil Pb (based on liver) −0.0984 0.0059 0.58 **

(20) Pb dosage on total soil Pb (based on kidney) −1.19 0.0054 0.78 **

(21) Pb dosage on bioavailable Pb (based on liver) −0.0334 0.0124 0.57 **

(22) Pb dosage on bioavailable Pb (based on kidney) −1.16 0.0114 0.81 **

aUnits: blood - ng/ml; hepatic and renal tissue - mg/kg, wet weight; bone - mg/kg, ash weight; soil - mg/kg; dosage - mg/kg body weight per
day
b **P < 0.01; *P < 0.05; ns P > 0.05
cNominal dosages of 0, 0.3, 3.0, and 30 mg Pb (as acetate)/kg body weight per day resulted in hepatic Pb concentrations of 0.01, 0.02, 0.30,
and 2.6 mg/kg and renal concentrations of 0.02, 0.14, 1.8, and 6.7 mg/kg
dDosages estimated from Eqs. (17) and (18) were regressed on total and bioavailable soil Pb
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of the animal and the bioavailability of lead in soil. The
predicted exposure may then be related to a toxicity
reference value estimated from published dosing studies
onmammals exposed to lead. Equations 19–22 (Table 4),
in contrast, rely on tissue lead concentrations to estimate
exposure, without the need to estimate values of the three
variables individually. Although these equations reduce
the uncertainty associated with estimating exposure, their
specificity means that they apply to white-footed mice or
to species that may be assumed to have similar feeding
habits and a similar toxicological response to lead. Note
also that the lead in Eqs. 19–22 refers to the chemical
form of lead acetate, which facilitates comparisons to
toxicity reference values based on a soluble form of lead.
Eqs. 19 and 20 may be modified to express dietary
concentration (mg/kg diet), rather than dosage (mg/kg
body weight day), by multiplying the right side of the
equation by 2.26 (McBride 2007, from data on p. 13).

Measures of total (heated HNO3 and HCl) and bio-
available metals in soil were most closely correlated with
tissue lead concentrations (Table 4). The pH of 7.6 of the
AB-DTPA extraction solution, while appropriate for the
River 1 and 2 sites, was too high for the Reference and
Smelter sites and we suggest that a neutral salt extraction
would have been more appropriate for comparing the four
sites. Lead biomagnification factors for earthworms (con-
centration in earthworms/concentration in soil, Table 2) at
the four sites were similar to each other (from 0.42 to
0.95). Cadmium was most readily taken up by

earthworms in acidic soils, but the effect was not as
pronounced as in mice. Cadmium and lead
biomagnification factors of earthworms were not useful
in explaining differences in tissue concentrations among
mice at the four sites, possibly because the uptake by mice
is mediated by uptake of the metals into plants, whereas
earthworms ingest these metals directly from soil.

Mean tissue concentrations of lead in Peromyscus re-
ported here are generally consistent with tissue concentra-
tions reported at other sites. Lead concentrations in mice
fromour reference site are comparable to those reported by
Levengood andHeske (2008). Lead concentrations in liver
and kidney in our mice are also comparable to those in
deer mice (Peromyscus maniculatus) from the Anaconda
Smelter Superfund Site in Montana, once soil lead con-
centrations at the different sites are taken into account
(Hooper et al. 2002). The tissue lead concentrations that
we detected were below those reported by Stansley and
Roscoe (1996) (4.98 mg/kg in liver, 34.9 mg/kg in kidney,
245 mg/kg in femur, all dry weight) in white-footed mice
at a trap and skeet range where the soil was more severely
contaminated (75,000 mg lead/kg).

