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ARTICLE INFO ABSTRACT

Keywords: Cinnabar has been used for treatment of various disorders for thousands of years. The medical use of cinnabar,
Cinnabar however, has been controversial because of its heavy metal mercury content. A large quantity of studies indicate
Klorgamf: mercury that the toxicity of cinnabar is far below other inorganic or organic mercury-containing compounds. Yet, the
PoPt,OSIS . underlying molecular basis has remained unresolved. Here, we investigated the beneficial effects of cinnabar on
Reactive oxygen species . . .. . .. :
CHOP serum-nutrient starvation-elicited cell injury. Our findings showed that treatment of human renal proximal

PERK tubular cells (HK-2) with 4 nM cinnabar effectively inhibited nutrient deprivation induced apoptosis, reduced
intracellular reactive oxygen species generation and increased GSH content, which was contrary to the exacer-
bated apoptotic cell death and oxidative stress in cells treated with HgCl, at equal mercury concentration. In
addition, cinnabar exerted robust antioxidative and antiapoptotic effects in cells under dual challenges of
nutrient deprivation and treatment of HyO,. The protein expression levels of both CHOP and PERK were
remarkably down-regulated in the cells treated with cinnabar compared to the control cells or cells treated with
HgCl,. Overall, our data indicates that cinnabar at low concentration exerts anti-oxidative stress and anti-
apoptosis effects by inhibiting the expression of the endoplasmic reticulum stress pathway proteins CHOP and

PERK.

1. Introduction

Cinnabar has been widely used as an important ingredient in tradi-
tional Chinese medicines (TCM) such as Angong Niuhuang Wan
(AGNHW), the most representative cinnabar-containing TCM, to treat
various diseases [1,2]. Because of its high mercury content, the medical
utilization of cinnabar has long been questioned due to concerns of
mercury toxicities. Studies have demonstrated that mercury easily ac-
cumulates in kidney, liver and brain tissues. While no obvious damage
was observed in kidney and liver of rats administrated with cinnabar at
10-fold clinically equivalent dose, certain brain histopathological
changes occurred [3]. In addition, animal studies have shown that
long-term exposure to low dosages of cinnabar also causes a wide range
of neurotoxicological effects [4,5]. Indeed, the toxicity on the central
nervous system has been one of the main concerns regarding the clinical
application of cinnabar-containing TCM. However, compared to other
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inorganic mercury and organic mercury compounds which caused
damage of various organ systems, cinnabar is much less toxic [6].
Cinnabar-containing TCM differs significantly from other common
mercurial compounds in mercury toxicity, indicating that total mercury
content appears to be insufficient as the sole evaluation of the safety of
cinnabar [7].

A large number of studies show that cinnabar or cinnabar-containing
TCM is much less toxic than other mercury containing compounds.
Moreover, its mercury absorption and accumulation in the kidney, the
toxic target organ of inorganic mercury, is also less than other mercury
containing compounds such as HgCl, and methylmercury (MeHg)
[8-13]. Therefore, the evaluation of the safety of cinnabar on the basis
of total mercury contents alone is unreasonable. On the other hand,
despite widespread applications, the therapeutic basis of cinnabar re-
mains unclear [7].

Cinnabar contains 96% mercury sulfide (HgS) composed of only
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inorganic mercury showing very low solubility [14,15]. In vivo and in
vitro studies have demonstrated that cinnabar absorption and bio-
accumulation were much lower compared with HgCl, or other
mercury-containing compounds [16-18]. In addition, it has been
established that mercury will first bind to thiol groups of proteins or
endogenous small molecules (e.g., GSH and cysteine) due to a high af-
finity for them after being absorbed into blood [19], and these mercuric
S-conjugates of small endogenous thiols might be a transportable form
for mercury entering target cells [11,14,19,20]. However, due to the
extremely high molecular weight of the protein, the part of the mercury
bound to the protein has difficulty entering the cell [21]. Thus, the final
concentration of mercury absorbed into target cells by oral cinnabar
may be very low. Studies have shown that HgS inhibits hypoxia induced
oxidative stress [22]. These triggered us to investigate the antioxidant
effect of cinnabar at low nanomolar concentration and compare this
with the effect of HgCl, at equal mercury concentration.

The antioxidant effects of cinnabar were evaluated in HK-2 cells
induced by serum-nutrient starvation. It has been shown that nutrient
deprivation causes apoptosis and induces endoplasmic-reticulum (ER)
stress [23]. Accumulating evidence implicates ER stress-induced cellular
dysfunction and cell death as major contributors to many diseases.
Studies have shown that excessive or adverse stress to the ER induced by
mercury triggers apoptosis and ultimately leads to cell death [24,25].
However, the effects of cinnabar at low doses on ER stress remain less
studied.

Therefore, the present study was designed to determine the antiox-
idant and antiapoptotic effects of cinnabar. Furthermore, we investi-
gated the effect of cinnabar on the expression of ER stress gene stress
pathway genes CHOP and PERK.

2. Materials and methods
2.1. Reagents and drugs

Mercuric chloride (HgCly) was purchased from Sigma-Aldrich, USA,
and cinnabar (96% HgS) was purchased from Beijing Tong-Ren-Tang Co.
(Beijing, China), respectively. Dulbecco’s modified Eagle’s medium
(DMEM)/F12, trypsin-EDTA, fetal bovine serum (FBS) and antibiotic-
antimycotic solution were purchased from GIBCO (Grand Island, NY,
USA). ROS (Catalog No. S0033) and GSH detection kits (Catalog No.
S0053) were purchased from Beyotime company (Jiangshu, China).
LDH assay kit (Catalog No. A020-1-2) was purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). Apoptosis kit
(Catalog No. A005-3) was purchased from Shanghai 7sea Pharmatech
Co., Ltd (Shanghai, China). HyO, (Catalog No. A7250) were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell culture and preparation of cinnabar solution and HgCl,

HK-2 cells were purchased from Chinese Academy of Sciences
Kunming Cell Bank. Cells were cultured in (DMEM)/F12 medium sup-
plemented with 10% fetal bovine serum, at 37 °C and 5% COs in a
humidified atmosphere. Cinnabar was prepared in DMSO, and then
supplied with serum free medium and sonicated for 1 h. The prepared
solution was subjected to centrifugation at 12,000 rpm for 10 min, and
then filtered with 0.22 pm microporous filter membrane to obtain me-
dium containing saturated cinnabar. HgCl, was prepared into 4 mM
storage solution with sterile PBS, and then diluted into 4 nM with basic
medium. A medium without serum served as control for serum depri-
vation, while 10% FBS indicated a medium containing 10% FBS.

