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Chronic low-level cadmium exposure in rats
affects cytokine production by activated T cells

Alexandra E. Turley,*° Joseph W. Zagorski, *> Rebekah C. Kennedy,?
Robert A. Freeborn,®® Jenna K. Bursley,? Joshua R. Edwards® and
Cheryl E. Rockwell ) x2P<

Cadmium is a toxic metal and common environmental contaminant. Chronic cadmium exposure results
in kidney, bone, reproductive, and immune toxicity as well as cancer. Cadmium induces splenomegaly
and affects the adaptive immune system, but specific effects vary depending on the dose, model, and
endpoint. This study investigates the effects of subchronic, oral, and low-dose cadmium exposure
(32 ppm cadmium chloride in drinking water for 10 weeks) on the rat immune system, focusing on T cell
function. Cadmium-exposed animals demonstrated slight increases in the spleen-to-body weight ratios,
and decreases in overall splenic cell numbers and markers of oxidative stress. The relative ratios of splenic
cell populations remained similar, except for modest increases in regulatory T cells in the cadmium-
exposed animals. Cadmium exposure also significantly increased the production of IFNy, a pro-inflamma-
tory cytokine, and IL-10, a cytokine produced by multiple T cell subsets that typically inhibits IFNy
expression, by activated T cells. The increase in IFNy and IL-10 suggests that cadmium exposure may
affect multiple T cell subsets. Collectively, this study suggests that subchronic, low-dose cadmium
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1. Introduction

Cadmium is a non-essential, toxic metal released into the
environment naturally or through anthropogenic sources.'
Although environmental contamination is one route of exposure,
non-smoking U.S. residents are mainly exposed to cadmium
through diet. Cigarette smoke constitutes an additional route of
exposure, as tobacco plants readily phytoaccumulate cadmium
from the soil.> In the United States, the estimated daily intake of
cadmium in adult male and female non-smokers is 0.35 and
0.30 pg cadmium per kg body weight per day, respectively.'
According to the National Health and Nutrition Examination
Survey (NHANES), participants from 1999-2010 had mean
cadmium blood concentrations of 0.37 pg L and 0.41 pg L™"
for men and women, respectively, and mean urine concen-
trations of 0.25 pg cadmium per L, irrespective of gender.? After
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exposure impacts both immune cell function and cellularity, and may enhance inflammatory responses.

exposure and absorption, cadmium bioaccumulates preferen-
tially in certain tissues, including the kidney and liver.*” Unlike
some toxicants which are readily excreted, cadmium has a half-
life that spans decades, resulting in an increased kidney burden
over a lifetime.*” In addition to the liver and kidney, cadmium is
also detected in other tissues, including the spleen.®

Clinically, chronic cadmium exposure primarily results in
kidney and bone damage, reproductive toxicity, and cancer
with a long half-life estimated at 26 years in humans.”™' In
addition to the previously mentioned toxicological endpoints,
the literature suggests that cadmium may also modulate
immune function."'® Higher doses of cadmium have been
shown to induce inflammatory response and increase markers
of tissue damage, evidenced by increases in serum aspartate
amino transferase, alanine amino transferase, and tumor
necrosis factor alpha (TNFa)."”° However, specific effects on
various immune cell types have been difficult to characterize.
Previously, studies investigating immune function by challen-
ging host immune cells with sheep red blood cells (SRBCs) or
bacterial pathogens have mixed results. For example, exposure
of mice to 300 ppm cadmium chloride (CdCl,) in drinking
water for 10 weeks potentiated the host response to SRBCs,
whereas exposure of mice to 50 ppm CdCl, in drinking water
for 3 weeks inhibited the response to SRBCs,®*' Another
study performed in mice exposed to 50-300 ppm CdCl, in
drinking water for 3-11 weeks showed a mixed response to
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SRBCs, where some animals had an increased response to
SRBC, but other animals had a decreased response.*” A similar
pattern is seen when looking at the proliferative response of
lymphocytes. A study done with rats exposed to 6 ppm or
50 ppm CdCl, for 6 or 4 months in drinking water showed that
splenocyte proliferation in response to various immune activa-
tors was inhibited at the higher dose, but the effect was mixed
at the lower dose, with slight increases in proliferation to two
of the activators, and a slight decrease in proliferation to two
other activators.”> Some of these discrepancies are likely
attributable to differences in the immune endpoint measured,
experimental model, cadmium dose, exposure duration, and
route of administration. Thus, significant discrepancies still
exist, and the mechanisms underlying the effects of cadmium
remain unclear. The present study aims to elucidate the
immune effects of oral exposure of rats to a relatively low dose
of cadmium (32 ppm) for 10 weeks. The actual duration of
exposure in chronic in vivo studies is always problematic due
to the relatively short life span of the animal and the long half-
life of cadmium (see above).

