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Abstract

Cadmium (Cd), an occupational and environmental pollutant, induces nephrotoxicity by primarily damaging renal proximal
tubular cells. In this study, we hypothesized that pyroptosis, a caspase-1-dependent inflammatory programmed cell death
mechanism, mediates Cd-induced nephrotoxicity. Human proximal tubular epithelial HK-2 cells were treated with 0-10 uM
CdCl, for 48 h. We found that Cd dose-dependently caused cytotoxicity, which correlated with activation of the NLRP3
inflammasome, increases in the expression and secretion of pro-inflammatory cytokines and upregulation of pyroptosis-
related genes in HK-2 cells or/and in kidneys of Cd-treated mice. These effects were significantly abrogated by inhibiting
caspase-1 activity with inhibitor YVAD or silencing NLRP3 with siRNA in vitro, suggesting that Cd induces caspase-1-
and NLRP3-inflammasome-dependent pyroptosis. Moreover, Cd treatment also activated three branches (ATF6, PERK and
IRE-1a) of endoplasmic reticulum stress. Selective inhibition of the IRE-1a/XBP-1s branch by a pharmacological inhibitor
STF-083010 or by genetic silencing of XBP-1 significantly attenuated Cd-induced NLRP3 inflammasome activation and
pyroptosis. Mechanistically, Cd suppressed deacetylase Sirtuin-1 (SIRT-1) protein expression and activity leading to decrease
in physical binding with XBP-1s protein, and thus the accumulation of acetylated XBP-1s levels. Activation of SIRT1 using
a pharmacological agonist resveratrol or genetic SIRT1 overexpression significantly abolished Cd-induced activation of the
IRE-10/XBP-1s pathway and the NRLP3 inflammasome as well as pyroptosis, which were counteracted by co-overexpression
of both SIRT1 and XBP-1s. Collectively, our findings indicate that SIRT1 activity protects against Cd-induced pyroptosis
through deacetylating XBP-1s, and thus inhibiting the IRE-1o/XBP-1s pathway in HK-2 cells. These results provide a novel
mechanism for Cd-induced nephrotoxicity.
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Introduction

Cadmium (Cd), a toxic heavy metal, is ubiquitously found
in the environment and exhibits high soil-to-plant transfer
rate (Faroon et al. 2012; Satarug 2018). Cd pollution is
still a serious public health challenge for many developing
countries including China. A recent epidemiological study
conducted in Southwest China reported that the means
of dietary Cd levels were 113.1, 88.8 and 16.5 pg/kg bw/
month in residents of high Cd-polluted, low Cd-polluted
and control areas, respectively (Huo et al. 2018). Such
levels of dietary Cd are much higher than the provisional
tolerable monthly intake (25 pg/kg bw/month) established
by the Joint FAO/WHO Expert Committee on Food Addi-
tives in 2011 (Huo et al. 2018). Cd exposure can damage
multiple organ systems in humans and animals. The kid-
ney is the major target due to the fact that approximately
50% of the total Cd body burden accumulates in this organ
(Yang and Shu 2015). The renal toxicity of Cd is primarily
characterized by dysfunctions of proximal tubules lead-
ing to proteinuria and eventually chronic kidney diseases
(Jarup and Akesson 2009). It has been reported that both
urinary and blood Cd levels positively correlated with the
increased levels of urinary 2 microglobulin and N-acetyl-
B-p-glucosaminidase (two marker proteins of renal tubu-
lar damage) in subjects from Cd polluted areas in China
(Chen et al. 2018b; Chen and Zhu 2018; Zhang et al.
2013). Using in vitro culture of human proximal tubu-
lar epithelial HK-2 cells, we recently showed that chronic
treatment of Cd (1 uM for 12 days) induced endoplasmic
reticulum stress, inhibited protein kinase B signaling and
altered gap junctional intercellular communication forma-
tion, all of which contributed to Cd-induced apoptosis (Ge
etal. 2018).

Unlike non-inflammatory apoptosis, pyroptosis is a highly
pro-inflammatory programmed cell death and is character-
ized by caspase-1 dependence, cell membrane destruction
and the release of pro-inflammatory intracellular contents
(Bergsbaken et al. 2009). Pyroptosis can be induced by both
infectious and non-infectious stimuli through the secretion
of pathogen-associated molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs), respec-
tively (Lu et al. 2014). PAMPs or DAMPs then trigger the
assembly and activation of nucleotide-binding oligomeri-
zation segment-like receptor family 3 (NLRP3) inflam-
masome. The N-terminal pyrin domain (PYD) of NLRP3
protein serves as a scaffold for the recruitment of nucle-
ate apoptosis-associated speck-like protein containing a
caspase recruitment segment (ASC), which then binds to
pro-caspase-1 and triggers its auto-activation into cleaved
caspase-1 (c-caspase-1) (Lu et al. 2014; Schroder and
Tschopp 2010). Activation of caspase-1 leads to proteolytic
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cleavage of precursor interleukin 1p (pro-IL-1p) and IL-18
(pro-IL-18) into inflammatory mature IL-1p and IL-18,
respectively (Fantuzzi and Dinarello 1999). These biologi-
cally active inflammatory cytokines IL-1p and IL-18 are
then released into extracellular compartments to induce
inflammation through cleaved Gasdermin D (GSDMD)-
mediated formation of pores on cell membranes (He et al.
2015; Shi et al. 2015). It has been shown that Cd treatment
could induce NRLP3 inflammasome-dependent pyroptosis
in human umbilical vein endothelial cells (HUVEC) (Chen
et al. 2016). However, whether pyroptosis is the potential
mechanism of Cd-induced cytotoxicity in renal epithelial
cells remains unclear.

Endoplasmic reticulum (ER) is the primary organelle
for protein synthesis, processing and secretion (Benham
2012; Ellgaard and Helenius 2003). Impairment of ER
function by intracellular or/and extracellular stimuli
causes the accumulation of misfolded and unfolded pro-
teins in ER lumen, resulting in ER stress (Hasnain et al.
2012; Ron and Walter 2007). Subsequently, three unfold
protein response (UPR) pathways including the inositol-
requiring enzyme lo (IRE-1a) pathway, the protein kinase
RNA-like endoplasmic reticulum kinase (PERK) pathway
and the activating transcription factor 6 (ATF6) pathway
are activated to restore ER homeostasis and promote cell
survival (Ron and Walter 2007; Xu et al. 2005). However,
prolonged activation of the UPR leads to orchestrated cell
death (Schroder 2008). Activation of IRE-1a pathway
splices X-box binding protein-1 (XBP-1) mRNA into its
spliced form XBP-1s, which then transcriptionally acti-
vates many downstream targets (i.e. Edem1 and P58"¥) to
restore ER homeostasis (Ron and Walter 2007). Our pre-
vious study showed that the inhibition of IRE-1o/XBP-1s
pathway mitigated prolonged Cd treatment induced apop-
tosis in HK-2 cells (Ge et al. 2018). In addition, silver
nanoparticles (15 nm in size) degraded the ER stress sen-
sor ATF-6 protein, leading to the activation of the NLRP3
inflammasome and pyroptosis in human THP-1 monocytes
(Simard et al. 2015).

Sirtuin-1 (SIRT1), a NAD"-dependent class III lysine
deacetylase, is the mammalian homologue of yeast silent
information regulator 2 (Sir2) and can be activated in
response to various cellular stresses (Haigis and Sinclair
2010; Xiao et al. 2018). Activation of SIRT1 deacetylates
the acetyl group on the lysine residues of proteins and thus
modulates their biological functions (Blander and Guarente
2004). Liver-specific overexpression of SIRT1 in low-den-
sity lipoprotein receptor deficient mice attenuated high-
fat/high-sucrose diet induced hepatic steatosis and insulin
resistance, which correlated with the inhibition of ER stress
and XBP-1 splicing (Li et al. 2011). A more recent in vivo
study in mice reported that SIRT1-dependent inhibition of
ER stress was mediated by deacetylating heat shock factor
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1, which resulted in upregulation of heat shock protein 40
(HSP40) and HSP70, and thus normalization of ER stress in
the liver (Zheng et al. 2017). Yet, whether and how SIRT1
modulates Cd-induced ER stress in renal tubular epithelial
cell are not well-understood.

This study aimed to investigate whether Cd could induce
pyroptosis and how SIRT1 and ER stress regulate Cd-
mediated pyroptosis in HK-2 cells in vitro and in vivo. We
found that Cd treatment downregulated SIRT1 expression
and induced the NLRP3 inflammasome activation, ER stress
and pyroptosis and that activation of SIRT1 by genetic and
pharmacological approaches normalized Cd-induced these
effects through deacetylation and inhibition of XBP-1s.
These results identify a novel mechanism mediating Cd-
induced cytotoxicity in renal epithelial cells and may provide
new therapeutic strategies for the treatment of Cd exposure
related renal diseases.