Compared to most other species of wildlife, white-
footed mice seemingly have low exposure to lead.
Stansley and Roscoe (1996) suggested that soil inges-
tion was the main source of lead to white-footed mice at
the trap and skeet range they studied. Diets of white-
footed mice consist mainly of mast and other seeds,
lepidopterous larvae, and other arthropods (Whitaker

Table 5 Mean (± 2 SEM) values of biomarkers in mice from the reference and lead-contaminated sites in the Southeast Missouri Lead
Mining District

Means ± (SEM) Reference River 1 River 2 Smelter P value

Biomarkers of injury in liver

TBARS (nmol/g protein) 2250 ± (744) 1640 ± (1300) 929 ± (812)* 1530 ± (516) 0.008a

8-OH-dG (pg/μg DNA) 154 ± (16.7) 133 ± (11.4) 131 ± (23.4) 124 ± (29.4) 0.071a

Biomarkers of exposure in liver

GSH (μmol/g) 7.86 ± (1.03) 7.04 ± (1.32) 5.00 ± (1.46)* 10.1 ± (2.53) 0.003b

GSSG (μmol/g) 4.02 ± (0.29) 4.39 ± (0.40) 2.21 ± (0.67)* 3.84 ± (0.40) 0.001a

Ratio GSSG/GSH 0.57 ± (0.09) 0.71 ± (0.16) 0.44 ± (0.15) 0.41 ± (0.10) 0.019a

Thiols (μmol/g) 46.1 ± (6.2) 40.4 ± (7.88) 36.2 ± (7.88) 59.5 ± (13.8) 0.022b

Protein-bound thiols (μmol/g) 38.2 ± (5.18) 33.4 ± (6.67) 31.2 ± (6.45) 49.3 ± (11.3) 0.034b

Sample sizes: 29 (Reference), 13 (River 1), 10 (River 2), and 7 (Smelter)
a Significance (P < 0.05) of differences among groups tested by Kruskal-Wallis test (data not normally distributed or had unequal variances)
and differences from the Reference site (*) by Dunn’s method
b Significance (P < 0.05) of differences among groups tested byANOVA (data normal distributed with equal variances) and differences from
the Reference site (*) by Holm-Sidak method
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1966) and less than 2% soil (Beyer et al. 1994). Small
mammals such as moles and shrews, which prey on
earthworms and other organisms closely associated
with soil, have a much greater exposure to lead.
Studying a polluted site in the Netherlands, Ma et al.
(1991) concluded that mean renal and hepatic concen-
trations of lead in the insectivorous Sorex araneus were
on the order of ten times those in the herbivorous vole
Microtus agrestis and that the ratio for cadmium was
about a hundred to one. White-footed mice in our study
had lower tissue concentrations than did songbirds col-
lected from the Southeast Missouri LeadMiningDistrict
(Beyer et al. 2013). American robins from the area,
which have a spring diet of soil invertebrates, had a
much higher mean hepatic lead concentration
(33.6 mg/kg, dry weight) than did the mice.

Pathologic effects

The absence of pathologic lesions in the mouse tissues is
consistent with the tissue lead concentrations detected.
Most lesions from lead that have been reported in mam-
mals are associated with lead concentrations greater than
themean lead concentrations (wet weight) of 207 ng/ml in
blood, 1.8 mg/kg in liver, 3.51 mg/kg in kidney, and
171 mg/kg in bone that we detected at our most contam-
inated site (River 2). Wardrop and Weiss (2010) consider
300 ng/ml (30 μg/dl) in blood diagnostic of lead poison-
ing. The absence of renal intranuclear inclusion bodies
from our mice is consistent with the findings of Goyer
et al. (1970), who detected inclusion bodies when renal
lead concentrations reached about 10 mg/kg, wet weight,
in rats dosedwith lead. A study on bank voles showed that
16 mg/kg dry weight in kidney was associated with renal
injury (Ma 1989), which is also higher than themean renal
lead concentration at the River 2 site. In reviewing the
literature on lead in mammals, Ma (2011) concluded that
renal concentrations greater than 80 mg/kg, dry weight,
were associated with weight loss and death.