The current study focuses in part on the effect of subchronic
low dose cadmium exposure on the function of specific
immune cell types, namely CD4 and CD8 T cells, which are a
key part of the adaptive immune response. The T cell response
to immunogenic stimuli begins when the T cell is presented
with its cognate antigen by an antigen-presenting cell, along
with a second signal from co-stimulatory molecules.”® This
initiates T cell activation and turns on a program of gene tran-
scription which includes production of cytokines such as inter-
leukin-2 (IL-2) and interferon gamma (IFNy), and expression of
cell surface proteins such as CD25.>> T cell activation also
induces cell proliferation and sets up T cell differentiation,
wherein T cells tailor an immune response to specific immune
stimuli. T cell differentiation results in the specialization of
T cells into subsets, which are characterized by production of
various cytokines and expression of specific transcription
factors.”® In the current study, we investigated T cell responses
in Sprague/Dawley rats exposed to cadmium for 10 weeks, at a
dose relevant to human exposure (32 ppm). The dosing scheme
used in these studies mimics the cadmium burden of an ado-
lescent-young adult in the United States based on cadmium
levels accumulated in the kidney by the end of the study.'®?
Specifically, the cadmium content in the renal cortex of the rats
in this study ranged from 30.9 to 61.55 pg per g dry weight
corresponding to 5.2-10.4 pg per g wet weight, which approxi-
mates the cadmium levels measured in young adults in the
U.S."%*%2% We investigated the impact of this low-dose, long term
cadmium exposure on the overall splenic cellularity, ROS, and
mitochondrial function, as well as on splenic T cell function.

2. Materials and methods
2.1. Animals

Six male Sprague Dawley rats weighing 230-260 g (Envigo,
Indianapolis, IN) were administered cadmium in drinking
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water at a concentration of 32 ppm in the form of CdCl, dis-
solved in reverse osmosis water with a pH of 4.0. Six control
rats weighing 230-260 g were given reverse osmosis water only
at a pH of 4.0. These animals are labeled as Ctrl in the figures
and are represented by a striped bar. Animals were singly
housed in plastic cages with wire mesh tops in an AAALAC
accredited animal facility with a 12/12 light/dark cycle and free
access to water (with or without cadmium) and food. Weekly
body weights were recorded along with weekly consumption of
drinking water. All animal studies were conducted in accord-
ance with the Guidelines for the Care and Use of Animals, as
adopted by the National Institutes of Health and the
Guidelines for the Care and Use of Laboratory Animals at
Midwestern University. The animal protocols were approved by
the Institutional Animal Care and Use Committee at
Midwestern University.

2.2. Quantification of cadmium levels

At the end of the 10 week cadmium exposure period, animals
were placed in individual metabolic cages. Animals were
anesthetized with an i.p. injection of ketamine/xylazine (67/
7 mg kg™") and the abdominal cavity was opened. The kidneys
were removed and the renal cortex was isolated for determi-
nation of the cadmium content. The tissue samples were sent
to the Michigan State University Diagnostic Center for
Population and Animal Health (E. Lansing, MI) for cadmium
analysis using inductively coupled plasma mass spectrometry.