Materials and methods
Chemicals and reagents

Cadmium chloride (CdCl,) and 4-phenyl butyric acid
(4-PBA) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Fetal bovine serum (FBS) was obtained from
GIBCO (Grand Island, NY, USA). RPMI 1640 medium was
purchased from Corning (Manassas, VA, USA). Caspase-1
inhibitor (Z-Y VAD-FMK) and SIRT1 activator (resveratrol)
were purchased from Apex Bio (Boston, MA, USA) and
IRE-1a inhibitor (STF-083010) was obtained from Selleck-
chem (Shanghai, China). Thapsigargin (Tg) was purchased
from Abcam (Cambridge, UK). Rabbit monoclonal antibod-
ies against human NLRP3, caspase-1, cleaved-caspase-1
(c-caspase-1), cleaved-IL-1p (c-IL-1p), ATF-6, PERK,
IRE-1a, XBP-1s, SIRT1, nuclear factor (erythroid 2)-like
2 (NRF2), B-tubulin, B-actin and mouse monoclonal IL-1
antibody were purchased from Cell Signaling Technology
(Danvers, MA, USA).

Cell culture and Cd treatment

Human renal proximal tubular epithelial (HK-2) cells were
obtained from American Type Culture Collection (ATCC)
and maintained in RPMI-1640 medium supplemented with
10% FBS and 1% penicillin/streptomycin in a humidified
incubator with 5% CO, at 37 °C. For Cd treatment, HK-2
cells were seeded and allowed to attach for 24 h followed by
Cd treatment (2—10 uM) in serum-free medium for 12 h or
48 h. The dosage was chosen based on previous work from
our group and others (Ge et al. 2018; Olszowski et al. 2012)
showing that Cd at micromolar concentrations (1-10 uM)
could induce inflammation by activation of NF-kB pathway,

upregulation of adhesion molecule expression and induction
of proinflammatory cytokines and chemokines. Since we
study inflammation-dependent pyroptosis, the 2—10 pM dose
range was used in this study. For intervention experiments,
HK-2 cells were pretreated with Z-Y VAD-FMK (10 uM for
12 h), 4-PBA (5 mM for 24 h), resveratrol (10 uM for 12 h),
or STF-083010 (30 uM for 12 h) followed by treating with
10 uM CdCl, for another 48 h. DMSO (final concentra-
tion < 0.1%) was included as vehicle control for all treat-
ment conditions.

Cd treatment in mice

Six-week-old male C57BL/6 mice were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai,
China) and housed under standard environmental condi-
tions with room temperature of 22 °C, humidity of 40-70%
and a 12:12 h light-dark cycle. All animal experiments were
performed according to the Guidelines for Animal Welfare
of Fudan University, the Guide for the Care and Use for
Laboratory Animals published by the Ministry of Health
of the People’s Republic of China and the Guide of the
Care and Use of Laboratory Animals (NIH Publication No.
85-23, revised 2011). 24 mice were randomly divided into
four groups (6 mice per group) and exposed to 100, 200, or
400 mg/L CdCl, or DMSO vehicle control in drinking water
for 12 weeks (Thijssen et al. 2007a). The concentrations of
Cd we chose in this study were comparable with previously
published Cd-induced nephrotoxicity in rodents (Brzoska
et al. 2003; Liu et al. 2000; Thijssen et al. 2007a, b; Zeng
et al. 2003). The dose of 100 mg/L. CdCl, was considered to
be relevant to the exposure levels of Cd in the environment
(Thijssen et al. 2007b). The drinking water was changed
every 2 days and the Cd doses were refreshed with each
water change. The amount of water consumed by animals
was monitored and no significant differences were found
among different treatment groups. Animals were weighed
weekly. After 12-week treatment, the mice were sacrificed
under anesthesia and the kidneys were collected and imme-
diately frozen in liquid nitrogen and stored at — 80 °C until
analysis.

siRNA silencing of NLRP3 and XBP-1

After grown to 50% confluence, HK-2 cells were trans-
fected with 100 pmol of siRNA targeting human NLRP3
(siNLRP3), or human XBP-1 (siXBP-1), or negative con-
trol siRNA (siNC) (Ribobio, Guangdong, China) using
Lipo6000™ Transfection Reagent (Beyotime, Shanghai,
China) according to the manufacturer’s protocol. After
4 h of transfection, the medium was removed and replaced
with fresh complete culture medium for 24 h before CdCl,
treatment.
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Overexpression of SIRT1, mutant SIRT11363Y
and XBP-1s

Wide-type SIRT1 or mutated SIRT1 (SIRT11363Y) was over-
expressed in HK-2 cells using cytomegalovirus (CMV) pro-
moter driven plasmid containing human wide-type SIRT1
cDNA (pCDH-SIRT1) or human mutated SIRT1 cDNA
lacking deacetylase activity (pCDH-SIRT1%3%3Y)  respec-
tively (Shanghai Yuanmin Biotech, Shanghai, China). XBP-
1's was overexpressed using CMV-promoter driven plasmid
containing human XBP-1s cDNA (pCDH-XBP-1s) (Shang-
hai Yuanmin Biotech, Shanghai, China). HK-2 cells were
transiently transfected with 5 pg of wide-type SIRT1, inac-
tive SIRT1 mutant, XBP-1s, or empty control plasmid DNA
(pCDH-Empty) in a 6-cm dish using Lipo6000™ according
to the manufacturer’s protocol. After 4 h of transfection,
cells were cultured in fresh medium for 24 h followed by
CdCl, treatment. The overexpression of SIRT1, SIRT1H363Y,
or XBP-1s was confirmed using quantitative RT-PCR or
immunoblotting assays.

Enzyme-linked immunosorbent assay (ELISA)

At the end of CdCl, treatment (2-10 uM, 48 h), the culture
supernatants of treated and untreated HK-2 cells were col-
lected for the measurements of IL-6, IL-1f, IL-18, tumor
necrosis factor o (TNF-a) and transforming growth factor 3
(TGF-p) levels using ELISA kits (R&D Systems, Minneapo-
lis, MN, USA) according to the manufacturer’s instructions.

Cytotoxicity assay

Cell death was evaluated by the release of lactate dehydroge-
nase (LDH) into the supernatants using a colorimetric LDH
cytotoxicity kit (Dojindo; Shanghai, China). Briefly, after
CdCl, treatment, the culture supernatants were harvested
and incubated with LDH assay solutions for 30 min at 25 °C.
The spectrophotometric absorbance of red formazan, which
is directly proportional to LDH release was determined at
490 nm using the Synergt™ HT Microplate Reader (BioTek,
Winooski, VT, USA). The percentage change of LDH
release was calculated relative to untreated control cells.

Fluorescent staining of Hoechst 33342
and propidium iodide (PI)

Pore formation on cell membranes was evaluated using Hoe-
chst 33342 and PI double-fluorescent staining. CdCl,-treated
and untreated control cells were washed with PBS and
stained with Hoechst 33342 and PI (0.625 pg/mL) at 37 °C
for 30 min in the dark. Cell images were recorded using a
fluorescent microscope (Olympus, Tokyo, Japan) and ana-
lyzed using Image J software. The percentage of PI-positive
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cells were calculated by counting 1000 randomly selected
nuclei for each treatment group.

Real-time polymerase chain reaction (RT-PCR)

Total RNA of HK-2 cells were extracted using Trizol reagent
(Invitrogen, CA, USA) according to the manufacturer’s pro-
tocol. The concentration and purity of isolated RNA were
determined by NanoDrop 2000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA). Total RNA (2 ug) was
reversely transcribed into cDNA using FastKing Reverse
Transcriptase Kit (Tiangen, Beijing, China). cDNA samples
and specific primers (Supplementary Table S1) were used
to amplify the target genes using SuperReal PreMix Plus
(SYBR Green) kits (Tiangen, Beijing, China) on an ABI
7300Plus fast Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA). GAPDH expression in each sample
was included as internal control. Gene expression was quan-
titated using 27AAC method (Xiao et al. 2016).

Western blotting

Cellular total proteins were extracted using RIPA lysis buffer
containing | mM PMSF (Beyotime, Shanghai, China) and
the protein concentration was determined using BCA protein
assay (Beyotime, Shanghai, China). 30 micrograms of total
proteins were resolved on 12% SDS-PAGE gel and trans-
ferred to polyvinylidene difluoride membranes. Non-specific
binding sites were blocked with 5% nonfat milk in TBST
(100 mM Tris—HCI pH 7.4, 0.9% NaCl and 0.1% Tween 20)
at room temperature for 4 h. The membranes were washed
with TBST and incubated with specific primary antibodies
against NLRP3 (1:1000), caspase-1 (1:1000), c-caspase-1
(1:1000), IL-1pB (1:1000), c-IL-1p (1:1000), ATF6 (1:1000),
PERK (1:1000), IRE-1a (1:1000), XBP-1s (1:1000), SIRT1
(1:1000), NRF2 (1:1000), B-tubulin (1:1000), B-actin
(1:1000) overnight at 4 °C. The membranes were then incu-
bated with anti-rabbit or anti-mouse HRP-conjugated IgG
antibodies (1:2000) for 2 h at room temperature. The pro-
tein bands were visualized by ECL™ and Western Blotting
Detection Reagents (Pierce Chemical, Dallas, TX, USA).
The densitometry was evaluated using Image J software.

