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Ca2+ signaling plays a vital role in regulating apoptosis and autophagy.We previously proved that cytosolic Ca2+

overload is involved in cadmium (Cd)-induced apoptosis in rat proximal tubular (rPT) cells, but the source of el-
evated cytosolic Ca2+ concentration ([Ca2+]c) and the effect of potential subcellular Ca2+ redistribution on apo-
ptosis and autophagy remain to be elucidated. Firstly, data showed that Cd-induced elevation of [Ca2+]c was
primarily generated intracellularly. Moreover, elevations of [Ca2+]c and mitochondrial Ca2+ concentration
([Ca2+]mit) with depletion of endoplasmic reticulum (ER) Ca2+ levels ([Ca2+]ER) were revealed in Cd-treated
rPT cells, but this subcellular Ca2+ redistributionwas significantly suppressed by 2-Aminoethoxydiphenyl borate
(2-APB). Elevated inositol 1,4,5-trisphosphate (IP3) levels with up-regulated IP3 receptor (IP3R) protein levels
were shown in Cd-exposed cells, confirming that IP3R-mediated ER Ca2+ release results in the elevation of
[Ca2+]c. Up-regulated sequestosome 1 (p62) protein levels and autophagic flux assay demonstrated that Cd im-
paired autophagic degradation, while N-acetylcysteine (NAC) markedly attenuated Cd-induced p62 and micro-
tubule-associated protein 1 light chain 3-II (LC3-II) accumulation, implying that the inhibition of autophagic
flux was due to oxidative stress. Furthermore, pharmacological modulation of [Ca2+]c with 1,2-Bis (2-
aminophenoxy) ethane-N,N,N′,N′-tetraacetic acid acetoxymethyl ester (BAPTA-AM) and 2-APB alleviated Cd-
mediated apoptosis, inhibition of autophagic degradation and subsequent cytotoxicity, while thapsigargin (TG)
had the opposite regulatory effect on them. In summary, cytosolic calcium overload originated from IP3R-medi-
ated ER Ca2+ release has a negative impact on Cd nephrotoxicity through its promotion of apoptosis and inhibi-
tion of autophagic flux.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

Cadmium(Cd) is awidespread heavymetal pollutant in the environ-
ment due to its extensive use in various anthropogenic and industrial
activities. The main routes of human exposure to Cd are via inhalation
of Cd-contaminated dust particles (aerosols) or cigarette smoke and in-
gestion of contaminated water and food [1]. As a nonessential element,
it exerts toxic effects onmultiple organs inmammals and has been clas-
sified as a human carcinogen by the International Agency for Research
on Cancer [2].With the chronic, low-level Cd exposure that are common
in humans, kidney is the most sensitive target organs of toxicity [3],
where Cd accumulates primarily in the proximal tubule of the nephron
[4], resulting in a generalized reabsorptive dysfunction characterized by
polyuria and lowmolecularweight proteinuria [5]. Primary cultures can
better represent the live tissue than permanent cell lines, which are
ideal for in vitro toxicology studies. Therefore, primary cultures of rPT
cells were established to investigate low-level Cd-induced nephrotoxi-
city in this study.

Autophagy is a self-digesting mechanism responsible for the degra-
dation and recycling of damaged organelles, misfolded proteins, and
other macromolecules in lysosomes, which plays a crucial role in cellu-
lar homeostasis and adaptation to adverse stress conditions [6]. In
mammals, the net amount of LC3-II is a key hallmark for monitoring au-
tophagy;moreover, analysis of autophagic flux ismore reliable to repre-
sent the dynamic process of autophagy [7]. There is a growing amount
of evidence that dysregulation of the autophagic pathway is implicated
in the pathogenesis of kidney aging and in several renal diseases such as
acute kidney injury, polycystic kidney disease, diabetic nephropathy,
obstructive nephropathy, focal and segmental glomerulosclerosis, and
potentially other kidney disease [8]. It has also been demonstrated
that blockade of the autophagic flux can induce cell death in various
types of cells [9]. Proximal tubular is the target site for Cd-induced
renal damage, which prompts us to investigate the role of autophagy
in Cd-exposed rPT cells.

Generally, mechanism of Cd nephrotoxicity is ascribed to the action
of oxidative stress and apoptosis [10–12]. Our research group found that
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oxidative stress-mediated apoptotic death played a key role in Cd-in-
duced nephrotoxicity in vitro; moreover, it is important to note that in-
tracellular Ca2+ overload is involved in this process [13]. The cytosolic
Ca2+ concentration ([Ca2+]c) is tightly controlled by intracellular calci-
um stores such asmitochondria and ER, which are also themain sites of
apoptotic and autophagic regulation [14]. Inositol 1,4,5-trisphosphate
(IP3) is an important secondarymessenger in cell signaling [15], and cy-
tosolic signals caused by Ca2+ release from the ER through IP3 receptor
(IP3R) Ca2+ channels regulate numerous cellular functions [16]. Ca2+

