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Abstract

Cadmium (Cd), a toxic heavy metal, produces various forms of environmental contaminations and health problems in human. In
this study, we aimed to examine the localization of several apoptotic markers in human placentas from pregnant women who
were environmentally exposed to Cd. Twelve pregnant women participated in this analysis and they were divided into 2 groups
according to their living areas: high-Cd (H-Cd) and low-Cd (L-Cd) groups. After delivery, the placentas were immediately
harvested, and the placental width, length, and weight were measured. The placental Cd concentration was determined by using
ICP-MS. The expression of three apoptotic markers, cleaved caspase-3, cleaved lamin A/C, and TUNEL, was examined in
immunohistochemistry. In results, the placental Cd concentration in the H-Cd group was higher than that in the L-Cd group. In
contrast, a significant decrease in the BW (birth weight):PW (placenta weight) ratio representing the placental nutrient transport
function was found in the H-Cd group, and an inverse correlation between placental Cd concentration and BW:PW ratio was
demonstrated. Additionally, significant elevations in the expression of cleaved caspase-3, cleaved lamin A/C proteins, and
TUNEL were shown in the H-Cd placenta. Moreover, positive correlations were found between the placental Cd concentration
and the expression of cleaved caspase-3 and TUNEL. Collectively, our findings suggest that the exposure of pregnant women to
environmental Cd might induce Cd to be transferred to the body and then accumulated in the placenta, resulting in disturbance of
the placental function and eventual apoptosis.
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Introduction

The placenta is a specialized organ composed of two portions
that are developed from maternal and fetal tissues. Its maternal
portion is called the basal plate composed of extra-villous
trophoblasts, uterine deciduae, and other immune cells,
54 Laorrat Phuapittayalert whereas the fetal portion, the chorionic plate, is formed by

Laorrat.ph@up.ac.th chorionic mesenchymal cells covered by a single-layered tis-
sue called the amnion. The surface of the chorionic plate is
attached by the umbilical cord occupied by umbilical vessels
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exchange, hormonal production, and prevention of xenobi-
otics (Myllynen et al. 2005). On the other hand, it has been
reported that heavy metals can be accumulated in the placenta
and transferred to the fetus, leading to a low birth-weighted
neonate (Kippler et al. 2012). Therefore, the placenta is fre-
quently used as a human organ biomarker for developmental
toxicology and monitoring (Lyengar and Rapp 2001;
Myllynen et al. 2005).

Cadmium (Cd) is a heavy toxic metal that naturally occurs
in the earth’s crust at the concentration of approximately 0.1
mg/kg (Tchounwou et al. 2012). The anthropogenic sources
such as industrialization, mining, and agriculture can produce
the shift of Cd distribution into the environment, leading to the
Cd contamination in soil, air, and water (Yu et al. 2017). In
Thailand, the Cd contamination is found in paddy fields in
Mae Ku, Mae Tao, and Phrathat Phadaeng subdistricts, Mae
Sot district, Tak province, that are utilized as agricultural
fields receiving irrigation water from Mae Tao creek
(Simmons et al. 2005). Consequently, the agricultural food
products such as rice growing on these areas can uptake Cd,
and the consumption of those products can transfer Cd into the
human body by the food chain (Suwatvitayakorn et al. 2019).
The body burden of Cd produces the structural and functional
damages in several organs such as brain, kidney, and placenta
(Mukherjee et al. 2010; Phuapittayalert et al. 2013; Satarug
etal. 2019).

For protection of the Cd toxicity, metallothionein (MT), a
low-molecular-weight and cysteine-rich protein, is useful by
binding and trapping Cd in the cell, resulting in reduction of
the concentration and toxicity in the body (Klaassen et al.
2009). The correlation between MT expression and placental
Cd concentration has been reported (Kippler et al. 2012;
Phuapittayalert et al. 2016). Despite the protecting effect of
MT against the Cd toxicity, the overloading of Cd in placenta
can induce pathological features including syncytial knots,
aggregations of syncytiotrophoblast nuclei after apoptosis
(Phuapittayalert et al. 2013). A critical executioner of apopto-
sis is cysteine-dependent aspartate-specific proteases 3
(caspase-3) that is activated (cleaved) through either intrinsic
or extrinsic pathway (El-Baz et al. 2015; Elmore 2007). The
elevation in expression of cleaved caspase-3 protein was re-
ported to induce the cell death in mouse placentas and JEG-3
cells after Cd treatment (Zhu et al. 2019). The cleavage of
caspase-3 was shown to trigger such alterations as DNA frag-
mentation and degradation of cytoskeletal and nuclear pro-
teins (Elmore 2007; Erboga and Kanter 2016). One method
to detect the DNA fragmentation is terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) (Elmore 2007).
After Cd treatment, the increment of TUNEL-positive reac-
tion was concomitant with the rise of cleaved caspase-3 pro-
tein in mouse placenta and human trophoblast cells (Zhu et al.
2019). In contrast with elevation of apoptotic cells, the atten-
uation of PCNA (proliferating cell nuclear antigen) was