2.3. Detection of mercury content of cinnabar
Taking 500 pL of the above cinnabar solution, 500 pL of extractant

[0.12% (w/v) L-cysteine, 5% (v/v) methanol, 10 mM (w/v) ammonium
acetate, 0.1% (v/v) HCI] was added to it, vortexed for 30 s, centrifugated
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at 12000 rpm for 10 min, and the supernatant was the saturated cin-
nabar solution without serum. C18 column (4.6 mm x 250 mm, 5 pm,
ANPEL laboratory technologies, Shanghai, China) was used for separa-
tion. The mobile phase was 0.12% (w/v) L-cysteine, 5% (v/v) methanol,
10 mM (w/v) ammonium acetate, 0.1% (v/v) HCI, the flow rate was 1.2
ml/min, and the injection volume was 100 pL. Then mercury concen-
tration of saturated cinnabar was evaluated by UPLC-ICP-MS (the
detection limit of Hg was 0.039 ng/L).

2.4. Determination of cytotoxicity and cytosolic lactate dehydrogenase

The cytotoxic effect of the tested agents was determined by MTT
assay. The cells were seeded in a 96-well plate with 0.5 x 10° cells/well
and treated with HgCl, and cinnabar at low concentration (1 nM HgCl,
and 1 nM cinnabar) and high concentration (4 nM HgCl, and 4 nM
cinnabar), respectively, for 4 days. Upon the completion of the treat-
ment, cells were exposed to MTT (5 mg/mL) for 4 h at 37 °C. The culture
medium was then removed, and the cells were solubilized into dimethyl
sulfoxide. Finally, absorbance was measured at 570 nm using a micro-
plate reader. Cell survival rate (%) = OD treatment group/OD blank x
100%.

The release of cytosolic lactate dehydrogenase (LDH) was deter-
mined by the LDH assay. HK-2 cells (1.5 x 10° cells/well) were seeded in
6-well plates and treated with 4 nM cinnabar or HgCl, in serum-free
medium. After 4 days incubation, the supernatant culture medium was
collected and LDH activity was detected by an assay kit at 450 nm
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.5. Apoptosis assays

Cellular apoptosis was detected by flow cytometry. Cells were seeded
in 6-well plate and then treated with 4 nM HgCl; and cinnabar with or
without the present of 100 pM H505 in serum-free medium. After 4 days,
cells were collected for apoptosis analysis, using Annexin V-FITC pro-
pidium iodide staining solution.

2.6. Measurement of cellular reactive oxygen species (ROS) production

Intracellular ROS production was estimated by a kit (Beyotime
Institute of Biotechnology, Haimen, China). HK-2 cells (1.5 x 10° cells/
well) were seeded in 6-well microplates for 24 h, and then were incu-
bated with 4 nM HgCl, and cinnabar with or without 100 pM H0; in
serum deprivation for 4 days. After treatment, the cells were washed
with PBS three times, and then stained with DCFH-DA for 30 min at
37 °Cin the dark. ROS generation was assessed utilizing a Gallios™ Flow
Cytometer (Beckman) at an excitation wavelength of 488 nm and an
emission wavelength of 525 nm.

2.7. Measurement of cellular glutathione (GSH)

The intracellular content of GSH and GSSG was detected using the
GSH/GSSG ratio detection assay kit from Beyotime. Upon the comple-
tion of treatment, cells were collected and processed per manufacturer’s
instruction. The total GSH and oxidized GSSG were measured by kinetic
determination method. The reduced GSH was obtained by deducting the
oxidized GSSG from the total GSH.

2.8. Measurement of real-time reverse transcription-polymerase chain
reaction (RT-PCR)

Upon the completion of treatments, cells were collected and total
RNA was isolated using Trizol reagent (Takara, Dalian, China). Total
RNA was quantified by ND-2000 spectrophotometer. cDNA was syn-
thesized using the PrimeScript™II first-strand cDNA synthesis kit
(Takara, Dalian, China) with the temperature program: 37 °C for 15 min,
85 °C for 5 s. The sequences of the specific sets of primers were shown
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below: GAPDH Fwd, 5'-CGACCACTTTGTCAAGCTCA-3'and GAPDH Ry,
5-AGGGGTC

TACATGGCAACTG-3’; CHOP Fwd, 5-GCGCATGAAGGAGAAA-
GAAC-3’ and CHOP Rv,5-CCAXTTGTTCATGCTTGGTG-3'; PERK Fwd,
5'-CTCACAGGCAAA

GGAAGGAG-3' and PERK Rv, 5-AACAACTCCAAAGCCACCAC-3'.
The RT-PCR analysis was performed on Bio-Rad CFX96 Real-Time sys-
tem (Bio-Rad Laboratories Inc., USA) and the conditions of RT-PCR were
as follows: initial denaturating step at 95 °C for 3 min, 95 °C for 10 s, and
annealing temperature for 45 s. Each sample was analyzed with three
duplicates.

2.9. Western blot analysis

Upon the completion, cells were collected and lysed in RIPA lysis
buffer. The whole cell lysates were centrifuged at 14,000 xg for 15 min at
4 °C. The protein concentrations of the supernatants were detected using
Pierce BCA Protein Assay Kit (Thermo Scientific). Samples containing
15 pg of total protein were separated on 10% SDS-PAGE gel, then
transferred onto a polyvinylidene difluoride (PVDF) membrane (Cat#
IPVH00010). The membranes were blocked with 5% non-fat milk at
room temperature for 2 h and immunoblotted with indicated primary
antibodies anti-p-actin (1:10,000; Proteintech), anti-CHOP (1:1000;
Bioss) and anti-PERK (1:1,000, Bioss), respectively, overnight at 4 °C.
Horseradish peroxidase-conjugated secondary antibodies were added
and reacted with the membrane at room temperature for 1 h. The
membrane-bound secondary antibody was detected with ECL Western
blot detection kit.

