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Abstract

Cadmium (Cd), an environmental and industrial pollutant, affects the nervous system and
consequential neurodegenerative disorders. Recently, we have shown that celastrol prevents Cd-
induced neuronal cell death partially by suppressing Akt/mTOR pathway. However, the underlying
mechanism remains to be elucidated. Here, we show that celastrol attenuated Cd-elevated
intracellular-free calcium ([Ca?*];) level and apoptosis in neuronal cells. Celastrol prevented Cd-
induced neuronal apoptosis by inhibiting Akt-mediated mTOR pathway, as inhibition of Akt with
Akt inhibitor X or ectopic expression of dominant negative Akt reinforced celastrol’s prevention
of Cd-induced phosphorylation of S6K1/4E-BP1 and cell apoptosis. Furthermore, chelating
intracellular Ca?* with BAPTA/AM or preventing [CaZ*]; elevation using EGTA potentiated
celastrol’s repression of Cd-induced [Ca2*]; elevation and consequential activation of Akt/mTOR
pathway and cell apoptosis. Moreover, celastrol blocked Cd-elicited phosphorylation of CaMKII,
and pretreatment with BAPTA/AM or EGTA enhanced celastrol’s suppression of Cd-increased
phosphorylation of CaMKI1 in neuronal cells, implying that celastrol hinders [Ca2*];-mediated
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CaMKII phosphorylation. Inhibiting CaMKII with KN93 or silencing CaMKI| attenuated Cd
activation of Akt/mTOR pathway and cell apoptosis, and this was strengthened by celastrol.
Taken together, these data demonstrate that celastrol attenuates Cd-induced neuronal apoptosis via
inhibiting Ca2*-CaMK I-dependent Akt/mTOR pathway. Our findings underscore that celastrol
may act as a neuroprotective agent for the prevention of Cd-induced neurodegenerative disorders.

Cadmium (Cd), a common toxic environmental and industrial pollutant, can easily traverse
the blood-brain barrier and accumulate in the brain leading to high neurotoxicity (Wang
and Du, 2013; Xu et al., 2016). Epidemiological and clinical data have documented that
Cd exposure results in a variety of neurological symptoms, including severe headaches
and vertigo, visuomotor dysfunction, peripheral neuropathy, decreased equilibrium,
neurobehavioral defects in attention, learning disabilities and hyperactivity, and olfactory
dysfunction (Pihl and Parkes, 1977; Marlowe et al., 1985; Bar-Sela et al., 2001; Chen
etal.,, 2011; Xu et al., 2016). Multiple studies have pointed to Cd as a potential risk

factor in the development of neurodegenerative diseases, such as Parkinson’s disease (PD),
Alzheimer’s disease (AD), Huntington’s disease (HD), and amyotrophic lateral sclerosis
(ALS) (Okuda et al., 1997; Bar-Sela et al., 2001; Johnson, 2001; Panayi et al., 2002;

Chen et al., 2011). Thus, it is of great importance to unveil the underlying mechanisms of
Cd-induced neurotoxicity and to find a novel therapeutic target and strategy to prevent the
neurotoxicity of Cd.

It is well known that protein kinase B (Akt/PKB) plays a critical role in the regulation of
neuronal cell survival (Dudek et al., 1997). Mammalian target of rapamycin (mTOR) activity
modulates differentiation, growth, and survival of neurons, which is vital for synaptic
plasticity, learning and memory formation, and food uptake in adult brain (Jaworski and
Sheng, 2006; Swiech et al., 2008). Activated Akt, as a main upstream mediator of mTOR,
positively regulates mTOR, leading to increased phosphorylation of ribosomal p70 S6
kinase (S6K1) and eukaryotic initiation factor 4E binding protein 1 (4E-BP1) (Bjornsti and
Houghton, 2004; Laplante and Sabatini, 2012; Cornu et al., 2013). So the phosphorylation
level of S6K1 and 4E-BP1 is widely used as a surrogate of mTOR activity. Celastrol, a
triterpene that is extracted from the roots of 7ripterygium wilfordi (thunder god vine) plant,
is a potent compound with antioxidant, anti-apoptotic, anti-inflammatory, anti-carcinogenic,
and anti-obesity properties (Tao et al., 2001; Salminen et al., 2010; Kannaiyan et al.,

2011; Li et al., 2015; Liu et al., 2015). Of note, celastrol also has neuroprotective benefit

in the models of neurodegenerative disorders, such as PD, AD, and ALS (Allison et al.,
2001; Cleren et al., 2005; Kiaei et al., 2005). Recent studies have shown that celastrol
suppresses the growth of various cancer cells by inhibiting Akt and/or mTOR signaling
(Pang et al., 2010; Kannaiyan et al., 2011; Ma et al., 2014; Sha et al., 2015). Our group

has demonstrated that Cd induces neuronal cell death in part by activation of Akt/mTOR
signaling pathway (Chen et al., 2008), and found that celastrol prevents Cd from activation
of Akt/mTOR pathway and apoptosis in neuronal cells (Chen et al., 2014). However, how
celastrol attenuates Cd-induced activation of Akt/mTOR signaling and neuronal apoptosis is
largely unknown.
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Calcium ion (Ca%*), as an intracellular second messenger, modulates a variety of
physiological responses of neurons to neurotransmitters and neurotrophic factors, including
cell survival responses (Neher and Sakaba, 2008; Surmeier et al., 2010; Xu et al.,

2011). A series of studies have shown that disturbances in cellular Ca2* homeostasis

result in synaptic dysfunction, impaired plasticity, and neuronal degeneration (Gibbons

et al., 1993; Mattson, 2007; Toescu and Verkhratsky, 2007; Marambaud et al., 2009).
Calcium/calmodulin-dependent protein kinase Il (CaMKII) is a ubiquitously expressed
multifunctional Ser/Thr kinase activated by Ca2*/calmodulin (CaM) complex (Schworer et
al., 1986; Colbran and Brown, 2004). It has been reported that CaMKII functions through
Ca?* signaling to regulate the survival and apoptosis of neuronal cells (Yamanaka et al.,
2007; Kim et al., 2008; Song et al., 2010; Chen et al., 2011). Our recent studies have
disclosed that Cd-induced elevation of intracellular-free Ca* ([Ca2*];) activates CaMKII-
dependent Akt/mTOR pathway leading to neuronal cell death (Chen et al., 2011; Xu et al.,
2011). This prompted us to study whether celastrol inhibits Cd activation of Akt/mTOR
pathway triggering neuronal apoptosis by preventing Cd from activating [Ca2*];-CaMKII.
In the present study, we show that celastrol’s prevention of Cd-activated Akt/mTOR
pathway contributing to neuronal apoptosis was Ca2*-dependent. Further investigation found
that celastrol hindered [Ca?*];-mediated CaMKII phosphorylation, thereby preventing Cd
from activation of Akt/mTOR pathway and neuronal apoptosis. Our findings underscore
that celastrol may act as a neuroprotective agent for the prevention of Cd-induced
neurodegenerative disorders.

Materials and Methods

Materials

Cadmium chloride, 4’ ,6-diamidino-2-phenylindole (DAPI), poly-p-lysine (PDL), ethylene
glycol tetra-acetic acid (EGTA), and protease inhibitor cocktail were purchased from
Sigma (St Louis, MO). 1,2-bis(o-aminophenoxy) ethane-N,N,N”,N’-tetraacetic acid tetra
(acetoxymethyl) ester (BAPTA/AM) was from Calbiochem (San Diego, CA). KN93

was acquired from ALEXIS Biochemicals Corporation (San Diego, CA). CellTiter 96®
AQeous One Solution Cell Proliferation Assay kit was from Promega (Madison, WI).
Enhanced chemiluminescence solution was from Millipore (Billerica, MA). Dulbecco’s
modified Eagle’s medium (DMEM), 0.05% Trypsin-EDTA, NEUROBASALTM Media,
B27 Supplement, and Fluo-3/AM were purchased from Invitrogen (Grand Island, NY).
Horse serum and fetal bovine serum (FBS) were obtained from Hyclone (Logan, UT).