@ Springer

shown to occur in placenta of Cd-injected rat (Erboga and
Kanter 2016). Additionally, lamin A/C, an intermediate fila-
ment, plays a role in the nuclear envelope integrity, and it is
suggested to involve in the placental apoptotic process (Botta
et al. 2019). However, the association of lamin A/C expres-
sion and the placenta Cd accumulation by environmental ex-
posure remains unelucidated.

As stated above, these apoptotic markers can be used for
clarification of the mechanism behind the placental toxicity
and dysfunction by Cd; therefore, we aimed to examine the
expression and localization of these three apoptotic markers in
human placentas of pregnant women exposed to environmen-
tal Cd in their living areas.

Materials and methods
Participants and sample collection

This study was approved by the University of Phayao Human
Ethnic Committee (No. 2/073/59). The 12 of among 51 pla-
cental samples were obtained from our previous study during
2013-2016 (Phuapittayalert et al. 2016). These healthy preg-
nant women were residents in Mae Sot district and partici-
pants in the Antenatal Care and Labor Units of Mae Sot
General Hospital, Mae Sot district, Tak province. Pregnant
women who drink alcohol or smoke are not allowed to partic-
ipate in this study. Then, participants read written information
about this study and expressed consents with signatures on it
before engaging in the experiment. At 36-week gestational
age, the maternal blood and urinary samples were collected
for Cd measurement using a spectroscopy (Merck, Germany)
and renal function tests with an enzymatic method. Then, the
pregnant women were divided into two groups according to
their living areas, blood, and urinary Cd concentrations. The
six participants who lived in Mae Ku, Mae Tao, and Phrathat
Phadaeng subdistricts which have been reported as high Cd-
contaminated areas (Simmons et al. 2005), and whose blood
and urinary Cd concentrations were more than 0.5 pg/L and 2
ng/g for creatinine (Nordberg et al. 2015), were classified as a
high Cd-exposed (H-Cd) group. The remaining six partici-
pants who resided in other low Cd-contaminated areas, and
whose blood and urinary Cd concentrations were less than 0.5
png/L and 2 pg/g for creatinine, were classified as a low Cd-
exposed (L-Cd) group.

Postnatally, the general characteristics of newborns includ-
ing the body weight (BW), the gestational age, the birth
length, and the head and chest circumferences were recorded.
Then, the harvested placentas were weighed and measured. To
unifying placental samples for analysis of Cd contamination,
the central part of each placenta was cut by carbon knife
blades and then subdivided into two halves: one half was
stored in metal-free cryo-tubes at —20 °C for metal analysis
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and the other half was fixed in 4% paraformaldehyde for im-
munohistochemical analyses.

Trace element analysis

The measurement of Cd concentration was performed in the
same way as reported in our previous study (Phuapittayalert
etal. 2016). Briefly, placental tissues of 1 g were digested with
5 mL nitric acid at 200 °C for 20 min. After cooling down,
deionized water was added to adjust the volume. Finally, the
placental Cd concentration was measured by the inductively
coupled plasma mass spectrometer (ICP-MS) (Agilent
Technologies, Japan).

Immunohistochemistry

The localizations and expressions of cleaved caspase-3 and
lamin A/C proteins in the paraffin-embedded placental sec-
tions were examined using the immunohistochemical tech-
nique. Briefly, the placental embedded paraffin sections were
cut at 5 um and mounted on glass slides. The sections were
then performed the antigen retrieval in citrate buffer before
individually incubated at 4 °C overnight with polyclonal rab-
bit anti-cleaved caspase-3 or anti-cleaved lamin A/C IgG at
1:100 dilutions (Cell Signaling Technology, Massachusetts,
USA) in 1% blocking reagent. The placental sections were
then incubated for 1 h at room temperature with goat anti-
rabbit antibody at 1:100 dilutions (Cell Signaling
Technology, Massachusetts, USA) in 1% blocking reagent
followed with avidin-biotin complex (ABC) kit (Vectorstain,
Burlingame, UK). The positive reactions were visualized
using DAB prior to counterstained with hematoxylin. The
stained section with primary antibody omission was used as
a negative control. For the positive control, the small intestine
and liver were harvested from 6 png TNF-« injected mice. The
immunoreactivities were observed under the light microscope
(Olympus, DP21, Japan), and the 20 microscopic fields per
placental sections were randomly taken at 20X magnification
for further measurement of the immunoreaction intensity
using Image] software (NIH). The color detection was per-
formed under the IHC toolbox by selection and measurement
of DAB intensity area. Then, the whole area of placental sec-
tion was measured and recorded. Finally, the intensity of im-
munoreaction per area of placental villi was calculated and
further statistically analyzed.