2.10. Statistical analysis

Data are expressed as mean + standard deviation. SPSS 24.0 software
was used to analyze the data. One-way analysis of variance and t-test
were used for analysis. P < 0.05 was considered statistically significant.

3. Results
3.1. Determination of mercury concentration in cinnabar solution

Saturated concentration of cinnabar was adopted in this study in
order to clarify the pharmacological effect of cinnabar more rigorously
and scientifically. UPLC-ICP-MS was employed for qualification of
mercury content in saturated cinnabar solution. The mass spectrum is
shown in Fig. 1, and the detection indicated a saturated concentration of
4 nM cinnabar.

3.2. Effect of cinnabar and HgCly on the viability of HK-2 cells

To observe the effect of different concentrations of cinnabar and
HgCl, on HK-2 cell survival, cells were treated with HgCl, and cinnabar
at different concentrations (1 and 4 nM) for 4 days. As shown in Fig. 2,
cinnabar at 1 and 4 nM did not cause significant cytotoxicity, as

202Hg
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Fig. 2. Comparison of cytotoxicity of cinnabar and HgCl, on HK-2 cells. Cells
were treated with HgCl, and cinnabar for 4 days at low concentration (1 nM
HgCl, and 1 nM cinnabar) and high concentration (4 nM HgCl, and 4 nM
cinnabar), respectively, for 4 days. Cytotoxicity was assessed by MTT assay.
Values were calculated from three independent experiments and presented as
mean =+ SD. *, P < 0.05 vs. control cells; #, P < 0.05 vs. 4 nM HgCl, treated cells.

determined by MTT assay. While 1 nM HgCl, did not exert significant
cytotoxic effect, 4 nM HgCl, induced dramatic cell loss as compared to
the control. Based on these results, in the following experiments, we
only used a high concentration (4 nM) to investigate the toxicity dif-
ference between cinnabar and HgCl, and related mechanism.

3.3. Differential effects of cinnabar and HgCl, on serum withdrawal
induced cell injury and apoptosis

To investigate the effects of cinnabar and HgCl, on cell damage, HK-
2 cells were treated with 4 nM cinnabar and HgCly, respectively, for 4
days. As illustrated in Fig. 3A, HgCl, treatment caused noticeable
cytotoxicity as indicated by increased LDH leakage as compared to the
control cells, whereas cinnabar exerted significant less cytotoxicity as
compared to HgCl,. Morphological examination also showed that sus-
pended dead cells were more numerous in HgCl, treated cells than in
cells treated with cinnabar, with the HgCl, cell bodies appearing longer
and more shrunken, while in the cinnabar group, the cell morphology
was closer to normal. Nutrient deprivation is well known to induce
apoptosis [23]. As shown in Fig. 3B, serum withdrawal caused signifi-
cant increase in cellular apoptosis relative to cells with nutrient support
(10% FBS). Treatment of cells with 4 nM HgCl, further exacerbated
apoptotic cell death. However, a dramatic opposite effect on nutrient
deprivation-induced apoptosis was observed in HK-2 cells treated with
cinnabar. At the same concentration of 4 nM, cinnabar significantly
inhibited nutrient deprivation induced apoptosis (Fig. 3B).
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Fig. 1. Chromatogram of detection of mercury content in cell culture medium containing cinnabar. The cinnabar solution and cinnabar containing medium were
prepared as described in the Materials and methods. The mercury content of cinnabar containing medium was detected by UPLC-ICP-MS.
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Fig. 3. Effects of the cinnabar and HgCl, on the injury and apoptosis of cells. Cells were exposed with cinnabar and HgCl, for 4 days. (A) Release of cytosolic LDH and
the morphological changes in cultured HK-2 cells (scale bar = 100 pm). (B) Apoptotic cells were detected by flow cytometry using Annexin/PI double staining, and
apoptotic rate was expressed as percent of control. Values were calculated from three independent experiments and presented as mean + SD. *, P < 0.05 vs. control
cells; #, P < 0.05 vs. HgCl,-treated cells alone.
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3.4. Effects of cinnabar and HgCl, on ROS production and intracellular
oxidative status of HK-2 cells

To further understand the differential effects on nutrient deprivation
induced apoptosis in HK-2 cells between cinnabar and HgCl,, we
determined the intracellular ROS contents by flow cytometry. The
intracellular accumulation of ROS in cinnabar-treated cells was
dramatically lower than those cells treated with HgCl, and the control
cells (Fig. 4A). To illustrate the precise role of cinnabar in inhibiting
apoptosis and accumulation of ROS, we next determined cellular
oxidative status. GSH is one of the most important endogenous ROS
scavengers, and GSH or the ratio of it with oxidized glutathione has been
regarded as an index of oxidative stress implicated into various patho-
logical conditions [26]. We therefore determined cellular GSH and
found that intracellular GSH (uM) in cinnabar-treated cells was signifi-
cantly higher than that in HgCl,-treated cells (Fig. 4B). These results
evidenced that low-concentration cinnabar (4 nM) may possess the
ability to inhibit oxidative stress and protect intracellular antioxidants
when cells are under stress state.

3.5. Cinnabar inhibits the expression of CHOP and PERK in the ER stress
pathway

Endoplasmic reticulum (ER) stress induced apoptosis has been
increasingly recognized in various pathological progress [27]. Here we
determined the expression of CHOP and PERK, two major mediators of
ER stress pathway in apoptosis. While the treatment of cells with HgCl,
elevated the expression of CHOP and PERK levels, the treatment of cells
with the low-concentration cinnabar significantly decreased protein
levels of both CHOP and PERK (Fig. 5A and B). Next, the real-time
RT-PCR analysis revealed that mRNA expression levels of CHOP and
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PERK were dramatically decreased following treatment with cinnabar,
suggesting a transcriptional regulation of cinnabar on the expression of
CHOP and PERK (Fig. 5C). Taken together, our data indicated that the
antioxidative and antiapoptotic functions of low-concentration cinnabar
under stress state in HK-2 cells may be mediated through down-
regulating the expression of ER stress pathway mediators CHOP and
PERK.