2.3. Splenocyte isolation and cell culture

Spleens were processed into a single cell suspension by
mechanical disruption and filtered through a 40 um filter.
Splenocytes were washed twice, and the cell numbers were
quantified in the presence and absence of red blood cell lysis
reagent. Cells were cultured in complete DMEM (with
L-glutamine, sodium bicarbonate and p-glucose) supplemented
with 100 units penicillin per ml, 100 units streptomycin per
ml, 50 pM 2-mercaptoethanol, and 10% fetal bovine serum
(FBS). The cell densities were adjusted to 5 x 10° cells per mL
for time points up to and including 24 h, and to 1 x 10° cells
per mL for all other time points, plated, and then activated
with 5 pg mL™' plate bound aCD3 (clone eBioG4.18,
eBioscience, San Diego, CA) and 2.5 ug mL ™" soluble aCD28
(clone JJ319, Biolegend, San Diego, CA).

2.4. Immunophenotyping, cellular activation, and viability

After 1isolation, splenocytes were labeled with CD3-PE
(clonelF4, Biolegend), CD45R-PE/Cy7 (clone HIS24,
eBioscience) and CD11b/c-AF647 (clone OX-42, Biolegend), or
CD4-AF647 (clone OX-35, Biolegend), CD8-PE/Cy7 (clone OX8,
eBioscience), and CD25-PE (clone OX39, eBioscience), prior to
flow cytometry analysis. For the analysis of activation-induced
cell surface markers, cells were collected at 24 h post-activation
and labeled with CD4-AF647, CD8-PE/Cy7, and CD25-PE, prior
to FACS analysis. For viability analysis, splenocytes were resus-
pended in 150 pL of FACS buffer (phosphate-buffered saline
with 1% fetal bovine serum), and 5 pL of propidium iodide
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(Biolegend) was added immediately before the analysis. All
flow cytometry assays were performed on an Accuri C6 flow cyt-
ometer (BD Biosciences, San Jose, CA). The data were analyzed
using CFlow software (BD Accuri, San Jose, CA).

2.5. Mitochondrial membrane potential

Splenocytes collected from the control or cadmium exposed
rats either immediately upon isolation (baseline) or after chal-
lenge with a vehicle (VEH, dPBS) or 5 pM cadmium chloride
for 12 h ex vivo were stained with MitoProbe DilC4(5) as per
the manufacturer’s protocol (Invitrogen, Eugene, OR). Briefly,
pelleted cells (5 x 10%) were resuspended in 100 pL of warm
FACS buffer (1% fetal bovine serum in dPBS). DilC,(5) at
ambient temperature (0.5 pl of stock solution) was added to
each sample. The samples were then incubated at 37 °C for
25 minutes. After incubation, the samples were centrifuged at
300g for 7 minutes at 4 °C and the supernatants were dis-
carded. The pellets were then resuspended in 100 pL of warm
FACS buffer. The samples were analyzed by flow cytometry with
BD Accuri C6 (BD Accuri, San Jose, CA). The fluorescence was
quantified with the CFlow software (BD Accuri, San Jose, CA).

2.6. Reactive oxygen species quantification

Reactive oxygen species were measured using a commercially
available DCFDA cellular ROS kit (ab113851; Abcam PLC,
Cambridge, MA) in splenocytes collected from the control or
cadmium exposed rats either immediately upon isolation
(baseline) or after challenge with a vehicle (VEH, dPBS) or
5 uM cadmium chloride for 6 h ex vivo. 20 pM DCFDA buffer
was prepared by adding 2 pL of 20 mM DCFDA to 2 mL of
DMEM supplemented with 100 units penicillin per mL, 100
units streptomycin per mL, 50 pM 2-mercaptoethanol, and
10% fetal bovine serum. The pelleted cells were (5 x 10°) resus-
pended in 100 pL of 20 pM DCFDA buffer. The samples were
incubated at 37 °C for 25 minutes and immediately analyzed
by flow cytometry on a BD Accuri C6 (BD Accuri, San Jose, CA).
The fluorescence was quantified with the CFlow software (BD
Accuri, San Jose, CA).

2.7. Quantification of cytokine protein levels

Supernatants were collected from splenocytes activated with
the T cell specific activator, anti-CD3/anti-CD28 at various time
points. IL-4, IL-5, IL-13, IL-10, and IFNy were quantified using
a multiplex bead array from BioRad (Hercules, CA) as per the
manufacturer’s protocol. IL-2 and IL-17a were quantified by
ELISA from Ray Biotech (Norcross, GA), or eBioscience respect-
ively as per the manufacturer’s protocol.

