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ARTICLE
Zinc protects against cadmium-induced toxicity in neonatal

murine engineered cardiac tissues via metallothionein-
dependent and independent mechanisms

Hai-tao Yu'?, Juan Zhen'?, Jian-xiang Xu', Lu Cai"?*, Ji-yan Leng? Hong-lei Ji* and Bradley B Keller*>

Cadmium (Cd) is a nonessential heavy metal and a prevalent environmental toxin that has been shown to induce significant
cardiomyocyte apoptosis in neonatal murine engineered cardiac tissues (ECTS). In contrast, zinc (Zn) is a potent metallothionein
(MT) inducer, which plays an important role in protection against Cd toxicity. In this study, we investigated the protective effects
of Zn against Cd toxicity in ECTs and explore the underlying mechanisms. ECTs were constructed from neonatal ventricular cells of
wild-type (WT) mice and mice with global MT gene deletion (MT-KO). In WT-ECTs, Cd (5—20 pM) caused a dose-dependent toxicity
that was detected within 8 h evidenced by suppressed beating, apoptosis, and LDH release; Zn (50—200 uM) dose-dependently
induced MT expression in ECTs without causing ECT toxicity; co-treatment of ECT with Zn (50 uM) prevented Cd-induced toxicity.
In MT-KO ECTs, Cd toxicity was enhanced; but unexpectedly, cotreatment with Zn provided partial protection against Cd toxicity.
Furthermore, Cd, but not Zn, significantly activated Nrf2 and its downstream targets, including HO-1; inhibition of HO-1 by a
specific HO-1 inhibitor, ZnPP (10 uM), significantly increased Cd-induced toxicity, but did not inhibit Zn protection against

Cd injury, suggesting that Nrf2-mediated HO-1 activation was not required for Zn protective effect. Finally, the ability of Zn to
reduce Cd uptake provided an additional MT-independent mechanism for reducing Cd toxicity. Thus, Zn exerts protective
effects against Cd toxicity for murine ECTs that are partially MT-mediated. Further studies are required to translate these findings

towards clinical trials.
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INTRODUCTION

Cadmium (Cd) is a nonessential toxic heavy metal and a
nondegradable environmental toxin. Cd toxicity is associated with
various cellular, metabolic, homeostatic, and repair mechanisms,
including increased reactive oxygen species (ROS) production and
apoptosis [1]. Since Cd mainly accumulates in the liver and
kidneys, most research has focused on Cd toxicity in these organs.
However, Cd is also toxic to other tissues including the heart,
lungs, and adipose tissues [2]. Epidemiologic and preclinical
studies show that low to moderate Cd exposure is associated with
cardiovascular (CV) dysfunction and disease including arrhythmias
[3, 4], hypertension [5, 6], myocardial infarction [7, 8], and heart
failure [9-11]. Urine Cd levels are associated with increased CV
disease incidence and mortality [12]. Cd toxicity to cardiomyocyte
(CM) occurs at 100-fold lower dose than reported for hepatic and
renal cell toxicity [13]. Pathological changes in the heart have
been reported following Cd exposure, and the underline
mechanisms responsible for Cd toxicity in CV disease [3] and
potential preventive strategies have not been fully characterized.

By contrast to Cd, zinc (Zn) is an essential metal that supports a
wide range of biological processes. The protective effect of Zn on
Cd-induced injury has been studied in vitro and in vivo [14, 15],
however, the underlying mechanisms remain undefined. Since Zn
is a potent MT inducer via the metal-response element-binding
transcription factor 1 (MTF1, [16-19]), it is possible that Zn-
induced MT overexpression plays an important role in protection
against Cd toxicity [20-24]. In contrast to Zn-mediated MT
induction, Cd also results in MT induction as part of the cellular
response to injury. Attenuation of ROS activation by Zn also plays
an important role [25]. Zn has been shown to be protective
against Cd toxicity in liver, kidney, and bone [15, 26, 27]. Our
current study further explores underlying mechanisms for Zn
protection against CM Cd toxicity.