The following antibodies were used: phospho-CaMKII (Thr286), phospho-Akt (Ser473),
phospho-S6K1 (Thr389), phospho-4E-BP1 (Thr70), 4E-BP1, cleaved-caspase-3, PARP (Cell
Signaling Technology, Beverly, MA); Akt, S6K1, CaMKII (Santa Cruz Biotechnology,
Santa Cruz, CA); B-tubulin, phospho-Akt (Thr308), and HA (Sigma); Goat anti-rabbit 19G-
horseradish peroxidase (HRP), goat anti-mouse 1gG-HRP, and rabbit anti-goat IgG-HRP
(Pierce, Rockford, IL). Other chemicals were purchased from local commercial sources and
were of analytical grade.
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Rat pheochromocytoma (PC12) cells (American Type Culture Collection, Manassas, VA),
seeded in a six-well plate (5 x 10° cells/well) or 96-well plate (1 x 10% cells/well) pre-coated
with 0.2 ug/ml PDL, were grown in antibiotic-free DMEM supplemented with 10% horse
serum and 5% FBS. Cells were maintained in a humidified incubator of 5% CO, at 37°C.
Primary murine neurons, isolated from fetal mouse cerebral cortexes of 16-18 days of
gestation in female ICR mice (being pregnant), were seeded in a six-well plate (5 x 10°
cells/well) or 96-well plate (1 x 10* cells/well) coated with 10 pg/ml PDL for experiments
after 6 days of culture as described (Chen et al., 2010, 2014). All procedures used in this
study were approved by the Institutional Animal Care and Use Committee, and were in
compliance with the guidelines set forth by the Guide for the Care and Use of Laboratory
Animals.

Recombinant adenoviral constructs and infection of cells

Recombinant adenovirus encoding HA-tagged dominant negative Akt (Ad-dn-Akt, T308A/
S473A) was generously provided from Dr. Kenneth Walsh (Boston University, Boston,
MA), and the control virus expressing the green fluorescent protein (GFP) (Ad-GFP) was
described previously (Liu et al., 2010). For experiments, PC12 cells were grown in the
growth medium and infected with the individual adenovirus for 24 h at 5 of multiplicity

of infection (MOI = 5). Subsequently, cells were used for experiments. Ad-GFP served

as a control. Expression of HA-tagged dn-Akt was determined by Western blotting with
antibodies to HA.

Lentiviral ShRNA cloning, production, and infection

Lentiviral sShRNAs to CaMKII and GFP (as control) were generated and used as described
(Chen et al., 2011). For use, monolayer PC12 cells, when grown to about 70% confluence,
were infected with above lentivirus-containing supernatant in the presence of 8 ug/mi
polybrene and exposed to 2 pg/ml puromycin after 24 h of infection. In 5 days, cells were
used for experiments.

Assay for cell viability

PC12 cells and primary neurons, or PC12 cells infected with Addn-Akt or Ad-GFP,
respectively, seeded in a 96-well plate (1 x 10% cells/well) pre-coated with PDL (0.2 pg/ml
for PC12 cells; 10 ug/ml for primary neurons), were exposed to Cd (10 and/or 20 uM) for
24 h following pretreatment with/without celastrol (1 uM) for 1 h with five replicates of each
treatment. Subsequently, cell viability, after incubation with MTS reagent (One Solution
reagent) (20 pl/well) for 3 h, was monitored by the optical density (OD) at 490 nm using a
Victor X3 Light Plate Reader (PerkinElmer, Waltham, MA).

DAPI staining

PC12 cells and primary neurons, or PC12 cells infected with lentiviral ShRNA to CaMKII or
GFP, or PC12 cells infected with Ad-dn-Akt or Ad-GFP, respectively, seeded at a density of
5 x 10° cells/well in a six-well plate containing a PDL-coated glass coverslip per well,

were pretreated with/without celastrol (1 pM) for 1 h, or pretreated with/without Akt
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inhibitor X (20 uM), BAPTA/AM (20 uM), EGTA (100 pM), or KN93 (10 uM) for 1 h
and then celastrol (1 uM) for 1 h, followed by exposure to Cd (10 and/or 20 uM) for 24

h. Afterwards, the apoptotic cells with fragmented and condensed nuclei were determined
using DAPI staining as described (Chen et al., 2008). Finally, photographs were captured
under a fluorescent microscope (Leica DMi8, Wetzlar, Germany) equipped with a digital
camera.

[Ca?*];imaging

PC12 cells and primary neurons, seeded at a density of 5 x 10° cells/well in a six-well plate
containing a PDL-coated glass coverslip per well, were pretreated with/without celastrol (1
uUM) for 1 h, or pretreated with/without BAPTA/AM (20 uM) or EGTA (100 pM) for 1 h

and then celastrol (1 uM) for 1 h, followed by exposure to Cd (10 and/or 20 pM) for 24 h.
The cells were then loaded with 5 uM Fluo-3/AM for 40 min. Finally, all stained coverslips
were rinsed twice with PBS, followed by imaging under a fluorescence microscope. Integral
optical density (10D) for quantitative analysis of the fluorescence intensity was measured by
Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Newburyport, MA).

Western blot analysis

PC12 cells and primary neurons, or PC12 cells infected with lentiviral ShRNA to CaMKI|I
or GFP, or PC12 cells infected with Ad-dn-Akt or Ad-GFP, respectively, after treatments,
Western blotting was performed, and the blots for detected protein were semi-quantified
using NIH Image J software (National Institutes of Health, Bethesda, MD) as described
previously (Chen et al., 2010, 2014).

Statistical analysis

Results

All data were expressed as mean = standard error of the mean (SEM). Student’s #test
for non-paired replicates was used to identify statistically significant differences between
treatment means. Group variability and interaction were compared using either one-way
or two-way ANOVA followed by Bonferroni’s post-tests to compare replicate means.
Significance was accepted at A< 0.05.

Celastrol prevents Cd-induced neuronal apoptosis by attenuating Cd-elevated [CaZ2*];

Recently, we have shown that Cd induces apoptosis of PC12, SH-SY5Y cells, and primary
neurons by induction of [Ca2*]; elevation (Xu et al., 2011), and celastrol prevents Cd-evoked
neuronal apoptosis (Chen et al., 2014). This prompted us to study whether celastrol prevents
Cd-induced apoptosis by attenuating Cd-elevated [Ca2*]; in the neuronal cells. To this end,
PC12 cells and primary neurons were pretreated with/without celastrol (1 uM) for 1 h and
then exposed to Cd (10 and 20 uM) for 24 h, followed by imaging [Ca?*]; by a calcium
indicator dye, Fluo-3/AM. Imaged and quantified results revealed that treatment with Cd for
24 h evoked strong [CaZ*]; fluorescence (in green) in the cells, which was potently repressed
by celastrol pretreatment (Fig. 1A and B). Consistently, pretreatment with celastrol also
conferred high resistance to Cd-decreased cell viability of PC12 cells and primary neurons
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(Fig. 1C), implying that celastrol attenuates Cd-induced cell death by preventing Cd from
elevating [Ca2*]; in neuronal cells.

Using DAPI staining, we found that pretreatment with celastrol obviously reduced the
percentage of cells with fragmented nuclei (arrows) in PC12 cells and primary neurons in
response to Cd, compared with the control (Fig. 2A and B). In addition, using Western

blot analysis, we also observed that treatment with Cd for 8 h resulted in robust cleavages

of caspase-3 and PARP in the cells, which were dramatically blocked by celastrol (Fig.

2C). Collectively, our results support the notion that celastrol attenuates Cd-elevated [Ca2*];,
thereby preventing Cd-induced apoptosis in neuronal cells.

Celastrol prevents Cd-induced neuronal apoptosis by blocking Akt-mediated activation of
MTOR pathway

Akt is a major regulator of neuronal cell survival (Dudek et al., 1997). Our recent studies
have documented that celastrol may inhibit Cd-induced activation of Akt/mTOR signaling
pathway and apoptosis in neuronal cells (Chen et al., 2014). In line with the above findings,
here we also observed that pretreatment with celastrol (1 pM) for 1 h markedly blocked

the phosphorylation of Akt (Ser473 and Thr308), S6K1 (Thr389), and 4E-BP1 (Thr70) in
PC12 and primary neurons induced by 8-h exposure with Cd (10 and 20 pM), as detected
by Western blot analysis (Fig. 3A and B). As Akt lies upstream of mTOR (Laplante and
Sabatini, 2012; Cornu et al., 2013), we next sought to determine whether celastrol prevents
Cd from activation of mTOR-dependent neuronal apoptosis through blocking activation of
Akt. For this, PC12 cells and primary neurons were pre-incubated with/without Akt inhibitor
X alone, or in combination with celastrol. We found that pretreatment with Akt inhibitor

X (20 puM) or celastrol (1 uM) alone substantially suppressed Cd-induced p-Akt, p-S6K1,
p-4E-BP1, and cleaved-caspase-3 in the cells (Fig. 3C and D). Especially, co-treatment with
celastrol/Akt inhibitor X exhibited a stronger inhibitory effect on Cd-induced events (Fig.
3C and D). Consistently, the combination of celastrol with Akt inhibition X also showed
more potent attenuation of Cd-elicited apoptosis than celastrol or Akt inhibitor X alone, as
evidenced by the decreased percentage of cells with fragmented nuclei (Fig. 3E).