release from the ER is known to be apoptogenic, which ultimately
leads to [Ca2+]c elevation, and associated with apoptotic death and au-
tophagy inhibition [14,17]. However, several critical items remain un-
clear regarding the crosstalk between apoptosis and autophagy in
response to [Ca2+]c elevation during Cd nephrotoxicity. Where does
Cd-induced [Ca2+]c elevation originate from, intracellularly or extracel-
lularly? What is the role of ER Ca2+ stores in the process of Cd-induced
subcellular calcium redistribution? What are the eventual functions of
autophagy in Cd-induced cytotoxicity of rPT cells? Can [Ca2+]c elevation
serve as a link mediating the apoptosis and autophagy in Cd-exposed
rPT cells? This study will offer further evidences to clarify these ques-
tions and investigate the regulatory effect of [Ca2+]c elevation on apo-
ptosis and autophagy in Cd-exposed rPT cells.

2. Materials and methods

2.1. Chemicals and antibodies

All chemicals were of highest grade purity available. 2-
Aminoethoxydiphenyl borate (2-APB) and 1,2-Bis (2-aminophenoxy)
ethane-N,N,N′,N′-tetraacetic acid acetoxymethyl ester (BAPTA-AM)
were from Tocris Bioscience (Bristol, UK). Thapsigargin (TG) was from
Thermo Fisher Scientific Inc. Dihydro-Rhod-2-AM, Mag-Fluo-4-AM
and N,N,N′,N′-tetrakis-(2-pyridylmethyl) ethylenediamine (TPEN)
were bought from Molecular Probes (Eugene, OR, USA). Cell Counting
Kit-8 (CCK-8, CK04-3000), Pluronic F-127 and Fluo-4-AM were obtain-
ed from Dojindo Laboratories (Tokyo, Japan). Annexin V-FITC apoptosis
detection kit was from Pharmingen (Becton Dickinson Company, USA).
Five primary antibodies were used: inositol 1,4,5-triphosphate receptor
1 (IP3R-1) antibody (Sigma, SAB5200080), inositol 1,4,5-triphosphate
receptor 2 (IP3R-2) antibody (Novus Biologicals, NB100-2466), anti-
p62/SQSTM1 antibody (Sigma, P0067), anti-LC3B (Sigma, L7543) and
anti-β-actin antibody (Sigma, A5441). Secondary antibodies were con-
jugated to horseradish peroxidase (Jackson Immuno Research, 705-
505-303 and 111-006-062). Calcium-free medium (CFM) was a 1:1
(v/v) mixture of Ca2+-free HAM's F12 (US Biological, N8542-10) and
Ca2+-free DMEM high glucose (Invitrogen, 21068-028) supplemented
with 1.5 mM glutamine, 22 mM sodium bicarbonate, 12.5 mM HEPES,
10 μg/mL insulin and 5.5 μg/mL transferin. Bicinchonininc acid (BCA)
protein assay kit and enhanced chemiluminescence (ECL) kit were ob-
tained from Sangon Biotech Co., Ltd. (Shanghai, China). Cadmium ace-
tate (CdAc2), propidium iodide (PI), DMEM-F12 (1:1) medium,
Hoechst 33258, N-acetylcysteine (NAC), sodium borohydride (NaBH4),
chloroquine diphosphate salt (CQ) and all other chemicals were pur-
chased from Sigma-Aldrich, USA.

2.2. Cell culture and Cd treatment

All procedures followed the ethics guidelines and were approved by
the Animal Care and Use Committee of Shandong Agricultural Universi-
ty. Isolation, identification and culture of Sprague-Dawley rPT cells were
as previously described [18]. Based on the doses of Cd in our previous
study [13], 2.5 μM Cd was applied in this study. BAPTA-AM, TG and 2-
APB were dissolved in DMSO to make the stock solution, filtered and
stored at −20 °C, then diluted to work solution prior to use. The final
concentration of DMSO was b0.1% and 0.1% DMSO has no effect on
Ca2+ signaling and cell viability [19]. CdAc2, CQ andNACwere dissolved
in sterile ultrapure water.

2.3. Measurement of cytosolic Ca2+ concentration ([Ca2+]c)

Changes of [Ca2+]c were assessed by flow cytometry. The first sub-
culture was refreshed with CFM (Ca2+-free DMEM-F12 as described
above) when it reached around 80% confluence. After 20 min adapta-
tion, cells were exposed to 2.5 μM Cd for a time range of 0 h, 1 h and
2 h, respectively. Following the treatment (0 h, 1 h and 2 h), harvested
cells were incubated with 0.5 mM TPEN at 37 °C for 10 min, loaded
with 1 μM Fluo-4-AM (containing 0.02% Pluronic F-127) for 30 min in
dark at 37 °C, and then washed with D-Hank's solution. Intracellular
[Ca2+]c levels were represented with fluorescent intensity (FL-1,
530 nm) of 10,000 cells on flow cytometer. Meanwhile, changes of
[Ca2+]c were determined in 2.5 μMCd-treated rPT cells cultured in reg-
ular DMEM-F12 medium (containing Ca2+) using the same detection
method.