Engineered cardiac tissues (ECTs) are now used globally as a
robust platform technology that is well suited for tissue repair
paradigms and for scalable in vitro drug screening and disease
modeling [28-33]. One of the strengths of the ECT paradigm is
that formulations can incorporate multiple cell lineages including
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cardiomyocytes, fibroblasts, endothelial cells, and mural cells [33].
In general, ECTs cultured in vitro have not been shown to include
immunologic cells. However, this ECT paradigm has not been
broadly applied to environmental toxicology related studies. While
in vivo environmental toxicity models allow the validation of
requisite pathways using transgenic over-expression and knock-
out strategies, these studies can require treatment for weeks to
months to identify phenotypes with both on-target and off-target
effects of compounds and countermeasures of interest while
in vitro ECT platforms can provide reproducible functional,
biochemical, and molecular data within 7 days [4]. We have
demonstrated that mouse-derived ECTs can serve as a robust
model to study in vitro Cd toxicity with respect to both ECT
dysfunction and CM injury, and ECTs derived from MT over-
expressing mice display increased tolerance to Cd toxicity [4].

Recognizing that Zn has been described to reduce Cd toxicity in
other organs, we used our murine ECT platform to address
whether Zn can protect ECTs from Cd toxicity, in part via MT
dependent pathways, as has been noted in animal models. We
found that Zn supplementation protected ECTs from Cd toxicity.
To determine the requirement for MT in Zn-mediated protection
from Cd toxicity, we found that ECTs derived from MT-KO
ventricular cells showed increased Cd toxicity versus WT-ECT
and that Zn could partially protect Cd-induced cell death in MT-KO
ECTs, likely due to Zn-mediated, MT-independent, reduced Cd
uptake. We also found that although an HO-1 inhibitor enhanced
Cd toxicity, it had no impact on Zn protection from Cd toxicity.
These findings are consistent with our hypothesis that both direct
competition between Zn and Cd uptake and Zn-mediated MT
induction play important roles in Zn protection from CM Cd
toxicity in murine ECTs.

MATERIALS AND METHODS

Animals

All mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). MT-KO (MT~/~, both MT1 and MT2 gene knockout)
and its wild-type 129S mice, as well as Friend leukemia virus B
(FVB) mice were housed in the University of Louisville Research
Resources Center at 22 °C with a 12-h light/dark cycle and were
provided free access to standard rodent chow and tap water. All
animal procedures were approved by the Institutional Animal Case
and Use Committee, which is certified by the American Associa-
tion for Accreditation of Laboratory Animal Care. We bred FVB to
generate FVB pups for all experiments that did not relate the
investigation of the role of MT knockout on the Cd and Zn
responses. We bred 129s WT and 129s-MT/~ to generate 1295
pups and MT~/~ pups, respectively, in order to generate WT- and
MT-KO ECTs.

Isolation of neonatal mouse ventricular cardiac cells

Neonatal mouse ventricular cardiac cells were isolated as previous
described [4]. Briefly, hearts of 3-day-old Pups were harvested and
digested by trypsin and collagen. CM were enriched by preplating
for 45 min followed by rotating for 4 h and then heart cells were
collected and counted using a hemocytometer.

ECT construction and treatment

ECTs were constructed as previously described [4, 30]. Approxi-
mately 0.8 x 10° heart cells derived from four pup ventricles were
mixed with collagen and matrigel, poured to form a cylinder
construct within Flexcell Tissue Train™ culture plates (Flexcell
International), and incubated for 2h (37°C, 5% CO,) to form a
cylindrical ECT construct. Following initial ECT gelation, 4 mL of
mouse medium was added to each ECT in the six-well culture dish.
ECTs were maintained in vitro for 7 days with media changes
every other day. Randomly selected ECTs were treated with 20 uM
CdCl, for 24 h starting on day 6, with 50 uM Zn for 24 h starting on
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day 6, cotreated with Zn and CdCl, or pretreated with HO-1
inhibitor (ZnPP 10 uM) for 2 h and then treated with 20 uM CdCl,
or/and 50pM Zn for another 24h starting on day 6. The
concentrations for CdCl, used in the Zn cotreatment study were
based on the dose-response curve shown in Fig. 1 and Table 1.
The Zn dose used in the Zn cotreatment study were based on the
dose-response curve shown in Fig. 2.