Isolation of nuclear proteins

Nuclear extracts were prepared using Nuclear and Cytoplas-
mic Protein Extraction Kit (Beyotime, Shanghai, China).
Briefly, cells were scraped in cytosolic protein extraction
reagent and centrifugated. The cell pellet was subsequently
incubated in nuclear protein isolation buffer for 30 min on
ice with frequent vortex. Nuclear extracts in the supernatant
were collected by centrifugation and protein concentration
was determined by BCA protein assay.
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SIRT1 activity

SIRT1 enzymatic activity was assayed using a colorimet-
ric kit (Genmed, China). Simply, 50 micrograms of cellular
total proteins were incubated with synthesized substrates
containing acetylated lysine residue [Ac-Arg-His-Lys-Lys
(Ac)] at 30 °C for 45 min. The reaction was terminated by
incubating with Stopping Buffer and peptidase for additional
30 min at 30 °C. SIRT1 activity was then determined by the
measurement of absorbance at 405 nm using the Synergt™
HT Microplate Reader (BioTek, Winooski, VT, USA). Pro-
tein concentration of each sample was used to normalize
SIRT1 activity.

Co-immunoprecipitation

The interaction between SIRT1 and XBP-1s, as well as the
levels of XBP-1s acetylation were evaluate using Universal
Magnetic Co-IP Kit (Active Motif, CA, USA). Total cellular
proteins were incubated with SIRT1 antibody or a-acetyl-
lysine (Cell Signaling Technology, Danvers, MA, USA) for
4 h at 4 °C. Subsequently, the protein mixtures were incu-
bated with Protein G Magnetic Beads for 1 h at 4 °C. The
pellets were washed four times on magnetic stand and re-
suspended in loading buffer. The immunoprecipitant pellets
were analyzed using anti-SIRT1 and anti-XBP-1s antibodies
by immunoblotting assay.

Statistical analyses

All data were presented as mean + SEM. One-way analysis
of variance (ANOVA) followed by multiple range least sig-
nificant difference (LSD) test was used to assess difference
among different groups. p values < 0.05 were considered sta-
tistically significant. All statistical analyses were performed
with SPSS 20.0 for Windows (IBM, Armonk, NY, USA).

Results

Cd triggers pyroptosis in human renal HK-2 cells
in vitro and mouse kidneys in vivo

Pyroptosis is a novel type of programmed cell death and
has been shown in Cd-induced cell death in HUVEC
(Bergsbaken et al. 2009; Chen et al. 2016). Yet, it remains
unclear whether pyroptosis is involved in Cd-induced cyto-
toxicity in human and mouse renal epithelial cells. There-
fore, we studied the effects of Cd on pyroptosis in vitro and
in vivo. We first determined the mRNA and protein expres-
sion of pyroptosis-related genes in HK-2 cells treated with
different concentrations of CdCl, (2-10 uM) for 12 h or
48 h. We observed that Cd treatment upregulated NLRP3

protein levels by two-to-threefold and increased the levels
of both cleaved-caspase-1 (c-caspase-1) and cleaved-IL-1f
(c-IL-1P) by roughly twofold at 48 h compared to control
cells; while the levels of pro-caspase-1 and pro-IL-1p were
not significantly affected (Fig. 1a). Results from RT-PCR
showed that Cd also significantly and dose-dependently
upregulated NLRP3, caspase-1, GSDMD and ASC mRNA
expression at 48 h; albeit these changes were much less
obvious at 12 h of Cd treatment (Fig. 1b, c). Importantly,
the protein levels of NLRP3, c-caspase-1 and c-IL-1f were
also enhanced by three-to-fivefold in mouse kidneys treated
with different concentrations Cd for 12 weeks in vivo
(Fig. 1d). Moreover, the Cd-induced upregulation of these
pyroptosis-related genes was correlated with increased
LDH release (Fig. 2a), which is a marker of cell death
caused by compromised cell membrane. Consistently, Cd
treatment also tremendously increased the percentage of
PI positive cell population to 20-60% compared to 4% in
untreated control cells (Fig. 2b). This effect was absent
after 12 h of Cd treatment (Suppl. Fig. 1). Thus, these
results suggest a correlation between the activation of
pyroptosis-related genes and Cd-induced cell death in vitro
and in vivo.

To confirm pyroptosis is the mechanism mediating Cd-
induced cytotoxicity, we inhibited caspase-1 activity in
HK-2 cells since pyroptosis depends on caspase-1 activation
(Bergsbaken and Cookson 2007; Chen et al. 2016; Fink et al.
2008). HK-2 cells were pretreated with a caspase-1 inhibi-
tor, Z-YVAD-FMK (YVAD; 10 uM) followed by 10 uM of
CdCl, treatment for 48 h. We found that YVAD pretreatment
significantly inhibited basal levels of c-caspase-1 protein,
confirming the efficacy of YVAD as a caspase-1 inhibi-
tor in HK-2 cells (Fig. 2c). Importantly, we also found that
pretreatment of YVAD partially but significantly abrogated
Cd-induced the upregulation of c-caspase-1 and c-IL-f pro-
tein levels, which correlated with significant reductions of
Cd-induced LDH release and increase in the percentage of
PI-positive cells (Fig. 2c—e). Therefore, these results from
in vitro and in vivo studies suggest that CdCl, induces cas-
pase-1-dependent pyroptosis in human renal HK-2 cells and
mouse kidneys.

Cd treatment induces pro-inflammatory
microenvironment in HK-2 cells

Since the release of pro-inflammatory cytokines is a hall-
mark of pyroptosis (Bergsbaken et al. 2009), we next deter-
mined the expression and secretion of cytokines in CdCl,
treated HK-2 cells. As shown in Fig. 2a, the mRNA levels
of IL-6, IL-18 and IL-1p increased by two-to-threefold after
CdCl, treatment (6—10 pM); while TNF-a mRNA expres-
sion was slightly upregulated and TGF-f expression was
no noticeable difference (Fig. 3a). Furthermore, we also
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Fig. 1 Cd upregulates pyroptosis-related gene expression in vitro and
in vivo. HK-2 cells were treated with different doses of Cd (2—-10 pM)
for 48 h (a, b) or 12 h (¢). a Cd treatment activated NLRP3 inflam-
masome. Representative immunoblotting images (left panel) and
quantitative results (right panel) showed the protein levels of NLRP3,
cleaved caspase-1 (c-caspase-1) and cleaved IL-1f (c-IL-1B) in con-
trol and Cd-treated cells. f-tubulin was used as internal control. b RT-
PCR results showed that the expression levels of NLRP3, caspase-1,
GSDMD and ASC mRNA were significantly upregulated in Cd-
challenged HK-2 cells compared to control cells. ¢ RT-PCR results
showed that Cd treatment (12 h) upregulated NLRP3 mRNA expres-
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for 48 h. a The release of LDH was elevated in Cd-treated HK-2
cells. LDH in culture medium was determined using a colorimetric
LDH cytotoxicity kit. b The percentage of PI positive cells increased
in HK-2 cells post 48 h of Cd treatment. Left panel: representative
fluorescent imaged of PI (dead cells) and Hoechst 33342 (nucleus)
staining in untreated and Cd-treated cells. Magnification: x200;
scale bar=100 pm. Right panel: the corresponding quantifica-
tion (%) of PI positive cells. ¢ Inhibition of caspase-1 with a phar-
macological inhibitor YVAD abrogated Cd-induced increases in
c-caspase-1 and c-IL-1f protein levels. HK-2 cells were pretreated

measured the protein levels of these cytokines in the cul-
ture media using ELISA assays. Consistent with the mRNA
expression results, the secreted levels of IL-6, IL-18, IL-1p

with 10 uM Z-YVAD-FMK (YVAD) for 12 h and then treated with
CdCl, (10 uM for 48 h). Representative immunoblotting images
(left panel) and quantitation results (right panels) were shown. Inhi-
bition of caspase-1 with YVAD aborted Cd-induced increases in
LDH release (d) and Pl-positive cell population (e). HK-2 cells
were treated as described above. Cells were labeled with PI Hoechst
33342 for dead cells and nucleus, respectively. Image magnification:
% 200; scale bar=100 um. Fold change in all panels was calculated
relative to untreated control cells. *p <0.05 and **p <0.01 compared
to untreated group; *p <0.05 and #p <0.01 compared to Cd treated
cells; n=3

and TNF-a were significantly higher in Cd-treated cells than
untreated controls; whereas the extracellular levels of TGF-f3
remained unaffected (Fig. 3b). These data indicated that
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Fig.3 Cd increases the expression and secretion of inflamma-
tory cytokines in HK-2 cells. HK-2 cells were treated with different
concentrations of CdCl, (2-10 uM) for 48 h. The mRNA expres-
sion (a) and secretion (b) of IL-6, IL-18, IL-1p, TNF-a and TGF-$

CdCl, (6-10 uM) induces pro-inflammatory phenotype in
HK-2 cells, which further supports Cd-induced pyroptosis.