2.4. Determination of mitochondrial Ca2+ concentration ([Ca2+]mit)

Our previous study has confirmed the specificity of dihydro-Rhod-2-
AM to detect [Ca2+]mit [20]. In this study, changes of [Ca2+]mit were an-
alyzed by flow cytometry. So Rhod-2-AMwas first incubated with par-
ticular amounts of NaBH4 for 10min at 4 °C to produce dihydro-Rhod-2-
AM according to the manufacturer's manual as described previously
[21]. Cells were treated with TPEN, followed by incubating with 5 μM
dihydro-Rhod-2-AM and 0.02% (w/v) Pluronic F-127 for 30 min at
37 °C in dark. [Ca2+]mit was measured by the fluorescence intensity
(FL-1, 585 nm) of 10,000 cells on flow cytometer.

2.5. Analysis of endoplasmic reticulum Ca2+ levels ([Ca2+]ER)

It has been verified that Mag-Fluo-4-AMwas selectively labelled on
ER, making its specificity formeasuring [Ca2+]ER [20]. After correspond-
ing treatment, cells were incubated with 5 μM Mag-Fluo-4-AM and
0.02% (w/v) Pluronic F-127 for 30min at 37 °C in dark. Cdwas removed
by treatment of TPEN as described above. 488-nm laser was used to ex-
cite Mag-Fluo-4 fluorescence and [Ca2+]ER was calculated by the fluo-
rescence intensity (FL-1, 530 nm) of 10,000 cells on flow cytometer.

2.6. Determination of IP3

Cellswere plated in 100mmculture dishes, then treatedwith 2.5 μM
Cdwhen cell cultures reached 80–85% confluence. After 12 h treatment,
cells were harvested, washed twice with a glucose-saline, PIPES buffer
(pH 7.2, containing 25mMPIPES, 110mMNaCl, 5 mMKCl, 5.6 mMglu-
cose, 0.4 mMMgCl2, 0.1% BSA and 1 mMCaCl2) and stimulated at 37 °C
as indicated. The amount of IP3 was determined according to the
manufacturer's manual using a specific IP3 [3H] radioreceptor assay kit
(Dupont NEN, Boston, USA). The lipid phase was counted to measure
the phosphatidylinositol phosphate (PIP) lipid pool, except that the
aqueous phase of the extract was passed through ultrafiltration units
to exclude proteoglycans that interfere with the assay. IP3 was
expressed as a relative value of (IP3/PIP) × 103 (arbitrary units) to cor-
rect for the variation in the labelling of the lipid pool.

2.7. Western blotting analysis

Total protein lysates were obtained by lysing the cells with ice-cold
RIPA buffer supplemented with protease inhibitors cocktail (Merck
Millipore, Darmstadt, Germany). After protein quantification with BCA
method, samples were subjected to SDS-PAGE gels and transferred to
PVDFmembranes. After blockingwith 5% skimmilk for 1 h at room tem-
perature, membranes were incubated overnight at 4 °Cwith the follow-
ing primary antibodies: IP3R-1 (diluted 1:1000), IP3R-2 (diluted
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1:5000), p62 (diluted 1:1000), LC3B (diluted 1:1000) and β-actin (di-
luted 1:5000). Then membranes were washed in TBST for 30 min and
incubated with appropriate secondary antibodies (1:5000 dilution) for
1 h at room temperature. Finally protein bands were detected on a
Chemidoc XRS (Bio-Rad, Marnes-la-Coquette, France) by using the ECL
Kit. Proteins levels were then determined by computer-assisted densi-
tometric analysis (Densitometer, GS-800, BioRad Quantity One). The
density of each band was normalized to its respective loading control
(β-actin). Data obtained were expressed as the ratio of intensity of the
protein in chemical-treated cells to that of the corresponding protein
in control cells. Each test was performed in four experiments with dif-
ferent batches of cells.

2.8. Assessment of apoptosis by morphological changes and flow cytometry

BAPTA-AM (10 μM, cytosolic Ca2+ chelator), TG (1 μM, an inducer of
ER-Ca2+ store depletion) and 2-APB (10 μM, an inhibitor of IP3R) were
applied to assess its effect on Cd-induced apoptosis, respectively. Apo-
ptosis is characterized morphologically by condensation and fragmen-
tation of nuclei. Therefore, Hoechst 33,258 staining was firstly applied
to assess the morphological changes of treated cells, and 200 cells
were randomly selected to count those apoptotic cells within every
batch of experiment, each one performed in triplicate. Another concern
is the quantitative analysis of apoptosis byflow cytometry. Both of these
two methods have been extensively described in our previous study
[22].