Histology

ECTs were harvested from the Tissue Train™ plate on day 7 and the
mid-portion of the ECT was washed 3 times in PBS then placed in a
Tissue Tek® Cryomold (Torrance, CA) with OCT compound for
embedding followed by snap freezing in liquid nitrogen. Individual
5 um cryostat sections were mounted, fixed in acetone for 5-10
min, washed in 1% Triton-X-100/PBS for 1 h at room temperature,
then blocked with 1% Triton-X-100/PBS + 10% FBS for 1h. ECT
sections were stained with rabbit anti-Nrf2 (1:500 dilution; Abcam,
Cambridge, MA) as previously published [34, 35]. Other sections
were mounted using SlowFade™ Gold Antifade Mountant to image
DAPI (Thermo Fisher Scientific, Eugene, OR). Nuclear Nrf2
translocation was detected by fluorescence microscopy.

Protein extraction and Western blotting

Protocols for ECT Western blot assays have previous described [4].
Briefly, ECTs were washed thoroughly in ice-cold PBS the rapidly
homogenized in lysis buffer (100 uL/ECT) at 4°C for 4 h. After
measuring protein concentration, equal protein aliquots (20 pg)
were loaded for analysis. Primary antibodies included Cleaved
Caspase 3 [36], HO-1 (1:1,000 dilution; Cell Signaling Technology,
Danvers, MA), and Nrf2 (1:1,000 dilution; Abcam, Cambridge, MA)
using anti-rabbit secondary antibodies (1:5,000 dilution; Cell
Signal, Danvers, MA). We report cleaved-caspase 3 rather than
total caspase 3 because of the inability to detect both cleaved and
total caspase 3 in the same Western (Supplemental Fig. 1). MT
expression was detected by a modified Western blot protocol as
previously described using an MT antibody (1:1,000 dilution; Dako,
Carpinteria, CA) [37]. Protein expression was normalized to GAPDH
(1:3,000 dilution; Abcam, Cambridge, MA).

RNA extraction and real-time PCR quantification
RNA extraction and quantitative real-time PCR was performed as
previously described [4, 33].

TdT-mediated dUTP nick-end labeling assay (TUNEL)

We used the DeadEnd™ Fluorometric TUNEL System (Promega,
Madison, WI) to determine the apoptotic cell proportion following
the Promega protocol [4]. TUNEL positive cells were counted in 15
fields per ECT

Lactate dehydrogenase release in culture medium

We used Pierce™ LDH Cytotoxicity Assay Kit (Thermo Fisher
Scientific, Rockford, IL) to determine the LDH release into the
culture medium [38] as an index of necrotic cell death [39].
Briefly, 50 L of each sample medium was transferred to a 96-well
flat-bottom plate in duplicate wells, mixed with 50 uL of Reaction
Mixture, then incubated room temperature for 30min in the
dark followed by the addition of 50 uL of Stop Solution to each
sample well. Light absorbance at 490 and 680 nm was measured
using a Molecular Devices SprectraMax (Molecular Devices, Sunny-
vale, CA) to quantify signal (490 nm) and noise (680 nm) absorbance.

Measurement of metal accumulation in ECT and ECT supernatant
To measure ECT Cd and Zn, ECTs were removed, washed with Milli-
Q water, then heated to dryness. ECT supernatant was also
collected on day 7 during ECT harvest. All samples were digested
by 1 mL of 70% nitric acid at 65°C for 4h, diluted into 34 mL
deionized water containing 2% nitric acid, then analyzed
inductively coupled plasma mass spectrometry (ICP-MS) (Thermo
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Dose and time response of toxic Cd effect on murine ECTs. a Expression of cleaved caspase 3 after increasing Cd concentration (0, 5,

10, 15, 20 uM) for increasing duration (24, 48, 72 h). Group sizes ranged from n=3-8 per time point. b LDH release after increasing Cd
concentration (0, 5,10, 15, 20 uM) for increasing duration (24, 48, 72 h). Group sizes ranged from n = 3-8 per time point. c Representative ECT
immunofluorescent staining for terminal transferase dUTP nick end labeling assay (Tunel, green) and nuclei (DAPI, blue) following 24 h 20 pM
Cd exposure (x40 magnification, scale bar =50 pum). *P <0.05 and **P < 0.01 vs. corresponding Ctrl ECT for the corresponding treatment

duration.

Scientificc Waltham, USA). Concentrations are reported as
nanograms of metal per ECT or per 50 uL medium (ng/ECT or
ng/50 pL, [40]).

