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• Skeletal pathology was studied in wild
hares from the Giant mine area and ref-
erence location.

• Vertebrae from the mine area also
showed relatively lower bone area and
tissue area compared to the reference lo-
cation.

• Osteoporosis, cortical fractures, sclerosis,
and cyst like changes were observed in
hares from the two groups.

• Bone stiffness and peak load tended to be
relatively reduced in specimens from the
mine area compared to the reference site.

• As and Cd may be involved in the etiolo-
gy of bone damage in exposed snowshoe
hare population.
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Various bone abnormalities, including osteoporosis, have been associatedwith chronic arsenic and cadmium ex-
posure in experimental animalmodels, but information regarding the bone pathology ofwild population of small
mammals breeding in contaminated environment is limited. This present study was conducted to comparatively
assess the prevalence and pattern of skeletal abnormalities in free ranging snowshoe hares inhabiting an area
heavily contaminated by arsenic and other trace metals, near the vicinity of the abandoned Giant mine, and in
a reference location approximately 20 km from the city of Yellowknife, Northwest Territories, Canada. The
femur and vertebrae of snowshoe hares from the mine area and reference location were subjected to bone den-
sitometry examination and biomechanical testing using dual energy X-ray absorptiometry (DXA) and 3-point
bending test. t-test results indicated that femoral densitometry parameters such as bone mineral density
(BMD) (p = 0.5), bone mineral content (BMC) (p = 0.675), bone area (BA) (p = 0.978) and tissue area (TA)
(p = 0.549) were not significantly different between locations. All densitometry parameters of the vertebrae
(BMD, BA and TA) differed between locations (p b 0.05), except for BMC (p=0.951)which showed no significant
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difference between the two locations. Vertebrae from themine area also showed relatively lower BA andTA com-
pared to the reference location. A constellation of skeletal abnormalities were also observed along the axial and
appendicular bones respectively. Specifically, growth defects, osteoporosis, cortical fractures, sclerosis, and cyst
like changes were commonly observed in the femurs and vertebrae of hares from both locations. With respect
to biomechanical properties, only bone stiffness and peak load tended to be relatively reduced in specimens
from the mine area, whereas work to failure was notably increased in specimens from the reference site com-
pared to those from themine area. Taken together, the results of this preliminary study suggest that chronic con-
comitant exposure to arsenic and cadmium may be involved in the etiology of various bone abnormalities,
including osteoporosis in wild population of snowshoe hares from the Yellowknife area. The result presented
in this study represent the first evaluation of osteological effects in free-ranging furbearers (snowshoe hares) di-
agnosed with arsenicosis, and concomitantly exposed to environmental levels of cadmium.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Furbearer species such as snowshoe hares, with limited home range
are known to inhabit different areas around Yellowknife, but informa-
tion regarding their physiological condition, particularly bone health is
unknown. Recognizing that elevated levels of arsenic (As) and other
toxic trace metals such as cadmium (Cd) have been reported in the ter-
restrial ecosystem of the Yellowknife area for several decades, there are
growing concerns that uptake, and concomitant environmental expo-
sure to these elements may induce adverse health effects, including
bone deterioration in exposed wildlife species in the area (Koch et al.,
2005; Saunders et al., 2011). While a growing number of studies have
already identified the skeletal system as a target site for As and Cd tox-
icity, there is urgent need to monitor whether current exposure levels
induces osteological abnormalities in exposed terrestrial wildlife from
the Yellowknife area (Brzóska and Moniuszko-Jakoniuk, 2004; Kido,
2013; Lim et al., 2016). Considering that damage to bone is known to
impair mobility and reduce fitness in animals, and may result in the in-
ability of animals to mate and escape predation, scientific investigation
monitoring the incidence and prevalence of bone abnormalities in ani-
mals from contaminated environment may be useful for developing
an increased understanding of bone pathology of animals under chronic
environmental exposure. As bone is a highlymineralized connective tis-
sue, consisting of hydroxyapatite and collagens, there are growing con-
cerns that its properties and functionmay be impaired by the combined
influence of As and Cd toxicities (Florencio-Silva et al., 2015; Brzóska
and Moniuszko-Jakoniuk, 2005). For example, Cd exposure is known
to alter bone quality and increase the risk of osteoporosis in both
human subjects and animal models, whereas As has been shown to
exert its influence on bonemineralization by substituting for phosphate
in the hydroxyapatite crystal, whichmay also disrupt osteoclast and os-
teoblast activities (Odstrcil et al., 2010; Hu et al., 2012; Akbal et al.,
2014). As previous terrestrial monitoring studies in the Yellowknife
area have focused onmeasuring the levels of As in surface soils, vegeta-
tion, small mammals and birds (Koch et al., 2000; Saunders et al., 2011;
Hocking et al., 1978), there is need to start documenting the prevalence
and pattern of skeletal abnormalities in wildlife species from As-
contaminated areas in order to evaluate the severities of exposure-
related effects. The specific aim of this study was twofold. The first
was to comparatively assess the prevalence and pattern of skeletal ab-
normalities inwild snowshoe hares breeding in an area heavily contam-
inated by As including Cd, near the vicinity of the abandoned Giant
mine, and in reference location outside the city of Yellowknife, in
order to ascertain whether there is difference between the two groups.
The second was to comparatively assess the effects of chronic concom-
itant exposure to As andCdon bonehealth, includingbonemineral den-
sity parameters and biomechanical properties of snowshoe hares from
the two groups, in order to determine whether there is a difference be-
tween the two groups. The overall objective of this study was to deter-
mine whether concomitant environmental exposure to As and Cd may
be associated with various skeletal abnormalities, and or increase the
risk of osteoporosis in exposed snowshoe hares from the study area.