The NLRP3 inflammasome activation mediates
Cd-induced pyroptosis in HK-2 cells

It is known that increased levels of c-caspase-1 and mature
IL-1p as well as mature IL-18 are hallmarks of the NLRP3
inflammasome activation (Takahashi 2014). Our results in
Figs. 1 and 3 showed that Cd treatment enhanced NLRP3
expression and increased the levels of c-caspase-1, IL-18
and IL-1p, suggesting that the NLRP3 inflammasome is
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*#p <0.01 compared to untreated controls; n=3

activated by Cd in HK-2 cells. Since the NLRP3 inflam-
masome and other inflammasomes (e.g. NLRC4) have
been implicated in pyroptosis (Cerqueira et al. 2015), we
examined whether the NLRP3 inflammasome is the key
mediator of Cd-induced pyroptosis by silencing NLRP3
expression with siRNA. We first confirmed the efficiency
of NLRP3 knockdown and found that transfection with siN-
LRP3 set no. 2 decreased the NLRP3 protein levels by 50%
in HK-2 cells (Suppl. Fig. 2). Therefore, this set of siN-
LRP3 was used throughout this study. Interestingly, NLRP3
silencing significantly mitigated Cd-induced increases in
mRNA levels of NLRP3 and caspase-1, the mRNA levels
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of pyroptosis-related genes (GSDMD and ASC) and the
mRNA levels of pro-inflammatory genes (IL-1p and IL-18)
(Fig. 4a). Likewise, the upregulated levels of NLRP3, c-cas-
pase-1 and c-IL-1p proteins in Cd-treated cells were also
significantly attenuated by knockdown of NLRP3 (Fig. 4b).
Furthermore, silencing of NLRP3 also abrogated Cd-
induced increases in the release of LDH and the percentage
of PI positive cells (Fig. 4c, d). Thus, these findings indicate
that NLRP3 activation is the primary mechanism mediating
Cd-induced pyroptotic cell death in HK-2 cells.

ER stress mediates Cd-induced NLRP3 activation
and pyroposis in HK-2 cells

We next investigated the mechanisms underlying Cd-induced
the NLRP3 inflammasome activation. Recently, our results
showed that chronic treatment with CdCl, (1 uM for 12 days)
activated ER stress in HK-2 cells (Ge et al. 2018). Lebeaupin
et al. (2015) reported that lipopolysaccharide (LPS)-induced
ER stress activated the NLRP3 inflammasome in mouse liver
in vivo and in cultured primary mouse hepatocytes. Thus,
we hypothesized that Cd-induced activation of the NLRP3
inflammasome is mediated by ER stress in HK-2 cells. We
first detected the expression of ER stress marker genes in
HK-2 cells treated with Cd for 12 h or 48 h. In line with our
previous results of chronic Cd treatment (Ge et al. 2018),
we found that Cd treatment upregulated the protein levels of
ATF6, PERK and IRE-1a as well as its downstream target
XBP-1s by approximately two-to-threefold at 48 h (Fig. 5a),
which correlated with upregulated mRNA expression of
the members of the ATF6 branch [Grp78 (two-to-fourfold),
Grp94 (two-to-eightfold), Pida4 (1.5-fold) and Calreticu-
lin (two-to-threefold)], the PERK branch [ATF4 (three-to-
fivefold), ATF3 (two-to-fourfold), Gadd34 (two-to-fourfold)
and Chop (four-to-sixfold)] and the IRE-1a branch [IRE-1a
(1.5- to 2.5-fold), XBP-1s (twofold), Edem1 (two-to-three-
fold) and P58 (two-to-eightfold)] (Suppl. Fig. 3a—c). By
contrast, treatment with Cd for 12 h also induced a dose-
dependent upregulation of the mRNA levels of the PERK
branch markers and the IRE-1a branch markers, but barely
affected the expression of the ATF6 branch related markers
(Suppl. Fig. 3d—f). These results thus suggest that all three
branches of ER stress are activated in Cd-treated HK-2 cells.
Together with results in Figs. 1, 2, 3 and 4, our findings also
indicate that ER stress correlates with Cd-induced activation
of the NLRP3 inflammasome and pyroptosis in HK-2 cells.

To test this correlation, we treated HK-2 cells with thap-
sigargin (Tg), a widely-used ER stress stimulant (Kato
et al. 2012). As expected, Tg treatment activated all three
ER branches in HK-2 cells (Suppl. Fig. 4a). Surprisingly,
Tg treatment also upregulated the mRNA expression of the
NLRP3 inflammasome- and pyroptosis-related genes includ-
ing NLRP3, caspase-1, GSDMD, ASC, IL-1p and IL-18 by

four- to-sevenfold (Suppl. Fig. 4b), supporting that ER stress
modulates pyroptosis in HK-2 cells. To further confirm ER
stress mediates Cd-induced activation of the NLRP3 inflam-
masome and pyroptosis, we inhibited ER stress by pretreat-
ing HK-2 cells with 4-PBA, a classic ER stress inhibitor
(Li et al. 2018). 4-PBA is a low molecular weight chemi-
cal chaperone and can inhibit ER stress through stabiliza-
tion of protein conformation and degradation of misfolded
proteins (Burrows et al. 2000; Yam et al. 2007). We found
that 4-PBA significantly inhibited the basal levels of ATF6,
PERK, IRE-1a and XBP-1s protein (Fig. Sb, Suppl. Fig. 3g),
confirming the efficacy of 4-PBA as an ER stress inhibitor in
HK-2 cells, which is consistent with previous findings in the
same cell line (Fan et al. 2015). Furthermore, we also found
that 4-PBA pretreatment partially but significantly mitigated
Cd-induced upregulation of proteins in all three ER stress
branches (Fig. 5b, Suppl. Fig. 3g). Notably, 4-PBA pretreat-
ment significantly attenuated the elevated protein levels of
NLRP3, c-caspase-1 and c-IL-1f in Cd-treated cells (Fig. 5c,
Suppl. Fig. 3h), which was accompanied with a marked
normalization of the mRNA expression of NLRP3 inflam-
masome- and pyroptosis-related genes (NLRP3, caspase-1,
GSDMD, ASC, mature IL-1p and mature IL-18) (Fig. 5d).
These results suggest that inhibition of ER stress can block
Cd-induced activation of the NLRP3 inflammasome and
perhaps pyroptosis in HK-2 cells. Indeed, the inhibition of
pyroptosis by 4-PBA was supported by results showed in
Fig. Se, f. Pretreating with 4-PBA significantly mitigated
Cd-induced increases in LDH release and the percentage
of PI-positive cells (Fig. Se, f). Overall, our finding demon-
strate that ER stress mediates Cd-induced activation of the
NLRP3 inflammasome-dependent pyroptosis in HK-2 cells.