Statistical analyses

Data are presented as mean * standard error of the mean (SEM).
Statistical differences were determined using two-sided, unpaired
Student'’s t tests or two-way analysis of variance (ANOVA) followed
by Tukey's multiple comparisons test. P value<0.05 was
considered statistically significant.

RESULTS

Dose and time response of Cd toxicity

We noted a dose-dependent increase of cleaved caspase3, a
surrogate for cell death, after ECT Cd treatment for 24 h, as well as
a time-dependent effect of Cd toxicity measured by increasing
induced cleaved caspase 3 expression (Fig. 1a). As has been noted
in previous ECT studies, there is a low level of time-dependent cell
death in the ECT model [4, 41] so that treatment effects need to
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be determined using groups of similar culture duration. Cleaved
caspase 3 expression increased at 24 h after 15 uM and 20 uM Cd
dosing, however, lower dose Cd, 10uM, induced increased
cleaved caspase 3 expression only after 48 and 72 h of exposure
(Fig. 1a). Cumulative LDH release into the culture medium, an
additional indicator of cell injury, also showed a dose- and time-
dependent response to Cd treatment. Because a 20 uM Cd dose
was required to induce significantly increased cleaved caspase 3
and LDH at 24h, we used this dose and duration for all
subsequent experiments (Fig. 1b). The decrease of caspase 3
cleavage after 72 h incubation with 15 uM and 20 uM Cd may be
due to progressive cell loss resulting in fewer cells able to produce
cleaved caspase 3 (most of ECTs died at 72 h time point, see
Table 1). ECT function also showed a dose- and time-dependent
responses to Cd toxicity with a progressive inhibition of ECT
beating with increased Cd dose and duration (Table 1). We
defined Cd-induced changes in ECT function a global classification
scheme: normal function (NI); increased ECT deformation during
shortening with regional dyssynchrony (A); increased ECT
deformation during shortening with regional dyssynchrony (B);
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decreased beat rate with global dyssynchrony (C); and arrested
beating (D). Representative videos of each classification are
available in the Supplemental Data.

Cd treatment had a negative effect on ECT function starting at
8 h after treatment (Table 2) with a progressive shift from normal,
synchronous beating to increased deformation with regional
dyssynchrony followed by global dyssynchrony and sensation of
beating by 72h after treatment in WT ECT, similar to our

Table 1. Dose- and time-dependent Cd effect on inhibition of ECT
beating

Cd dose 6h 12h 24h 30h 36h 48h 54h 60h 72h
OpM (n=4) 0 0 0 0 0 0 0 0 0
5uM (n=4) 0 0 0 0 0 0 0 0 0
10pM(n=6) 0 O 0 0 0 0 13% 25% 57%
15pM (n=6) 0 O 0 0 0 17% 17% 50% 50%
20pM (n=10) 0 O 0 0 10% 80% 80% 90% 100%
ECT beating following Cd exposure was digitally recorded for 15s at 6, 12,
24, 30, 36, 48, 54, 60, and 72 h starting at the time of Cd treatment on day
6. Percentages of ECTs with absent beating are displayed, n =3-10 ECTs
per group.
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previously published data [4]. TUNEL assay positive (green) cells
increased after Cd treatment compared with Ctrl ECTs (Fig. 1¢).

Zn and Cd effect on MT expression

Both Zn and Cd increase MT expression in multiple cell types
including CM [37]. Therefore, we determined the impact of Zn and
Cd treatment on MT expression in murine ECTs. Zn induced a
significant dose-dependent increase in MT expression (Fig. 2a) and
noted increased LDH release as evidence for Zn toxicity only at
higher doses (Fig. 2b). We found that 200 UM Zn induced a
significant increase of LDH release by 24 h and no increase in LDH
release was observed up to 72 h after a single 50 uM Zn dose.
Therefore, we chose 50 uM Zn dosing for subsequent experiments.
Both Cd (20 uM) and Zn (50 pM) induced increased MT expression
in murine ECT, and cotreatment with Cd and Zn further increased
MT expression (Fig. 2). Increased MT-1 gene expression paralleled
the increase in MT protein expression noted after Zn and/or Cd
ECT treatment (Fig. 2d).