2.8. Quantification of cytokine expression by quantitative
RT-PCR

Total RNA was isolated from splenocytes from the control or
cadmium-exposed rats using TRIzol reagent as per the manu-
facturer’s protocol (Life Technologies, Grand Island, NY). RNA
was then quantified and reverse transcribed, preceding SYBR
green PCR analysis. Relative mRNA was calculated using the
AACy method, normalized to the housekeeper gene ribosomal
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protein L13a, a gene expressed at similar levels across all
samples and treatment groups. Cy values were obtained with
the Life Technologies/Applied Biosystems Sequence Detection
System 7500 (Grand Island, NY). Primer sequences were gener-
ated using the Primer-BLAST software except for IL-4, for
which the primer sequences were previously published.>*!
Primer sequences can be found in Table 1.

2.9. Statistical analysis

The data are depicted as mean values, plus or minus the stan-
dard error of the mean (SE). Outliers were determined by
Grubb’s test and data points determined to be outliers were
excluded from further analysis. The data were analyzed using
either a two-tailed T test or two-way ANOVA using SigmaPlot
12.3 (Systat, Chicago, IL). When differences were detected by
ANOVA, the Holms-Sidak post-hoc test was used to determine
the differences in and between groups.

3. Results

3.1. Rats exposed to cadmium show changes in base
immune parameters

As cadmium is a known immunotoxicant, we first investigated
the changes in basal immune parameters in the spleens of
cadmium-exposed rats. Rats were exposed to 32 ppm cadmium
in drinking water for 10 weeks, and the body weight, food con-
sumption, and water consumption were recorded weekly.
Cadmium-exposed rats had a modest decrease in body weight,
and drank slightly less water than the control groups, whereas
food consumption remained the same between groups (Fig. 1).

Table 1 Quantitative RT-PCR primer sequences

GATA3 Forward 5'-CCCTTATCAAGCCCAAGCGA-3’
Reverse 5-CTCCGTTAGCGTTCCTCCTC-3'
IFNy Forward 5-CTGTTACTGCCAAGGCACAC-3'
Reverse 5-TGTTACCGTCCTTTTGCCAGT-3'
IL-2 Forward 5-TCTGCAGCGTGTGTTGGATT-3'
Reverse 5-GGCTCATCATCGAATTGGCAC-3'
IL-2RB Forward 5-GCAGGGAACATATCGTCACAACTC-3'
Reverse 5-CAAGTTGTAGCCAGGAGCAAGA-3'
IL-4 Forward 5-GCAACAAGGAACACCACGG-3'
Reverse 5-AAGCACGGAGGTACATCACGT-3'
IL-5 Forward 5-TGTTGACGAGCAATGAGACGA-3'
Reverse 5-ATGGTATTTCCACAGTGCCCC-3'
IL-10 Forward 5'-ATAAAAGCAAGGCAGTGGAGC-3'
Reverse 5-GCCGGGTGGTTCAATTTTTC-3'
1IL-13 Forward 5-GCTTATCGAGGAGCTGAGCAA-3’
Reverse 5-CTGGAGATGTTGGTCAGGGA-3'
IL-17a Forward 5'"TGAGTCCCCGGAGAATTCCA-3'
Reverse 5-AAGTTATTGGCCTCGGCGTT-3'
IL-17f Forward 5-GCATGAAGGGCTCCTGTGAA-3'
Reverse 5-AGCCCTACTTTGGGGTTCCT-3'
IL-21 Forward 5'-CCAAAGGCCAGATCACCTTCT-3'
Reverse 5-AGCTTCGTGCTCACATTGCC-3'
1L-22 Forward 5-TCAGCGGTGATGACCAGAAC-3’
Reverse 5-TCAGACGCAAGCGTTTCTCA-3'
RPL13a Forward 5-TGCCGAAGATGGCGGAG-3'
Reverse 5-ATGCCCTCACAGCGTACAAC-3'
FoxP3 Forward 5-TGATCCCTCTCTGTCAGTCCA-3'
Reverse 5-CAGAGTCAGGAAAAGTTGCCG-3'