3.6. Antioxidative and antiapoptotic effects of cinnabar in cells
challenged with H20,

In order to further confirm the anti-apoptotic and anti-oxidative
stress effects of cinnabar, we treated HK-2 cells with 100 pM of H30,
in addition to cinnabar and HgCl,. The results demonstrated that cin-
nabar was able to significantly decrease the apoptotic rate and intra-
cellular ROS production as compared with control and HgCl,-treated
cells (Fig. 6A and B). Owing to the concentration of cinnabar and HgCl,
was rather low, higher concentrations of H,O5 were not adopted in our
experiments as the damage of high concentration HoO2 may mask the
toxicity of HgCls.

3.7. Cinnabar-mediated inhibition of the expression of CHOP and PERK
in cells treated with H,0,

We next explored the effect of cinnabar on the expression of both
CHOP and PERK in cells subjected to dual challenges of nutrient
deprivation and treatment of 100 pM Hy0,. We examined the relative
expression of CHOP and PERK in the mRNA and protein levels. As shown
in Fig. 7A, cinnabar significantly decreased CHOP and PERK mRNA
levels as compared with the control and HgCl, group. Furthermore, the
down regulation of CHOP and PERK protein levels in HK-2 cells was
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Fig. 5. Cinnabar inhibits the expression of CHOP and PERK in the ER stress pathway. Cells were incubated with cinnabar and HgCl, for 4 d. (A, B) Western blot
analysis and quantified protein levels of CHOP and PERK, respectively. f-actin was used as loading control. (C) Relative transcript levels of CHOP and PERK. The
mRNA levels of each target gene were normalized to the expression of the GAPDH gene. Values were calculated from three independent experiments and presented as

mean + SD. *, P < 0.05 vs. control cells; *, P < 0.05 vs. HgCl,-treated cells.
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found in the cinnabar-treated cells as compared to control and HgCl,
cells (Fig. 7B and 7C). Collectively, our data suggested that the anti-
oxidation and anti-apoptosis effects of low-concentration cinnabar
were mediated by the suppression of CHOP and PERK.

4. Discussion

Cinnabar has been used as an essential component in traditional
Chinese medicines and in Indian Ayurvedic medicines for thousand
years [7]. The medical use of cinnabar has been a big controversial issue
over the last few decades because of toxicological concerns of high
content of metal mercury. Due to this, many cinnabar containing
traditional medicines have been banned, but some are still in active use

[1,28,29]. Accumulating in vivo and in vitro studies have demonstrated
that cinnabar and cinnabar-containing traditional medicines exhibit
distinct toxicological profiles and are much less nephrotoxic than other
mercury compounds. However, the exact mechanism behind this has not
been clearly elucidated. On the other hand, though an important
ingredient deliberately added in many traditional remedies, the rational
for the inclusion of cinnabar remains to be fully described. Although it
contains up to 96% HgS, cinnabar still possesses some other
non-mercury compounds, such as arsenic compounds [30], and cannot
be replaced with HgS clinically, partly due to these non-mercury com-
pounds that may have a certain degree of influence on the pharmaco-
logical effect of cinnabar. It is worthy to note that cinnabar, as an
insoluble mineral drug, has a very low soluble inorganic mercury
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content. To accurately quantify the mercury content in cinnabar, inor-
ganic mercury was used as the standard for accurate quantification,
which is consistent with our previous studies [31]. Importantly, at the
saturation concentration (4 nM) cinnabar did not cause significant
cytotoxicity, while a dramatic toxic effect was observed for HgCl, at a
concentration of 4 nM. We further reported that cinnabar exhibited a
distinct effect on nutrient deprivation induced oxidative stress and
apoptosis in the renal tubular epithelial cells HK-2. While the treatment
of cells with HgCl, exacerbated oxidative stress and elevated cellular
apoptosis induced by nutrient withdrawal, cells treated with cinnabar
appeared to be well tolerant of the nutrient deprivation-induced
oxidative stress and were less apoptotic, clearly demonstrating that
cinnabar differs from HgCl, and is protective against oxidative stress at a
low nanomolar concentration. Following exposure to inorganic mer-
cury, the majority of mercury ions accumulate in the kidney and in
short-term exposure, about 40% of inorganic mercury without nephro-
toxic effect was absorbed and accumulated in the kidney [32]. Kidney is
the main target organ of inorganic mercury, and renal tubules and
proximal convoluted tubules are more sensitive to inorganic mercury
and other toxic substances than other parts due to their involvement in
the secretion and reabsorption of substances. Therefore, proximal con-
voluted tubules are the main toxic target cells of inorganic mercury. The
HK-2 cells, which are immortalized human renal cortex proximal con-
voluted tubule epithelial cells, have various characteristics of normal
cortical juxta convoluted tubule epithelial cells, and are often used as an
effective model for the study of mercury nephrotoxicity in vitro [33,34].
Therefore, the Hk-2 cells were employed in the present study as well.
Cinnabar is insoluble with low bioavailability, and thus gives rise to a
very low concentration of inorganic mercury in blood once absorbed
from the gastrointestinal tract. In addition, in the blood or in cell culture
medium (with FBS), mercury combines with the protein containing
sulfhydryl group in serum to form mercuric S-conjugates which may
have difficulty crossing the cell membrane and exerting a toxic effect
due to the excessive molecular weight of the protein [35]. With these
considerations, a cell culture system without serum was employed in the
present study, which allowed us to dissect the molecular basis behind
the differences without complications from proteins binding to mercury.
On the other hand, serum withdrawal induces cellular oxidative stress, a
condition suitable for investigating the antioxidant properties of related
agents. In serum-deprivation medium, cells are in a state of stress due to
a lack of nutrients and are more sensitive to toxic agents. Indeed, it
appeared clearly that, although at a very low concentration (4 nM),
HgCl, obviously exacerbated cell damage and caused increased
apoptotic cell death as compared to cells with serum withdrawal only. It
distinctly showed that serum deprivation does increase the contribution
of HgCl, to cytotoxicity. Interestingly, the treatment of 4 nM cinnabar
exerted a completely different effect. Rather than enhancing toxicity
cinnabar treatment significantly reduced cellular apoptosis induced by
serum deprivation, which might be attributed to its antioxidant capa-
bilities as evidenced by the suppressed ROS generation and elevated
antioxidant GSH level.