The IRE-1a/XBP-1s branch is required for Cd-induced
activation of NLRP3 inflammasome and pyroptosis
in HK-2 cells

We next investigated whether the IRE-1a/XBP-1s branch
is the primary pathway regulating Cd-induced activation
of the NLRP3 inflammasome and pyroptosis in HK-2 cells
since we recently reported that activation of the IRE-1o/
XBP-1s branch of ER stress promoted apoptosis induced by
chronic Cd treatment (Ge et al. 2018). We used a small mol-
ecule inhibitor STF-083010, which specifically inhibits the
endonuclease activity of IRE-1a leading to inhibition of the
IRE-10/XBP-1s branch (Papandreou et al. 2011). HK-2 cells
were pretreated with STF-083010 (30 uM, 12 h) followed
by 48 h of Cd treatment. Results showed that pretreatment
with STF-080310 significantly mitigated the increased levels
of NLRP3, c-caspase-1 and c-IL-1f proteins in Cd-treated
cells (Fig. 6a), which was associated with inhibition of Cd-
induced upregulation of the NLRP3 inflammasome-related
genes (NLRP3, mature IL-1p and mature IL-18 mRNA)
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Fig.4 NLRP3 silencing inhibits Cd-induced NLRP3 activation and
pyroptosis in HK-2 cells. HK-2 cells were transfected with negative
control siRNA (siNC) or NLRP3 siRNA (siNLRP3) followed by
48 h treatment of 10 uM CdCl,. a NLRP3 knockdown mitigated Cd-
induced upregulation of the NLRP3 inflammasome genes (NLRP3,
caspase-1, IL-1B and IL-18 mRNA) and pyroptosis related genes
(GSDMD and ASC mRNA). Fold change was calculated relative to
control cells. b Immunoblotting images (left panel) and quantitative
results (right panel) showed that knockdown of NLRP3 significantly
ablated Cd-induced increases in NLRP3, c-caspase-1 and c-IL-1p
protein levels in HK-2 cells. Fold change was calculated relative to
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control cells. Silencing NLRP3 in HK-2 cells significantly suppressed
the increases in LDH release (c¢) and the percentage of PI-positive
cells (d) induced by Cd treatment. ¢ The relative LDH release in
siNC or siNLRP3 transfected cells in presence or absence of Cd treat-
ment. d Representative images of PI positive cells (left panel) and
the calculated percentage of PI positive cells (right panel) in siNC or
siNLRP3 transfected cells with or without Cd treatment. Magnifica-
tion: X200; scale bar=100 um. *p <0.05 and **p <0.01 compared
to untreated group; #p <0.05 and #p <0.01 compared to Cd treatment
group; n=3
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(Fig. 6b), suggesting that inhibition of the IRE-1a/XBP-1s
branch attenuates the NLRP3 inflammasome activation. Of
note, STF-083010 pretreatment also abrogated Cd-induced
augment in nuclear NRF2 protein levels and upregulation
of metallothionein 1 (MT1) and MT2 mRNA expression in
HK-2 cells (Suppl. Fig. 5).

To investigate whether IRE-1a/XBP-1s regulates pyrop-
tosis, we measured pyroptosis-related gene expression and
cell death in cells with or without this inhibitor. Interestingly,
we observed that Cd-induced upregulations of caspase-1,
GSDMD and ASC mRNA were significantly abrogated by
STF-080310 pretreatment (Fig. 6b). Importantly, we also
found that the inhibition of IRE-1a/XBP-1s branch by STF-
083010 markedly attenuated Cd-induced elevations in LDH
release and the percentage of PI positive cells (Fig. 6¢, d).
To further consolidate these results, we silenced XBP-1
with siRNA in HK-2 cells followed by Cd treatment. As
expected, XBP-1 knockdown abrogated Cd-induced increase
in XBP-1s protein levels (Suppl. Fig. 6a,b). Notably, XBP-1
silencing also substantially aborted Cd-induced upregulation
of NLRP3, caspase-1, GSDMD and ASC mRNA expres-
sion, which correlated with a reduction in LDH release
(Fig. 6e, f). Together, these results suggest that activation
of the IRE-1a/XBP-1s branch is required for Cd-induced the
NLRP3 inflammasome-dependent pyroptosis in HK-2 cells.

SIRT1 inhibits Cd-induced ER stress via selectively
deacetylating XBP-1s

SIRT1 is known as a stress-response protein deacetylase
(Brunet et al. 2004). Prola et al. (2017) demonstrated that
SIRT1 activation protected cardiomyocytes against ER-
stress induced cell death in vivo and in vitro. We thus stud-
ied the potential roles of SIRT1 in regulating Cd-induced
ER stress. We first measured SIRT1 expression in HK-2
cells post 48 h of Cd treatment (2—10 uM). Consistent with
previous report in HepG2 cells (Guo et al. 2014), we found
that Cd suppressed SIRT1 protein levels and its activity by
20-40% in HK-2 cells (Fig. 7a, b). Interestingly, the sup-
pression of SIRT1 was accompanied with the activation of
ER stress (Fig. 5a, Suppl. Fig. 3a—f), suggesting a negative
correlation between SIRT1 expression and ER stress in Cd-
treated HK-2 cells.

To further explore the roles of SIRT1 in Cd-induced ER
stress, we pretreated HK-2 cells with resveratrol, a pharma-
cological activator of SIRT1 (Guo et al. 2015). Resveratrol
pretreatment increased the basal SIRT1 protein levels by
1.5-fold (Fig. 7c, Suppl. Fig. 7a). More importantly, pre-
treating with resveratrol significantly inhibited Cd-induced
downregulation of SIRT1 protein and upregulation of XBP-
I's protein; albeit it did not affect the increased levels of

ATF6, PERK and IRE-1a proteins (Fig. 7c, Supp. Fig. 7a).
To further validate these results, we overexpressed SIRT1
in HK-2 cells followed by Cd treatment. An approxi-
mately threefold increase in SIRT1 protein was detected
in SIRT1-containing plasmid transfected cells compared
to empty-vector transfected cells (Suppl. Fig. 7b). In line
with results in Fig. 7c, SIRT1 overexpression significantly
abrogated Cd-induced SIRT1 downregulation, but did not
impact Cd-induced upregulations of the ATF6 protein, the
ATF6 branch genes (Grp78, Grp94, Pdia4 and Calreticulin
mRNA expression), the PERK protein and the PERK branch
genes (ATF3, ATF4, Chop and Gadd34 mRNA expression)
(Fig. 7d, Suppl. Fig. 7c—f). Strikingly, ectopic overexpres-
sion of SIRT1 significantly mitigated Cd-induced increases
in XBP-1s mRNA and protein expression, as well as the
mRNA levels of its downstream targets Edem1 and P58P%
(Fig. 7d, Suppl. Fig. 7e); however, it failed to attenuate Cd-
induced IRE-1a upregulation (Fig. 7d, Suppl. Fig. 7e, f).
These results suggest that SIRT1 inhibits Cd-induced ER
stress by selectively inhibiting the IRE-1a/XBP-1s branch
in HK-2 cells.

SIRT1 regulates protein function through deacetyla-
tion on lysine residues. Since SIRT1 did not affect IRE-1a
upregulation but indeed abrogated the upregulation of its
downstream target XBP-1s protein in Cd-treated cells, we
hypothesized that SIRT1 directly and physically inter-
act with XBP-1s. To investigate this hypothesis, proteins
bound to SIRT1 were immunoprecipitated and the presence
of XBP-1s was detected in the pulldowns. As expected,
the XBP-1s protein was detected in the SIRT1 immuno-
precipitants in untreated control cells (Fig. 7e), suggest-
ing SIRT1 physically interacts with XBP-1s in HK-2 cells.
Interestingly, this physical interaction was significantly
attenuated by Cd treatment (Fig. 7e), which correlated with
decreases in SIRT1 protein levels and activity (Fig. 7a, b).
These results reveal that Cd treatment inhibits the bind-
ing of SIRT1 with XBP-1s through suppression of SIRT1
protein in HK-2 cells.

We next investigated whether SIRT1 regulates the acet-
ylation of XBP-1s protein. Total proteins with acetylated
lysine residues were pulled down from HK-2 cells lysates.
The acetylated levels of XBP-1s were significantly higher in
Cd treated cells than untreated control cells (Fig. 7f), sug-
gesting Cd-induced SIRT1 suppression leads to accumula-
tion of acetylated XBP-1s protein. Intriguingly, overexpres-
sion of SIRT1 completely ablated the acetylated XBP-1s
protein levels in Cd-treated cells (Fig. 7f). To further vali-
date that XBP-1s deacetylation is mediated by SIRTI, a
dominant negative SIRT1 plasmid (pCDH-SIRT 11363Y)
was used to overexpress a mutant protein lacking deacety-
lase activity (Vaziri et al. 2001) (Suppl. Fig. 7b and h). We
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found that the overexpression of this mutated SIRT1 failed
to abrogate Cd-induced decrease in SIRT1 activity and accu-
mulation of XBP-1s acetylation (Fig. 7g, h; Suppl. Fig. 7g,
h). Together, these results indicate that SIRT1 selectively
inhibits Cd-induced activation of the IRE-10/XBP-1s branch
of ER stress through directly deacetylating XBP-1s protein
in HK-2 cells.
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SIRT1 overexpression blocks Cd-induced the NLRP3
inflammasome activation and pyroptosis