2. Historical perspective of As contamination of the study area

Gold was discovered in Yellowknife in 1936, and by 1938 the City
of Yellowknife was already an active gold mining community
(Environmental Sciences Group, 2001). The occurrence of goldmineral-
ization in the Yellowknife area is mostly associated with arsenopyrite
and pyrite, and as a result three gold mines operated in the area under
various owners during different timescales such as Con mine (1938–
2003), Negus mine (1939–1952) and Giant mine (1948–2004). The
Giant mine was the most prominent gold producer in the region. The
Giant mine deposits occur within the Yellowknife Greenstone Belt,
and mineralization in the south and central areas of Giant mine was
identifiable as broad zones of silicification accompanied by quartz-
carbonate veins with sulphide mineralization, which are typically
bounded by sericite to chlorite schist (Government of Northwest
Territories, 2016). In the north of the mine, gold was located within
shallow dipping shear zones in relatively narrow composite quartz-
carbonate veins. The quartz veins contain pyrite, arsenopyrite, sphaler-
ite, chalcopyrite, stibnite, sulphosalts, and pyrrhotite (Government of
Northwest Territories, 2016). Due to its geology, background levels of
arsenic in soils around the vicinity of the Giantmine area, and surround-
ing locations are elevated, and there is evidence to suggest that previous
gold mining activities at different times also contributed to the in-
creased levels of As in some areas in Yellowknife (Environmental
SciencesGroup, 2001). For example, as a result of the roasting of arseno-
pyrite bearing gold ores, and the poor emission control standards at the
Giantmine stack during the early phase of Giantmine operations, an es-
timated 20,000 tonnes of roaster generated arsenic trioxide was
released into the surrounding environment causing contamination of
both the terrestrial and aquatic ecosystems (Bromstad et al., 2017). De-
spite the concerns that As exposure is associated with different adverse
health effects in exposed wildlife populations (Eisler, 1994), no attempt
has been made to specifically investigate exposure-related effects,
including osteological anomalies in terrestrial wildlife species from
the area.