TUNEL assay

Some sections of the placentas were stained with DeadEnd™
Colorimetric TUNEL System (Promega, Wisconsin, USA) to
examine DNA fragmentation. They were then incubated with
solutions of a rTdT reaction mixture, whereas, as the negative
control, omission of rTdT enzyme in the reaction mixture was

applied to some other sections. Additionally, sections of the
placentas treated with DNase I was used as the positive con-
trol. After incubation with biotinylated nucleotides and
streptavidin HRP, sites of the immuno-positive reactions were
visualized by DAB. Finally, all the sections were observed
under light microscope (Olympus, DP21, Japan), and 20 rect-
angle fields in individual sections were taken under micro-
scope at 20X magnification for further quantification of the
immunoreaction analysis by Imagel software (NIH) as de-
scribe above.

Statistical analysis

All data were shown in mean + standard error of the mean
(SEM). The statistical analysis between the two groups was
determined by non-parametric (Mann-Whitney U test) and
parametric statistical (independent #test) analyses. The corre-
lations between two variables were then tested by Pearson or
Spearman correlations. To evaluation of statistical significa-
tion, p values were set at 0.05.

Results

The general features of pregnant women and
newborns

Between the L-Cd and the H-Cd groups, no significant differ-
ences were found in the mean age (L-Cd: 23.83+2.17 and H-
Cd: 28.33£2.61 years, p>0.05), the body weight (L-Cd: 63.67
+4.31 and H-Cd: 58.42+0.89 kg, p>0.05), the body height (L-
Cd: 1.57+0.02 and H-Cd: 1.55+0.02 m?, p>0.05), the body
mass index (BMI) (L-Cd: 25.79+1.80 and H-Cd: 24.40+0.80
kg/m?, p>0.05), and the number of childbearing of pregnant
women (L-Cd: 1.334£0.20 and H-Cd: 1.83+0.38, p>0.05), as
shown in our previous study (Phuapittayalert et al. 2016).

No significant differences were also found in the gestation-
al age (L-Cd: 39.50+0.59 and H-Cd: 39.33+0.68 weeks,
p>0.05), the body weight at birth (L-Cd: 2975+130.12 and
H-Cd: 2925+81.42 g, p>0.05, the body length at birth (L-
Cd: 50.83+0.52 and H-Cd: 51.8340.76 cm, p>0.05), and the
circumference of the head (L-Cd: 33.08+0.94 and H-Cd:
32.1740.52 cm, p>0.05) and the circumference of the chest
(L-Cd: 39.50+0.59 and H-Cd: 39.33+£0.68 cm, p>0.05) of
newborns between the two groups, as previously reported
(Phuapittayalert et al. 2016).

Maternal blood and urinary Cd concentrations and
their renal functions

After 36-week gestational age, the Cd concentration in blood

and urine samples was measured. The blood and urinary Cd
concentration in the H-Cd group was significantly higher than
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that in the L-Cd group (p<0.05) (Table 1), and both values
were in a positive correlation (p<0.01, »=0.886).

To determine the renal function of pregnant women, the
creatinine values in serum and urine were measured, and the
estimated glomerular filtration rate (¢éGFR) and estimated cre-
atinine clearance (CCr) were calculated using the Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation (Levey et al. 2009) and the Cockcroft and Gault
equation (Cockcroft and Gault 1976), respectively. The mean
serum creatinine value was not statistically different between
the H-Cd and the L-Cd groups (p>0.05). In contrast, both
urine creatinine and eGFR values were found to significantly
decrease in the H-Cd group (p<0.05) (Table 1). In addition,
the decrease in the eGFR value was positively correlated with
that in the urine creatinine value (p<0.05, »,=0.683), but it was
inversely related to the values of serum creatinine (p<0.01,
rs=—0.884), blood Cd (p<0.01, »=—0.826), and urinary Cd
concentrations (p<0.05, »,=—0.683). Finally, we found a lower
value of CCr in the H-Cd (p<0.05) (Table 1), a positive cor-
relation between CCr and eGFR values (p<0.01, »=0.830),
and a negative association between CCr value and serum cre-
atinine value (p<0.01, r,=—0.864), blood Cd (p<0.05,
rs=—0.668), and urinary Cd concentrations (p<0.01,
re="0.891).