Zn impact on Cd toxicity

Several studies have reported a therapeutic role of Zn in reducing
Cd toxicity in vivo and in vitro [14, 15]. We therefore tested the
ability of Zn to reduce Cd-induced ECT toxicity. As noted above,
Cd treatment increased CM apoptosis in ECTs indicated by
increased cleaved caspase 3 and Zn reduced Cd-induced cleaved
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Fig.2 Zn and Cd effects on ECT MT expression. a MT expression after increasing Zn dose (50, 100, 200 uM) for 24 h. Group size is n =3 per
dose. b LDH release after increasing Zn dose (50, 100, 200 uM) for different durations (24; 48; 72 h). Group size is n = 3 per time point. ¢ Effect
of Zn (50 uM) and/or Cd (20 pM) on ECT MT protein content. Group size is n = 3 per group. d Effect of Zn (50 uM) and/or Cd (20 pM) on MT-1
gene expression (qPCR). Group size is n =15 per group. *P <0.05 and **P < 0.01 vs. corresponding Ctrl ECT.
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Table 2. Zn prevents Cd-induced abnormal ECT beating pattern
8h 24 h 48h 72h
Ctl (n=5) NI NI NI NI
Cd 20 yM (n=10) 90% 20% 20% 100% D
A, 10% B A 80%B C 80% D
Zn 50 pM (n =4) NI NI NI NI
Cd 20 +Zn 50 yM (n=8) NI NI NI NI

ECT function following Cd exposure was digitally recorded for 15 s at 8, 24,
48, and 72 h starting at the time of Cd treatment on day 6. ECT function
was then qualitatively classified as: normal function (NI); increased ECT
deformation during shortening with regional dyssynchrony (A); increased
ECT deformation during shortening with regional dyssynchrony (B);
decreased beat rate with global dyssynchrony (C); and arrested beating
(D). Group sizes ranged from n =4-10. WT ECTs displayed dysfunction 8 h
after 20 pM Cd exposure with progressive dysfunction resulting in absent
contractions by 72 h after Cd exposure. Zn cotreatment with Cd prevented
Cd induced ECT dysfunction. n =4-10 ECTs per group.

caspase 3 (Fig. 3a). Similar results were detected by LDH assay in
culture medium (Fig. 3b). Cd-induced ECT toxicity increased the
ECT TUNEL positive cell ratio (Fig. 3c) as well as some nonnuclear
TUNEL staining consistent with cell death and nuclear rupture.
Consistent with the ability of Zn to block Cd-induced cell injury,
we noted that Zn prevented Cd-induced ECT functional impair-
ment (Table 2).

The role of MT in Zn protection from Cd toxicity

Zn-induced MT overexpression has been reported to be partially
responsible for the Zn protective effect in several models [42-44].
Therefore, to further evaluate Zn-dependent and independent roles
for MT in ECT protection from Cd toxicity we generated ECTs from
MT-KO cardiac cells in comparison with ECTs composed of control
129s cardiac cells. We confirmed that MT-KO derived ECTs lacked
MT expression and that MT was not induced by Zn in MT-KO ECTs
(Fig. 4a). We noted no differences (gel compaction, beat rate,
cellularity) in ECT formulated from FVB versus 129S WT cells.
We treated WT-ECT and MT-KO ECT with Cd, Zn, or Zn + Cd for 24 h.
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Fig. 3 Zn reduces ECT Cd toxicity. a Cleaved caspase 3 expression following Zn (50 uM) and/or Cd (20 pM) for 24 h. Group size is n = 4 per
group. b LDH release following Zn (50 uM) and/or Cd (20 uM) for 24 h. Group size ranged from n=6-8 per group. ¢ Representative ECT
immunofluorescent staining for terminal transferase dUTP nick end labeling assay (Tunel, green) and nuclei (DAPI, blue) and summary Tunel
data for each group. Group size is n =4 per group. x40 magnification, Scale bar = 50 um, **P < 0.01 vs. corresponding groups.
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and **P < 0.01 vs. corresponding Ctrl ECT.

Cd-induced apoptosis was increased in MT-KO ECT based on
increased LDH release in culture medium (Fig. 4b) and increased
cleaved caspase 3 expression (Fig. 4c). Zn treatment (50 uM x 24 h)
blocked increased cleaved caspase 3 and LDH release in the Zn +
Cd WT ECT group. It is important to note that Zn treatment
partially suppressed Cd-induced increased cleaved caspase 3 and
LDH release in MT-KO ECT (Fig. 4b, c) consistent with an MT
independent and as well as an MT requirement for Zn protective
effects.