via inhibition of the IRE-1a/XBP-1s pathway in HK-2
cells

We next examined the effects of SIRT1 overexpression
on Cd-induced activation of the NLRP3 inflammasome
and pyroptosis in HK-2 cells. Our results showed that the
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«Fig.5 ER stress mediates Cd-induced NLRP3 activation and pyrop-
tosis in HK-2 cells. a Cd activated three ER stress pathways in HK-2
cells. The protein levels of ATF6, PERK, IRE-1a and XBP-1s were
determined by immunoblotting in cells treated with vehicle con-
trol or Cd as indicated doses for 48 h. Representative immunoblot-
ting images (left panel) and the quantitative results (right panel) were
shown. b Inhibition of ER stress by 4-PBA abrogated Cd-induced
upregulation of ER stress proteins. HK-2 cells were pretreated with
ER stress inhibitor 4-PBA (5 mM) for 24 h and then treated with Cd
(10 uM) for 48 h. Representative immunoblotting images showed the
levels of ER stress response proteins. p-tubulin was included as load-
ing control. ¢ 4-PBA pretreatment inhibited Cd-induced upregulation
of the NLRP3 inflammasome related proteins. Cd treatments were
performed as described in panel b. The level of the NLRP3 inflam-
masome related proteins were determined. p-tubulin was included as
loading control. d 4-PBA pretreatment abrogated Cd-induced upregu-
lations of the NLRP3 inflammasome-related gene expression. Cells
were treated as described in b. mRNA expression was determined
by RT-PCR. Fold change was calculated relative to untreated control
cells. e 4-PBA pretreatment inhibited Cd-induced LDH release in
HK-2 cells. The release of LDH in cell culture medium was calcu-
lated relative to controls. f 4-PBA pretreatment inhibited Cd-induced
cytotoxicity. Cd treatments were performed as described in b. The
dead cells were determined by PI and Hoechst 33342 co-staining (left
panel) using fluorescent microscopy. The quantitation (right panel)
was performed using Image J software. Magnification: X 200; scale
bar=100 pm. For all panels, *p<0.05 and **p<0.01 when com-
pared to untreated control cells; *p <0.05 and #p <0.01 compared to
Cd-treated cells; n=3

overexpression of SIRT1 completely aborted the upregu-
lated protein levels of NLRP3, c-caspase-1 and c-IL-1p in
Cd-exposed cells (Fig. 8a), which correlated with a marked
inhibition of Cd-induced increases in NLRP3, mature IL-1p
and mature IL-18 mRNA expression (Fig. 8b). Moreover, we
also found that overexpressing SIRT1 significantly abrogated
Cd-induced elevations in the mRNA expression of pyrop-
tosis-related genes caspase-1, GSDMD and ASC (Fig. 8b),
which were accompanied with a significant suppression of
Cd-induced increases in LDH release and PI positive cells
(Fig. 8c, d), suggesting SIRT1 overexpression protects HK-2
cells from Cd-induced activation of the NLRP3 inflamma-
some and pyroptosis.

We next determined if the protective effects of SIRT1
overexpression are mediated by targeting the IRE-1a/
XBP-1s pathway. HK-2 cells were simultaneously co-
transfected with human SIRTI and XBP-1s containing
plasmids. The overexpression of XBP-1s was confirmed
by immunoblotting assay showing an approximately
fourfold increase in XBP-1s protein levels in cells trans-
fected with XBP-1s-containing plasmid compared to
empty-vector transfected cells (Suppl. Fig. 8a). In line
with results described above (Figs. 7d, 8a—c), SIRT1
overexpression alone significantly abrogated Cd-induced
upregulation of XBP-1s, NLRP3, c-caspase-1 and c-IL-1§
protein levels and increase in LDH release. Intriguingly,
SIRT1-mediated these protective effects were markedly
reversed in cells with co-overexpression of both SIRT1

and XBP-1s (Fig. 8e, f, Suppl. Fig. 8b). Therefore, these
results together with results in Fig. 7 clearly indicate that
SIRT1 protects HK-2 cells against Cd-induced pyroptosis
through deacetylating XBP-1s protein and thereby inhibit-
ing the IRE-1a/XBP-1s branch of ER stress.

Discussion

Cd-induced nephrotoxicity is primarily through damages of
proximal tubular cells. The underlying mechanisms of Cd-
induced renal nephrotoxicity require better understanding.
In this study, we used in vivo mouse model and in vitro cell
culture model to investigate the potential mechanisms of Cd-
induced nephrotoxicity. Our results reveal for the first time
that pyroptosis, a caspase-1- and NLRP3-inflammasome-
dependent programmed cell death mechanism mediates
Cd-induced toxicity in human and mouse renal cells. We
also demonstrate that the enhancement of SIRT1 activity by
pharmacological and genetic means mitigates Cd-induced
activation of the NLRP3 inflammasome and pyroptosis
through deacetylating XBP-1s protein and thus inhibiting
the IRE-10/XBP-1s pathway (Fig. 9).

Mounting evidence from our group and others dem-
onstrated that Cd treatment could induce apoptosis or/
and autophagy in human and rodent renal tubular epi-
thelial cells (Ge et al. 2018; Gu et al. 2018; Liu et al.
2016). Unlike apoptosis and autophagy, pyroptosis, a
recently identified programmed cell death mechanism,
is less understood in Cd-induced cytotoxicity. Pyrop-
tosis is characterized by its dependence on the NLRP3
inflammasome and caspase-1 protein (Bergsbaken et al.
2009). Our results showed that Cd treatment significantly
upregulated the expression of the NLRP3 inflammas-
ome- and pyroptosis-related genes (e.g. NLRP3, ASC,
GSDMD, cleaved caspase-1, cleaved IL-1f and cleaved
IL-18) in HK-2 cells and mouse kidneys (Fig. 1), which
correlated with increased transcription and secretion of
pro-inflammatory cytokines and decreased cell survival
in HK-2 cells (Figs. 1, 2, 3). Importantly, inhibition of
caspase-1 activity with an inhibitor Z-Y VAD-FMK or
knockdown of NLRP3 with siRNA substantially miti-
gated Cd-induced activation of the NLRP3 inflamma-
some (e.g. upregulated expression of NLRP3, c-caspase 1
and c-IL-1p proteins) and increase in cell death (Figs. 2,
4). These results indicate that Cd induces the NLRP3
inflammasome- and caspase-1-dependent pyroptosis in
HK-2 cells. Liu et al. (2017) reported that ionizing radia-
tion activated the NLRP3 inflammasome and increased
protein levels of cleaved caspase-1 leading to pyroptosis
in cultured mouse bone-marrow deprived macrophages
(BMDM), all of which were significantly suppressed in
BMDM isolated from NLRP3 knockout mice. To date,
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few studies shed light on the role of pyroptosis in Cd-
induced cell death. In HUVEC, treatment with Cd acti-
vated the NLRP3 inflammasome and elevated cleaved
caspase-1 protein levels resulting in pyroptosis, which
was inhibited by knockdown of NLRP3 (Chen et al.
2016). Similar findings were observed in cultured human
hepatocytes treated with Cd-containing quantum dots (Lu
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et al. 2016). Moreover, these Cd-containing quantum
dots could induce hepatic inflammation and dysfunctions
in NLRP3 wide-type mice; by contrast, NLRP3 knock-
out mice were resistant to these toxic effects (Lu et al.
2016). Overall, the NLRP3 inflammasome- and caspase-
1-dependent pyroptosis emerges as a novel mechanism
mediating Cd-induced cytotoxicity.
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«Fig. 6 The IRE-1a/XBP-1s branch is required for Cd-induced NLRP3
inflammasome activation and pyroptosis in HK-2 cells. The IRE-1o/
XBP-1s branch was inhibited using a specific inhibitor STF-080310.
HK-2 cells were pretreated with 30 uM STF-080310 for 12 h, fol-
lowed by another 48 h of 10 uM Cd treatment. a STF-083010 sig-
nificantly reversed Cd-induced increased expression of the NLRP3
inflammasome-related proteins. Representative immunoblotting
images (left panel) and the quantitative results (right panel) were
shown. p-tubulin was included as loading control. Fold change was
calculated relative to control cells. b STF-083010 pretreatment abro-
gated Cd-induced upregulation of the NLRP3 inflammasome-related
genes. mRNA expression was determined by RT-PCR. Fold change
was calculated relative to untreated controls. ¢ Cd-induced increases
in LDH release (c¢) and PI positive cell population (d) were signifi-
cantly alleviated by pretreating with STF-083010. Image magni-
fication: X200; scale bar=100 pm. e Silencing XBP-1 mitigated
Cd-induced upregulation of mRNA expression in the NLRP3 inflam-
masome. HK-2 cells were transfected with control siRNA (siNC) or
XBP-1siRNA (siXBP-1) followed by Cd treatment (10 uM for 48 h).
mRNA expression was determined by RT-PCR. Fold change was
calculated relative to untreated and siNC transfected cells. f XBP-1
knockdown abrogated Cd-induced LDH release in HK-2 cells.
Cells were treated as described in e. For all panels, *p<0.05 and
##p <0.01 when compared to untreated control group; *p <0.05 and
#1 <0.01 compared to Cd treatment group; n=3