3. Material and methods

A wildlife research permit (WL500454) and ethical clearance for
wildlife handling was obtained from the Department of Environment
andNatural Resources, Government of theNorthwest Territories. A gen-
eral research licence (No. 15924)was also obtained from theAurora Re-
search Institute prior to commencement of the field study. An
experienced local furbearer hunter was employed to assist in determin-
ing breeding locations of snowshoe hares prior to trapping in the study
area. A total of 14 sub-adult snowshoe hares aged approximately 1 to
2 years old were trapped between 0 and 3 km radius of the abandoned
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Giantmine, and compared to 14 sub-adult control animals captured ap-
proximately 20 km from the mine area. Trapping of animals took place
betweenOctober andNovember 2016. Animalswere euthanized by cer-
vical dislocation by an experienced hunter, and femur and vertebrae
were harvested from each animal and preserved in ethanol during ship-
ment, and prior to laboratory testing. Animals were not segmented into
gender due to the unequal numbers of male and female hares
captured during field work, in order to ease data interpretation. Envi-
ronmental contamination of the study area, was determined through
measurement of total As and Cd in willows, soils, whereas evidence of
chronic arsenicosis and Cd exposure in hares was determined through
estimating the accumulation levels of As and Cd in bones, nails,
liver, kidney and stomach content of hares (Refer to Part 1 paper for
complete data).2
3.1. Radiographic analysis and densitometric measurements

Radiographic assessment of femur and vertebrae of snowshoe hares
was conducted at the Centre for Bone and Periodontal Research, McGill
University, Quebec Canada. A single X-ray of femur and vertebrae sam-
ples was taken using a Kubtec Xpert 80 radiography system with auto-
matic calibration. Densitometric measurement was also obtained using
an animal densitometer (Luna Piximus) for assessment of bonemineral
density. Due of the sizes of femurs, onlymid-shaft of femurswas includ-
ed in the region of interest (ROI) as shown in Fig. 1a (the green rectan-
gle). The vertebrae were measured in whole. The results were provided
in terms of bone mineral density (BMD) (g/cm2), bone mineral content
(BMC) (g), bone area (BA) (cm2) and tissue area (TA) (cm2).
Fig. 1. a: Delineation of the region of interest (ROI) for bone densitometrymeasurement b:
Test setup of a femur sample placed on a three-point bending jig, with mid-diaphysis
(marked) aligned with the load application point, and 5 cm between bottom supports.
3.2. Biomechanical testing

Biomechanical measurements of the femurs were conducted at
McMaster University, Hamilton, Ontario, Canada. All of the samples
were immersed in a saline solution at 4 °C for 48 h prior to biomechan-
ical testing, and allowed to warm to room temperature for a minimum
of one hour prior to testing. Key measurements were taken of each
femur using calipers. These included overall length (from intercondylar
notch to femoral head), and width in two directions (anterior-posterior
and medial- lateral) at mid-diaphysis (defined as half the overall
length). Femurs were also weighed using a digital scale. Each
femur was tested in three-point bending using a material testing ma-
chine (Electropuls 1000, Instron, Canton MA). The bottom supports
were 5 cm apart, and themid-diaphysis markwas alignedwith the cen-
ter load application point (Fig. 1b). Ramp loads were applied at
1 mm/min from 2 to 50 N and unloaded at the same rate eight times,
with the first five serving to relax the specimen and the final three
being used for stiffness calculations. Then the femur was ramp loaded
at the same rate to failure. Output measures were stiffness, yield load,
peak load, and work to failure, calculated as the area under the force-
deflection curve during the failure test (Fig. 2).
3.3. Statistical analysis

The assumptions of normality of distribution, and homogeneity of
varianceswere verifiedwith Shapiro-Wilk and Levene's test, respective-
ly. Statistical comparisons were made by independent t-test (SPSS soft-
ware, version 16.0). A p-value of ≤0.05was considered to be statistically
significant.
2 Complete data for arsenic and cadmium levels in the natural environmental (i.e. soils
and willows), including tissues (livers, kidney, stomach content, bones and nail) of snow-
shoe hares are available in the Part 1 publication, as such the result were not duplicated in
this current paper. Evidence of chronic arsenicosis in snowshoe hares from the Giantmine
area, including higher Cd exposure has been presented in Part 1.
4. Results and discussion