Effect of Cd and Zn on Nrf2 and downstream gene expression

The Nrf2 pathway has been shown to be upregulated during the
antioxidative response to cellular stresses, including Nrf2 induc-
tion following Cd exposure [45] and Zn-mediated Nrf2 induction
[34, 46]. Following ECT Cd treatment, Nrf2 was significantly
activated (Fig. 5a) as were Nrf2 downstream genes HO-1, NOQ-1,
and CAT (Fig. 5b). This Cd-mediated increase in Nrf2 and
downstream genes was reduced by Zn cotreatment (Fig. 5). Of

Acta Pharmacologica Sinica (2020) 41:638 - 649

note, ECT treatment with Cd, Zn, and Zn + Cd had no effect on
SOD2 (Fig. 5b). Cd treatment increased Nrf2 nuclear translocation
that was partially reduced by Zn cotreatment (Fig. 6).

Involvement of HO-1 in Cd toxicity and in Zn protection from Cd
toxicity in ECTs

Heme oxygenase-1 (HO-1), a stress-inducible enzyme that
mediates antioxidative and cytoprotective effects to maintain
cellular redox homeostasis and protects cells from oxidative stress.
We noted a dose- and time-dependent increase in HO-1
expression after ECT Cd treatment (Fig. 7a) that was reduced by
Zn cotreatment (Fig. 7b). We also found that ECT pretreatment
with the HO-1 inhibitor, ZnPP (10 uM) enhanced Cd toxicity
indicated by increased cleaved caspase3 expression and increased
LDH release (Fig. 8a, b). Interestingly, HO-1-inhibition had no
impact on Zn protection from Cd toxicity (Fig. 8a, b) suggesting
that Zn and HO-1 are both involved in the ECT response to Cd
toxicity, but are not co-dependent.
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Zn reduces ECT Cd uptake as an MT-independent protection from
Cd toxicity

Cd and Zn are known to compete for cellular uptake via metal
transporters and therefore Zn inhibition of Cd uptake could
function as an MT-independent mechanism to reduce Cd toxicity.
We measured ECT Cd and Zn uptake and found that Zn
cotreatment with Cd significantly reduced ECT Cd accumulation
with a complementary increase in culture medium Cd content
(Table 3). As would be expected, Zn treatment increased ECT Zn
content, though somewhat surprisingly, Cd and Zn cotreatment
further increased ECT Zn content (Table 3).

DISCUSSION

Our previous study established the basic paradigm of our murine
ECT model to study Cd toxicity and noted that CM specific MT
overexpression increased ECT tolerance to Cd toxicity. In the
current study, we found that Zn could induce MT overexpression
in a dose-dependent manner (Fig. 2a), and Zn cotreatment with
Cd could totally block the cytotoxicity of Cd (Fig. 3). We also
defined that MT play a partial role in Zn protection on Cd toxicity
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by using MT-KO-derived ECTs (Fig. 4b, c). In addition, we found
that Nrf2/HO-1 signaling pathway was involved in Cd toxicity
(Figs. 5-7, 8a, b), but it was not related to Zn protection on Cd
toxicity (Fig. 8a, b).

Cd is a toxic heavy metal. In vitro and in vivo studies have
proven the toxic effects of Cd on a variety of tissues, including the
liver [47], kidney [48], heart [49], lung [50], etc. Upon uptake into
the body, Cd can complex with MT, a known heavy metal chelator,
for detoxification [51]. In wild-type and MT-null mice given
increasing doses of Cd, a remarkable acquired tolerance to Cd
lethality is evident in wild-type mice, with a sevenfold difference
in LD50 values, however, such tolerance does not happen in MT-
null mice [52]. Moreover, Cd exposure in MT-null mice results in
nephrotoxicity at one-tenth the nephrotoxic dose for control mice
[21]. Conversely, MT overexpression mice are protected against
acute Cd lethality and hepatotoxicity [53]. Our current study used
an established neonatal murine ECT in vitro model to determine
dose- and time-dependent Cd toxicity with adverse effects noted
on ECT function and cell death and a protective effect of
MT overexpression, as we have previously noted [4]. We now
show that Cd exposure in MT-KO ECTs increased cell death
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blue) following Zn (50 uM) and/or Cd (20 uM) for 24 h. Arrows indicate representative positive cells in which Nrf2 translocated into nucleus,
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with increased cleaved Caspase-3 and LDH release and ECT
dysfunction confirming a critical role for MT in the response to Cd
exposure.