Toxicol. Res., 2019, 8, 227-237 | 229
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Fig. 1 Water consumption, body weight, and food consumption during cadmium exposure. Male Sprague Dawley rats were exposed to 32 ppm
CdCl; in drinking water for 10 weeks. Weekly body weights were recorded along with weekly consumption of food and drinking water. Food and
water consumption was normalized to the body weight, and data are reported as mean + SE. Data were analyzed by 2-way ANOVA followed by
Holms—Sidaks multiple comparison test. * indicates P < 0.05 between in vivo control and cadmium exposed groups.

All cadmium-treated animals in the study appeared to tolerate
the cadmium dose and did not show any signs of toxicity or
abnormalities. At the end of 10 weeks, various tissues were col-
lected for further analysis. Kidneys were isolated and cadmium
levels were determined within the cortex. Cadmium levels in
the control group were either below detection (less than 0.1 pg
per g dry weight) for 4 animals, or near the limit of detection
(0.18 and 0.12 pg per g dry weight) in the remaining two. In
contrast, rats exposed to cadmium in the drinking water had
increased levels of cadmium in the kidney, ranging from
30.9-61.55 pg per g dry weight or approximately 5.2-10.4 pg
per g wet weight (Table 2). Cadmium also tended to cause a
modest increase in spleen mass that did not reach statistical
significance (Fig. 2A). Analysis of the spleen composition
demonstrated that cadmium-exposed rats had fewer red blood
cells, slightly fewer leukocytes, and decreased total cell
numbers (Fig. 2B). Accordingly, various splenic leukocyte
populations were analyzed further by FACS analysis. No differ-
ences were seen in the percentages of CD4" or CD8" T cells, B
cells (CD45R" cells), or phagocytes (CD11b/c" cells, Fig. 2C and
D). There was a modest, statistically significant, increase in
regulatory T cells (CD4" CD25" cells) (Fig. 2C). Overall,
cadmium modestly increased the spleen size and decreased

230 | Toxicol. Res., 2019, 8, 227-237

Table 2 Kidney cadmium levels (pg cadmium per g dry weight)

Rat # Control group Cadmium group

1 <0.1pgg™! 61.55 pg g’

2 <0.1pgg " 34.43 pg g~

3 <0.1pg g™t 309 ug g

4 <0.1pggt 51.82 ug g~ "

5 0.18 pg g™ 59.04 pg g

6 0.12 pg g™" 52.27 ug g~ "
Mean* 0.08 +0.03 pg g™* 48.34+5.21 pg g™

*Mean shown as average + SE. Data were derived from half the limit of
detection (0.1 pg g™") to obtain the average and SE when applicable in
the control group.

the overall numbers of red blood cells and leukocytes, but did
not cause notable changes in the ratios of specific cell types.

3.2. Splenocytes from cadmium-exposed rats have fewer
reactive oxygen species (ROS) and a comparatively increased
mitochondrial membrane potential

Because cadmium is known to cause cell stress, we next looked
at the viability and redox status of the splenocytes from the

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Cadmium exposure causes changes in some base immune parameters in rats. At the conclusion of the study, spleens were weighed prior to
processing into a single cell suspension. (A) Spleen weight-to-body weight ratio was calculated, and then multiplied by 1000. (B) Splenocytes were
counted both with and without red blood cell lysis to obtain the numbers of RBCs, leukocytes, and total cells. Splenocytes were labeled with fluoro-
chrome-conjugated antibodies against (C) CD4 and CD25, CD4 and CD8, or (D) CD3, CD45R, and CD11b/c, and analyzed by flow cytometry.
Doublets were excluded prior to the analysis of percentages of each cell type. CD11b/c is expressed as a percentage of cells that are CD3~ CD45R™.
Data are presented as mean + SE. * indicates P < 0.05 between the in vivo control and cadmium exposed groups.