4.1. Osteodensitometry changes and trace element accumulation in snow-
shoe hares from Yellowknife

The result of bone densitometric measurement of snowshoe hares is
presented in Table 1. An independent sample t-test (α=0.05)was fur-
ther conducted to compare the statistical differences between the two
locations, with respect to bone mineral density parameters. t-Test re-
vealed no significant differences between the two groups with respect
to bone densitometric parameters (p N 0.05), even though our prelimi-
nary results already confirmed that hares from the mine area showed a
relatively higher level of arsenic concentration in nail clippings and
organ tissues compared to those from the reference site. Preliminary
data indicate that in general, the study area show a pattern of anoma-
lous concentration of As exceeding 150 mg/kg for soils, and in some lo-
cations As concentration inwillows reached up to 59.4mg/kg especially
near the vicinity of the Giant Mine site, but tended to show a decrease
concentration away from the mine site. The maximum concentration
of As noted in the soil from the mine area exceeded 1500 mg/kg. Cd
levels near the mine area were generally in the range of 0.2 mg/kg to
1.2 mg/kg for soils, and reached up to the 2.39 mg/kg in willows, but
tended to decrease away from themine area (Refer to Part 1 publication
for full data). Parameters for diagnosing chronic arsenicosis including



Fig. 2. a: A sample load curve, each specimen was cycled from 2 to 50 N in three-point
bending (compression being negative load) eight times, followed by a constant
displacement ramp load to failure. The slope of the line for the last three cycles was
calculated for stiffness, and the yield load, peak load, and work to failure were identified
as shown. b: Representative load curves of work to failures of snowshoe hares bones
from two locations.
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Cd exposure in hares included the data for total As and Cd in nails and
other organ tissues (complete data available in the Part 1 publication).
To summarize the accumulation data, As levels in nails of hares from
the reference site ranged from 0.047 μg/g to 0.936 μg/g, while those
from the mine area ranged from 1.087 μg/g to 4 μg/g. In addition, Cd
concentration in the nails of hares from the mine area ranged from
0.007 μg/g to 0.476 μg/g, whereas those from the reference site ranged
from 0.003 μg/g to 0.027 μg/g. As was generally below detection limit
in all the bone specimens, except for three bone samples from the
Giant mine area which showed detectable levels of As. Cd was noted
to be in the range of 0.006 μg/g to 0.013 μg/g in bones of hares from
the reference site, while that from the mine area was 0.012 μg/g to
0.053 μg/g. Similarly, both hepatic and renal concentration of As and
Cd were also noted to be generally elevated in hares from the mine
area compared to the reference site. The relatively higher concentration
Table 1
Osteodensitometry parameters of Snowshoe hares from Giant mine and Reference sites.

Locations Giant mine area
(minimum–maximum)

Femurs (n = 7) Verte

Bone mineral density (g/cm2) 0.27–0.31 0.24–
Bone mineral content (g) 1.40–1.72 0.53–
Bone area (cm2) 5.08–5.97 1.91–
Tissue area (cm2) 5.27–6.04 2.07–
of As and Cd in nails of hares is suggestive of chronic exposure, and this
formed the basis for studying ostological abmormalities, including bone
demineralizing effects in the exposed animals.

In the femurs examined, BMD ranged from 0.27 g/cm2 to 0.31 g/cm2

in specimens from the Giant mine area, while that from the reference
site was between 0.21 g/cm2 to 0.33 g/cm2. BMC ranged 1.40 g to
1.72 g for specimens from the mine area, while that from the reference
site was 1.1 g to 1.99 g. BA ranged from 5.08 cm2 to 5.97cm2 in speci-
mens from the mine area, while that from the reference site was
5.04 cm2 to 6.34cm2. TA ranged from 5.27 cm2 to 6.04 cm2 in specimens
from the mine area, while that from the reference area 5.34cm2

to 6.4cm2. t-Test results indicated that femoral densitometry parame-
ters such as BMD (p = 0.5), BMC (p = 0.675), BA (p = 0.978) and TA
(p = 0.549) were significantly not different between locations. In the
vertebrae examined, BMD ranged from 0.24 g/cm2 to 0.29 g/cm2 in
specimens from the mine area, while that from the reference site was
0.16 g/cm2 to 0.266 g/cm2. BMC varied from 0.53 g to 0.76 g in speci-
mens from the mine area, while that from the reference area ranged
from 0.36 g to 0.78 g. BA ranged from 1.91 g to 2.63 g in specimens
from the mine area, while that from the reference site was 2.25 g to
3.42 g. TA ranged from 2.07 g to 2.93 g in specimens from the mine
area, while that from the reference site was 2.66 g to 4.22 g. t-Test re-
sults revealed that some vertebrae densitometry parameters such as
BMD (p = 0.007) and BA (p = 0.039) were significantly different be-
tween locations, except for BMC (p=0.951),whichwas not statistically
significant between the two groups. Further, TA exhibited a certain
trend toward significance (p = 0.08), although in general, vertebral
specimens from the mine area tended to exhibit reduced BA and TA
compared to those from the reference site. The observed reduction in
BA and TA may be indicative of reduced bone formation and increased
bone resorption causedby contaminant exposure, subsequently causing
the vertebrae to demineralize. The BMD changes noted in the specimens
may be indicative of the combined effects of As and Cd in inducing
skeletal demineralization, subsequently causing changes in bone
mineral density. (Odstrcil et al., 2010; Hu et al., 2012; Brzóska and
Moniuszko-Jakoniuk, 2005).
4.2. Biomechanical properties of femoral bones of snowshoe hare from
Yellowknife