2.9. CCK-8 cell viability assay

Cell viability was performed using the CCK-8. Cells were seeded
(4 × 103 per well) into 96-well plates and cultured for 48 h (about
80% confluence). Then cells were treated with three chemicals
(BAPTA-AM, TG and 2-APB) and/or 2.5 μM Cd for 12 h as mentioned
above. After a 12-h incubation, cell viability assays were performed
using CCK-8, according to the manufacturers' instructions. The absor-
bance wasmeasured at 450 nm by themicroplate reader (Sunrise, Aus-
tria). All assays were performed in six independent experiments with
different batches of cells.

2.10. Data presentation

Experiments were performed at least three times with similar re-
sults. Data are presented as the mean ± SEM of the indicated number
of replicates. Statistical comparisonsweremade using one-way analysis
of variance (ANOVA) (Scheffe's F test) after ascertaining the homogene-
ity of variance between the treatments, and P b 0.05 was regarded as
significant.

3. Results

3.1. Elevated [Ca2+]c was primarily generated intracellularly in Cd-exposed
rPT cells

Our previous study has reported that cytosolic calcium overload oc-
curred in Cd-treated rPT cells [13], but the source of Cd-induced [Ca2+]c
elevation, inside or outside of the cells, was not known. To clarify this
issue, changes of [Ca2+]c in Cd-treated rPT cells cultured in two media
(Ca2+-containing and Ca2+-free) were measured by flow cytometer.
It is worth noting that rPT cells are easy to detach from 6-well plates
when they are incubated in CFM for N2 h (as we confirmed, data not
shown). Thus, three different time points (0, 1, 2 h) was chosen to
solve this question. Under normal culture conditions (Ca2+-containing
serum-free DMEM-F12 medium), 2.5 μM Cd-induced [Ca2+]c exhibited
a time-dependent elevation, i.e. 1.11-fold (1 h) and 1.16-fold (2 h) of
its respective control value (Fig. 1A). Under Ca2+-free medium condi-
tions (Fig. 1B), there is also a time-dependent elevation in [Ca2+]c
exposed to 2.5 μM Cd, i.e., 1.07-fold (1 h) VS 1.14-fold (2 h). Data sug-
gest that Cd-induced cytosolic calcium overload was primarily generat-
ed intracellularly and only a small portion was generated
extracellularly.

3.2. Subcellular calcium redistribution occurred in Cd-exposed rPT cells

It is known that ER and mitochondria are two major intracellular
Ca2+ stores. To verify whether Cd-induced [Ca2+]c elevation resulted
from these two Ca2+ stores, subcellular Ca2+ distribution in rPT cells
exposed to 2.5 μM Cd was assessed by flow cytometer. Compared with
samples in 0 h (no-Cd treatment), Cd-induced [Ca2+]c elevationwas ac-
companied by increased [Ca2+]mit and decreased [Ca2+]ER in a time-de-
pendent manner (Fig. 2), and these changes were observed more
obviously following 12-h Cd treatment.

3.3. Inhibition of ER Ca2+ release suppressed Cd-induced subcellular calci-
um redistribution

To investigate whether there is a link between ER Ca2+ release and
Cd-elevated [Ca2+]c, cells were co-incubated with 2.5 μM Cd and/or
10 μM 2-APB (the blocker of ER Ca2+ release channel-IP3R) for 12 h to
determine the changes of [Ca2+]c, [Ca2+]mit and [Ca2+]ER using flow
cytometer. As we expected, 2-APB significantly reversed Cd-induced
ER Ca2+ depletion (Fig. 3A). Meanwhile, Cd-induced elevations in
[Ca2+]c and [Ca2+]mit were significantly suppressed by the addition of
2-APB (Fig. 3B and C). Data in Fig. 3 suggested that depletion of ER
Ca2+ stores plays a principal role in Cd-induced mobilization of Ca2+

in different cellular domains, i.e., Cd-induced [Ca2+]c elevation was
mainly originated from ER.

3.4. IP3-initiated IP3R activation is involved in Cd-exposed rPT cells

IP3 is an important second messenger that induces the release of
Ca2+ from the ER [23]. As shown in Fig. 4A, Cd led to the increased IP3
production in rPT cells. Consequently, elevated IP3 levels activate its re-
ceptor (IP3R) in Cd-exposed rPT cells. We found that protein levels of
IP3R-1 (Fig. 4B) and IP3R-2 (Fig. 4C) increased significantly in Cd-treated
rPT cells. Particularly, the mRNA and protein expression of IP3R-3 was
not detectable in rPT cells (data not shown). Data in Fig. 4 validate
that elevated IP3 levels activated IP3R to facilitate ER-Ca2+ release in
Cd-exposed rPT cells.