vehicle and cadmium-exposed rats. Viability, as determined by
dye exclusion, was similar in splenocytes from the vehicle and
cadmium-exposed rats (Fig. 3A). There is a very small, albeit
statistically significant, increase in viability in splenocytes
derived from the cadmium-exposed rats (98.5 percent viability
to 99 percent viable) that is unlikely to be biologically relevant.
The splenocytes from the cadmium-exposed rats had lower
mean fluorescence intensities when treated with a dye that fluo-
resces in the presence of reactive oxygen species (ROS), which
suggests that the splenocytes from the cadmium-exposed rats
had decreased levels of ROS (Fig. 3B). Interestingly, the spleno-
cytes from the cadmium-treated rats had increased mitochon-
drial membrane potentials as measured by (DiIC4(5)), a dye
that accumulates in mitochondria with active membrane
potentials (Fig. 3C). Next, we tested the ability of the spleno-
cytes to respond to additional stress by challenging the spleno-
cytes with 5 uM cadmium chloride for 6 h (ROS) or 12 h ex vivo
(MitoProbe). At this concentration, cadmium caused a modest
increase in ROS levels in the splenocytes from both groups of
rats, though this increase was not statistically significant
(Fig. 3D). Although cadmium treatment decreased the mito-
chondrial membrane potential in splenocytes from both
groups of rats, the splenocytes from rats previously exposed to
cadmium were partially protected against this effect,
suggesting that the subchronic cadmium exposure may have

This journal is © The Royal Society of Chemistry 2019

induced factors protective against mitochondrial stress
(Fig. 3E). Overall, subchronic cadmium exposure caused a
modest increase in mitochondrial membrane potential and
the decrease in mitochondrial membrane potential from sub-
sequent cadmium exposure ex vivo was attenuated in the sple-

nocytes from rats chronically exposed to cadmium.

3.3. Cadmium exposure has little effect on early events
following T cell activation

The effect of cadmium on splenic cellularity, redox status and
mitochondrial function led us to next assess lymphocyte func-
tion. Specifically, we activated the splenocytes for 6 h (RNA
analysis) or 24 h (for cytokine proteins) with anti-CD3/anti-
CD28, a T cell specific activator. Subchronic cadmium
exposure did not cause any statistically significant differences
in cytokine induction at early time-points following T cell acti-
vation, although there was a trend toward an increase in IL-2
at both the mRNA and protein levels (Fig. 4). Expression of the
cell surface protein CD25, the high affinity chain of the IL-2
receptor and a marker of T cell activation was also investigated,
but there were no significant differences in CD25 expression
between the splenocytes from the vehicle or cadmium-exposed
rats in either CD4" or CD8" T cells activated with anti-CD3/
anti-CD28 (Fig. 5).

Toxicol. Res., 2019, 8, 227-237 | 231
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Fig. 4 Cadmium exposure has little impact on early cytokines produced upon T cell activation. Splenocytes from the control (Ctrl) or cadmium-
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3.4. Effect of chronic low-dose cadmium exposure on late
cytokine production by activated T cells

In addition to the effects of cadmium on early events following
T cell activation, we also investigated the effects on T cell cyto-
kine production occurring at later time points post activation,
including 48 h after activation for mRNA, and up to 72 h after
activation for protein quantification. Different cytokines have
different patterns of production after T cell activation. Certain
cytokines, such as IL-2, are produced in large amounts shortly
after T cell stimulation and are subsequently rapidly downre-
gulated.**?? In contrast, IFNy is produced both upon T cell
activation and through T cell differentiation, and other cyto-
kines, such as IL-4, IL-5, and IL-13, are not produced in sub-
stantial amounts initially upon activation, but are upregulated
at later timepoints and persist for longer durations.*** We
observed a statistically significant increase in the mRNA levels
of IL-17a and a trend toward an increase in IL-17a protein and
in the gene expression of IL-17f and IL-22, all of which are
Th17 cytokines (Fig. 6 and 7E). The Th2 cytokines, IL-4, IL-5,
and IL-13, also tended to increase at both the mRNA and
protein levels, although the differences were not statistically
significant (Fig. 6 and 7A-C). However, subchronic cadmium
exposure also significantly increased the secretion of IFNy, a
Th1 cytokine, and IL-10, an anti-inflammatory cytokine pro-

This journal is © The Royal Society of Chemistry 2019

duced by multiple T cell subsets, 72 h after T cell activation
(Fig. 7D and F).