Oxidative stress plays an imperative role in apoptosis of renal injury
under physiological conditions from exposure to mercury, and studies
demonstrated that intracellular ROS potently impacts the apoptotic
extent of renal cells [36]. In agreement with the previous studies our
results showed that intracellular ROS level increased in HgCly-treated
cells accompanied by an increase in apoptosis. The depletion of anti-
oxidants was also a significant sign in the development of oxidative
stress. Glutathione, an endogenous free radical scavenger containing
sulfhydryl group, possesses two functions: one is to combine with mer-
cury ion, and the other is to eliminate mercury-induced ROS [37,38]. As
expected, HgCl, treatment significantly depleted intracellular GSH
level. However, a significant amount of intracellular GSH level was
preserved in the cells treated with cinnabar as compared to the cells
treated with HgCly. These results clearly demonstrated a differential
effect between cinnabar and HgCls. To further confirm the antioxidative

Biochemistry and Biophysics Reports 27 (2021) 101055

and antiapoptotic effects of cinnabar, the HK-2 cells were treated with
H0, while challenged with nutrient deprivation. HoOj is often used as a
toxicant in vitro model to mimic oxidative stress-induced renal injury
[39]. The results revealed that cinnabar was still able to decrease the
apoptotic rate and reduce intracellular ROS production as compared
with control and HgCl,-treated cells. It has been reported previously that
Angong Niuhuang Wan, a Chinese patent medicine containing cinnabar,
can exert its neuroprotective effect by inhibiting oxidative/nitrative
stress [28]. In the present study, we ascertained the protective effect of
cinnabar on HK-2 cells after serum deprivation by detecting intracellular
ROS which is the source of oxidative stress, and the GSH content which
is a vital antioxidant in oxidative stress system. From our experimental
results, we indicated that HgCl, caused more significant apoptosis in the
absence or presence of HoO,, but there was no significant difference in
ROS content, this may be due to the existence of other apoptosis
mechanisms besides ROS. Another major finding in the present study
relates to the ER stress mediated apoptosis. We identified two mediators
CHOP and PERK that might be involved in the cinnabar-mediated
modulation of apoptosis. Under ER stress, CHOP is activated by PERK,
causing transcriptional activation of multiple genes and inducing ER
stress-mediated apoptosis [40]. In endoplasmic reticulum stress, the
expression of CHOP can be induced by ERN1, ATF6 and PERK, and the
activation of CHOP is also the direct result of endoplasmic reticulum
stress. However, compared with ERN1 and ATF6 signaling pathways,
PERK-CHOP signaling pathway can remain activated for a longer time in
the late stage of apoptosis [41-43]. Our findings clearly demonstrated
that the low concentration cinnabar decreased the expression of PERK
and concomitantly down-regulated CHOP expression, suggesting an
ability for cinnabar to inhibit ER stress. This inhibitory effect of cinnabar
on ER stress still existed when cells were challenged with additional
stress from Hy0,, suggesting that the modulation of the ER stress
pathway might be a key event in cinnabar-mediated antiapoptotic ac-
tion. However, the regulation of HgCl, on HK-2 cells was not obvious at
gene or protein level relatived endoplasmic reticulum stress, so we
speculated that CHOP-PERK signal pathway may not the main signal
pathways of HgCl, mediated apoptosis.

It is worthy to note that cinnabar induces renal injury in chronically
treated rats [44]. However, this does not conflict with our experimental
results because the cinnabar concentration used in our experiment is
extremely low. In traditional Chinese medication, cinnabar is an
essential component of a plethora of medicines, but its mercury content
in the body is extremely low. In particular, we detected the mercury
concentration in medium, however, we did not measure the intracellular
mercury content after HK-2 cells were treated with cinnabar or HgCl,
because the detection of intracellular low concentration mercury was a
severe restriction, and the toxicity of mercury may have a great rela-
tionship with the target transporter [17,45], which is worthy of a further
investigation to yield more mechanisms of mercury toxicity as well as
therapeutic effect of cinnabar. In this regard, our findings are of great
significance, and provide new clues to further exploring not only the
differential toxicities between cinnabar and other common mercury
containing compounds, but also the therapeutic molecular basis of cin-
nabar. Moreover, studies show that the dissolved components of cin-
nabar is mercury polysulfide, which apparent permeability coefficient
(Papp) is lower than HgCl,. In addition, the combination compounds of
mercury polysulfide with albumin have less effects on cell viability.
Those may be the material basis of cinnabar as a therapeutic medicine
exhibiting pharmacological. In conclusion, we demonstrate that low
concentration cinnabar exerts antioxidative stress and antiapoptotic
effects by inhibiting the expression of the endoplasmic reticulum
apoptosis pathway genes CHOP and PERK.

5. Conclusion

In summary, the present study clearly illustrated that compared with
HgCly, cinnabar effectively alleviated serum-nutrient starvation induced
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apoptosis, reduced intracellular ROS generation and increased GSH
content. This cinnabar conferred protective effect might occur through
the down-regulation of CHOP and PERK expression, thus leading to
increased antioxidative stress and anti-apoptosis effects. Furthermore,
the antioxidative effect of cinnabar was further confirmed in cells under
dual challenges of nutrient deprivation and treatment of HyO5. The
findings in the present study provide a theoretical basis for further
exploration of medication safety of cinnabar in the field of traditional
Chinese Medicine.

Funding

The author(s) disclosed receipt of the following financial support for
the research, authorship, and/or publication of this article: This work
was partially supported by grants from National Natural Science Foun-
dation of China (81460632) and Science Foundation Honghuagang
District, Zunyi City ([2017] 14).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.bbrep.2021.101055.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

References

[1] J. Liu, L.X. Wei, Q. Wang, Y.F. Lu, F. Zhang, J.Z. Shi, C. Li, M.G. Cherian, A review

of cinnabar (HgS) and/or realgar (As4S4)-containing traditional medicines,

J. Ethnopharmacol. 210 (2018) 340-350, https://doi.org/10.1016/j.

jep.2017.08.037.

H. Song, X. Chen, Y. Yu, L. Zhang, Xingnao Kaiqiao acupuncture combined with

Angong Niuhuang Wan for a patient under persistent vegetative state: a case

report, Front. Med. 12 (2018) 334-339, https://doi.org/10.1007/s11684-017-

0539-2.