Placental Cd concentrations and its characteristics

At postpartum, the mean placental weights were 491.67
+58.65 and 566.67+48.72 g in the L-Cd and H-Cd groups,
respectively (p>0.05). There were no differences in mean pla-
cental width, length, and thickness between the two groups
(p>0.05). The ratios of birth weight to placenta weight
(BW:PW ratios), which represent the sufficiency of placental
nutrient transfer to the fetus, were significantly lower in the H-
Cd group than those in the L-Cd group (p<0.05) (Table 2). On
the other hand, the placental Cd concentration was approxi-
mately 3.5-fold (»p<0.05) higher in the H-Cd group than those
in the L-Cd group. Interestingly, the placental Cd

Table 1 Maternal blood and urinary Cd concentrations and their renal
functions

Parameters L-Cd group  H-Cd p value
Blood Cd (pg/L) 0.53+0.02 1.82+0.42 <0.05*
Urinary Cd (ug/g creatinine)  0.81+0.04 3.37+£1.22 <0.05*
Serum creatinine (mg%) 0.63+0.06 0.67+0.03 > 0.05
Urine creatinine (mg/dL) 80.05+£11.91  55.33+£9.36 <0.05%
eGFR (mL/min/1.73m?) 132.8443.81 118.0443.02 <0.05*
CCr (mL/min) 149.6849.51 116.4244.42 <0.05*

*p<0.05, n=6/group
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concentrations negatively associated with the BW:PW ratios
(p=<0.05, r=—0.718).

Immunohistochemical localization findings
Cleaved caspase-3 protein

The immunoreactivity for cleaved caspase-3 protein was
found in both maternal and fetal portions of the placenta.

Note that the immunoreaction intensity for cleaved
caspase-3 protein in chorionic villi was highest in the cyto-
plasm and nucleus of fetal endothelial cells, followed by the
cytoplasm of syncytiotrophoblast, syncytial knot, Hofbauer
cell, and cytotrophoblast in both L-Cd (Fig. 1a) and H-Cd
groups (Fig. 1 b and c). In a quantitative measurement of the
immunoreactivity in chorionic villi by using IHC toolbox,
Image] software (NIH), the immunoreactivity in the H-Cd
group (31.67 + 3.90) was approximately 2-fold (»p<0.05)
higher than that in the L-Cd group (16.12 + 2.57) (Fig. 2a).

Additionally, the immunoreactivity was found in the
vasculo-syncytial membrane which is an interface between
maternal and fetal blood circulations and formed by the
syncytiotrophoblast, fetal endothelial cells, and their basal
lamina (Fig. 1 b and c). In chorionic plate, the immunoreac-
tivity for cleaved caspase-3 protein was localized predomi-
nantly in the cytoplasm and nucleus of endothelial cells of
chorionic vessels, whereas it was slightly found in the cyto-
plasm of chorionic mesenchymal cells in both L-Cd (Fig. 1d)
and H-Cd (Fig. 1e) groups.

In maternal portion of the placenta, the immunoreactivity
for cleaved caspase-3 protein was mainly localized in large-
round cell in the uterine decidua termed decidual cells in both
L-Cd (Fig. 1f) and H-Cd (Fig. 1g) groups. However, it was
localized in the cytoplasm of decidual cells in the L-Cd group,
whereas it was in both cytoplasm and nucleus of decidual cells
in the H-Cd group. In addition, the immunoreactivity intensity
was positively correlated to the placental Cd concentration
(p=<0.05, r=0.594) (Fig. 2b). In contrast, it was inversely cor-
related with the BW:PW ratio (p<0.05, = —0.671) (Fig. 2c¢).

As a positive control for the immunoreaction, sections of
the liver harvested from adult mice pre-injected with 6 pg
TNF- were immunostained with the same antibody,
resulting in distinct immunopositivity (Fig. 1h). In negative
control experiments, omission of the primary antibody result-
ed in the abolition of all immunostaining (Fig. 11).

Cleaved lamin A/C protein

The immunoreactivity for cleaved lamin A/C, representing the
damage levels of the nuclear envelope, was found in almost all
portions of the placenta.

In the chorionic villi, the immunoreactivity for cleaved
lamin A/C of the nuclear envelope was most intense in fetal
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Table 2 Placental characteristics

and placental Cd concentration Variables L-Cd group H-Cd group p value
Characteristics of placentas
Placental weight (g) 491.67+28.65 566.67+48.72 > 0.05
Placental width (cm) 15.5+0.57 15.9+0.40 > 0.05
Placental length (cm) 19.00+0.42 19.4+0.92 > 0.05
Placental thickness (cm) 1.41+0.23 1.5+0.52 > 0.05
Birth weight:placental weight ratio 6.12+0.32 5.15+0.28 <0.05*%
Trace element analysis
Placental Cd concentration 9.584+0.97 37.14+9.59 <0.05*

*p<0.05, n=6/group

endothelial cells, followed by syncytiotrophoblasts, syncytial
knots, Hofbauer cells, and cytotrophoblast in both L-Cd (Fig.
3a) and H-Cd (Fig. 3 b and c) groups.