The metal ion Zn has been shown to be essential for normal
biologic function in most living cells as a cofactor for many
enzymes including the important Zn-finger proteins. In addition to
its structural and catalytic properties [54] during normal home-
ostasis, Zn has been also shown to support cellular antioxidant
responses via several pathways including the inhibition of NADPH
oxidase, activation of superoxide dismutase (SOD), induction
of MT, and the upregulation of Nrf2 and Nrf2 downstream
genes [55].

It has been reported that the mechanism for Zn-induced
tolerance to Cd toxicity results primarily from the induction of MT
synthesis [22, 23]. In renal cell lines from WT and MT-1/MT-2
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knockout (MT-KO) mice, pretreatment with Zn increases MT
expression and enhanced Cd resistance in WT cells; however, Zn
pretreatment of MT-KO does not increase tolerance to Cd [20].
Similar to previous in vivo studies, we noted that Zn prevented Cd
induced-cell death in WT ECTs [20], however, Zn treatment was
only partially protective in MT-KO ECTs, likely via MT-independent
inhibition of Cd uptake. Further studies are needed to determine
the dose-responses of individual ECT lineages (CM, EC, F) to Cd
toxicity and Zn prevention of toxicity.

Many studies have investigated the role of oxidative stress and
the balance between ROS/reactive nitrogen species (RNS)
production in Cd-mediated cellular toxicity [56]. The level of
cellular oxidative stress is dynamically determined by a biological
system’s ability to detoxify these reactive intermediates. NF-E2-
related nuclear factor 2 (Nrf2) is rapidly upregulated early in the

SPRINGER NATURE

645



Zn protection from Cd injury in engineered cardiac tissues

HT Yu et al.
646
a 24 h
CduM) 0o 5 10 15 20 cCd(um)
HO-1 — e e = HO-1
GAPDH ————— CAPDH
72 h
Cdpym) 0 5 10 15 20
HO-1 TS S e 28 kDa
GAPDH  mn s s s s 37 kDa
15 -
T =
g £
o 3
SN
o -
e
b WT
r A '
cd - + - +
Zn - - + N
HO-1 -_— W 28kDa

GAPDH e s s s 37 kDa

48 h

A

0

§ 10 15 20
— e 28 kDa

T w—— s 37 kDa

B 24h
b B 48h
72 h
%
1 L
NI
I ¥
BRSE
"X xR
84 I "
| |
_— al
] L[]
<~
O § 4
~
-l O
1 v
28 -
0 L} T T

T
Ctrl Cd Zn Zn+Cd

Fig. 7 Cd and/or Zn alter ECT HO-1 expression. a ECT HO-1 expression after increasing Cd concentration (0, 5, 10, 15, 20 uM) for increasing
duration (24, 48, 72 h). Group size ranged from n=3-8 per time point. **P < 0.01 vs. corresponding Ctrl group. b ECT HO-1 expression
following Zn (50 uM) and/or Cd (20 pM) for 24 h. (Ctrl, Cd, Zn, Zn + Cd). Group size is n =4 per group. **P < 0.01 vs. corresponding group.

response to oxidative stress and then translocates to the nucleus
to increase the transcription of oxidative stress response genes as
an adaptive mechanism. Under normal conditions, Nrf2 is
sequestered by kelch-like ECH associating protein 1 (Keap1) in
the cytosol and degraded by proteasomes. In response to
oxidative stimuli, Nrf2 is released from Keap1, translocates into
the nucleus, and induces its target genes by binding to
antioxidant response elements (ARE) to regulate antioxidant-
mediated gene expression [57]. We found that murine ECT Cd
exposure increased Nrf2 expression and enhanced the transloca-
tion of Nrf2 into the nucleus, with an increase in Nrf2 downstream
gene expression, similar to the adaptive Nrf2 response that has
been noted in vitro [1, 58]. Zn treatment also facilitated the Nrf2
adaptive response. We noted a reduced Nrf2 induction following
Cd treatment in Zn treated ECTs consistent with reduced injury
and reduced injury response. Additional studies using confocal
imaging and lineage-specific staining may provide an additional
refinement of the ECT lineages (CM, EC, F, etc) that show
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increased Nrf2 expression and nuclear translocation in response to
Cd toxicity and electron microscopic imaging may provide
additional insights into subcellular organelle injury following Cd
exposure.