3.5. Cd-inhibited autophagic flux was reversed by NAC treatment

The term “autophagic flux” is used to represent the dynamic process
of autophagy, which is a more reliable indicator of autophagic activity
than measurements of autophagosome numbers [6]. Compared with
the control group, protein levels of p62 and LC3-II increased significant-
ly in Cd-treated cells (Fig. 5A). CQ, a lysosome inhibitor, was used to
block the autophagic flux in this study. As it is expected, treatment
with 50 μM CQ alone induced the elevation of p62 and LC3-II. Likewise,
Cd-induced p62 accumulation was further promoted by CQ treatment.
However, no significant difference in LC3-II levels was observed be-
tween Cd-treated cells and cells exposed to Cd plus CQ. Taken together,
these findings supported the notion that autophagic flux is decreased
during Cd exposure.

The production of reactive oxygen species (ROS) is considered a
major factor in Cd-induced nephrotoxicity. To clarify whether there is
a link between ROS production and Cd-inhibited autophagic flux, NAC,
a known ROS scavenger, was applied to prove this idea. As shown in
Fig. 5B, 100 μM NAC treatment alone has no obvious effect on p62 and
LC3-II protein levels, suggesting that it is not a modulator of autophagy.
However, Cd-induced accumulation of p62 and LC3-II was significantly
alleviated by NAC treatment, indicating that oxidative stress resulted in
Cd-inhibited autophagic flux in rPT cells.



Fig. 1. Changes of cytosolic calcium levels ([Ca2+]c) in Cd-treated rPT cells cultured in Ca2+-containingmedium (A) and Ca2+-freemedium (B). Cells cultured in two differentmediawere
treated with 2.5 μM Cd for 0 h, 1 h and 2 h. The harvested cells were first incubated with 0.5 mM TPEN, then incubated with 1 μM Fluo-4/AM for 30 min at 37 °C to measure the Fluo-4
fluorescence using flow cytometer. Fluorescence results were expressed as mean fluorescence intensity. Data represent mean ± SEM (n = 4). ns not significant, ⁎P b 0.05, ⁎⁎P b 0.01.
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3.6. BAPTA-AMalleviated Cd-induced apoptosis and decrease of autophagic
activity

To assess the role of intracellular Ca2+ in the connection between
apoptosis and autophagy, BAPTA-AM, a cell permeable free calcium che-
lator, was chosen to investigate its effect on Cd-induced apoptosis and
autophagic activity. We found that BAPTA-AM significantly prevented
Cd-induced elevation of apoptosis, measured by two methods in rPT
cells (Fig. 6A–C), while BAPTA-AM alone had no effect on it. Next, pro-
tein levels of p62 and LC3-II were determined by immunoblot assays.
As shown in Fig. 6D, BAPTA-AM significantly reversed Cd-induced ele-
vation of p62 and LC3-II protein levels, but BAPTA-AM treatment
alone had no effect on both. These data suggested that intracellular cal-
cium overload promoted apoptosis while inhibited autophagic flux in
Cd-exposed rPT cells.
Fig. 2. Redistribution of calcium levels in the cytoplasm, mitochondria and ER occurred in
Cd-exposed rPT cells. Cells were treatedwith 2.5 μMCd for 0 h, 6 h and 12 h, then calcium
levels in the cytoplasm ([Ca2+]c), mitochondria ([Ca2+]mit) and ER ([Ca2+]ER) were
monitored by flow cytometric analysis, respectively. Samples of 0 h (Cd-free treatment)
were assigned to the control groups. Values of fluorescence intensity of three calcium
indicators are quantified in a relative way to its respective control, whose value of
fluorescence intensity is set at one. Results represent mean ± SEM (n = 6). ⁎P b 0.05,
⁎⁎P b 0.01.
3.7. TG aggravated Cd-mediated apoptosis and inhibition of autophagic flux

TG, an ER Ca2+ pump inhibitor, was used to deplete ER calcium
stores in this study. Consequently, TG treatment alone caused signifi-
cant cytosolic Ca2+ elevation and ER Ca2+ depletion in rPT cells (data
not shown). As a positive control (up-regulator of [Ca2+]c), 1 μM TG
alone markedly activated the apoptosis and inhibited the autophagic
flux in rPT cells (Fig. 7). Moreover, Cd-induced apoptosis (morphologi-
cal changes and apoptotic rates) and decreased autophagic flux were
aggravated by TG treatment (P b 0.01), further verifying that elevated
[Ca2+]c played a dual role in regulating apoptosis and autophagy during
Cd exposure.
3.8. 2-APB attenuated Cd-induced apoptosis and blockage of autophagic
flux

2-APB, inhibitor of ER-Ca2+ release, was applied to investigate the
role of ER-Ca2+ release in the process of apoptosis and autophagy dur-
ing Cd exposure. Results of apoptotic morphological changes and flow
cytometry analysis (Fig. 8A–C) showed that 10 μM 2-APB alone has no
obvious effect on apoptosis, and it is not an autophagy regulator (Fig.
8D). However, 2-APB potently reversed Cd-induced apoptosis and accu-
mulation of p62 and LC3-II in rPT cells, which highlighted that Cd-in-
duced ER-Ca2+ release played an important role in the regulation of
apoptosis and autophagic flux in rPT cells.
3.9. Regulators of Ca2+ signaling affected Cd-induced cytotoxicity