To confirm the above findings, PC12 cells, infected with recombinant adenoviruses-
expressing HA-tagged dominant negative Akt (Ad-dn-Akt) and a control virus-encoding
GFP alone (Ad-GFP), respectively, were exposed to Cd (10 uM) for 8 h or 24 h post-
pretreatment with/without celastrol (1 uM) for 1 h. As expected, a high level of HA-
tagged dn-Akt was seen in Ad-dn-Akt-infected cells, but not in Ad-GFP-infected cells (as
control) (Fig. 4A). Of importance, we showed that ectopic expression of dn-Akt profoundly
attenuated Cd-induced p-Akt, p-S6K1, p-4E-BP1, cleaved-caspase-3 (Fig. 4A and B), cell
viability reduction (Fig. 4C), and cell apoptosis (Fig. 4D), and potentiated celastrol’s
inhibition of Cd-induced events (Fig. 4A-D). Taken together, our results indicate celastrol
prevents Cd-induced neuronal apoptosis by inhibiting Akt-mediated activation of mTOR
pathway.

J Cell Physiol. Author manuscript; available in PMC 2022 June 23.
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Celastrol blocks Cd-induced activation of Akt/mTOR pathway and neuronal apoptosis via
preventing Cd from elevating [CaZ™);

Having observed that celastrol’s attenuation of Cd-elevated [Ca2*]; links to its prevention
of neuronal apoptosis (Figs. 1 and 2), and celastrol prevents Cd-induced neuronal apoptosis
by inhibiting Akt-mediated activation of mTOR pathway (Fig. 3), next, we asked whether
celastrol inhibition of Cd-elevated [Ca%*]; plays a pivotal role in repressing Cd-induced
activation of Akt/mTOR signaling and apoptosis in neuronal cells. To this end, PC12 cells
and primary neurons were pretreated with/without BAPTA/AM (20 uM), an intracellular
Ca?* chelator, for 1 h and then celastrol (1 uM) for 1 h, followed by exposure to Cd

(10 uM) for 8 h or 24 h. We found that the combination of celastrol with BAPTA/AM
attenuated Cd-triggered [Ca2*]; elevation (Fig. 5A) and the phosphorylation of Akt, S6K1,
and 4E-BP1 (Fig. 5B and C) more potently than celastrol or BAPTA/AM alone in the

cells. The inhibitory effect of BAPTA/AM on Cd-induced cleavage of caspase-3 was also
remarkably potentiated by co-treatment with celastrol (Fig. 5B and C). In line with this,
BAPTA/AM obviously prevented Cd-induced nuclear fragmentation and condensation in
PC12 cells and primary neurons, and this effect was strengthened by celastrol as well (Fig.
5D). The results suggest that celastrol’s prevention of Cd-activated Akt/mTOR pathway and
neuronal apoptosis was Ca%*-dependent.

To further determine how celastrol attenuation of Cd-elevated [Ca?*]; contributes to its
suppression of Akt/mTOR signaling pathway and neuronal apoptosis, we extended our
studies using EGTA (100 pM), an extracellular Ca2* chelator. The results showed that
inhibition of extracellular Ca2* influx by EGTA (Fig. 6A) profoundly prevented Cd from
activating the phosphorylation of Akt, S6K1, and 4E-BP1 (Fig. 6B and C), and partially
blocked the cleavage of caspase-3 and apoptosis in PC12 cells and primary neurons in
response to Cd (Fig. 6B-D). Of importance, co-treatment with celastrol/EGTA caused a
more effective inhibition of Cd-elicited events (Fig. 6A-D). These findings indicate that
celastrol’s interference with Cd-induced extracellular CaZ* influx links to its prevention
of Akt/mTOR signaling pathway and neuronal apoptosis. Collectively, our data strongly
support the notion that celastrol blocks Cd-induced neuronal apoptosis via preventing Cd
elevation of [Ca2*];, thus inhibiting Akt/mTOR pathway.

Celastrol prevents Cd-induced neuronal apoptosis by inhibiting Ca%*-CaMKII-dependent
Akt/mTOR signaling pathway

CaMKII is a general integrator of Ca2* signaling (Colbran and Brown, 2004; Liu and
Templeton, 2007). Recently, we have demonstrated that Cd-elevated [Ca2*]; activates
CaMKII-dependent Akt/mTOR pathway leading to neuronal cell death (Chen et al., 2011).
Thus, we reasoned that celastrol prevents Cd-induced neuronal apoptosis by inhibiting
Ca%*-CaMKII-dependent Akt/mTOR signaling pathway. To this end, firstly, PC12 cells and
primary neurons were pretreated with/without celastrol (1 pM) for 1 h and then exposed

to Cd (10 and 20 pM) for 8 h, followed by Western blot analysis. As shown in Figure

7A and B, pretreatment with celastrol dramatically reversed Cd-increased phosphorylation
of CaMKII. This was in agreement with the observation that there existed a significant
inhibitory effect of celastrol on Cd-induced cell viability reduction (Fig. 1C) or apoptosis
(Fig. 2A—C) in PC12 cells and primary neurons. The results suggest that celastrol
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may protect against neuronal apoptosis through preventing Cd from triggering CaMKI|I
phosphorylation.

Next, we studied whether celastrol inhibition of Cd-induced CaMKII phosphorylation is
dependent on the level of [Ca2*];. To answer this question, PC12 cells and primary neurons
were pretreated with/without BAPTA/AM (20 uM) or EGTA (100 uM) for 1 h and then
celastrol (1 uM) for 1 h, followed by exposure to Cd (10) for 8 h. As predicted, chelating
[CaZ*]; with BAPTA/AM or preventing [Ca2*]; elevation using EGTA obviously enhanced
celastrol’s inhibition of Cd-induced CaMKII phosphorylation in the cells (Fig. 7C and D),
indicating that celastrol prevents Cd-elevated [Ca2*],, resulting in inhibition of CaMKII
phosphorylation.

To elucidate whether celastrol inhibition of CaMKII phosphorylation is associated with
preventing activation of Akt/mTOR pathway and apoptosis in neuronal cells exposed to Cd,
PC12 cells and primary neurons were pretreated with/without CaMKII inhibitor KN93 (10
uM) for 1 h and then celastrol (1 uM) for 1 h, followed by exposure to Cd (10) for 8 h or 24
h. As demonstrated in Figure 8A and B, KN93 powerfully reinforced the inhibitory effects
of celastrol on Cd-elicited p-CaMKII, p-Akt, p-S6K1, and p-4E-BP1 in the cells. Also,
co-treatment with celastrol/KN93 rescued cells from Cd-induced cleaved-caspase-3 and
apoptosis more potently than celastrol or KN93 alone (Fig. 8A-C). These results support the
idea that celastrol blocks Cd-induced activation Akt/mTOR pathway and apoptosis in part by
inhibiting CaMKII in neuronal cells.

To further corroborate the role of CaMKII in celastrol blockage of Cd-activated Akt/mTOR
pathway and neuronal apoptosis, PC12 cells, infected with lentiviral sShRNA to CaMKI|I or
GFP, were exposed to Cd (10 uM) for 8 h or 24 h following pretreatment with/without
celastrol (1 uM) for 1 h. As shown in Figure 8D, CaMKII expression was downregulated by
~90% in ShRNA CaMKIlI-infected cells compared to ShRNA GFP-infected cells. Silencing
CaMKII obviously strengthened celastrol suppression of Cd-induced phosphorylation of
CaMKIlI, Akt, S6K1, and 4E-BP1 (Fig. 8D and E). Consistently, downregulation of CaMKI|I
also reinforced the inhibitory effects of celastrol on Cd-induced cleavage of caspase-3 (Fig.
8D and E) and apoptosis (Fig. 8F) in the cells. Taken together, these data verify that celastrol
protects against Cd-induced neuronal apoptosis by inhibiting Ca2*-CaMKII-dependent Akt/
mTOR signaling pathway.

Discussion

Accumulated evidence has demonstrated the association of Cd exposure with a variety of
neurological symptoms (Pihl and Parkes, 1977; Marlowe et al., 1985; Bar-Sela et al., 2001;
Chenetal., 2011; Xu et al., 2016), and underlined the intoxication of Cd as a possible
etiological factor of neurodegenerative diseases, such as PD, AD, HD, and ALS (Okuda

et al., 1997; Bar-Sela et al., 2001; Johnson, 2001; Panayi et al., 2002; Chen et al., 2011).