Several biomechanical parameters were measured for the
two groups (Tables 2 and 3). No statistical differences were found be-
tween the groups for length (p = 0.64), width 1 (p = 0.68), width 2
(p = 0.10), or weight (p = 0.18). The average stiffness in specimens
from the reference site was 254.6 N/mm. The load-deflection curves
during the three stiffness trials were highly linear, with an average R2

of 0.999 (minimum 0.995). In addition, the average yield load and aver-
age peak load of bone samples were 159.6 N and 179.8 N, respectively.
The average work to failurewas 96.7 Nmm. For themine area, the aver-
age stiffness of bones was 244.4 N/mm. The load-deflection curves dur-
ing the three stiffness trials were also highly linear, with an average R2

of 0.999 (minimum 0.997). The average yield load and average peak
load of bone samples from this area was 162.6 N and 169.6 N,
respectively. Average work to failure was 129.3 Nmm. Yield loads and
Reference site
(minimum–maximum)

brae (n = 7) Femurs (n = 7) Vertebrae (n = 5)

0.29 0.21–0.33 0.16–0.266
0.76 1.1–1.99 0.36–0.78
2.63 5.04–6.34 2.25–3.42
2.93 5.34–6.4 2.66–4.22



Table 2
Measurements of length, width and weight of femurs of snowshoe hares from Giant mine and Reference site.

Reference site Giant mine area

Specimen Length (mm) Width 1 (mm) Width 2 (mm) Weight (g) Length (mm) Width 1 (mm) Width 2 (mm) Weight (g)

A 101.8 6.1 6.7 7 96 5.8 6.9 7
B 96.1 4.9 5.7 6 95.1 5.3 6.1 6
C 101.1 5.9 6.1 6 100.6 5.8 6.9 7
D 88.6 5.3 5.7 6 103.4 5.7 6.2 7
E 99 6.1 6.4 8 95.5 6 6.9 6
F 100 5.8 6.5 8 100.7 5.7 6.6 8
G 103 6.1 6.9 8 85.8 4.8 5.6 5
H 99.8 5.3 5.9 7 101.4 5.9 7.2 7
I 98.8 5.7 6.5 8 103.3 5.2 6.2 7
J 99.6 5.8 6.1 8 95 5.9 6.3 7
K 94.7 5.2 6.1 7 96.1 5.4 6.8 7
L 92.7 5.5 6.1 6 92.7 5.5 6.2 6
M 93.8 5.7 6.1 6 91.9 5.4 6.2 6
N 95.7 5.1 6.1 7 95.8 5.3 6.4 6
Average 97.5 5.6 6.2 7.0 96.7 5.6 6.5 6.6
Standard deviation 4.0 0.4 0.4 0.9 4.9 0.3 0.4 0.8

1563S. Amuno et al. / Science of the Total Environment 612 (2018) 1559–1567
peak loads of the bones were also not significantly different between
locations (p = 0.82; p = 0.54).