To further determine the role of subcellular Ca2+ redistribution on
Cd-induced cytotoxicity in rPT cells, BAPTA-AM, TG and 2-APBwas cho-
sen to assess its effect on cell viability, respectively. As shown in Fig. 9,
BAPTA-AM or 2-APB treatment alone had no significant toxic effect on
cells, while TG alone exhibited significant cytotoxic effect on rPT cells.
Cd-induced cytotoxicity was significantly alleviated by BAPTA-AM and
aggravated by TG treatment, respectively; which evidenced that intra-
cellular [Ca2+]c elevation played a key role in cell death in Cd-exposed
cells from both sides (pro/con). Moreover, 2-APB treatment markedly
reversed Cd-induced cytotoxicity, further verifying that ER-Ca2+ release
was a determinant in promoting Cd-induced cellular death.

Image of Fig. 1
Image of Fig. 2


Fig. 3.2-APB suppressedCd-induced subcellular calciumdistribution. Cellswere co-incubatedwith 10 μM2-APB and/or 2.5 μMCd for 12h to assess the changes of [Ca2+]ER (A), [Ca2+]c (B)
and [Ca2+]mit (C), assessed byflowcytometry. Values of fluorescence intensity ofMag-Fluo-4 (A), Fluo-4 (B) and Rhod-2 (C) are quantified in a relativeway to its respective control,whose
value is set at one. Data represent mean ± SEM (n = 6). ns not significant, ⁎⁎P b 0.01.
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4. Discussion

As previously reported, Cd-triggered apoptosis played a chief role in
cell death in rPT cells, and elevation of [Ca2+]c suggested that Ca2+ sig-
naling may act as an important regulator during this process [13]. It is
also well established that intracellular Ca2+ is one of the regulators of
autophagy [24]. Herein, this studywas designed to further systematical-
ly elucidate the source of Cd-induced [Ca2+]c elevation and the regula-
tory role of intracellular Ca2+ overload in pathological connection
between autophagy and apoptosis in Cd-exposed rPT cells.

Calcium is a versatile and dynamic secondmessenger that regulates
numerous biological processes including apoptosis and autophagy [25,
26]. Elevation of [Ca2+]c is mediated by either Ca2+ influx from the ex-
tracellularmedium or Ca2+ release from intracellular Ca2+ storage sites
[27]. Where does Cd-induced [Ca2+]c elevation originate from? Data in
Fig. 1 suggest that Cd-elicited [Ca2+]c elevationwas primarily generated
intracellularly and only a small portion was generated extracellularly.
Thus, this study focused on themechanism that howCd affected subcel-
lular Ca2+ distribution and its role in regulating apoptosis and
autophagy. Cd-induced extracellular Ca2+ influx was not discussed
here, which will be worthy of further investigation. Internal Ca2+ stor-
ages, such as ER andmitochondria, play a central role inmaintaining in-
tracellular calcium homeostasis [14]. So two specific Ca2+ probes
targeting to mitochondria and ER, respectively, were employed to mea-
sure the changes of [Ca2+]mit and [Ca2+]ER in Cd-treated cells (Fig. 2).
Elevated [Ca2+]c was accompanied by elevated [Ca2+]mit and decreased
[Ca2+]ER, which enables us to think whether ER is the source of Cd-in-
duced [Ca2+]c.

Ca2+ mobilization from the ER lumen is operated via two Ca2+ re-
lease channels: IP3Rs and/or ryanodine receptors (RyRs) [28,29]. How-
ever, it is IP3R rather than RyR that functioned as the Ca2+ release
channel on ERmembranes in rPT cells [30,31]. Thus, 2-APB, a specific in-
hibitor of IP3R channel, was chosen to confirm the role of ER Ca2+ re-
lease in Cd-induced [Ca2+]c elevation. As shown in Fig. 3, decreased
[Ca2+]ER was nearly completely reversed by 2-APB, providing evidence
that Cd-induced ER Ca2+ depletion through activating IP3R. Meanwhile,
Cd-induced elevations in [Ca2+]c and [Ca2+]mit can be significantly re-
versed by 2-APB. Combined with data in Figs. 1 and 2, we can safely