A series of studies from our group have shown that Cd activates Akt/mTOR pathway
contributing to neuronal cell death (Chen et al., 2008), and pinpointed that Cd elevation

of [Ca2*]; activates CaMKII-dependent Akt/mTOR pathway leading to neuronal cell death
(Chen et al., 2011; Xu et al., 2011), indicating the importance of Ca2* signaling in activating
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Akt/mTOR-mediated apoptosis in neuronal cells in response to Cd (Chen et al., 2008, 2011;
Xu et al., 2011). Celastrol, a plant-derived triterpene, has been used as a clinical therapeutic
agent due to its lack of toxicity (Cleren et al., 2005; Pang et al., 2010). It also possesses
neuroprotective benefit in the models of neurodegenerative disorders, such as PD, AD,

and ALS (Allison et al., 2001; Cleren et al., 2005; Kiaei et al., 2005). Recently, we have
demonstrated that celastrol prevents Cd-induced neuronal cell death partially by suppressing
Akt/mTOR pathway. Herein, we provide evidence that celastrol efficiently prevented Cd-
induced [Ca2*]; elevation, thereby suppressing activation of CaMKII in neuronal cells. To
our knowledge, this study is the first to demonstrate that the neuroprotective effect of
celastrol is associated with its attenuating Cd-induced Ca2*/CaMKI1-dependent activation of
Akt/mTOR pathway.

Considering that disturbances in cellular Ca?* homeostasis have been highlighted in

various neuropathological conditions, such as synaptic dysfunction, impaired plasticity, and
neuronal degeneration, including Cd-induced neurotoxicity (Gibbons et al., 1993; Mattson,
2007; Toescu and Verkhratsky, 2007; Marambaud et al., 2009; Chen et al., 2011; Xu et al.,
2011), we firstly tested whether celastrol affects Cd-induced [Ca%*]; elevation in neuronal
cells. As expected, celastrol indeed attenuated Cd-elevated [Ca2*]; contributing to apoptosis
in PC12 cells and primary neurons (Figs. 1 and 2). In this study, the fluorescent intensity of
[CaZ*); is evaluated by imaging with a Ca2* indicator dye, Fluo-3/AM, based on multiple
data of Fluo-3/AM as a suitable tool to record the effect of Cd on [Ca2*]; in various

living cells (Marchi et al., 2000; Wang et al., 2008, 2009; Chen et al., 2011). Athough
Fluo-3/AM could be responsive to intracellular free Cd2* in Cd-exposed neuronal cells, as
shown by the data that Cd2* may enter neuronal cells through Ca%* channels (Taki, 2013),
other studies have documented that Cd2* can produce the strongest probe signal rise in

free solution and the lowest fluorescence increase in cells, underlining that interference of
Cd2* with Fluo-3/AM does not affect Ca2* measurements in living cells (Marchi et al.,
2000). Alterations of Fluo-3/AM produced by Cd2* in free solution become negligible in
the cellular environment, and the responses of the probe within cells are consistent with
expected Cd2* effects on cell Ca2", rather than with the artifacts derived from metal/probe
interactions (Marchi et al., 2000). Therefore, the use of Fluo-3/AM for fluorescent Ca*
probe and digital imaging can be considered a suitable technique for studies concerning
Cd2+ effects on the intracellular Ca2*. However, it is worthy to explore whether changes

in [Ca2*]; levels, by taking advantage of multicolor imaging techniques with appropriate
fluorescent indicators, could be simultaneously monitored with Cd%* levels. This may reveal
the mechanistic details of Cd-induced toxicity more substantially (Taki, 2013). More studies
are needed, by designing the molecules that can distinguish the behaviors between Cd%* and
Ca?* based on their distinct fluorescence features.

It is well known that mTOR functions as at least two complexes, mMTORC1 and mTORC?2
(Laplante and Sabatini, 2012; Cornu et al., 2013). mTORC1 regulates phosphorylation of
S6K1 and 4E-BP1, and mTORC2 regulates phosphorylation of Akt (Laplante and Sabatini,
2012; Cornu et al., 2013). In the current study, we observed that celastrol significantly
blocked Cd-induced phosphorylation of Akt (Ser473 and Thr308), S6K1 (Thr389), and
4E-BP1 (Thr70) in PC12 and primary neurons (Fig. 3A), suggesting that celastrol inhibits
both mTORC1 and mTORC?2 in neuronal cells in response to Cd. We have recently shown
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that Cd results in neuronal apoptosis in part through activation of mTOR signaling pathway
(Chen et al., 2008, 2014), and unveiled that both mMTORC1-mediated S6K1/4E-BP1 and
mTORC2-mediated Akt pathways contribute to Cd-induced cell death (Xu et al., 2015).

In this study, we also revealed that pharmacological inhibition of Akt with Akt inhibitor

X reinforced celastrol’s prevention of Cd-induced phosphorylation of Akt (Ser473 and
Thr308), S6K1 (Thr389), and 4E-BP1 (Thr70), as well as cell apoptosis (Fig. 3). This

is further supported by the results that overexpression of dn-Akt significantly attenuated
Cd-induced events, and this was potentiated by celastrol (Fig. 4). It is noteworthy that

the effect for co-treatment with celastrol/Akt inhibitor X is additive in protecting cells
against Cd-induced apoptosis. This may be attributed to two reasons: (i) neither celastrol
nor Akt inhibitor X was used at their full effects and concentrations could be higher; (ii)
celastrol and Akt inhibitor X have different targets, therefore enhancing their common
effect. Collectively, these findings support the idea that celastrol interferes with Cd-induced
activation of Akt/mTOR-dependent neuronal apoptosis, and imply that celastrol may exert
its protection against Cd-induced neuronal cell damage by inhibiting both mTORC1 and
mMTORC?2 pathways.

Many studies on the effect of Cd on cytosolic Ca2* level, using an intracellular Ca2*
chelator, BAPTA/AM, have demonstrated that Cd disrupts [Ca2*]; homeostasis, leading to
apoptosis in a variety of cells, such as skin epidermal cells (Son et al., 2010), hepatic

cells (Lemarie et al., 2004; Xie et al., 2010), mesangial cells (Wang et al., 2008), renal
tubular cells (Yeh et al., 2009), thyroid cancer cells (Liu et al., 2007), thymocytes (Shen

et al., 2001), murine macrophages (Kim and Sharma, 2004), and neuronal cells (PC12,
SH-SY5Y, primary neurons) (Chen et al., 2011; Xu et al., 2011). EGTA, an extracellular
Ca?* chelator, which renders the inaccessibility of extracellular Ca2* to the cells, has been
shown to have substantial inhibitory effects on Cd-induced [Ca2*]; elevation, growth arrest,
mitochodrial activity, and apoptosis in various cells (Kim and Sharma, 2004; Yang et al.,
2008; Wang et al., 2009; Xie et al., 2010; Xu et al., 2011). Based on these data, in this
study, we employed BAPTA/AM and EGTA as pharmacological chelators for drawing and
evaluating the role of Ca2* in celastrol’s attenuation of Cd-induced neuronal apoptosis.

We demonstrated that chelating intracellular Ca* with BAPTA/AM or preventing [Ca2*];
elevation using EGTA potentiated celastrol’s repression of Cd-induced [Ca2*]; elevation and
consequential activation of Akt/mTOR pathway and cell apoptosis. Taken together, these
findings support that celastrol counteracts Cd neurotoxicity by blocking Cd-induced [Ca?*];
elevation, thereby preventing activation of Akt/ mTOR signaling pathway.

CaMKI|I, a ubiquitously expressed multifunctional Ser/Thr kinase, has been reported to
regulate the survival and apoptosis of neuronal cells through Ca?* signaling (Yamanaka
etal., 2007; Kim et al., 2008; Song et al., 2010; Chen et al., 2011). Since CaMKI| acts

as a general integrator of Ca2* signaling, we speculated that celastrol likely prevents
activation of Akt/mTOR pathway and neuronal apoptosis by inhibiting Ca2*-dependent
CaMKII phosphorylation. Indeed, in this study, we showed that celastrol blocked Cd-elicited
phosphorylation of CaMKII (Fig. 7A and B), and pretreatment with BAPTA/AM, or

EGTA enhanced celastrol’s suppression of Cd-increased phosphorylation of CaMKI|I in
neuronal cells (Fig. 7C and D), suggesting that celastrol hinders Cd elevation of [Ca2*];-
mediated CaMKII phosphorylation. To unveil whether CaMKII activity is essential for
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celastrol’s inhibition of Cd-activated Akt/mTOR signaling and apoptosis in neuronal cells,
KNB93, a specific inhibitor of CaMKII (Choi et al., 2006), was employed. We found that
KNB93 potently enhanced the inhibitory effects of celastrol on Akt, S6K1, and 4E-BP1
phosphorylation, as well as cleaved-caspase-3 in PC12 cells and primary neurons induced by
Cd (Fig. 8A and B), and effectively strengthened celastrol’s rescue of cells from apoptosis
(Fig. 8C). Similar results were observed in the cells treated with lentiviral ShRNA to
CaMKII (Fig. 8D-F). These results strongly support that celastrol has beneficial roles

in preventing Cd-elevated [Ca2*];-dependent CaMKII phosphorylation, thereby inhibiting
activation of Akt/mTOR signaling pathway and neuronal apoptosis.