4. Discussion

In this study, we investigated the effect of low-dose, long-term
cadmium exposure on basal splenic immune parameters and
on T cell responses induced ex vivo. Cadmium-exposed rats
had modestly lower body weights compared to the control
group, which has been previously reported." Cadmium
caused a modest, non-significant increase in spleen mass,
which is consistent with other studies that have shown sple-
nomegaly in response to cadmium exposure."'® Cadmium
also decreased the splenic cell numbers overall, which was
due to decreases in both leukocytes and red blood cells.
However, despite the decrease in total leukocyte numbers,
the ratios of various immune cell populations remained
unchanged with the exception of the regulatory T cell popu-
lation, which was modestly, but significantly, increased by
cadmium. This suggests that the immune cell populations we
analyzed were similarly sensitive to cadmium. Consistent
with our findings, Zhang et al reported that 10 ppm
cadmium chloride in drinking water for 3 months modestly
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induction in anti-CD3/anti-CD28-activated splenocytes. Splenocytes from

the control (Ctrl) or cadmium-exposed rats were activated with plate bound aCD3 and soluble «CD28 (activated) or left unactivated (Bkg). Total RNA

was isolated 48 h after activation, and mRNA expression of IL-4, IL-5, IL-

13, GATAS, IFNy, IL-17a, IL-17f, IL-21, IL-22, FoxP3, IL-10, IL-2RB, and IL-2

was quantified by quantitative RT-PCR. Data are presented as mean + SE. * indicates P < 0.05 between Bkg and activated splenocytes for the same
rat in vivo exposure group. T indicates P < 0.05 as compared to the splenocytes derived from control rats within the same ex vivo treatment group.

decreased splenic B cell, CD8" T cell, and CD4" T cell
numbers.*?

Interestingly, subchronic low-dose cadmium caused a
decrease in the ROS and a concurrent increase in mitochon-
drial membrane potential. This was an unexpected finding as
an increased mitochondrial membrane potential is often associ-
ated with increased ROS generation. Furthermore, several
studies show that cadmium induces oxidative stress in cells,
though these studies use higher doses and shorter time points
than our study, or in vitro exposure of cultured cells to
cadmium.'®3® In contrast, oral exposure to 10 ppm CdCl, for up
to 23 weeks did not change the levels of glutathione and lipid
peroxidation in the livers and kidneys of mice, and these experi-
mental conditions more closely match those of our study.>” We
hypothesize that the decrease in ROS seen in our study may be
due to a compensatory response following low-dose low term
cadmium exposure that increases antioxidant genes and
decreases the overall ROS levels, which may be occurring
through stress response pathways, such as Nrf2,>*™*° though
this hypothesis would need to be tested in future studies.

234 | Toxicol Res., 2019, 8, 227-237

Cadmium has been reported to cause numerous effects on
cytokine production in cultured cells under a variety of different
experimental conditions.'>*'™** Cytokine production is an
important part of CD4" T cell function, with different cytokines
promoting different immune responses which are tailored to
specific pathogens. Th1 cells produce IFNy, are important for
cell-mediated immunity, and are associated with some types of
autoimmunity.** Th2 cells play an important role in the immune
response against larger parasites, are associated with allergy/
asthma-like immune responses, and produce IL-4, IL-5, and
IL-13.* 1-17a, IL-17f, IL-21 and IL-22 are produced by Th17
cells, which are involved with certain antibacterial responses and
are also associated with autoimmunity.*® IL-10 functions to sup-
press other immune responses and can be produced by regulat-
ory T cells, among other T cell subsets.*” Thus, changes in cyto-
kine levels, and especially the relative amounts of various cyto-
kines, are critical to shaping immune response and function.