Y.T. Lu, W.Z. Qi, S. Wang, X.N. Song, D.Y. Yang, M. Song, T.J. Hang, Toxicity and

risk assessment of mercury exposures from cinnabar and Baizi Yangxin Pills based

on pharmacokinetic and tissue distribution studies, J. Ethnopharmacol. 250 (2020)

112489, https://doi.org/10.1016/j.jep.2019.112489.

[4] C.F. Huang, C.J. Hsu, S.H. Liu, S.Y. Lin-Shiau, Exposure to low dose of cinnabar (a
naturally occurring mercuric sulfide (HgS)) caused neurotoxicological effects in
offspring mice, J. Biomed. Biotechnol. 2012 (2012) 254582, https://doi.org/
10.1155/2012/254582.

[5] C.F. Huang, S.H. Liu, S.Y. Lin-Shiau, Neurotoxicological effects of cinnabar (a

Chinese mineral medicine, HgS) in mice, Toxicol. Appl. Pharmacol. 224 (2007)

192-201, https://doi.org/10.1016/j.taap.2007.07.003.

G. Bjorklund, M. Dadar, J. Mutter, J. Aaseth, The toxicology of mercury: current

research and emerging trends, Environ. Res. 159 (2017) 545-554, https://doi.org/

10.1016/j.taap.2007.07.003.

J. Liu, J.Z. Shi, L.M. Yu, R.A. Goyer, M.P. Waalkes, Mercury in traditional

medicines: is cinnabar toxicologically similar to common mercurials? Exp. Biol.

Med. 233 (2008) 810-817, https://doi.org/10.3181/0712-MR-336.

[8] Q. Wu, W.K. Li, Z.P. Zhou, Y.Y. Li, T.W. Xiong, Y.Z. Du, L.X. Wei, J. Liu, The

Tibetan medicine Zuotai differs from HgCl2 and MeHg in producing liver injury in

mice, Regul. Toxicol. Pharmacol. : RTP (Regul. Toxicol. Pharmacol.) 78 (2016)

1-7, https://doi.org/10.1016/j.yrtph.2016.03.017.

J.D. Park, W. Zheng, Human exposure and health effects of inorganic and

elemental mercury, Journal of preventive medicine and public health = Yebang

Uihakhoe chi 45 (2012) 344-352, https://doi.org/10.3961/jpmph.2012.45.6.344.

[10] J.Z. Shi, F. Kang, Q. Wu, Y.F. Lu, J. Liu, Y.J. Kang, Nephrotoxicity of mercuric
chloride, methylmercury and cinnabar-containing Zhu-Sha-An-Shen-Wan in rats,
Toxicol. Lett. 200 (2011) 194-200, https://doi.org/10.1016/j.toxlet.2010.11.015.

[11] C. Li, W. Xu, S. Chu, Z. Zheng, L. Wei, Biology, the chemical speciation, spatial
distribution and toxicity of mercury from Tibetan medicine zuotai, f-HgS and HgCl
2 in Mouse Kidney, Journal of Trace Elements in Medicine and Biology 45 (2017)
104-113, https://doi.org/10.1016/j.jtemb.2017.08.010.

[12] Y.F.Lu, Q. Wu, J.W. Yan, J.Z. Shi, J. Liu, J.S. Shi, Realgar, cinnabar and An-Gong-
Niu-Huang Wan are much less chronically nephrotoxic than common arsenicals
and mercurials, Experimental biology and medicine, (Maywood, N.J.) 236 (2011)
233-239, https://doi.org/10.1258/ebm.2010.010247.

[13] J. Liu, Y.F. Lu, W.K. Li, Z.P. Zhou, Y.Y. Li, X. Yang, C. Li, Y.Z. Du, L.X. Wei, Mercury
sulfides are much less nephrotoxic than mercury chloride and methylmercury in
mice, Toxicol. Lett. 262 (2016) 153-160, https://doi.org/10.1016/j.
toxlet.2016.10.003.

[2

—

[3

[t

[6

[}

[7

—

[9

fhr}

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Biochemistry and Biophysics Reports 27 (2021) 101055

Y.J. Wang, H.Y. Li, H.F. Hu, D.P. Li, Y.J. Yang, C. Liu, Using biochemical system to
improve cinnabar dissolution, Bioresour. Technol. 132 (2013) 1-4, https://doi.
org/10.1016/j.biortech.2013.01.010.

Pharmacopedia of China, People’s Press, Beijing, 2015.

Z.Y. Zheng, C. Li, M. Zhang, H.X. Yang, L.J. Geng, L.S. Li, Y.Z. Du, L.X. Wei,
[Dissolution, absorption and bioaccumulation in gastrointestinal tract of mercury
in HgS-containing traditional medicines Cinnabar and Zuotai], Zhongguo Zhong
yao za zhi = Zhongguo zhongyao zazhi = China journal of Chinese materia medica
40 (2015) 2455-2460 ([In chinese]).

Y. Wang, S. Zhou, H. Ma, J.S. Shi, Y.F. Lu, Investigation of the differential transport
mechanism of cinnabar and mercury containing compounds, Environ. Toxicol.
Pharmacol. 66 (2019) 83-90, https://doi.org/10.1016/j.etap.2018.12.020.

Yang Wang, Yuanfu Lu, Shaoyu Zhou, Jingshan Shi, Jie Liu, Pharmacology,
Repeated exposure to mercurial alters the expression of renal transporters in mice,
2016.

C.C. Bridges, R.K. Zalups, Transport of inorganic mercury and methylmercury in
target tissues and organs, J. Toxicol. Environ. Health B Crit. Rev. 13 (2010)
385-410, https://doi.org/10.1080,/10937401003673750.

Z. Zheng, M. Zhang, Y. Xiao, L. Wei, C. Li, Effect of cys, GSH, and pH on mercury
release from Tibetan medicine zuotai, beta-HgS, and alpha-HgS in artificial
gastrointestinal juices, Biol. Trace Elem. Res. 184 (2018) 536-545, https://doi.
org/10.1007/s12011-017-1185-x.

C.C. Bridges, R.K. Zalups, Mechanisms involved in the transport of mercuric ions in
target tissues, Arch. Toxicol. 91 (2017) 63-81, https://doi.org/10.1007/500204-
016-1803-y.