A new question that arises from this work is how celastrol suppresses Cd-elevated
[Ca?*];-dependent CaMKI1-Akt/mTOR pathway and neuronal apoptosis. Many studies have
reported that the interconnection between cellular Ca2* and free radicals, such as reactive
oxygen species (ROS), alters the structures and functions of cellular proteins, and also
activates or inhibits related signaling pathways, leading to neuronal apoptosis (Miller et

al., 2009; Circu and Aw, 2010; Niizuma et al., 2010; Franklin, 2011; Cheng et al., 2012).
Especially, abnormally high [Ca%*]; level evokes ROS overproduction, and thus activates
stress cascades, resulting in apoptosis (Gunter and Sheu, 2009; Cheng et al., 2012). In

turn, excess ROS can also promote Ca%* overload and sensitize the bioactivity of Ca?*
(Kim et al., 2006; Cheng et al., 2012). It is well known that celastrol belongs to triterpene
family with antioxidant property and oxidative stability (Salminen et al., 2010; Jaquet et al.,
2011). During our research, we also observed that when celastrol-pretreated PC12 cells and
primary neurons were exposed to Cd for 24 h, cellular ROS overproduction was significantly
reduced compared to the vehicle-pretreated cells (data not shown). In addition, of note,
mitochondria play a crucial role in cellular Ca2* and redox homeostasis and apoptosis
induction (Koopman et al., 2010; Cheng et al., 2012). Cd triggers the high ROS levels in the
mitochondria of PC12 cells, anterior pituitary cells, cortical neurons, and brain (Wang et al.,
2004; Lopez et al., 2006; Poliandri et al., 2006). In our experiments, we also noticed that
celastrol attenuated mitochondrial ROS-dependent apoptosis in neuronal cells in response
to Cd (data not shown). Thus, we tentatively conclude that celastrol may modulate the
crosstalk between Ca2* signaling and mitochondrial ROS, thereby suppressing Cd activation
of Akt/mTOR signaling pathway leading to apoptosis in neuronal cells in response to Cd.
Undoubtedly, more studies are needed to address this issue.

In conclusion, we have demonstrated that celastrol prevented Cd-activated Akt and
consequential mTOR pathway contributing to neuronal apoptosis in a Ca%*-dependent
manner. Further, we found that celastrol hindered Cd elevation of [Ca%*];-mediated CaMKI|
phosphorylation, thereby preventing Cd from activation of Akt/mTOR pathway and neuronal
apoptosis (Fig. 9). Our findings underscore that celastrol may act as a neuroprotective

agent for the prevention of Cd-activated Ca2*-CaMKII-Akt-mTOR pathway associated with
neurodegenerative disorders.

Acknowledgments

This work was supported in part by the grants from National Natural Science Foundation of China (No. 30971486,
81271416; L.C.), NIH (CA115414; S.H.), Project for the Priority Academic Program Development of Jiangsu
Higher Education Institutions of China (PAPD-14KJB180010; L.C.), American Cancer Society (RSG-08-135-01-

J Cell Physiol. Author manuscript; available in PMC 2022 June 23.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

ZHANG et al.

Page 12

CNE; S.H.), Louisiana Board of Regents (NSF-2009-PFUND-144; S.H.), and Innovative Research Program of
Jiangsu College Graduate of China (KYLX16_1284; R.Z.).

Contract grant sponsor: National Natural Science Foundation of China;
Contract grant numbers: 30971486, 81271416.

Contract grant sponsor: NIH;

Contract grant number: CA115414.

Contract grant sponsor: Project for the Priority Academic Program
Development of Jiangsu Higher Education Institutions of China;
Contract grant number: PAPD-14KJB180010.

Contract grant sponsor: American Cancer Society;

Contract grant number: RSG-08-135-01-CNE.

Contract grant sponsor: Louisiana Board of Regents;

Contract grant number: NSF-2009-PFUND-144.

Contract grant sponsor: Innovative Research Program of Jiangsu College Graduate of China;

Contract grant number: KYLX16_1284.

Literature Cited

Allison AC, Cacabelos R, Lombardi VR, Alvarez XA, Vigo C. 2001. Celastrol, a potent
antioxidant and anti-inflammatory drug, as a possible treatment for Alzheimer’s disease. Prog
Neuropsychopharmacol Biol Psychiatry 25:1341-1357. [PubMed: 11513350]

Bar-Sela S, Reingold S, Richter ED. 2001. Amyotrophic lateral sclerosis in a battery-factory worker
exposed to cadmium. Int J Occup Environ Health 7:109-112. [PubMed: 11373040]

Bjornsti MA, Houghton PJ. 2004. The TOR pathway: A target for cancer therapy. Nat Rev 4:335-348.

Chen S, Gu C, Xu C, Zhang J, Xu Y, Ren Q, Guo M, Huang S, Chen L. 2014. Celastrol
prevents cadmium-induced neuronal cell death via targeting JINK and PTEN-Akt/mTOR network. J
Neurochem 128:256-266. [PubMed: 24111524]

Chen L, Liu L, Luo Y, Huang S. 2008. MAPK and mTOR pathways are involved in cadmium-induced
neuronal apoptosis. J Neurochem 105:251-261. [PubMed: 18021293]

Chen L, Xu B, Liu L, Luo Y, Yin J, Zhou H, Chen W, Shen T, Han X, Huang S. 2010. Hydrogen
peroxide inhibits mTOR signaling by activation of AMPKalpha leading to apoptosis of neuronal
cells. Lab Invest 90:762-773. [PubMed: 20142804]

Chen S, Xu'Y, Xu B, Guo M, Zhang Z, Liu L, Ma H, Chen Z, Luo Y, Huang S, Chen L. 2011. CaMKIl|I
is involved in cadmium activation of MAPK and mTOR pathways leading to neuronal cell death. J
Neurochem 119:1108-1118. [PubMed: 21933187]

Cheng G, Kong RH, Zhang LM, Zhang JN. 2012. Mitochondria in traumatic brain injury
and mitochondrial-targeted multipotential therapeutic strategies. Br J Pharmacol 167:699-719.
[PubMed: 23003569]

Choi SS, Seo YJ, Shim EJ, Kwon MS, Lee JY, Ham YO, Suh HW. 2006. Involvement of
phosphorylated Ca2+/calmodulin-dependent protein kinase Il and phosphorylated extracellular
signal-regulated protein in themouse formalin pain model. Brain Res 1108:28-38. [PubMed:
16863646]

Circu ML, Aw TY. 2010. Reactive oxygen species, cellular redox systems, and apoptosis. Free Radic

Biol Med 48:749-762. [PubMed: 20045723]

J Cell Physiol. Author manuscript; available in PMC 2022 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

ZHANG et al.