Increasing in vitro and in vivo evidence demonstrated that
Cd treatment activated ER stress, which contributed to Cd-
induced apoptosis or/and autophagy in HK-2 cells (Ge et al.
2018), porcine renal proximal tubular cell line LLC-PK1
(Yokouchi et al. 2007) and HEK cells as well as mouse kid-
neys (Luo et al. 2016). Moreover, two independent groups
demonstrated that the activation of ER stress (the IRE-1a
and the PERK pathways) promoted the NLRP3 inflamma-
some activation, caspase-1 cleavage and IL-1f secretion in
human and rodent pancreatic p cells (Lerner et al. 2012;
Oslowski et al. 2012). We, therefore, examined whether
ER stress can regulate Cd-induced the NLRP3 inflamma-
some activation and pyroptosis in HK-2 cells. Consistent
with our previous results (Ge et al. 2018), the three ER
stress branches (the IRE-1a branch, the ATF-6 branch and
the PERK branch) were activated by Cd treatment (Fig. 5
and Suppl. Fig. 3). Intriguingly, pretreatment with an ER
stress inhibitor 4-PBA significantly mitigated Cd-induced
ER stress, upregulation of the NLRP3 inflammasome-related
genes and pyroptosis (Fig. 5, Suppl. Fig. 3). To identify the
crucial ER stress branch in regulating Cd-induced pyrop-
tosis, we focused on the well-studied IRE-1a pathway.
IRE-1a can splice 26 nucleotides from its target XBP-1
mRNA into the spliced mRNA XBP-1s via its RNase activ-
ity (Kriss et al. 2012). The splicing leads to the formation
of a 371-amino acid functional transcriptional factor XBP-
1s, which transcriptionally activates the expression a series
of ER stress genes including Edem1 and P58 to restore
ER homeostasis (Lee et al. 2003). We blocked the IRE-1a/

XBP-1s branch, using siRNA-mediated XBP-1 silencing and
a small molecule inhibitor STF-083010, which specifically
inhibits the RNase activity of IRE-1a (Papandreou et al.
2011). Like 4-PBA, inhibition of the IRE-1a/XBP-1s path-
way by both means also significantly alleviated Cd-induced
activation of the NLRP3 inflammasome and pyroptosis in
HK-2 cells (Fig. 6, Suppl. Fig. 6). Although no evidence
reported the roles of ER stress in modulating Cd-induced the
NLRP3 inflammasome activation and pyroptosis, our results
were supported by other in vivo and in vitro models. For
example, in an ischemia-reperfusion (IR)-induced kidney
injury rat model, Yang et al. (2014) found that IR signifi-
cantly enhanced pyroptosis-related protein levels (cleaved
caspase-1 and IL-1f), which correlated with upregulation of
ER stress marker proteins Grp78 and Chop in renal tissue.
These findings were recapitulated in rat renal tubular epi-
thelial NRK-52E cells challenged with hypoxia-reoxygen-
ation (HR) (Yang et al. 2014). Silencing Chop with siRNA
abrogated HR-induced increases in cleaved caspase-1 and
IL-1p protein levels and pyroptosis in NRK-52E cells (Yang
et al. 2014). Moreover, pretreatment with STF-083010 sig-
nificantly attenuated ER stress inducer thapsigargin-induced
XBP-1s splicing, which correlated with an inhibition of
IL-1p secretion in human THP-1 cells (Lerner et al. 2012).
Taken together, our results demonstrate that, for the first
time, ER stress likely the IRE-1a/XBP-1s branch promotes
the NLRP3 inflammasome-dependent pyroptosis in Cd-
stimulated HK-2 cells.

Activation of the UPR in a short period of time can
restore ER homeostasis and promote cell survival, whereas
prolonged activation of the UPR results in cell death (Ron
and Walter 2007; Schroder 2008; Xu et al. 2005). Our results
showed that Cd treatment at 12 h activated ER stress but had
no impacts on cell death (Fig. 1, Suppl. Figs. 1 and 3). How-
ever, when cells were treated with Cd for 48 h, activation of
ER stress was accompanied with pyroptosis and inhibition
of ER stress, particularly the IRE-1o/XBP-1s pathway pro-
tected cells from pyroptosis (Figs. 5, 6). These findings sup-
port that ER stress activation is an adaptive survival mecha-
nism at earlier time (12 h) of Cd treatment, while it promotes
cell death as Cd treatment extends (48 h) in HK-2 cells. Of
note, it is possible that the inhibition of ER stress may also
impact other cell survival mechanisms. To explore this pos-
sibility, we focused on two Cd-related survival mechanisms:
the NRF2 pathway and the metal stress response pathway.
Upon activation, transcription factor NRF2 translocates into
the nucleus, where it transcriptionally activates a battery of
antioxidant genes to counteract oxidative stress and dam-
ages (Ma 2013; Wu et al. 2012). Induction of MT proteins
(MT1 and MT2) is also a protective mechanism in response
to acute Cd exposure since MTs are small metal-binding
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proteins and can directly conjugate Cd molecule (Klaassen
et al. 2009; Sabolic et al. 2010). In addition, MT proteins are
also thiol-containing proteins and can neutralize Cd-induced
oxidative stress (Klaassen et al. 2009; Sabolic et al. 2010).
We found in this work that Cd treatment (10 uM, 48 h)
increased nuclear NRF2 protein levels and stimulated MT1
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and MT2 mRNA expression in HK-2 cells (Suppl. Fig. 5).
Recently, results from our group and others revealed that
Cd treatment elevated cellular hydrogen peroxide levels
in HK-2 cells (Ge et al. 2018; Wilmes et al. 2011), which
correlated with activation of the NRF2 signaling evidence
by the increase in nuclear translocation of NRF2 protein
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«Fig.7 SIRT1 selectively inhibits Cd-induced activation of the
IRE-10/XBP-1s branch via deacetylating XBP-1s. a The protein level
and activity b of SIRT1 were suppressed in HK-2 cells after treatment
with indicated doses of Cd for 48 h. ¢ SIRT1 activity activator resver-
atrol selectively suppressed Cd-induced upregulation of XBP-1s pro-
tein. HK-2 cells were pretreated with resveratrol (10 uM for 12 h) and
then treated with 10 pM Cd for 48 h. Representative immunoblotting
images of marker proteins of the three ER stress branches (left panel)
and quantitation of XBP-1s protein level (right panel) were shown.
Fold change was calculated related to untreated controls. d Overex-
pression of SIRT1 selectively inhibited the increase of XBP-1s pro-
tein levels in Cd-treated cells. HK-2 cells were transfected with empty
(pCDH-Empty) or human SIRT1 cDNA containing plasmid (pCDH-
SIRT1). After transfection, cells were treated with vehicle control
or 10 uM CdCl, for 48 h. Representative immunoblotting images
of marker proteins of the three ER stress branches (left panel) and
quantitative results of XBP-1s protein (right panel) were shown. Fold
change was calculated related to untreated controls. e Cd treatment
decreased the physical binding of endogenous SIRT1 and XBP-1s
proteins in HK-2 cells. Cells were treated with 10 uM CdCl, for 48 h.
The proteins bound to SIRT1 were first immunoprecipitated from
total cellular proteins using specific human SIRT1 antibody. Immu-
noblotting analysis of XBP-1s was used to test the binding of SIRT1
with XBP-1s. IgG was used as negative controls. Immunoblotting
analysis of SIRT1 was included as loading controls. f SIRT1 overex-
pression reversed Cd-induced increase of XBP-1s acetylation level.
Cells were treated as described in d. Total cellular proteins were first
immunoprecipitated using antibody against a-acetyl-lysine followed
by immunoblotting analysis of the acetylation of XBP-1s using spe-
cific antibody against human XBP-1s. IgG was included as negative
controls and Input was used as loading controls. Overexpression of
dominant negative SIRT1 (SIRT1%3%3Y) failed to inhibit Cd-induced
SIRT1 acetylation (g) and restore Cd-induced suppression of SIRT1
activity (h). Cells were transfected with Empty, wide-type SIRT1, or
mutant SIRT1#3Y plasmid followed by Cd treatment as indicated
dose for 48 h. For a-d and h, *p<0.05 and **p<0.01 when com-
pared to untreated control group; #p <0.05 and #p <0.01 compared to
Cd treatment group; n=3

and the upregulation of its down-stream target genes [e.g.
heme-oxygenase 1 (HO-1)] (Wilmes et al. 2011). Further-
more, Cd treatment also enhanced HO-1, MT1 and MT2
protein expression in primary human proximal tubular
epithelial cells and HK-2 cells (Boonprasert et al. 2016).
Therefore, these lines of evidence together with our find-
ings clearly indicate that both the NRF2 signaling and the
MT-mediated stress response pathway are active in response
to Cd in human renal cells. Surprisingly, we also found that
Cd-induced activation of these two protective pathways was
attenuated by inhibition of the IRE-1o/XBP-1s pathway
since the inhibitor STF-083010 pretreatment abrogated Cd-
induced upregulation of NRF2 and MTs expression (Suppl.
Fig. 5). One possible explanation for this phenomenon could
be that under the blockade of the IRE-1a/XBP-1s path-
way, Cd-treated cells exhibited less pyroptotic cell death,
which thereby relieves the activation of these two protective

mechanisms. However, the exact mechanisms and the poten-
tial biological consequences require future investigation.