In the chorionic plate, the immunoreactivity for cleaved
lamin A/C was seen in the nuclear envelope and cytoplasm
of chorionic mesenchymal cells in both L-Cd (Fig. 3d) and H-
Cd (Fig. 3¢) groups.

In basal plate, the immunoreactivity for cleaved lamin A/C
protein was small in the nuclear envelope and cytoplasm of
decidual cells in both L-Cd (Fig. 3f) and H-Cd (Fig. 3g)
groups.

As a positive control, sections of the small intestine
collecting from mice pre-injected with 6pg TNF-o were im-
munostained with the same antibody, resulting in distinct
immunopositivity (Fig. 3h). In negative control experiments,
omission of the primary antibody resulted in the abolition of
all immunostaining (Fig. 31).

In a quantitative measurement, the immunoreactivity for
cleaved lamin A/C in unit areas of the chorionic villi from
the L-Cd group (15.54+2.58) was significantly weaker than
that from the H-Cd group (32.31£5.66) (p<0.01) (Fig. 4a).
The immunoreactivity for cleaved lamin A/C were positively
correlated with that for cleaved caspase-3 protein (p<0.05,
rs=0.650) (Fig. 4b). Although the immunoreactivity for
cleaved lamin A/C showed a tendency of correlation to the
concentration of placental Cd, it was not statistically signifi-
cant. (p=0.07, r;=0.585). In contrast, the immunoreactivity for
cleaved lamin A/C was negatively correlated to the BW:PW
ratio (p<0.05, r,=—0.745) (Fig. 4c).

TUNEL findings

The TUNEL-positive reaction, representing DNA fragmenta-
tion, was found in chorionic villi, basal, and chorionic plates.

In chorionic villus, the reaction was predominantly found
in the nucleus of fetal endothelial cells, syncytiotrophoblasts,
syncytial knots, cytotrophoblasts, and Hofbauer cells of both
L-Cd (Fig. 5a) and H-Cd (Fig. 5 b and ¢) groups. In chorionic
plate, the reaction was found in the nucleus of chorionic

mesenchymal cells and endothelial cell of chorionic vessels
in both L-Cd (Fig. 5d) and H-Cd (Fig. 5¢) groups. In the basal
plate, the reaction was found in the nucleus of decidual cells in
both L-Cd (Fig. 5f) and H-Cd (Fig. 5g) groups.

As a positive control for the TUNEL, placental sections
were treated with DNase I, resulting in distinct reaction (Fig.
5h). As a negative control, rTdT Enzyme was omitted in the
reaction mixture, resulting in absence of the reaction (Fig. 51).

The mean percentage of TUNEL-positive cells in chorionic
villi were significantly higher by about 2-folds in the H-Cd
group (6.00+ 0.99) than that in the L-Cd group (2.80+0.32)
(p<0.01) (Fig. 6a). The TUNEL reaction intensities were pos-
itively correlated to the placental Cd concentration (p<0.01,
rs=0.869), the immunoreactivities for cleaved caspase-3
(»p<0.01, r=0.758), and for cleaved lamin A/C (p<0.05,
rs=0.705) (Fig. 6b), but negatively correlated with the
BW:PW ratios (p<0.05, r,= —0.658) (Fig. 6¢).

Discussion and conclusion

Major findings of the present study are a significantly higher
placental Cd concentration in pregnant women in the H-Cd
group than that in the L-Cd group, a positive correlation of the
expression levels of such apoptotic markers as cleave caspase-
3, cleaved lamin A/C, and the TUNEL reaction in chorionic
villi with the placental Cd concentration, and an inverse cor-
relation of their expression levels and the placental Cd con-
centration levels with the BW:PW ratio.

A previous study by others has reported the Cd concentra-
tion at high levels in blood and urine of pregnant women who
lived in such high Cd contaminated areas as Mae Ku, Mae
Tao, and Prathat Phadaeng subdistricts, Mae Sot district, Tak
province where a high Cd level was detected in paddy soil and
rice grain (Simmons et al. 2005). It was thus suggested that
environmental Cd might be transferred to human body via the
food chain, especially rice intake (Swaddiwudhipong et al.
2007). A previous study reported that a long-term environ-
mental or occupational exposure to Cd can induce kidney
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Fig. 1 Immuno-light micrographs of cleaved caspase-3 protein
expression in chorionic plate, chorionic villus, and basal plate of human
placenta. Note in chorionic villi the immunoreaction in cytoplasm and
nucleus of fetal endothelial cells (FEC), cytoplasm of cytotrophoblasts
(CTB), syncytiotrophoblasts (STB), syncytial knots (STK), Hofbauer (H)
cells, and the vasculosyncytial membrane (VSM) in L-Cd (a) and H-Cd
(b and ¢) groups. In chorionic plate, immunoreactivity was shown in
cytoplasm of chorionic mesenchymal cells (CM) and endothelial cells
of chorionic vessels (ECV) in both L-Cd (d) and H-Cd (e) groups. In