Page 13

Cleren C, Calingasan NY, Chen J, Beal MF. 2005. Celastrol protects against MPTP- and 3-
nitropropionic acid-induced neurotoxicity. J Neurochem 94:995-1004. [PubMed: 16092942]

Colbran RJ, Brown AM. 2004. Calcium/calmodulin-dependent protein kinase 1l and synaptic
plasticity. Curr Opin Neurobiol 14:318-327. [PubMed: 15194112]

Cornu M, Albert V, Hall MN. 2013. MTOR in aging, metabolism, and cancer. Curr Opin Genet Dev
23:53-62. [PubMed: 23317514]

Dudek H, Datta SR, Franke TF, Birnbaum MJ, Yao R, Cooper GM, Segal RA, Kaplan DR, Greenberg
ME. 1997. Regulation of neuronal survival by the serine-threonine protein kinase Akt. Science
275:661-665. [PubMed: 9005851]

Franklin JL. 2011. Redox regulation of the intrinsic pathway in neuronal apoptosis. Antioxid Redox
Signal 14:1437-1448. [PubMed: 20812874]

Gibbons SJ, Brorson JR, Bleakman D, Chard PS, Miller RJ. 1993. Calcium influx and
neurodegeneration. Ann N 'Y Acad Sci 679:22-33. [PubMed: 8390144]

Gunter TE, Sheu SS. 2009. Characteristics and possible functions of mitochondrial Ca* transport
mechanisms. Biochim Biophys Acta 1787:1291-1308. [PubMed: 19161975]

Jaquet V, Marcoux J, Forest E, Leidal KG, McCormick S, Westermaier Y, Perozzo R, Plastre O,
Fioraso-Cartier L, Diebold B, Scapozza L, Nauseef WM, Fieschi F, Krause KH, Bedard K. 2011.
NADPH oxidase (NOX) isoforms are inhibited by celastrol with a dual mode of action. Br J
Pharmacol 164:507-520. [PubMed: 21501142]

Jaworski J, Sheng M. 2006. The growing role of mTOR in neuronal development and plasticity. Mol
Neurobiol 34:205-219. [PubMed: 17308353]

Johnson S 2001. Gradual micronutrient accumulation and depletion in Alzheimer’s disease. Med
Hypotheses 56:595-597. [PubMed: 11399105]

Kannaiyan R, Manu KA, Chen L, Li F, Rajendran P, Subramaniam A, Lam P, Kumar AP, Sethi G.
2011. Celastrol inhibits tumor cell proliferation and promotes apoptosis through the activation
of c-Jun N-terminal kinase and suppression of PI3K/Akt signaling pathways. Apoptosis 16:1028—
1041. [PubMed: 21786165]

Kiaei M, Kipiani K, Petri S, Chen J, Calingasan NY, Beal MF. 2005. Celastrol blocks neuronal cell
death and extends life in transgenic mouse model of amyotrophic lateral sclerosis. Neurodegener
Dis 2:246-254. [PubMed: 16909005]

Kim BW, Choi M, Kim Y, Park H, Lee HR, Yun CO, Kim EJ, Choi JS, Kim S, Rhim H, Kaang BK,
Son H. 2008. Vascular endothelial growth factor (VEGF) signaling regulates hippocampal neurons
by elevation of intracellular calcium and activation of calcium/calmodulin protein kinase Il and
mammalian target of rapamycin. Cell Signal 20:714-725. [PubMed: 18221855]

Kim JS, Jin Y, Lemasters JJ. 2006. Reactive oxygen species, but not Ca?t overloading, trigger pH-
and mitochondrial permeability transition-dependent death of adult rat myocytes after ischemia-
reperfusion. Am J Physiol Heart Circ Physiol 290:2024-2034.

Kim J, Sharma RP. 2004. Calcium-mediated activation of c-Jun NH2-terminal kinase (JNK) and
apoptosis in response to cadmium in murine macrophages. Toxicol Sci 81:518-527. [PubMed:
15254339]

Koopman WJ, Nijtmans LG, Dieteren CE, Roestenberg P, Valsecchi F, Smeitink JA, Willems PH.
2010. Mammalian mitochondrial complex I: Biogenesis, regulation, and reactive oxygen species
generation. Antioxid Redox Signal 12:1431-1470. [PubMed: 19803744]

Laplante M, Sabatini DM. 2012. MTOR signaling in growth control and disease. Cell 149:274-293.
[PubMed: 22500797]

Lemarie A, Lagadic-Gossmann D, Morzadec C, Allain N, Fardel O, Vernhet L. 2004. Cadmium
induces caspase-independent apoptosis in liver Hep3B cells: Role for calcium in signaling
oxidative stress-related impairment of mitochondria and relocation of endonuclease G and
apoptosis-inducing factor. Free Radic Biol Med 36:1517-1531. [PubMed: 15182854]

Li HY, Zhang J, Sun LL, Li BH, Gao HL, Xie T, Zhang N, Ye ZM. 2015. Celastrol induces apoptosis
and autophagy via the ROS/INK signaling pathway in human osteosarcoma cells: An in vitro and
in vivo study. Cell Death Dis 6:€1604. [PubMed: 25611379]

J Cell Physiol. Author manuscript; available in PMC 2022 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

ZHANG et al.

Page 14

Liu ZM, Chen GG, Vlantis AC, Tse GM, Shum CK, van Hasselt CA. 2007. Calcium-mediated
activation of PI13K and p53 leads to apoptosis in thyroid carcinoma cells. Cell Mol Life Sci
64:1428-1436. [PubMed: 17514353]

LiuJ, Lee J, Salazar Hernandez MA, Mazitschek R, Ozcan U. 2015. Treatment of obesity with
celastrol. Cell 161:999-1011. [PubMed: 26000480]

Liu L, Luo Y, Chen L, Shen T, Xu B, Chen W, Zhou H, Han X, Huang S. 2010. Rapamycin inhibits
cytoskeleton reorganization and cell motility by suppressing RhoA expression and activity. J Biol
Chem 285:38362-38373. [PubMed: 20937815]

Liu Y, Templeton DM. 2007. Cadmium activates CaMK-II and initiates CaMK-11-dependent apoptosis
in mesangial cells. FEBS Lett 581:1481-1486. [PubMed: 17367784]

Lopez E, Arce C, Oset-Gasque MJ, Canadas S, Gonzalez MP. 2006. Cadmium induces reactive oxygen
species generation and lipid peroxidation in cortical neurons in culture. Free Radic Biol Med
40:940-951. [PubMed: 16540389]

Ma J, Han LZ, Liang H, Mi C, Shi H, Lee JJ, Jin X. 2014. Celastrol inhibits the HIF-1alpha pathway
by inhibition of mMTOR/p70S6K/elF4E and ERK1/2 phosphorylation in human hepatoma cells.
Oncol Rep 32:235-242. [PubMed: 24859482]

Marambaud P, Dreses-Werringloer U, Vingtdeux V. 2009. Calcium signaling in neurodegeneration.
Mol Neurodegener 4:20. [PubMed: 19419557]

Marchi B, Burlando B, Panfoli I, Viarengo A. 2000. Interference of heavy metal cations with
fluorescent Ca2* probes does not affect Ca?* measurements in living cells. Cell Calcium 28:225—
231. [PubMed: 11032778]

Marlowe M, Cossairt A, Moon C, Errera J, MacNeel A, Peak R, Ray J, Schroeder C. 1985. Main and
interaction effects of metallic toxins on classroom behavior. J Abnorm Child Psychol 13:185-198.
[PubMed: 4008752]

Mattson MP. 2007. Calcium and neurodegeneration. Aging Cell 6:337-350. [PubMed: 17328689]

Miller RL, James-Kracke M, Sun GY, Sun AY. 2009. Oxidative and inflammatory pathways in
Parkinson’s disease. Neurochem Res 34:55-65. [PubMed: 18363100]

Neher E, Sakaba T. 2008. Multiple roles of calcium ions in the regulation of neurotransmitter release.
Neuron 59:861-872. [PubMed: 18817727]

Niizuma K, Yoshioka H, Chen H, Kim GS, Jung JE, Katsu M, Okami N, Chan PH. 2010.
Mitochondrial and apoptotic neuronal death signaling pathways in cerebral ischemia. Biochim
Biophys Acta 1802:92-99. [PubMed: 19751828]

Okuda B, lwamoto Y, Tachibana H, Sugita M. 1997. Parkinsonism after acute cadmium poisoning.
Clin Neurol Neurosurg 99:263-265. [PubMed: 9491302]

Panayi AE, Spyrou NM, lversen BS, White MA, Part P. 2002. Determination of cadmium and zinc
in Alzheimer’s brain tissue using inductively coupled plasma mass spectrometry. J Neurol Sci
195:1-10. [PubMed: 11867068]

Pang X, Yi Z, Zhang J, Lu B, Sung B, Qu W, Aggarwal BB, Liu M. 2010. Celastrol suppresses
angiogenesis-mediated tumor growth through inhibition of AKT/mammalian target of rapamycin
pathway. Cancer Res 70:1951-1959. [PubMed: 20160026]

Pihl RO, Parkes M. 1977. Hair element content in learning disabled children. Science 198:204—206.
[PubMed: 905825]

Poliandri AH, Machiavelli LI, Quinteros AF, Cabilla JP, Duvilanski BH. 2006. Nitric oxide protects
the mitochondria of anterior pituitary cells and prevents cadmium-induced cell death by reducing
oxidative stress. Free Radic Biol Med 40:679-688. [PubMed: 16458199]

Salminen A, Lehtonen M, Paimela T, Kaarniranta K. 2010. Celastrol: Molecular targets of Thunder
God Vine. Biochem Biophys Res Commun 394:439-442. [PubMed: 20226165]

Schworer CM, Colbran RJ, Soderling TR. 1986. Reversible generation of a Ca2+-independent form
of Ca2+(calmodulin)-dependent protein kinase 1l by an autophosphorylation mechanism. J Biol
Chem 261:8581-8584. [PubMed: 3722161]

Sha M, Ye J, Luan ZY, Guo T, Wang B, Huang JX. 2015. Celastrol induces cell cycle arrest by
MicroRNA-21-mTOR-mediated inhibition p27 protein degradation in gastric cancer. Cancer Cell
Int 15:101. [PubMed: 26500453]

J Cell Physiol. Author manuscript; available in PMC 2022 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

ZHANG et al.