Image of Fig. 3


Fig. 4. Cd elevated the IP3 levels and protein levels of IP3R (IP3R-1 and IP3R-2) in rPT cells. (A) Cells were treated with 2.5 μM Cd for 12 h, then collected to measure the cellular IP3 levels
using a radio-receptor assay. Values representmean± SEMmade in six different primary cultures (n=6). (B, C) Cellswere treatedwith 2.5 μMCd for 12 h, then harvested tomeasure the
protein levels of IP3R-1 and IP3R-2 using western blot. Upper panel representative western blot image; lower panel quantitative analysis (mean ± SEM, n = 4); ⁎⁎P b 0.01.
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draw the conclusion that Cd-elevated [Ca2+]mit and [Ca2+]c weremain-
ly originated from IP3R-mediated ER Ca2+ release, not from extracellu-
lar medium. Moreover, it is IP3 that mobilized Ca2+ from ER to cytosol
by binding and activating its specific receptors (IP3Rs) localized on the
ERmembranes [32]. So, increased IP3 generation (Fig. 4A) is the prereq-
uisite for Cd-induced ER-Ca2+ release in rPT cells. There have been
Fig. 5. Cd-inhibited autophagic flux can be alleviated by NAC treatment. (A) Cells were treatedw
treatment, cell were harvested tomeasure the protein levels of p62 and LC3-II using western blo
to assess the protein levels of p62 and LC3-II. Upper panel representative western blot image; l
identified three subtypes of IP3Rs (IP3R-1, IP3R-2 and IP3R-3) differen-
tially expressed in different regions of the kidney [33,34].We have dem-
onstrated that only the IP3R-1 and IP3R-2 isoforms are expressed in rPT
cells [20]. In this study, Cdmarkedly up-regulated expressions of IP3R-1
and IP3R-2 (Fig. 4), indicating that activated IP3R-1 and IP3R-2 enhance
both IP3-binding sensitivity and ER Ca2+ release activity. Given the
ith 2.5 μMCd for 9 h, subsequently co-incubatedwith 50 μMCQ for another 3 h. After 12 h
t. (B) Cells were co-incubatedwith 2.5 μMCd and/or 100 μMNAC for 12 h, then harvested
ower panel quantitative analysis (mean ± SEM, n = 4); ns not significant, ⁎⁎P b 0.01.

Image of Fig. 4
Image of Fig. 5


Fig. 6. Effect of BAPTA-AMon Cd-mediated apoptosis and autophagy. Cells were pretreatedwith 10 μMBAPTA-AM for 30min, followed by treatmentwith 2.5 μMCd for another 12 h. (A)
Apoptotic morphological changes were assessed by Hoechst 33,258 staining. Changes of nuclei fragmentation with condensed chromatin are evident (thin arrows). (B) Quantitative
analysis of apoptotic cells assessed by Hoechst 33,258 staining (mean ± SEM, n = 9). (C) Quantification of apoptosis using flow cytometer (mean ± SEM, n = 6). (D) Changes of p62
and LC3-II protein levels were analyzed by western blot. Upper panel representative western blot image; lower panel quantitative analysis (mean ± SEM, n = 4). ns not significant,
⁎⁎P b 0.01.

105F. Liu et al. / Journal of Inorganic Biochemistry 164 (2016) 99–109
above results, we can confirm that stimulated ER Ca2+ release resulting
from the activation of IP3Rs promoted the elevated [Ca2+]c in Cd-ex-
posed rPT cells.

Autophagy is an intracellular homeostatic mechanism important for
the degradation of damaged organelles and undesirable macromole-
cules from the cytoplasm in acidic lysosomal compartments [35]. Im-
munoblot analysis of LC3 and p62 has been widely used to monitor
autophagic flux [7,36]. LC3 conversion (LC3-I to LC3-II) and lysosomal
degradation of LC3-II reflect the progression of autophagy. Importantly,
LC3-II turnover assay in the presence of the lysosomal inhibitor was a
known method to assess autophagic flux [6]. Meanwhile, the p62 pro-
tein level is inversely correlated with autophagic activity and increased
p62 is a reliable indicator of impaired autophagic flux [6]. Given the
above mentioned, the autophagic flux was impaired in Cd-exposed
rPT cells, as evidenced from data in Fig. 5A.Mounting evidence suggests
that autophagy and oxidative stress are intricately connected in kidney
health and disease [37]. Moreover, it has been confirmed that oxidative
stress-mediated apoptotic death played a key role in Cd-induced neph-
rotoxicity in vitro, which prompted us to think whether there is a link
between impaired autophagic flux and oxidative stress during Cd expo-
sure. Data in Fig. 5B showed that Cd-induced impairment of autophagic
flux was markedly restored by the addition of NAC (a known ROS scav-
enger), demonstrating that impaired autophagic flux results from oxi-
dative stress in this process.

Disruption of intracellular Ca2+ homeostasis can lead to cellular
death [38]. It has been revealed that cytosolic Ca2+ overload can trigger