Q. He, J. Ma, P.K. Kalavagunta, L. Zhou, J. Zhu, J. Dong, O. Ahmad, Y. Du, L. Wei,
J. Shang, HgS inhibits oxidative stress caused by hypoxia through regulation of 5-
HT metabolism pathway, Int. J. Mol. Sci. 20 (2019), https://doi.org/10.3390/
ijms20061364.

Y. Zhang, S. Ren, Y. Liu, K. Gao, Z. Liu, Z. Zhang, Inhibition of starvation-triggered
endoplasmic reticulum stress, autophagy, and apoptosis in ARPE-19 cells by
taurine through modulating the expression of calpain-1 and calpain-2, Int. J. Mol.
Sci. 18 (2017), https://doi.org/10.3390/ijms18102146.

Y.P. Chung, C.C. Yen, F.C. Tang, K.I. Lee, S.H. Liu, C.C. Wu, S.S. Hsieh, C.C. Su, C.
Y. Kuo, Y.W. Chen, Methylmercury exposure induces ROS/Akt inactivation-
triggered endoplasmic reticulum stress-regulated neuronal cell apoptosis,
Toxicology 425 (2019) 152245, https://doi.org/10.1016/j.tox.2019.152245.

A. Stacchiotti, F. Morandini, F. Bettoni, I. Schena, A. Lavazza, P.G. Grigolato,

P. Apostoli, R. Rezzani, M.F. Aleo, Stress proteins and oxidative damage in a renal
derived cell line exposed to inorganic mercury and lead, Toxicology 264 (2009)
215-224, https://doi.org/10.1016/j.tox.2009.08.014.

0. Zitka, S. Skalickova, J. Gumulec, M. Masarik, V. Adam, J. Hubalek, L. Trnkova,
J. Kruseova, T. Eckschlager, R. Kizek, Redox status expressed as GSH:GSSG ratio as
a marker for oxidative stress in paediatric tumour patients, Oncology letters 4
(2012) 1247-1253, https://doi.org/10.3892/01.2012.931.

M. Yan, S. Shu, C. Guo, C. Tang, Z. Dong, Endoplasmic reticulum stress in ischemic
and nephrotoxic acute kidney injury, Ann. Med. 50 (2018) 381-390, https://doi.
org/10.1080/07853890.2018.1489142.

B. Tsoi, X. Chen, C. Gao, S. Wang, S.C. Yuen, D. Yang, J. Shen, Neuroprotective
effects and hepatorenal toxicity of Angong Niuhuang wan against ischemia-
reperfusion brain injury in rats, Front. Pharmacol. 10 (2019) 593, https://doi.org/
10.3389/fphar.2019.00593.

B. Tsoi, S. Wang, C. Gao, Y. Luo, W. Li, D. Yang, D. Yang, J. Shen, Realgar and
cinnabar are essential components contributing to neuroprotection of Angong
Niuhuang Wan with no hepatorenal toxicity in transient ischemic brain injury,
Toxicol. Appl. Pharmacol. 377 (2019) 114613, https://doi.org/10.1016/j.
taap.2019.114613.

A. Jain, S. Sarsaiya, Q. Wu, J. Shi, Y. Lu, New insights and rethinking of cinnabar
for chemical and its pharmacological dynamics, Bioengineered 10 (2019) 353-364,
https://doi.org/10.1080/21655979.2019.1652491.

Q. Wu, X. He, S. Zhou, F. Shi, Y. Lu, Role of PEPT1in the transport of cinnabar in
Caco-2 cells, Toxicology in vitro, an international journal published in association
with BIBRA 63 (2020) 104747, https://doi.org/10.1016/].tiv.2019.104747.

R.K. Zalups, Early aspects of the intrarenal distribution of mercury after the
intravenous administration of mercuric chloride, Toxicology 79 (1993) 215-228,
https://doi.org/10.1016,/0300-483x(93)90213-c.

R.K. Zalups, Molecular interactions with mercury in the kidney, Pharmacol. Rev.
52 (2000) 113-143.

R.A. Murphy, R.M. Stafford, B.A. Petrasovits, M.A. Boone, M.A. Valentovic,
Establishment of HK-2 cells as a relevant model to study tenofovir-induced
cytotoxicity, Int. J. Mol. Sci. 18 (2017), https://doi.org/10.3390/ijms18030531.
C. Oliveira, L. Joshee, C.C. Bridges, MRP2 and the transport kinetics of cysteine
conjugates of inorganic mercury, Biol. Trace Elem. Res. 184 (2018) 279-286,
https://doi.org/10.1007/s12011-017-1163-3.

W. Liu, Z. Xu, H. Yang, Y. Deng, B. Xu, Y. Wei, The protective effects of tea
polyphenols and schisandrin B on nephrotoxicity of mercury, Biol. Trace Elem. Res.
143 (2011) 1651-1665, https://doi.org/10.1007/s12011-011-8996-y.

M. Tokumoto, J.Y. Lee, A. Shimada, C. Tohyama, M. Satoh, Glutathione has a more
important role than metallothionein-I/1I against inorganic mercury-induced acute
renal toxicity, J. Toxicol. Sci. 43 (2018) 275-280, https://doi.org/10.2131/

jts.43.275.

S. Agrawal, G. Flora, P. Bhatnagar, S.J. Flora, Comparative oxidative stress,
metallothionein induction and organ toxicity following chronic exposure to
arsenic, lead and mercury in rats, Cell. Mol. Biol. 60 (2014) 13-21.