To understand how Cd activates the IRE-1o/XBP-1s
pathway, we focused on protein deacetylase SIRT1 since
it is highly expressed in proximal tubule cells and podo-
cytes in the kidney (Morigi et al. 2018). Importantly,
SIRT1 could bind to and deacetylate PERK protein; and
inhibition of SIRT1 activity using pharmacological inhibi-
tor or siRNA activated the PERK/elF2a branch of ER stress
resulting in apoptosis in cultured rat primary chondrocytes
(Kang et al. 2018). Our results showed that Cd treatment
significantly suppressed SIRT1 protein levels and enzy-
matic activity (Fig. 7), which correlated with activation of
ER stress (Fig. 5). Notably, enhancement of SIRT1 activ-
ity using pharmacological agonist resveratrol or genetic
SIRT1 overexpression selectively abrogated the induction
of XBP-1s protein in Cd-treated HK-2 cells; while the
induction of IRE-1a, ATF6 and PERK proteins was not
significantly affected (Fig. 7, Suppl. Fig. 7). Mechanisti-
cally, Cd treatment decreased physical binding of SIRT1
with XBP-1s leading to decrease in XBP-1s deacetylation,
and thus increase in its transcriptional activity, which were
counteracted by overexpression of wide-type SIRT1 but
not SIRT136Y mutant lacking deacetylase activity (Fig. 7,
Suppl. Fig. 7), suggesting that XBP-1s deacetylation requires
SIRT1 activity. Indeed, using purified acetylated XBP1s
and SIRT1 proteins, Wang et al. (2011a) demonstrated that
XBP-1s was a direct target of SIRT1 and its transcriptional
activity was suppressed by SIRT1-mediated deacetylation.
These authors also found that inhibition of SIRT1 activity
by a specific inhibitor EX-527 or shRNA-mediated knock-
down increased XBP-1s acetylation and that overexpression
of SIRT1 deacetylated XBP-1s leading to the suppression
of its transcriptional activity in HEK293 cells (Wang et al.
2011a). Overexpression of SIRT1 inhibited high-fat/high-
sucrose diet induced ER stress and XBP-1 splicing in the
liver of low-density lipoprotein receptor deficient mice (Li
et al. 2011). Furthermore, resveratrol increased the bind-
ing of SIRT1 with XBP-1s leading to selective inhibition of
XBP-1s transcriptional activity in human melanoma cells
(Wang et al. 2011b). Together, these lines of evidence indi-
cate that XBP-1s is target of SIRT1 deacetylase and that
Cd inhibits SIRT1 activity leading to the accumulation of
acetylated XBP-1s levels, and thus activation of the IRE-1o/
XBP-1s pathway.

Results in Figs. 6 and 7 clearly demonstrated that the
IRE-1a/XBP-1s pathway mediates the NLRP3 inflam-
masome activation and pyroptosis and that Cd-induced
SIRT]1 repression led to the activation of the IRE-1a/
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«Fig.8 SIRT1 overexpression mitigates Cd-induced NLRP3 inflam-
masome activation and pyroptosis in HK-2 cells. Empty or SIRT1
plasmid transfected cells were treated with 10 pM CdCl, for 48 h. a
Overexpression of SIRT1 abrogated the activation of NLRP3 inflam-
masome induced by Cd. Representative immunoblotting images (left
panel) and quantitative results (right panel) were shown. B-tubulin
was included as loading control. b RT-PCR results showed that over-
expressing SIRT1 aborted the upregulated mRNA expression of the
NLRP3 inflammasome-related genes in Cd-treated cells. Fold change
was calculated relative to untreated control cells. SIRT1 overexpres-
sion normalized Cd-induced increases in the LDH release (c¢) and
the percentage of Pl-positive cells (d). Image magnification: X 200;
scale bar=100 um. Overexpression of XBP-1s opposes SIRT1-
mediated inhibitions of the NLRP3 inflammasome activation (e) and
LDH release (f) in Cd-treated cells. HK-2 cells were transfected with
human SIRT1 cDNA containing plasmid (pCDH-SIRT1) or co-trans-
fected with both pCDH-SIRT1 and human XBP-1s cDNA containing
plasmid (pCDH-XBP-1s) followed by treatment with 10 uM CdCl,
for 48 h. Representative immunoblotting images of SIRT1, XBP-1s
and the NLRP3 inflammasome-related proteins (e) and the release of
LDH (f) were shown. p-tubulin was included as loading control. For
all panels, *p <0.05 and **p <0.01 when compared to untreated con-
trol group; *p <0.05 and #p <0.01 compared to Cd treatment group;
%9 <0.05 and **p <0.01 compared to Cd+pCDH-SIRT1 group; n=3

XBP-1s pathway. Therefore, we explored whether SIRT1
could modulate the NLRP3 inflammasome and pyropto-
sis in Cd-treated cells. We found that the overexpression
of SIRTI significantly abrogated Cd-induced upregu-
lation of the NLRP3 inflammasome- and pyroptosis-
related genes, which correlated with marked reduction in
pyroptotic cell death in Cd-treated cells (Fig. 8). Notably,
these protective effects were opposed by ectopic co-over-
expression of SIRT1 and XBP-1s (Fig. 8, Suppl. Fig. 8),
suggesting SIRT1 activity protects against Cd-induced
the NLRP3 inflammasome activation and pyroptosis in
HK-2 cells through deacetylating XBP-1s protein and
thus inhibiting its transcriptional activity. Chen et al.
(2018a) found that hypoxia in combination with TNF-«
repressed SIRT1 expression, which correlated with
activation of the NLRP3 inflammasome and pyropto-
sis in H9¢c2 cardiomyoblasts and that these effects were

mitigated when SIRT1 expression was restored by pre-
treatment with a glucagon-like peptide-1 analog liraglu-
tide. Similarly, decreases in hepatic SIRT1 protein and
activity were associated with activation of the NLRP3
inflammasome (upregulation of NLRP3 and caspase-1
protein and increases in proinflammatory cytokines
IL-1, IL-6 and TNF-a levels) in the liver of mice fed
with high-fat diet (Yang and Lim 2014). Supplementa-
tion of SIRT1 activator resveratrol normalized SIRT1
inhibition and protected against high-fat diet induced
the NLPR3 inflammasome activation in the liver (Yang
and Lim 2014). Moreover, resveratrol also inhibited the
upregulation of NLRP3 and IL-1p expression in ioniz-
ing radiation-challenged mesenchymal stem cells or in a
sepsis-associated encephalopathy mice model (Fu et al.
2013; Sui et al. 2016). The anti-inflammatory activity
of resveratrol was dependent upon SIRT1 activity since
inhibition of SIRT1 with chemical inhibitor nicotinamide
or SIRT1 shRNA abolished these effects (Fu et al. 2013;
Sui et al. 2016). In addition, Zhang et al. (2017) found
that SIRT1 upregulation mediated the protective effects
of dioscin on cisplatin-induced nephrotoxicity through
deacetylation of NF-kB protein and activation of the
NRF2 pathway leading to suppression of inflammation
and oxidative stress in HK-2 cells. Overall, these findings
reveal that SIRT1 activity can inhibit the NLRP3 inflam-
masome activation and potentially pyroptosis induced by
various exogenous stimuli including Cd.

In conclusion, we discover that pyroptosis is a previously
unrecognized inflammatory cell death mechanism mediating
Cd-induced cytotoxicity and that SIRT1 protects against Cd-
induced pyroptosis through deacetylation of XBP-1s protein
leading to inhibition of the IRE-10/XBP-1s pathway and the
NLRP3 inflammasome in human tubular epithelial HK-2
cells. These findings may offer better understanding and
novel therapeutic strategies for Cd-related chronic kidney
diseases.
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Fig.9 Proposed mechanisms of
Cd-induced pyroptosis in HK-2
cells. Cd treatment activated the
three branches of ER stress and
downregulated SIRT1 expres-
sion and activity. Cd-induced
SIRT1 suppression led to accu-
mulation of acetylated XBP-1s
protein, and thus activation of
the IRE-1a/XBP-1s pathway,
which resulted in activation of *
the NLRP3 inflammasome- and
caspase-1-dependent pyroptosis
in HK-2 cells. Inhibition of
caspase-1 activity with YVAD,
of ER stress with 4-PBA, or of
the IRE-10/XBP-1s pathway
with STF-083010 and activation
of SIRT1 by specific activator
resveratrol or ectopic overex-
pression significantly mitigated
Cd-induced pyroptosis in HK-2
cells
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