Page 15

Shen HM, Dong SY, Ong CN. 2001. Critical role of calcium overloading in cadmium-induced
apoptosis in mouse thymocytes. Toxicol Appl Pharmacol 171:12-19. [PubMed: 11181107]

Son YO, Lee JC, Hitron JA, Pan J, Zhang Z, Shi X. 2010. Cadmium induces intracellular Ca?*-and
H»0O»-dependent apoptosis through JNK- and p53-mediated pathways in skin epidermal cell line.
Toxicol Sci 113:127-137. [PubMed: 19887573]

Song B, Lai B, Zheng Z, Zhang Y, Luo J, Wang C, Chen Y, Woodgett JR, Li M. 2010. Inhibitory
phosphorylation of GSK-3 by CaMKII couples depolarization to neuronal survival. J Biol Chem
285:41122-41134. [PubMed: 20841359]

Surmeier DJ, Guzman JN, Sanchez-Padilla J. 2010. Calcium, cellular aging, and selective neuronal
vulnerability in Parkinson’s disease. Cell Calcium 47:175-182. [PubMed: 20053445]

Swiech L, Perycz M, Malik A, Jaworski J. 2008. Role of mTOR in physiology and pathology of the
nervous system. Biochim Biophys Acta 1784:116-132. [PubMed: 17913600]

Taki M 2013. Imaging and sensing of cadmium in cells. Met lons Life Sci 11:99-115. [PubMed:
23430772]

Tao X, Cush JJ, Garret M, Lipsky PE. 2001. A phase I study of ethyl acetate extract of the chinese
antirheumatic herb Tripterygium wilfordii hook F in rheumatoid arthritis. J Rheumatol 28:2160—
2167. [PubMed: 11669150]

Toescu EC, Verkhratsky A. 2007. Role of calcium in normal aging and neurodegeneration. Aging Cell
6:265. [PubMed: 17517037]

Wang B, Du Y. 2013. Cadmium and its neurotoxic effects. Oxid Med Cell Longev 2013:898034.
[PubMed: 23997854]

Wang Y, Fang J, Leonard SS, Rao KM. 2004. Cadmium inhibits the electron transfer chain and induces
reactive oxygen species. Free Radic Biol Med 36:1434-1443. [PubMed: 15135180]

Wang SH, Shih YL, Ko WC, Wei YH, Shih CM. 2008. Cadmium-induced autophagy and apoptosis are
mediated by a calcium signaling pathway. Cell Mol Life Sci 65:3640-3652. [PubMed: 18850067]

Wang SH, Shih YL, Lee CC, Chen WL, Lin CJ, Lin YS, Wu KH, Shih CM. 2009. The role of
endoplasmic reticulum in cadmium-induced mesangial cell apoptosis. Chem Biol Interact 181:45—
51. [PubMed: 19442655]

Xie Z, Zhang Y, Li A, Li P, Ji W, Huang D. 2010. Cd-induced apoptosis was mediated by the release of
Ca2* from intracellular Ca storage. Toxicol Lett 192:115-118. [PubMed: 19853025]

Xu B, Chen S, Luo Y, Chen Z, Liu L, Zhou H, Chen W, Shen T, Han X, Chen L, Huang S.

2011. Calcium signaling is involved in cadmium-induced neuronal apoptosis via induction of
reactive oxygen species and activation of MAPK/mTOR network. PLoS ONE 6:€19052. [PubMed:
21544200]

Xu C, Liu C, Liu L, Zhang R, Zhang H, Chen S, Luo Y, Chen L, Huang S. 2015. Rapamycin prevents
cadmium-induced neuronal cell death via targeting both mTORC1 and mTORC?2 pathways.
Neuropharmacology 97:35-45. [PubMed: 26002629]

Xu S, Pi H, Zhang L, Zhang N, Li Y, Zhang H, Tang J, Li H, Feng M, Guo P, Tian L, Xie J, He
M, Lu Y, Zhong M, Zhang Y, Wang W, Reiter RJ, Yu Z, Zhou Z. 2016. Melatonin prevents
abnormal mitochondrial dynamics resulting from the neurotoxicity of cadmium by blocking
calcium-dependent translocation of Drpl to the mitochondria. J Pineal Res 60:291-302. [PubMed:
26732476]

Yamanaka A, Hiragami Y, Maeda N, Toku S, Kawahara M, Naito Y, Yamamoto H. 2007. Involvement
of CaM kinase 11 in gonadotropin-releasing hormone-induced activation of MAP kinase in cultured
hypothalamic neurons. Arch Biochem Biophys 466:234-241. [PubMed: 17706588]

Yang CS, Tzou BC, Liu YP, Tsai MJ, Shyue SK, Tzeng SF. 2008. Inhibition of cadmium-induced
oxidative injury in rat primary astrocytes by the addition of antioxidants and the reduction of
intracellular calcium. J Cell Biochem 103:825-834. [PubMed: 17631669]

Yeh JH, Huang CC, Yeh MY, Wang JS, Lee JK, Jan CR. 2009. Cadmium-induced cytosolic ca?*
elevation and subsequent apoptosis in renal tubular cells. Basic Clin Pharmacol Toxicol 104:345—
351. [PubMed: 19413654]

J Cell Physiol. Author manuscript; available in PMC 2022 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

ZHANG et al.

A

Fluo-3/AM staining

(vy)

|OD value for [Ca®*],
fluorescence intensity (%)

Page 16

Preincubation with celastrol (1 uM) for 1 h

10

Exposure to Cd (uM) for 24 h

mm PC12 cells C mm PC12 cells
320 - 3 Neurons 120 - 3 Neurons
240 - ac £ 90 -
< ab
g
= a
160 ac E 60 - ab . ac
2 a a
80 8 30 a
0 - — 0 -

Celastrol 1 yM - + Celastrol1yM - + - + - +
Cd uM 0 O 10 10 20 20 Cd uM 0 0 10 10 20 20
Fig. 1.

Effects of administered celastrol in PC12 cells and primary neurons on Cd-elevated [Ca?*];
and cell viability reduction. PC12 cells and primary neurons were pretreated with celastrol
(1 uM) for 1 h, and then exposed to Cd (10 and 20 uM) for 24 h. (A) [Ca?*]; imaging

was detected using an intracellular Ca?* indicator dye Fluo-3/AM, showing that Cd-evoked
strong [Ca%*]; fluorescence (in green) was potently repressed by celastrol in the cells. Scale
bar: 20 um. (B) Quantitative analysis of [Ca2*]; fluorescence intensity was measured by
Image-Pro Plus 6.0 software. (C) Cell viability was assayed using MTS reagents, showing
that celastrol markedly attenuated Cd-induced cell viability reduction in PC12 cells and
primary neurons. Results are presented as mean = SEM (n = 5). 2P < 0.05, difference with
control group; PP < 0.05, difference with 10 uM Cd group; < 0.05, difference with 20 uM
Cd group.
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Fig. 2.