J. Li, L. Li, S. Wang, C. Zhang, L. Zheng, Y. Jia, M. Xu, T. Zhu, Y. Zhang, R. Rong,
Resveratrol alleviates inflammatory responses and oxidative stress in rat kidney


https://doi.org/10.1016/j.bbrep.2021.101055
https://doi.org/10.1016/j.bbrep.2021.101055
https://doi.org/10.1016/j.jep.2017.08.037
https://doi.org/10.1016/j.jep.2017.08.037
https://doi.org/10.1007/s11684-017-0539-2
https://doi.org/10.1007/s11684-017-0539-2
https://doi.org/10.1016/j.jep.2019.112489
https://doi.org/10.1155/2012/254582
https://doi.org/10.1155/2012/254582
https://doi.org/10.1016/j.taap.2007.07.003
https://doi.org/10.1016/j.taap.2007.07.003
https://doi.org/10.1016/j.taap.2007.07.003
https://doi.org/10.3181/0712-MR-336
https://doi.org/10.1016/j.yrtph.2016.03.017
https://doi.org/10.3961/jpmph.2012.45.6.344
https://doi.org/10.1016/j.toxlet.2010.11.015
https://doi.org/10.1016/j.jtemb.2017.08.010
https://doi.org/10.1258/ebm.2010.010247
https://doi.org/10.1016/j.toxlet.2016.10.003
https://doi.org/10.1016/j.toxlet.2016.10.003
https://doi.org/10.1016/j.biortech.2013.01.010
https://doi.org/10.1016/j.biortech.2013.01.010
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref15
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref16
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref16
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref16
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref16
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref16
https://doi.org/10.1016/j.etap.2018.12.020
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref18
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref18
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref18
https://doi.org/10.1080/10937401003673750
https://doi.org/10.1007/s12011-017-1185-x
https://doi.org/10.1007/s12011-017-1185-x
https://doi.org/10.1007/s00204-016-1803-y
https://doi.org/10.1007/s00204-016-1803-y
https://doi.org/10.3390/ijms20061364
https://doi.org/10.3390/ijms20061364
https://doi.org/10.3390/ijms18102146
https://doi.org/10.1016/j.tox.2019.152245
https://doi.org/10.1016/j.tox.2009.08.014
https://doi.org/10.3892/ol.2012.931
https://doi.org/10.1080/07853890.2018.1489142
https://doi.org/10.1080/07853890.2018.1489142
https://doi.org/10.3389/fphar.2019.00593
https://doi.org/10.3389/fphar.2019.00593
https://doi.org/10.1016/j.taap.2019.114613
https://doi.org/10.1016/j.taap.2019.114613
https://doi.org/10.1080/21655979.2019.1652491
https://doi.org/10.1016/j.tiv.2019.104747
https://doi.org/10.1016/0300-483x(93)90213-c
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref33
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref33
https://doi.org/10.3390/ijms18030531
https://doi.org/10.1007/s12011-017-1163-3
https://doi.org/10.1007/s12011-011-8996-y
https://doi.org/10.2131/jts.43.275
https://doi.org/10.2131/jts.43.275
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref38
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref38
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref38

[40]

[41]

[42]

. Ma et al.

ischemia-reperfusion injury and H202-induced NRK-52e cells via the Nrf2/TLR4/
NF-kappaB pathway, Cell. Physiol. Biochem. : international journal of
experimental cellular physiology, biochemistry, and pharmacology 45 (2018)
1677-1689, https://doi.org/10.1159/000487735.

H. Nishitoh, CHOP is a multifunctional transcription factor in the ER stress
response, J. Biochem. 151 (2012) 217-219, https://doi.org/10.1093/jb/mvr143.
1. Tabas, D. Ron, Integrating the mechanisms of apoptosis induced by endoplasmic
reticulum stress, Nat. Cell Biol. 13 (2011) 184-190, https://doi.org/10.1038/
ncb0311-184.

R. Sano, J.C. Reed, ER stress-induced cell death mechanisms, Biochim. Biophys.
Acta 1833 (2013) 3460-3470, https://doi.org/10.1016/j.bbamcr.2013.06.028.

[43]

[44]

[45]

Biochemistry and Biophysics Reports 27 (2021) 101055

R. Iurlaro, C. Munoz-Pinedo, Cell death induced by endoplasmic reticulum stress,
FEBS J. 283 (2016) 2640-2652, https://doi.org/10.1111/febs.13598.

Y. Wang, D. Wang, J. Wu, B. Wang, X. Gao, L. Wang, H. Ma, Cinnabar-induced
subchronic renal injury is associated with increased apoptosis in rats, BioMed Res.
Int. 2015 (2015) 278931, https://doi.org/10.1155/2015/278931.

Y. Sui, H. Yang, X.Z. Tian, J. Liu, J.Z. Shi, [Effect of Zhusha Anshen pill, cinnabar,
HgS, HgCl2 and MeHg on gene expression of renal transporters in mice], Zhongguo
Zhong yao za zhi = Zhongguo zhongyao zazhi = China journal of Chinese materia
medica 40 (2015) 506-510 ([in chinese]).


https://doi.org/10.1159/000487735
https://doi.org/10.1093/jb/mvr143
https://doi.org/10.1038/ncb0311-184
https://doi.org/10.1038/ncb0311-184
https://doi.org/10.1016/j.bbamcr.2013.06.028
https://doi.org/10.1111/febs.13598
https://doi.org/10.1155/2015/278931
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref45
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref45
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref45
http://refhub.elsevier.com/S2405-5808(21)00149-7/sref45

	Cinnabar protects serum-nutrient starvation induced apoptosis by improving intracellular oxidative stress and inhibiting th ...
	1 Introduction
	2 Materials and methods
	2.1 Reagents and drugs
	2.2 Cell culture and preparation of cinnabar solution and HgCl2
	2.3 Detection of mercury content of cinnabar
	2.4 Determination of cytotoxicity and cytosolic lactate dehydrogenase
	2.5 Apoptosis assays
	2.6 Measurement of cellular reactive oxygen species (ROS) production
	2.7 Measurement of cellular glutathione (GSH)
	2.8 Measurement of real-time reverse transcription-polymerase chain reaction (RT-PCR)
	2.9 Western blot analysis
	2.10 Statistical analysis

	3 Results
	3.1 Determination of mercury concentration in cinnabar solution
	3.2 Effect of cinnabar and HgCl2 on the viability of HK-2 ​cells
	3.3 Differential effects of cinnabar and HgCl2 on serum withdrawal induced cell injury and apoptosis
	3.4 Eﬀects of cinnabar and HgCl2 on ROS production and intracellular oxidative status of HK-2 ​cells
	3.5 Cinnabar inhibits the expression of CHOP and PERK in the ER stress pathway
	3.6 Antioxidative and antiapoptotic effects of cinnabar in cells challenged with H2O2
	3.7 Cinnabar-mediated inhibition of the expression of CHOP and PERK in cells treated with H2O2

	4 Discussion
	5 Conclusion
	Funding
	Appendix A Supplementary data
	Declaration of conflicting interests
	References