@ Springer

basal plate, the reaction was found in cytoplasm of decidual cells (DC) in
L-Cd (f) whereas the immunoreactivity was shown in both cytoplasm and
nucleus of decidual cells in H-Cd (g) groups. Sections of the liver
harvested from mice preinjected with 6 ug TNF-a were used as a
positive control; the reaction sites were seen in hepatocyte (HT)
surrounding the central vein (CV) (h). Placental section processed by
omitting anti-cleaved caspase-3 antibody was used as a negative control
(i). Bars represent 50 um in a and b, and 20 um in c—i
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Fig. 2 The immunoreactivity for cleaved caspase-3 protein was
quantitatively measured in both L-Cd and H-Cd groups. Note that the
expression of cleaved caspase-3 protein in H-Cd group was significantly
higher than in the L-Cd group (**p<0.01) (a). In addition, the expression

L-Cd

damages (Jarup et al. 2000). Serum creatinine, eGFR, and CCr
are usually used as biomarkers for the kidney function (Levey
et al. 2009; Cockcroft and Gault 1976). In our study, even
though the serum creatinine values were not statistically dif-
ferent between the two groups, the values of the eGFR and
CCr decreased in the H-Cd group and both values were in-
versely related to the blood Cd concentrations. After Cd ex-
posure, the decrease of eGFR indicates the lower glomerular
function, and a decreased value of eGFR less than 60 mL/min/
1.73m? was related to an increased risk for nephrotoxicity
(Akesson et al. 2005). Although the value of eGFR in our
participants was greater than 90 mL/min/1.73m?, which is
defined as the normal condition, the high blood Cd level in
the H-Cd group was regarded as a sign of a lower glomerular
function as already demonstrated an early sign of adverse
effects on kidney function (Akesson et al. 2005). A more
reduced value of eGFR has been reported in a population
who were co-exposed to Cd and lead and associated with a
progression of chronic kidney diseases in the United States
(Navas-Acien et al. 2009). The association of decreased
eGFR value with a high blood Cd concentration has been
shown in Korean women but not in men; therefore, Cd-
induced renal damages might be different between genders
(Hwangbo et al. 2011). Therefore, it is reasonable to infer that
pregnant women who had high blood Cd and lower eGFR
values in our study might be more susceptible to Cd-induced
lower function of the kidney. It was further suggested that,
after Cd uptake into the body, maternal blood Cd can be trans-
ferred across placenta to the fetus via due metal transporters in
a competitive manner with other metals, resulting in an essen-
tial metal deficiency (Kippler et al. 2012; Phuapittayalert et al.
2016; Somsuan et al. 2019) and low birth weight neonates
(Kippler et al. 2012).

In normal condition, the BW:PW ratio represents a placen-
tal function to maintain a sufficient nutrient supply to the fetus

Placental Cd concentration (pg/kg)

60 80 100 3 4 5 6 7

[e]

of cleaved caspase-3 and the placental Cd concentration were positively
correlated (p<0.05, r=0.594) (b). In contrast, an inverse correlation
between cleaved caspase-3 protein and BW:PW ratio was statistically
significant (p<0.05, r=—0.671) (c)

BW:PW ratio

(Salavati et al. 2018), and its mean value in newborns is 6:1
(Cunningham et al. 2010). In contrast, the BW:PW in H-Cd
group was 5.15:1, significantly lower than the normal value,
in the present study. Alterations in the BW:PW ratio have
previously been reported under various conditions. A higher
BW:PW ratio has been shown in newborns delivered from
diabetic pregnant women, suggesting that the placental and
fetal growths were disturbed by an increasing maternal glyce-
mic level (Gloria-Bottini et al. 2016) and the maternal insulin
resistance (Taricco et al. 2003). On the contrary, a lower
BW:PW ratio has been demonstrated in diabetic and smoking
pregnant women, suggesting that the hypoxia and oxidative
stress represent a proposed mechanism behind this inappro-
priate ratio (Ganer Herman et al. 2017). Moreover, our study
have shown an inverse correlation of placental Cd concentra-
tions and the BW:PW ratios. Therefore, we suggest that Cd
might induce the oxidative stress and hypoxia in the placenta
and then disturb the placental function of nutrient transfer to
the fetus.