We suggest that the mean renal cadmium concentra-
tion of 21 mg/kg (wet weight) at the Smelter site was
probably too low to cause histopathological lesions in
the kidney, which is a critical target organ for cadmium.
Cooke (2011) concluded that sensitive nephrotoxic ef-
fects in small mammals might occur at 30–60mg/kg wet
weight, but that 100 mg/kg wet weight would be a better
threshold for serious adverse effects. Tubular damage
occurs under chronic exposure at about 200 mg/kg, wet
weight, in the renal cortex of kidneys of humans and

laboratory mammals (Agency for Toxic Substances and
Disease Registry 2012). Other researchers, however,
have suggested lower thresholds of injury. Damek-
Poprawa and Sawicka-Kapusta (2003) suggested that
about 24 mg renal cadmium/kg, dry weight, is associat-
ed with renal lesions detected in yellow-necked mice
(Apodemus flavicollis) collected near two zinc smelters
in Poland.

Biomarkers of oxidative stress, DNA damage,
and ALAD activity

The mice from the River 1 and 2 sites were under
oxidative stress, presumably from exposure to lead.
Consistent with effects of lead described in the liter-
ature (Ercal et al. 2001; Kasperczyk et al. 2013; Alya
et al. 2015), concentrations of three biomarkers of
oxidative stress (GSH, thiols, and protein-bound
thiols) were less at the River 1 and 2 sites than at
the Reference site. The oxidative stress from lead was
not severe enough, however, to affect TBARS or 8-
OH-dG. Activity of ALAD was significantly reduced
at the River 2 site, similar to a reduction previously
reported in white-footed mice exposed to lead from
smelter emissions (Beyer et al. 1985) and to lead
associated with a trap and skeet range (Stansley and
Roscoe 1996). The severity of lead contamination at
the River 2 site was greater than measured at the
Anaconda Smelter Superfund Site A, where Reynolds
et al. (2006) reported a reduction in ALAD activity in
pocket gophers (Thomomys talpoides) but not in deer
mice or meadow voles (Microtus pennsylvanicus).
Previous studies on white-footed mice from reference
sites have reported 14.2 and 10.8 units of ALAD
activity (McFarland 2005), compared to our mean of
6.19 units (μmol δ-ALA per min per liter erythro-
cytes). Percent reductions in ALAD activity at the
River 1 and 2 sites are consistent with previously
published results. In a controlled laboratory dosing
study on deer mice, McBride (2007) (Table 2.4)
found that ALAD activity was reduced by 61% at a
blood lead concentration of 0.19 μg/ml. The Agency
for Toxic Substances and Disease Registry (2007)
concluded that greater than 50% inhibition of ALAD
activity was associated with a blood lead concentra-
tion in humans exceeding 0.20 μg/ml (20 μg/dl).
Both conclusions agree with our finding of a 68%
reduction in activity at a mean blood lead concentra-
tion of 0.207 μg/ml.
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Cadmium’s effect on lead concentrations, ALAD
activity, and GSH and thiol concentrations in mice

Cadmium concentrations in mice from the Smelter site
were much greater than those in mice from the three
other sites (Table 3). If hepatic cadmium concentrations
were proportional to soil cadmium concentrations at the
four sites, then the mean hepatic cadmium concentration
in mice from the Smelter site would be about half of
from the River 1 and 2 sites; instead, the mean concen-
tration was about 22 times as great and the
biomagnification factor (concentration in tissue/
concentration in soil) was about 44 times the mean of
the biomagnification factors for the River 1 and 2 sites.
This disproportion may be attributed to the lower soil
pH at the Smelter site compared to the River 1 and 2
sites (5.3 versus 7.5), since cadmium is almost insoluble
in soil at pH 7.5 (Kabata-Pendias and Mukherjee 2007).
In addition, cadmium at the Smelter site, emitted by the
nearby smelter (Gale andWixson 1979), may have been
more bioavailable than cadmium washed downriver
from piles of mining waste. Despite the considerable
contamination of the soils, mice from the River 1 and 2
sites accumulated concentrations of cadmium in their
livers that lie within the range of background concen-
trations for mice, rats, and voles (hepatic cadmium 0.2–
1.5 mg/kg, dry weight) (Cooke 2011). The sharp differ-
ences in cadmium accumulation among the sites were
not foreseen but are important because controlled stud-
ies have demonstrated cadmium influences both tissue
lead concentrations and the biomarkers selected for
study.