Inhibitory effect of administered celastrol in PC12 cells and primary neurons on cell
apoptosis in response to Cd. PC12 cells and primary neurons were pretreated with celastrol
(1 pM) for 1 h, and then exposed to Cd (10 and 20 pM) for 8 h (for Western blotting)

or 24 h (for DAPI staining). (A) Apoptotic cells were evaluated by nuclear fragmentation
and condensation (arrows) using DAPI staining. Scale bar: 20 um. (B) The percentages

of cells with fragmented nuclei were quantified, showing that celastrol obviously relieved
Cd-induced apoptosis in PC12 cells and primary neurons. (C) Cell lysates were subjected
to Western blot analysis using indicated antibodies. The blots were probed for p-tubulin as
a loading control. Similar results were observed in at least three independent experiments.
(D) The blots for cleaved-caspase-3 and cleaved-PARP were semi-quantified. Results are
presented as mean + SEM (n = 3-5). 2P < 0.05, difference with control group; PP < 0.05,
difference with 10 uM Cd group; P < 0.05, difference with 20 uM Cd group.
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Preventive effects of administered celastrol and/or Akt inhibitor X in PC12 cells and primary
neurons on Cd-induced activation of Akt/mTOR pathway and cell apoptosis. PC12 cells

and primary neurons were pretreated with/without celastrol (1 uM) for 1 h, or pretreated
with/without Akt inhibitor X (20 uM) for 1 h and then celastrol (1 uM) for 1 h, followed

by exposure to Cd (10 and/or 20 uM) for 8 h (for Western blotting) or 24 h (for DAPI
staining). (A and C) Cell lysates were subjected to Western blot analysis using indicated
antibodies. The blots were probed for B-tubulin as a loading control. Similar results were
observed in at least three independent experiments. (B and D) The blots for p-Akt, p-S6K1,
p-4E-BP1, cleaved-caspase-3 were semi-quantified. (E) Apoptotic cells were evaluated by
nuclear fragmentation and condensation using DAPI staining. Results are presented as mean
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+ SEM (n = 3-5). 2P < 0.05, difference with control group; P2 < 0.05, difference with 10
1M Cd group; P < 0.05, difference with 20 pM Cd group; 9P < 0.05, difference with Cd/Akt
inhibitor X group or Cd/Celastrol group.
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Effects of ectopic expression of dominant negative Akt in PC12 cells on celastrol’s
prevention from Cd-induced activation of mTOR pathway and apoptotic cell death. PC12
cells, infected with recombinant adenovirus expressing dominant negative (dn) Akt (Ad-dn-
Akt) or GFP (Ad-GFP) (as control), were pretreated with/without celastrol (1 uM) for 1 h
and then exposed to Cd (10 uM) for 8 h (for Western blotting) or 24 h (for cell viability
assay and DAPI staining). (A) Cell lysates were subjected to Western blot analysis using
indicated antibodies. The blots were probed for p-tubulin as a loading control. Similar
results were observed in at least three independent experiments. (B) The blots for p-Akt,
p-S6K1, p-4E-BP1, cleaved-caspase-3 were semi-quantified. (C) Cell viability was detected
by measuring OD at 490 nm using MTS reagents. (D) Apoptotic cells were evaluated by

J Cell Physiol. Author manuscript; available in PMC 2022 June 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

ZHANG et al.

Page 21

nuclear fragmentation and condensation using DAPI staining. Results are presented as mean
+ SEM (n = 3-5). 2P< 0.05, difference with control group; P2 < 0.05, difference with 10 uM
Cd group; ¢P < 0.05, Ad-dn-Akt group versus Ad-GFP group.
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Fig. 5.

Effects of chelating [Ca2*]; with BAPTA/AM in PC 12 cells and primary neurons on
celastrol’s inhibition of Cd-induced activation of Akt/mTOR pathway and cell apoptosis.
PC12 cells and primary neurons were pretreated with/without BAPTA/AM (20 uM) for
1 h and then celastrol (1 uM) for 1 h, followed by exposure to Cd (10 uM) for 8 h

(for Western blotting) or 24 h (for [CaZ*]; imaging, DAPI staining). (A) [Ca2*]; levels

were imaged and quantified using an intracellular Ca2* indicator dye Fluo-3/AM. (B) Cell
lysates were subjected to Western blot analysis using indicated antibodies. The blots were
probed for B-tubulin as a loading control. Similar results were observed in at least three
independent experiments. (C) The blots for p-Akt, p-S6K1, p-4E-BP1, cleaved-caspase-3
were semi-quantified. (D) The percentages of apoptotic cells with fragmented nuclei were
guantified by DAPI staining. Results are presented as mean = SEM (n = 3-5). 2P < 0.05,
difference with control group; P~ < 0.05, difference with 10 pM Cd group; ¢~ < 0.05,
difference with Cd/BAPTA/AM group or Cd/Celastrol group.
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Fig. 6.

Effects of preventing [Ca2*]; elevation using EGTA in PC 12 cells and primary neurons
on celastrol’s blockage of Cd-induced activation of Akt/mTOR pathway and cell apoptosis.
PC12 cells and primary neurons were pretreated with/without EGTA (100 uM) for 1 h and
then celastrol (1 uM) for 1 h, followed by exposure to Cd (10 uM) for 8 h (for Western
blotting) or 24 h (for [Ca2*]; imaging, DAPI staining). (A) [Ca2*]; levels were imaged

and quantified using an intracellular Ca2* indicator dye Fluo-3/AM. (B) Cell lysates were
subjected to Western blot analysis using indicated antibodies. The blots were probed for
B-tubulin as a loading control. Similar results were observed in at least three independent
experiments. (C) The blots for p-Akt, p-S6K1, p-4E-BP1, cleaved-caspase-3 were semi-
quantified. (D) The percentages of apoptotic cells with fragmented nuclei were quantified
by DAPI staining. Results are presented as mean = SEM (n = 3-5). 2P < 0.05, difference
with control group; PP < 0.05, difference with 10 uM Cd group; ¢P< 0.05, difference with
Cd/EGTA group or Cd/Celastrol group.
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Fig. 7.
Effect of administered celastrol and/or BAPTA/AM or EGTA in PC12 cells and primary

neurons on phosphorylation of CaMKII induced by Cd. PC12 cells and primary neurons
were pretreated with/without celastrol (1 pM) for 1 h, or pretreated with/without
BAPTA/AM (20 pM) or EGTA (100 uM) for 1 h and then celastrol (1 pM) for 1 h, followed
by exposure to Cd (10 and/or 20 uM) for 8 h. (A and C) Cell lysates were subjected to
Western blot analysis using indicated antibodies. The blots were probed for -tubulin as a
loading control. Similar results were observed in at least three independent experiments. (B
and D) The blots for p-CaMKII were semi-quantified. Results are presented as mean £ SEM
(n = 3). 3P < 0.05, difference with control group; P2 < 0.05, difference with 10 uM Cd group;
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P < 0.05, difference with 20 uM Cd group; 9/< 0.05, difference with Cd/BAPTA/AM
group; €A< 0.05, difference with Cd/EGTA group.
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Fig. 8.

Effects of inhibition of CaMKII by KN93 or downregulation of CaMKII in PC12 cells
and/or primary neurons on celastrol’s prevention from Cd-induced activation of Akt/mTOR
pathway and apoptotic cell death. PC12 cells and primary neurons, or PC12 cells infected
with lentiviral sShRNA to CaMKII or GFP (as control), respectively, were pretreated with/
without celastrol (1 uM) for 1 h, or pretreated with/without KN93 (10 uM) for 1 h and then
celastrol (1 uM) for 1 h, followed by exposure to Cd (10 pM) for 8 h (for Western blotting)
or 24 h (for DAPI staining). (A and D) Cell lysates were subjected to Western blot analysis
using indicated antibodies. The blots were probed for B-tubulin as a loading control. Similar
results were observed in at least three independent experiments. (B and E) The blots for
p-CaMKII, p-Akt, p-S6K1, p-4E-BP1, cleaved-caspase-3 were semi-quantified. (C and F)
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The percentages of apoptotic cells with fragmented nuclei were quantified by DAPI staining.
Results are presented as mean + SEM (n = 3-5). 2P < 0.05, difference with control group;
bp< 0.05, difference with 10 pM Cd group; P < 0.05, difference with Cd/KN93 group or
Cd/Celastrol group; 9/< 0.05, CaMKII shRNA group versus GFP shRNA group.
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Fig. 9.
Schematic model of the preventive effect of celastrol on Cd-evoked neuronal apoptosis.

Celastrol prevents Cd-induced elevation of [Ca2*];, which results in inhibition of CaMKII
phosphorylation. This leads to suppression of CaMKII-dependent Akt/mTOR pathway,
thereby preventing Cd-induced apoptosis in neuronal cells.

J Cell Physiol. Author manuscript; available in PMC 2022 June 23.



	Abstract
	Materials and Methods
	Materials
	Cell culture
	Recombinant adenoviral constructs and infection of cells
	Lentiviral shRNA cloning, production, and infection
	Assay for cell viability
	DAPI staining
	Analysis for [Ca2+]i imaging
	Western blot analysis
	Statistical analysis

	Results
	Celastrol prevents Cd-induced neuronal apoptosis by attenuating Cd-elevated [Ca2+]i
	Celastrol prevents Cd-induced neuronal apoptosis by blocking Akt-mediated activation of mTOR pathway
	Celastrol blocks Cd-induced activation of Akt/mTOR pathway and neuronal apoptosis via preventing Cd from elevating [Ca2+]i
	Celastrol prevents Cd-induced neuronal apoptosis by inhibiting Ca2+-CaMKII-dependent Akt/mTOR signaling pathway

	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.
	Fig. 8.
	Fig. 9.