Image of Fig. 6


Fig. 7. TG aggravated Cd-mediated apoptosis and inhibition of autophagic flux. Cells were co-treated with 1 μM TG and/or 2.5 μM Cd for 12 h. Apoptotic morphological changes were
assessed by Hoechst 33,258 staining (A) and its statistical result of apoptotic cells (B) are expressed as mean ± SEM (n = 9). (C) Quantification of apoptosis using flow cytometer
(mean ± SEM, n = 6). (D) Changes of p62 and LC3-II protein levels were analyzed by western blot. Upper panel representative western blot image; lower panel quantitative analysis
(mean ± SEM, n = 4). ⁎⁎P b 0.01.
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apoptosis [14], but controversial idea has been present in the role of
[Ca2+]c elevation in regulating autophagy, with both activating and in-
hibitory effects [39,40]. Our previous study proved that Cd-mediated
apoptosis is accompanied by cytosolic Ca2+ overload, which gives us a
hint that whether [Ca2+]c elevation serves as a link between apoptosis
and autophagic flux inhibition. Hereby, pharmacological agents that
regulate cytosolic Ca2+ level were applied to clarify this question. First-
ly, blocking [Ca2+]c elevation by intracellular Ca2+ chelator (BAPTA-
AM) effectively attenuated Cd-induced apoptosis and autophagic flux
inhibition (Fig. 6); moreover, TG, which can induce [Ca2+]ER depletion
and [Ca2+]c elevation [41], further aggravated Cd-mediated apoptosis
and autophagic flux impairment (Fig. 7), confirming that Cd induces au-
tophagy inhibition and apoptosis through elevation of [Ca2+]c in rPT
cells from both sides (pro/con). Consistent with our findings, Park et
al. (2014) reported that a chronic increased [Ca2+]c in hepatocytes
during lipotoxicity attenuates autophagic flux by preventing the fusion
between autophagosomes and lysosomes [42]. Data in Fig. 7 also
showed that ER-Ca2+ release plays a positive regulator during this pro-
cess. Similarly, evidence has shown that IP3Rs act as inhibitors of au-
tophagy because knocking down IP3Rs or inhibiting its channel
activity by 2-APB was sufficient to induce conversion of LC3-I to LC3-II
[26]. Consistent with this idea, we observed that inhibition of IP3Rs by
2-APB to abolish ER Ca2+ release significantly reversed Cd-induced ap-
optosis and autophagy flux inhibition (Fig. 8). It is also known that dis-
turbance of the ER Ca2+ homeostasis leads to extensive and irreparable
damage to cells [17], thus data in Fig. 9 verified the role of Ca2+ signal-
ing in the regulation of Cd-induced cytotoxicity.

In summary, Cd induced an subcellular calcium redistribution in rPT
cells, i.e., elevations of [Ca2+]c, [Ca2+]mit and decreased [Ca2+]ER. Stim-
ulated ER Ca2+ release due to the activation of IP3Rs is responsible for

Image of Fig. 7


Fig. 8.2-APB alleviated Cd-induced apoptosis and blockage of autophagicflux. Cellswere co-incubatedwith 10 μM2-APB and/or 2.5 μMCd for 12 h. Apoptoticmorphological changeswere
assessed byHoechst 33,258 staining (A) and its statistical result of apoptotic cells (B) are expressed asmean± SEM (n=9). (C) Quantification of apoptosis using flowcytometer (mean±
SEM, n=6). (D) Changes of p62 and LC3-II protein levels were analyzed bywestern blot.Upper panel representative western blot image; lower panel quantitative analysis (mean± SEM,
n = 4). ns not significant, ⁎⁎P b 0.01.
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the increase in [Ca2+]c. Furthermore, elevated [Ca2+]c can promote ap-
optosis and suppress autophagic flux, demonstrating that disturbance
in intracellular Ca2+ signaling regulated by ERplays a dual role in Cd-in-
duced cytotoxicity in rPT cells.

5. Abbreviations

2-APB 2-aminoethoxydiphenyl borate
BAPTA-AM 1,2-Bis (2-aminophenoxy) ethane-N,N,N′,N′-tetraacetic

acid acetoxymethyl ester
BCA bicinchonininc acid
[Ca2+]c cytosolic Ca2+ concentration
[Ca2+]ER endoplasmic reticulum Ca2+ levels
[Ca2+]mit mitochondrial Ca2+ concentration
CCK-8 Cell Counting Kit-8
Cd cadmium
CFM calcium-free medium
CQ chloroquine diphosphate salt
ECL enhanced chemiluminescence
ER endoplasmic reticulum
IP3 inositol 1,4,5-trisphosphate
IP3R IP3 receptor
LC3 microtubule-associated protein 1 light chain 3
NAC N-acetylcysteine
P62/SQSTM1 sequestosome 1
PI propidium iodide
PIP phosphatidylinositol phosphate
rPT rat proximal tubular
ROS reactive oxygen species
TG thapsigargin

Image of Fig. 8


Fig. 9. Effects of three Ca2+ signaling regulators on Cd-induced cytotoxicity. Cells were treated with 10 μM BAPTA-AM, 1 μM TG, 10 μM 2-APB and/or 2.5 μM Cd as mentioned above,
respectively. After a 12-h treatment, cell viability assays were measured by CCK-8 reduction method. Cell viabilities of the respective control group were assumed as 100% and the
variations were represented as percentage. Data are expressed as mean ± SEM (n = 6).
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TPEN N,N,N′,N′-tetrakis-(2-pyridylmethyl) ethylenediamine
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