The uptake of lead by mice might be expected to be
greatest at the Smelter site, based on the high AB-
DTPA-extractable lead concentrations, the low soil pH,
and the low calcium and phosphorus concentrations in
the soil (Table 1). Instead, the ratio of the mean hepatic
tissue lead concentration to the soil lead concentration at
the Smelter site (0.00039) was little more than half
(55%) of the average of the corresponding ratios for
the River 1 (0.00060) and River 2 (0.00081) sites. This
result is consistent, however, with the results of con-
trolled studies, in which concurrent exposures to lead
and cadmium have been found to reduce renal lead
concentrations by about 50% in rats and 75% in goats
compared to renal lead concentrations in those animals
fed lead without cadmium (Mahaffey et al. 1981;
Haneef et al. 1998). In laboratory mice, concurrent
exposure to lead and cadmium decreased blood lead

concentrations by 68% compared to exposure to lead
alone (Smith et al. 2012).

The accumulation of cadmium in the mice from the
Smelter site also seems to have affected the biomarkers.
Concentrations of GSH, thiols and protein-bound thiols
were lower at the River 1 and 2 sites than at the Refer-
ence site, consistent with a greater exposure to lead at
these two sites (Table 5). In contrast, mean concentra-
tions of these three biomarkers in mice from the Smelter
site were higher not only than the mean concentrations
at the River 1 and 2 sites, but also higher than the
mean concentrations at the Reference site. As cells are
exposed to cadmium, causing oxidative stress, a com-
pensatory increase in synthesis of glutathione may oc-
cur, accompanied by an increase in tissue concentrations
of glutathione. This has been shown, for example, in a
study of glutathione concentrations in kidneys and livers
of rats exposed to cadmium for a year (Kamiyama et al.
1995). Tissue concentrations of glutathione depend on
both the magnitude and duration of the oxidative stress.
When depletion of glutathione exceeds synthesis, tissue
concentrations of glutathione decrease (Ercal et al.
2001). Induction of thiols may, in turn, explain the lower
than expected tissue lead concentrations we observed.
The thiol medications dimercaprol and D-penicillamine,
for example, are used in chelation therapy for lead
(Gurer and Ercal 2000). Finally, exposure of the mice
to elevated cadmium concentrations seems to explain
the greater activity of the thiol ALAD at the Smelter site
(Fig. 1), consistent with similar findings in an in vitro
study (Davis and Avram 1978) and in controlled dosing
studies on rats and mice (Goering and Fowler 1987;
Hogan and Razniak 1992).

In summary, we found that white-footed mice from
three sites in the Southeast Missouri Lead Mining Dis-
trict had only moderately elevated tissue lead concen-
trations, despite high concentrations of lead in the soils,
up to 1830 mg/kg. The moderately elevated concentra-
tions are probably at least partly the result of a low rate
of soil ingestion, which is an important route of expo-
sure to lead in many wildlife species. Although lead
caused significant decreases in concentrations of three
biomarkers of oxidative stress and a decrease in the
activity of ALAD, the exposure was not great enough
to cause pathologic lesions or changes in biomarkers of
lipid peroxidation and DNA damage. Two other results
from the study stand out, however. Mice from the most
acidic site had a biomagnification factor of cadmium
that was over 40 times the average biomagnification
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factor at two sites with slightly alkaline soil. Thus, soil
pH is a critical variable in terrestrial risk assessments
involving cadmium. The effects of cadmium on the
tissue concentrations of lead and the conflicting effects
of cadmium from those of lead on the biomarkers should
also be noted. Although cadmium’s effect on the bio-
markers has been well documented in laboratory stud-
ies, such an effect may be difficult to recognize in the
field. We were able to isolate the effects of cadmium
because soils at the sites had very different pH values.
Having knowledge of cadmium’s effects on lead and on
biomarkers from controlled studies enabled us to offer a
likely explanation of the results. We think that it would
be difficult, however, to incorporate compensatory reg-
ulation of thiols from concurrent exposure to lead and
cadmium into an ecological risk assessment.
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