Previous studies indicate that cadmium can impact T cell
polarization: cadmium treatment can shift the immune
response toward a Th2 response both in vitro and

This journal is © The Royal Society of Chemistry 2019
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in vivo.**®* Reports have also linked increased cadmium
levels with the incidence of asthma in some human popu-
lations.>®>! In the current study, we measured T cell cytokine
production up to 72 h after activation, a time-point at which
T cells are in the middle of lineage decision-making, but prior
to ultimate commitment. In line with previous studies that
have shown that cadmium exposure can induce Th2 polariz-
ation (see above), we found that subchronic cadmium exposure
induced the production of Th2 cytokines at both the mRNA
and protein levels, though production of these cytokines did
not reach significance. Matching this trend, we found that
IFNy mRNA levels were suppressed 48 h after activation in
T cells derived from cadmium-exposed rats. However, low-dose
cadmium significantly increased the induction of IFNy protein
secretion 72 h after T cell activation. Though unexpected, cyto-
kine production is regulated both transcriptionally and post-
transcriptionally,®® and it is possible to have discordant mRNA
and protein levels.>® For example, it could be that in our
model, the IFNy protein is stable and persists in the media,
whereas the IFNy mRNA is rapidly degraded, leading to the
dichotomy between the two. Cadmium exposure also signifi-
cantly increased IL-17a mRNA levels and tended to increase
IL-17f mRNA, IL-22 mRNA and IL-17a protein expression,
although the latter effects were not statistically significant.
IL-17a, IL-17f, and IL-22 are all produced by Th17 cells, a cell
type that is also typically pro-inflammatory.”® Overall, our
observations suggest a trend toward increased cytokine pro-
duction by activated T cells from the cadmium-exposed rats
that may not be skewed toward any particular T cell subset.

In addition to the increased cytokine production stated
above, IL-10 induction is increased at both the mRNA and

This journal is © The Royal Society of Chemistry 2019

protein levels in activated T cells from the cadmium-exposed
rats. Induction of IL-10 often follows inflammatory cytokine
induction, which serves as one of the mechanisms to regulate
the inflammatory response.’” Likewise, there is a trend toward
an increased mRNA expression of Foxp3, a transcription factor
associated with Treg differentiation, in unactivated T cells
from cadmium-exposed rats, although this trend was not
statistically ~significant.”> The increased expression of
Foxp3 mRNA is consistent with the modest increase in CD4"
CD25" T cells (the majority of which are typically Tregs) as
measured by flow cytometry. These effects are consistent with
previously published studies in which the splenocytes from
the cadmium-exposed mice had increased IL-10 production
upon immune stimulation with Concanavalin A.>® Other
studies have reported no effect or a decrease in IL-10 production
in cells treated with cadmium ex vivo, but the effects of
cadmium on regulatory T cells in vivo remains understudied.**
The dose of cadmium used in these studies (32 ppm
cadmium chloride in drinking water for 10 weeks) is both
representative of prior studies with immune endpoints, and
relevant to human exposure. Previously reported studies on a
variety of experimental models used doses ranging from 5 to
300 ppm over a range of 1 week to 3 months, and have
reported divergent effects"'>'*'%?%?>  Fyrthermore, the
cadmium dose used in this study results in a cadmium body
burden, as measured by the cadmium content in the renal
cortex, similar to that of young adults.”””***” Cadmium bioac-
cumulates in organs such as the kidney and liver, and the
renal cortex of the kidney is considered the critical organ for
cadmium toxicity.”® Accordingly, the renal cortex cadmium
levels are used as a measure of the internal cadmium dose and
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cadmium body burden, and have been used in risk assess-
ment.”® To give further context, the cadmium content of the
renal cortex from the treated animals reported here ranged
from 5.2 to 10.4 pg per g wet weight which is well below the
50 pg per g wet weight average reported for normal middle-
aged human beings with non-occupational exposure after life-
long cadmium accumulation.*®

Overall, the current study indicates that chronic low-dose
cadmium exposure in rats in vivo can impact cytokine pro-
duction by T cells activated ex vivo. Specifically, we found that
cadmium exposure under these experimental conditions sig-
nificantly increased IFNy and IL-10 at some time points, but
also tended to increase the production of other cytokines such
as IL-4, IL-5, IL-13, and IL-17a, although these effects were not
statistically significant. Taken together, these results suggest
that chronic, low-dose cadmium exposure may cause an overall
increase in cytokine production by activated T cells without
skewing T cell polarization toward any particular subset.
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