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Abstract: Emodin, an emerging mycotoxin, is known to be hepatotoxic, but its mechanism remains
unclear. We hypothesized that emodin could induce endoplasmic reticulum (ER) stress through the
inositol-requiring enzyme 1 alpha (IRE1x)-X-box-binding protein 1 (XBP1) pathway and apoptosis,
which are closely correlated and contribute to hepatotoxicity. To test this hypothesis, a novel IRET o
inhibitor, STF-083010, was used. An MTT assay was used to evaluate metabolic activity, and quantita-
tive PCR and western blotting were used to investigate the gene and protein expression of ER stress
or apoptosis-related markers. Apoptosis was evaluated with flow cytometry. Results showed that
emodin induced cytotoxicity in a dose-dependent manner in HepG2 cells and upregulated the expres-
sion of binding immunoglobulin protein (BiP), C/EBP homologous protein (CHOP), IRE1«, spliced
XBP1, the B-cell lymphoma 2 (Bcl-2)-associated X protein (Bax)/Bcl-2 ratio, and cleaved caspase-3.
Cotreatment with emodin and STF-083010 led to the downregulation of BiP and upregulation of
CHOP, the Bax/Bcl-2 ratio, and cleaved caspase-3 compared with single treatment with emodin.
Furthermore, the apoptosis rate was increased in a dose-dependent manner with emodin treatment.
Thus, emodin induced ER stress in HepG2 cells by activating the IRE1a—XBP1 axis and induced
apoptosis, indicating that emodin can cause hepatotoxicity.

Keywords: emodin; mycotoxin; ER stress; apoptosis; HepG2 cells; hepatotoxicity; IRE1a—XBP1

Key Contribution: Emodin induces ER stress in HepG2 cells by activating the IRE1a—XBP1 axis,
leading to hepatotoxicity.

1. Introduction

Mycotoxins are secondary metabolites produced by fungi and are commonly found in
food and feed [1]. Emodin (1,3,8-trihydroxy-6-methylanthracene-9,10-dione) is an emerg-
ing mycotoxin produced by fungi from the Aspergillus, Penicillium, and Talaromyces genera
(Figure 1A) [2,3]. By definition, an emerging mycotoxin is neither routinely determined
nor legislatively regulated but whose contamination reports are increasing [3]. Emodin
contamination has been reported in a wide range of foods, such as bread, fruits, vegetables,
and nuts [4]. Recently, a high prevalence of emodin was reported in global finished pig
feed samples (90% of 524 samples) and corn silage samples (>50% of 33 samples), respec-
tively [5,6]. Uniquely, emodin is a compound found in plant natural products such as the
dried root tuber of Fallopia multiflora, known as Radix Polygoni Multiflori (PMR) and is
also known as one of its major components [7]. Emodin is an attractive therapeutic agent
because of its anticancer, antiviral, anti-inflammatory, antibacterial, anti-allergic, antidia-
betic, and other pharmacological effects [8,9]. PMR is a traditional Chinese medicine but
has been demonstrated to induce toxicity, especially hepatotoxicity, under long-term use or
high-dose conditions [10], yet the PMR components causing hepatotoxicity remain unclear.
As a major component of PMR, emodin has been implicated in its hepatotoxicity [11].
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Figure 1. Structures of (A) emodin and (B) STF-083010, as accessed from the Sigma-Aldrich (St. Louis,
MO, USA) (https:/ /www.sigmaaldrich.com /KR /ko/product/usp /1235059 (accessed on 12 April
2023)) and Selleckchem (Houston, TX, USA) (https:/ /www.selleckchem.com/products/stf-083010
html (accessed on 12 April 2023)) websites, respectively.

Despite studies on hepatotoxicity induced with emodin, the underlying mechanism
has not been fully elucidated [8,12-14]. One metabolomic study demonstrated the potential
of emodin to disturb glutathione and fatty acid metabolism, supporting that emodin can
induce hepatotoxicity [12]. Another study [8] reported that emodin induces apoptosis
through the mitochondrial apoptosis pathway and generates reactive oxygen species (ROS)
in HepaRG cells. Given that the generation of ROS is linked to endoplasmic reticulum (ER)
stress [13,14], we hypothesized that emodin could induce hepatotoxicity through ER stress.