Stiffness is themeasure of resistance to force, and the stiffer a bone is
the more force it requires to produce a given a displacement (Turner,
2006). In our study, bone stiffness tended to be somewhat higher in
snowshoe hares from the reference site compared to those from the
mine area, but this was not significantly different between locations
(p = 0.64). It is likely that the relatively higher bone stiffness of the
specimenmay have been influenced by increase in bonemineralization,
which may in turn adversely affect the structural rigidity of the bones
causing bone brittleness and may increase the risk of fractures. Given
that the average bone stiffness were not significantly different between
the two locations, it is likely that the bones from both areasmay be sim-
ilarly at risk of fractures.Work to failure represents the amount of work
that must be done to fracture the bone (Turner, 2002). In our study,
work to failure was not statistically significant (p = 0.082) between
the two groups, but this was approaching the level of significance. As in-
dicated in Table 3, the average work to failures (standard deviation) for
each group were 96.7 (43.7) Nmm for reference site, and 129.3 (51.3)
Nmm for the Giant mine site. As a result of the fairly large standard de-
viations, no statistical conclusions could be drawn from the data, but
there was a strong tendency toward the bones from the mine area hav-
ing greater work to failure. The work to failures in both locations was
further illustrated in Fig. 2b, which showed the representative load
curves for bone samples from the two locations. While on average the
Table 3
Biomechanical properties of femurs of snowshoe hares from Giant mine and Reference site.

Reference site

Specimen Stiffness
(N/mm)

Yield Load
(N)

Peak Load
(N)

Work to
(Nmm)

A 350.9 197.6 256.4 136
B 331.5 174.6 229.5 145
C 169.2 137.6 149.9 157
D 210.9 176.7 187.3 99
E 336.7 192.1 259.8 110
F 158.2 93.6 109.7 46
G 239.2 166.6 179.7 23
H 275.4 156.9 156.9 124
I 287.8 118 118 155
J 227.2 169 189.5 70
K 252.5 160.7 173.8 85
L 290.4 189.2 189.2 55
M 198.6 146.8 154.3 48
N 235.5 155.1 162.7 101
Average 254.6 159.6 179.8 96.7
Standard deviation 60.6 28.8 44.8 43.7
two locations had very similar stiffnesses and yield loads, the samples
from the Giant Mine tended to undergo a greater amount of plastic de-
formation prior to ultimate failure. This resulted in the higher trend of
the Giant Mine work to failure specimens.

Yield loads and peak loads were not significantly different between
locations (p = 0.82; p = 0.54). Previous investigations have
shown that chronic exposure to low concentrations of Cd can alter the
mineral status and bone mechanical properties, thereby increasing the
risk of osteoporosis and fractures in rodent models (Brzóska and
Moniuszko-Jakoniuk, 2004; Brzóska and Moniuszko-Jakoniuk, 2005).

4.3. Radiographic assessment of femoral bones and vertebrae of snowshoe
hares from Yellowknife

A radiographic analysis of the femur and vertebrae of snowshoe
hares was conducted. For each location, 7 femurs and 5 vertebrae
were randomly selected and examined for bone abnormalities. Radio-
graphic assessment of bones from the mine area and reference location
is described below:

4.4. Reference area

In the control location, bone specimens exhibited osteoporosis and
avulsion cortical fracture (avulsion fracture is defined as separation of
a small fragment of bone cortex at the site of attachment of a ligament
Giant mine area

Failure Stiffness
(N/mm)

Yield Load
(N)

Peak Load
(N)

Work to Failure
(Nmm)

186.0 159 159 79
206.6 111 111 107
251.5 116 133 129
284.0 159 159 116
267.0 224 224 201
263.6 159 170 167
112.7 98 98 83
287.5 125 163 98
240.0 183 183 160
334.1 237 268 246
252.0 185 185 164
242.8 175 175 81
229.5 186 186 85
265.1 160 160 94
244.4 162.6 169.6 129.3
52.1 40.6 42.6 51.3



Fig. 3. A: Femur of snowshoe hare from the reference site showing osteoporosis and avulsion cortical fracturewith observation of bone fragments of the lower third of the femur (avulsion
fracture is defined as separation of a small fragment of bone cortex at the site of attachment of a ligament or tendon). 3B: cortical fracture along the neck of the femur, including disruption
of the normal cortical architecture.

Fig. 4.A:Massive disruption/fragmentations and fractures of the cortices onboth sides of the lower part of the femurwere noted to be associatedwith osteolysis of the femoral condyle and
massive bone loss. 4B: Osteoporosis with bone loss over the lower third of the femur, including disruptive mechanism of the cortices was noted.