After Cd uptake into the cell, MT protein increases and
binds with Cd to form Cd-MT complex, by which the toxicity
of Cd is prevented, and this trapping into the cell reduces the
distribution of Cd (Klaassen et al. 2009). Therefore, MT has
frequently been used as a biomarker of Cd accumulation in
several organs including placenta (Kippler et al. 2012). Our
previous study has shown upregulations of MT mRNA and
protein in high Cd-accumulated placentas and a positive cor-
relation between the MT expression and the placental Cd con-
centration (Phuapittayalert et al. 2016). In our previous study
(Phuapittayalert et al. 2016), MT protein was shown to be
predominantly localized in syncytiotrophoblasts and endothe-
lial cells in the placenta of the H-Cd group. In the present
study, the same cell species of the placenta as the previous
study was positive for apoptosis markers including cleaved
caspase-3, cleaved lamin A/C, and TUNEL. Moreover, we
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Fig. 3 Immuno-light micrographs of the cleaved lamin A/C protein
expressed in 3 different areas: chorionic plate, chorionic villus, and
basal plate. Intensely immuno-positive cells were found in nuclear
envelope and cytoplasm of fetal endothelial cells (FEC),
cytotrophoblasts (CTB), syncytiotrophoblasts, syncytial knots (SKT),
and Hofbauer cells (H) of chorionic villus in L-Cd group (a) and H-Cd
group (b and ¢). Weak immunoreactivities were shown in nuclear
envelope and cytoplasm of chorionic mesenchymal cells of chorionic

found the significant correlations between quantitative MT
expression and quantitative positivity for apoptotic markers

@ Springer

plate in both L-Cd (d) and H-Cd (e) groups. A few decidual cells were
immunoreactive for cleaved lamin A/C protein in L-Cd (f) and H-Cd (g)
groups. Sections of small intestine collected from mice pre-injected with
6pg TNF- were used as the positive control; the positive cells are
indicated by head arrow (h). The staining omitting anti-cleaved lamin
A/C antibody was used as the negative control (i). Bars represent
50 um in a and b, and 20 um in ¢

(data not shown). It is suggested that placental Cd induced
the elevation of MT expression to prevent Cd toxicity, and
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Fig. 4 The lamin A/C protein immunoreactivities were quantitatively
measured in L-Cd and H-Cd groups. The percentage of cleaved lamin
A/C protein expression in H-Cd group were statistically increased when
comparing to those in L-Cd groups (a) (p<0.05, r=0.650). In addition,
the cleaved lamin A/C expressions were positively correlated with

that the overloading of Cd to MT triggers the placental apo-
ptosis. The Cd-induced placental morphological changes have
been reported such as a reduction of trophoblast cells (Lee
et al. 2009), decreases in villous/placental volumes and fetal
capillary volume (Bush et al. 2000), and increases of syncytial
knots, nucleus aggregations of syncytiotrophoblasts undergo-
ing apoptosis (Phuapittayalert et al. 2013).

The expression of cleaved caspase-3, a key executioner
caspase, has frequently been used as an apoptotic marker in
several organs including the placenta (El-Baz et al. 2015;
Selvaratnam et al. 2013). In our present study, cleaved
caspase-3 protein, which was detected more highly in the H-
Cd group, was localized in different areas of the placenta, fetal
endothelial cells, and syncytiotrophoblasts of chorionic villi
with the former more dominant. The latter two cells form the
vasculo-syncytial membrane (VSM) that plays an important
role in regulation of the gas and nutrients transport between
the mother and the fetus (Huppertz 2008). Additionally, our
present study showed a positive correlation between cleaved
caspase-3 protein expression and placental Cd concentration.
Thus, we suggest that the environmental Cd exposure might
interfere the structure and function of VSM, resulting in Cd
transport across the placenta to the fetus. In support of this
suggestion, the upregulation of caspase-3 protein has been
reported in the placenta of CdCl,-administrated mice by
others (Zhu et al. 2019), and a positive correlation has been
reported between the caspase-3 protein expression and the
heavy metal concentration in intrauterine growth retardation
(IUGR) placenta, suggesting that the Cd-activated caspase-3
protein might be one of the proposed mechanisms behind the
IUGR condition (El-Baz et al. 2015).