The ER is the major organelle responsible for protein/lipid synthesis, calcium storage,
and signal transduction. The process that disturbs ER function is called ER stress, and the
response of cells to ER stress is the unfolded protein response (UPR), which regulates the
expression of target genes to maintain cell homeostasis. ER stress is a hallmark of several
diseases that can occur when the stress leads to cell death or when pathological conditions
impair the ability to overcome ER stress. ER stress is associated with various responses
and the pathogenesis of several diseases, including inflammation, viral infection, cancer,
and metabolic disease [15]. The UPR restores ER function under ER stress conditions [16].
Pro-survival signaling is converted to pro-apoptotic signaling [17]; thus, ER stress and the
induction of apoptosis are closely related. Apoptosis, also known as “programmed cell
death,” is characterized by several morphological features, such as cell shrinkage and chro-
matin fragmentation [18]. The biochemical changes in apoptosis include protein cleavage
or crosslinking and DNA degradation [19]. The three main phases of ER stress-induced
apoptosis are initiation, commitment, and execution. Mediators of the initiation phase are
protein kinase RN A-like endoplasmic reticulum kinase (PERK), activating transcription
factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1); mediators of the commitment
phase are C/EBP homologous protein (CHOP), growth arrest and DNA damage-inducible
protein 34 (GADD34), tribbles pseudokinase 3 (TRIB3), and the B-cell lymphoma 2 family
(Bcl-2); and mediators of the execution phase are mainly caspases [17].

According to a previous study, emodin induced ER stress through the binding im-
munoglobulin protein (BiP)/IRE1/CHOP signaling pathway, and caused ER-related apop-
tosis in LO2 cells [20]. However, compounds that can be used to investigate whether emodin
affects the IRE1-X-box-binding protein 1 (XBP1) signaling pathway, such as an IRE1 signal-
ing pathway inhibitor, were not used. STF-083010 (Figure 1B), a novel IRE1-XBP1 inhibitor,
inhibits XBP1 splicing by affecting only the endonuclease activity of IREl«, not its kinase
activity [21]. In addition, in a recent study, LO2 cells were identified as a derivative of
the cervical cancer line HeLa, similar to Chang liver cells; therefore, caution should be
exercised when interpreting the data obtained using LO2 cells [22].

In this study, the gene and protein expression levels of ER stress markers, such as
BiP, IRE1x, and CHOP, and apoptosis markers, such as Bcl-2-associated X protein (Bax),
Bcl-2, and cleaved caspase-3, were evaluated following treatment with different doses of
emodin. Furthermore, the gene and protein expression levels of ER stress and apoptosis
markers were evaluated after the cotreatment of HepG2 hepatocytes with emodin and
STF-083010. Therefore, we endeavored to determine whether emodin contributes to hepa-
totoxicity, at least in part, through the induction of apoptosis by affecting the IRE1oc—XBP1
signaling pathway.


https://www.sigmaaldrich.com/KR/ko/product/usp/1235059
https://www.selleckchem.com/products/stf-083010.html
https://www.selleckchem.com/products/stf-083010.html
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2. Results
2.1. Decrease in the Metabolic Activity of HepG2 Cells Induced with Emodin

To determine the cytotoxic effects of emodin on HepG2 cells, the cellular metabolic
activity was measured after treatment with emodin (0-80 uM) for 24 with a 3-4,5-dimethyl-
2-thiazolyl-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. Emodin treatment led
to a dose-dependent decrease in cell metabolic activity, with a half maximal inhibitory
concentration (ICsp) of 20.93 uM (Figure 2).
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Figure 2. Effect of emodin on the metabolic activity of HepG2 cells. HepG2 cells were treated
with emodin for 24 h, and metabolic activity was measured with an MTT assay. The ICsq value
was determined to be 20.93 uM. Data are shown as the mean + standard deviation (SD) from
three independent experiments. * p < 0.05, ** p < 0.01 (t-test) compared with the vehicle control
group. The statistical power was >0.8, which means that a non-significant result is likely to be not
really significant.