Fig. 5. A: Osteoporosis was noticeably accompanied with dysplastic (small) capital femoral epiphysis, with the upper 1/3rd of the diaphysis showing osteoporotic changes, whereas the
lower third showed no bone loss. Further, the cortices of themid-diaphysiswere noticeably thin and liable to fracture. 5B: osteoporosis, and irregular lines of ossification of the lower third
of the femur.

1564 S. Amuno et al. / Science of the Total Environment 612 (2018) 1559–1567
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or tendon) with observation of bone fragments of the lower third of the
femur (Fig. 3A). Traces of minute cortical fractures along the neck of the
femurwere noted to be accompaniedwith disruption of the normal cor-
tical architecture, and minute avulsion fracture (Fig. 3B). Massive dis-
ruption/fragmentations and fractures of the cortices on both sides of
the femur were noted to be associated with osteolysis of the femoral
condyle and massive bone loss (Fig. 4A). Several specimens examined
exhibited osteopenia with bone loss over the lower third of the femur,
including disruptive mechanism of the cortices (Fig. 4B). Osteoporosis
was noticeably accompanied with dysplastic (small) capital femoral
epiphysis, with the upper 1/3rd of the diaphysis showing osteoporotic
changes,whereas the lower third showed no bone loss. Further, the cor-
tices of the mid-diaphysis were noticeably thin, which maymake them
liable to fracture (Fig. 5A). Other bone specimens exhibited osteopenia,
and irregular lines of ossification of the lower third of the femur (Fig.
5B). The vertebrae samples examined showed thinner and dysplatic
transverse as well as spinous processes (Fig. 6B and D). It is important
to clarify here that As was below detection limit in all the bones from
the reference site, but Cd generally accumulated in the bones at levels
that was similar to the specimens from the Giant mine area. As a result,
it is likely that the manifestation of osteoporosis and other bone abnor-
malities observed in the reference animalsmay be due to chronic Cd ex-
posure at levels similar to the animals from the mine site. Our
preliminary data in our Part 1 paper already indicate that the levels of
Cd in the nails and bones of hares from the reference area were not sta-
tistically different from the mine site specimens (p N 0.05).
4.5. Case area

In the mine area, bone of hares showed evidence of trabecular scle-
rosis over the epi-metaphyseal regions of the femoral head. A scan of
the lower 2/3rd of the femur showed small islands of well-
demarcated sclerosis seen at the diaphyseal area extending downwards
to involve the epi-metaphyseal areas as well (white arrow near femoral
neck of Fig. 7A). Furthermore, cortical hyperostosis was also observed
involving the periosteum (white arrow along the shaft) and endosteal
hyperostosis (black arrow). It seems that arsenic inhibited the osteo-
clastic remodelling. Periosteal hyperostosis was also noted to be associ-
atedwith nodule-like formations. The femoral neck of the hares showed
osteoporotic changes, whereas the metaphysis shows longitudinally
sclerosed trabeculae (topwhite arrow on Fig. 7B). Tiny spots of sclerosis
were noted to be more marked at mid-diaphysis and extended down-
wards. The inferior femur showed signs of demineralization and pro-
found osteoporosis (white arrow in the inferior femur on Fig. 7B). The
bone specimens of other hares exhibited small focal islands of sclerosis,
Fig. 6. The vertebrae samples examined showed smaller vertebral body including thinner and d
ossification (Fig. 6B and D).
spreading along the whole shaft. Osteoporotic changes were also ob-
served along the capital femoral epiphysis shaft and the inferior
femur. Dysplastic capital femoral epiphysis, osteoporosis, and thin corti-
ceswith progressive osteopeniawere commonly observed in specimens
from the area (Fig. 8A and B). The vertebrae showed evidence of severe
osteoporosis of the transverse process with small islands of well-
demarcated sclerosis noted along the transverse processes. It is likely
that these small islands represent arsenic replacing phosphorus in the
bone matrix (Fig. 9A and B). In addition, the vertebrae also exhibited
islands of well-demarcated sclerosis and cyst-like changes on top of os-
teoporosis invading the outer and the inner cortices of the transverse
processes and parts of the vertebral body.