In view of the dominant expression of cleaved lamin A/C
protein in fetal endothelial cells and syncytiotrophoblasts and
the positive correlation of lamin A/C protein expression with
cleaved caspase-3 expression in the present study, it might be

El BW:PW ratio

cleaved caspase-3 (Casp3) expressions (p<0.05, r,=0.585) but not
placental Cd (PCd) concentration (p=0.07, r,=0.585) (b). In contrast,
cleaved lamin A/C immunoreactivities were inversely related to
BW:PW ratios (p<0.05, r,=—0.745) (¢)

shown that the Cd in placenta activated the caspase-3 protein
and then it induced the breakdown of nuclear envelope in
placental cells. In this regard, several previous studies by
others should be noted: caspase-3 has been shown to be in-
volved in expression of cleaved lamin A/C and B during
breast cancer cell apoptosis (Kivinen et al. 2005), and the
expression of caspase-3 expressions has been shown to in-
crease in atrioventricular nodal myocyte from lamin A/C mu-
tant mice when compared with wild-type mice. These findings
suggest that diminished lamin A/C level regulates the apopto-
tic process in the conduction system of heart (Wolf et al.
2008). Additionally, the promotion of cellular aging in fibro-
blasts has been shown to be induced by oxidative damage or
loss of C-terminal cysteine residues of lamin A (Pekovic et al.
2011). In another study using SW480 cells, the cleavage of
lamin A, B1, and B2 has been shown after CdCl, treatment
but not sodium arsenite, suggesting that CdCl, is involved in
promotion of the protease function (Hashimoto et al. 2017).
The other study has shown that lamin B1-GFP (green fluores-
cent protein) molecule is localized on the nuclear membrane
in normal cells, while lamin A-GFP molecule is localized in
the nucleoplasm and cytoplasm during apoptosis, suggesting
that a partial cleavage of lamin A is involved in complete
disintegration of the nuclear membrane (Broers et al. 2002).
Not only the disintegration of the nuclear envelope but also
the breakdown of DNA occurs during apoptosis (Elmore
2007). In our present study, TUNEL reaction, one of DNA
fragmentation, was predominantly found in the nucleus of
fetal endothelial cells, syncytiotrophoblasts, and decidual
cells. In addition, the reaction density of TUNEL-positive
cells was positively correlated with placental Cd concentration
and the intensity of immunoreactivities for cleaved lamin A/C
and cleaved caspase-3. The increased immunoreactions for
TUNEL and cleaved caspase-3 protein have been reported to
occur in the testis of mouse offspring, suggesting that the
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Fig. 5 The TUNEL immune-positive reaction was expressed in 3
different areas of placenta including chorionic plate, chorionic villus,
and basal plate. In chorionic villus, it was expressed in nucleus of fetal
endothelial cells (FEC), Hofbauer cells (H), cytotrophoblasts (CTB), and
syncytiotrophoblasts (STB) lining the chorionic villus and syncytial knots
(STK) in both L-Cd (a) and H-Cd (b and ¢) groups. In chorionic plate, the

parental Cd exposure could affect the testicular development
of male offspring (Nan et al. 2020). In addition, the elevation
of TUNEL-positive number has been reported to occur in

@ Springer

reaction was found in nucleus of chorionic mesenchymal cells (CM) and
endothelial cells of chorionic vessels (ECV) in both L-Cd (d) and H-Cd
(e) groups. Finally, the immuno-positive reaction was in nucleus of
decidual cells of basal plate in both L-Cd (f) and H-Cd (g) groups.
Positive and negative control sections were shown in h and i,
respectively. Bars represent 50 pm in a and b, and 20 um in c—i

mouse placentas and JEG-3 cells after Cd treatment, but apo-
ptotic cells have been shown to decrease after activation of
autophagy via p62-mediated caspase-9 degradation,
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Fig. 6 The TUNEL reaction was quantitatively measured in both L-Cd
and H-Cd groups. The increment of TUNEL reaction was shown in H-Cd
group by comparing to L-Cd group (p<0.01) (a). Additionally, the
TUNEL immunoreactivities were positive correlated with placental Cd

suggesting that Cd induces cell apoptosis via caspase-9-
dependent mitochondrial signaling pathway in placental tro-
phoblasts (Zhu et al. 2019). During increment of apoptotic
cells, the PCNA, a proliferating cell nuclear antigen, has been
reported to diminish in mouse placenta after Cd treatment,
suggesting that Cd exposure throughout pregnancy could in-
duce the placental damage by suppressing the trophoblast pro-
liferation (Erboga and Kanter 2016). Therefore, we suggested
that environmental Cd exposure could activate caspase-3 pro-
tein-mediated DNA fragmentation, resulting in placental dam-
ages by suppression of the trophoblast proliferation. It was
further suggested that the effect of environmental Cd exposure
on PCNA expression in human placenta should be evaluated.

Collectively, we conclude that the exposure to environ-
mental Cd throughout pregnancy induces uptake of Cd into
the body, and its effects on maternal kidney functions, and
then its accumulation in the placenta, resulting in induction
of apoptosis and functional disturbance in the placenta.
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