ECTs have multiple advantages over monolayer 2D culture
methods including the formation of isotropic and aligned in vitro
3D myocardial tissues that electrically and mechanically function
similar to in vivo myocardium. ECTs rapidly mature in vitro, begin
to beat synchronously from culture day 3, and display altered
beating rate and pattern in response to environmental stress (Cd,
[4]. In the current study we noted that ECT dysfunction within 8 h
of Cd treatment and dose-dependent suspension of beating
(Tables 1, 2). Further studies are required to define the roles of
altered calcium signaling [21, 59], mitochondrial function [60, 611,
and changes in oxidative stress and ROS as potential mechanisms
for Cd-mediated altered ECT electrical and mechanical function.
ECTs have one additional, essential advantage over in vivo models
which is the ability to customize cell composition to include
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Table 3. Cd and Zn content in ECT tissue and in ECT culture media

Cd (ng/ECT)

Zn (ng/ECT)

Cd (ng/40 pL Zn (ng/40 uL

media) media)
Ctl (n=3) 0 37.56 +£0.70 0.05+0.01 13.28+0.78
Cd 20 yM (n=3) 66.70 + 2.09 36.05+3.20 76.35+1.15 9.98+1.19
Zn 50 UM (n = 3) 0 67.78 £0.87 0.06 +0.01 196.68 +2.18
Cd 20 + Zn 50 pM (n=3) 56.44 + 1.3** 75.10 + 2.66* 88.37 + 1.56** 191.84+1.57

per group

As expected, Cd content was only noted in treated ECTs. Zn was present in Ctrl ECTs and increased after Zn treatment. ECT Cd content decreased and media
Cd content increased following Zn and Cd cotreatment. *P < 0.05 vs. corresponding 50 uM Zn group, **P < 0.01 vs. corresponding 20 uM Cd group. n =3 ECTs

multiple mesoderm lineages and/or genetically altered CM
[30, 62]. Our current study uses ventricular myocardial cells from
normal and transgenic newborn pups. This approach is highly
adaptable to use transgenic models of interest to explore specific
signaling pathways and to human stem-cell-derived mesodermal
cells including CM, myofibroblasts, endothelial cells, and mural
cells [33, 62]. Further studies are required to determine ECT
lineage-specific sensitivities to Cd injury and potential differential
effectiveness of Zn to prevent lineage-specific Cd related injury.
HO-1 is one of the key downstream genes induced by
Nrf2 signaling pathway with important antioxidant and cytopro-
tective effects via a reduction in intracellular levels of the
prooxidant Heme and by the increased production of cytopro-
tective levels of carbon monoxide (CO) and biliverdin (BV) [63].
Not surprisingly, we noted a significant dose- and time-dependent
induction of HO-1 expression in response to ECT Cd exposure. We
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confirmed the adaptive role of HO-1 related to ECT Cd toxicity
using an HO-1 inhibitor (ZnPP), which increased ECT sensitivity to
Cd toxicity. However, HO-1 inhibition by ZnPP did not reduce Zn-
mediated protection from Cd toxicity, confirming multiple cellular
adaptive responses to Cd toxicity.

Cd and Zn possess similar chemical properties and have been
shown to compete for uptake in a variety of tissues [13, 64-66]
and our results are consistent that one mechanism for Zn-
mediated reduction in Cd toxicity is reduced Cd accumulation in
ECTs. Further studies are required to identify the specific
transporters and transporter efficiencies by which Cd and Zn
compete for cellular uptake. Candidate transporters for both Cd
and Zn include Zip8 [67], Zip14 [68], DMT1 [69], and several
calcium channels [59]. Specific transporter knockout mice may be
helpful as novel sources for cardiac cells to further explore Zn and
Cd transport and Cd toxicity in myocardial tissues. Since ROS play
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an important role in Cd toxicity and in Zn protection, further
studies are also required to quantify and explore modulation of
ROS in Zn-mediated protection for Cd toxicity.
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