Visual inspection of representative bone samples from both loca-
tions further confirmed that there was a difference in the surface tex-
ture of the bones, with the specimen from the reference site showing
a typical smooth surface of normal phenotype (Fig. 10A), whereas that
from the mine area had diffuse dissemination of small islands of patho-
logical ossification along the periosteum (Fig. 10B). A previous animal
study conducted by Odstrcil et al. (2010) showed that exposure to low
levels of arsenic increases the thickness of the growth plate cartilage,
as well as inhibit endochronal ossification. While dysplasia of the prox-
imal capital femoral epiphysis was noted in the femur from the mine
area, the bone of the reference animal showed normal growth including
proximal capital femoral epiphysis. To the best of our knowledge, the
result presented in this paper is the first attempt to describe the pattern
of bone abnormalities in wild terrestrial small mammals inhabiting ar-
senic endemic areas, and exposed to environmental levels of Cd. Al-
though hares from both location showed evidence of chronic As and
Cd exposure, only Cd tended to accumulate consistently in the bones
of the animals, and, it is likely that the deterioration of bone quality as
noted in the radiographic assessment may have been induced mainly
by the influence of Cd and less of As. The constellation of skeletal abnor-
malities noted such as osteoporosis, cortical fractures, sclerosis, and cyst
like changes in the femurs and vertebrae of hares from both locations
suggests that the developing bone is a target for metal and metalloid
toxicity, and that concomitant environmental exposures to As and Cd
may be associated with varying severities of osteological abnormalities,
as observed in our study.
5. Conclusion

Chronic exposure to As and Cd has been suggested to play a role in
the etiology of various bone disorders, including osteoporosis, and the
present study is among the first documentation of bone abnormalties
in wild terrestrial small mammals inhabiting As contaminated areas
ysplatic transverse aswell as spinous processes associatedwith irregular lines of abnormal



Fig. 7.A:Abnormal sclerosis overmetaphyseal regions of the femoral head. Lower2/3rd of the femur of hare showed small islands and irregular lines of ossification. 7B: The femoral neck of
the hares showed osteoporotic changes. The inferior femur showed signs of osteoporosis.

Fig. 8. A: Small focal islands of sclerotic spots spreading over the periosteum (periosteum is an extremely thin region of non-calcified tissue on the exterior of bones). 8B: Osteoporotic
changes were also observed along the capital femoral epiphysis shaft and the inferior femur.

Fig. 9. (A and B): severe osteoporosis of the transverse processeswith small sclerotic spots
noted along the transverse processes.
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due to the influence of mining activities and geogenic sources. The re-
sults from this present study provide baseline information regarding
the effects of As and Cd exposure on bone quality of snowshoe hares
inhabiting the Yellowknife area. The results of our investigation show
that combined chronic exposure to environmental levels of As and Cd
induces bone abnormalities, including bone fragility and increases the
risk of osteoporosis in exposed snowshoe hares breeding in the study
area. Despite the differences in As and Cd exposure in snowshoe hares
from the study areas, the bone pathology of hares from both locations
were generally noted to be similar. Both groups generally exhibited os-
teoporosis and cortical fractures of the femurs, whereas the vertebrae of
hares from the mine area show reduced BA and TA. It is also likely that
chronic exposure to elevated levels of As and Cd from geogenic sources
may have also contributed to the development of pathological changes
in the bones of the case and reference animals. As a result, caution
should be taken when interpreting the results of this study to fully con-
sider the role of natural geology as a potential risk factor for increased
exposure to contaminants, and which may also play a role in inducing
developmental effects, including bone disorders. The results of our in-
vestigation confirm that bones may constitute a highly sensitive indica-
tor for assessing the combined effects of chronic arsenicosis and Cd



Fig. 10. Comparing the phenotype of two femura of two different animals. Dysplasia of the
proximal capital femoral epiphysis (10B- from Giant Mine area). Bone (10A- from
Reference location) shows normal proximal capital femoral epiphysis. Diffuse
dissemination of small islands of pathological ossification along the perisoteum (10B).
Bone (10A) shows normal phenotype.

1567S. Amuno et al. / Science of the Total Environment 612 (2018) 1559–1567
exposure in wildlife population breeding in the Yellowknife area, and
other contaminated environment.
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