2.2. Changes in Morphological Properties of HepG2 Cells Induced with Emodin

A high-content screening (HCS) assay was used to investigate the effects of emodin on
the morphological changes of HepG2 cells. The size of nuclear segmentation was measured
using Hoechst channels, and the distribution and amounts of mitochondria were evaluated
using MitoTracker™ Deep Red (Figure 3). To confirm the excessive morphological changes
in HepG2 cells induced with emodin, cells were treated with relatively high concentrations
of 25, 50, 100, and 200 uM. The changes in morphological properties observed included sig-
nificant dose-dependent increases in cell area and cytoplasmic area values and, conversely,
significant reductions in nuclear roundness and cytoplasmic intensity values (p < 0.05).
In particular, the migration of mitochondria to the outer and inner nuclear regions after
emodin treatment was observed by measuring the symmetry, threshold compactness, axial,
or radial (STAR) descriptor, which can confirm the mitochondrial distribution. In addition,
among the spots, edges, and ridges (SER) descriptors representing the mitochondrial tex-
ture, the values of seven descriptors excluding the SER edge were significantly increased,
while the value of the SER edge was significantly decreased in a dose-dependent manner
(Table 1). Thus, emodin treatment affected the viability of HepG2 cells and also induced
morphological changes.

Emodin 200 pM

200 pm - % 200 pm

Figure 3. Morphological changes in HepG2 cells induced with emodin. Apoptotic nuclei appeared
slightly smaller than nuclei in a normal state, and emodin treatment increased mitochondrial
distribution. Hoechst 33342 and MitoTracker™ Deep Red were used to stain the nuclei and
mitochondria, respectively.
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Table 1. Alteration of phenotypic marker expression induced with emodin treatment.

M mopertiss . Deseriptor VCON M DM 1005M 200 M

Cell area 1.00 £ 0.06 P 1.02 £ 0.05° 1.02 £0.07P 135+ 0502 1.86 +0.942

Cell roundness 1.00 4 0.01 1.00 + 0.01 1.01 4 0.01 1.01 + 0.03 1.00 + 0.04

Basic intensity Nucleus area 1.00 £0.03%  09940.032® 0954 0.032P¢ .94 4 0.08 bc 0.92 4+ 0.05°¢
and Nucleus roundness 1.00 40012 098 +0.012*  096+0.02°  094+0049 09240054
morphology  \(cleus intensity 100 £ 0047  091+004>  087+005>  0.86+009%  0.80 % 0.06°
Cytoplasm area 1.00 £ 0.07 P 1.03 + 0.07° 1.05+£0.09P  149+0682>  218+1272

Cytoplasm intensity ~ 1.00 £ 0.06%>  1.05+£0.04%  1.014+0.06%®  0.89+0.08" 0.68 £0.19°¢

Compactness, 60% 1.00 + 0.03 1.02 + 0.03 1.06 + 0.03 1.03 + 0.13 1.05 + 0.08

Radial 1.00 4+ 0.03 P 1.00 4+ 0.02 P 098 +0.03°> 10640092  1.12+0.142

STAR Juxtamembrane 1.00 +0.01°€ 1.01 £0.01P¢  1.0140.02>¢  1.03+0.032 1.05 4 0.04 2
Cytosolic 1.00 + 0.00 2 1.00 +0.002 0.99 +0.012 0.98 +0.01° 0.98 +0.01P

Perinuclear 1.00£0.012  09940.012* 097 +£0.02b 09640029 093 +0.034
Outer nuclear 1.00 4 0.02 1.00+0.02¢  1.02+0.03b  1.074+0.062  1.05+0.05%

Inner nuclear 1.00 4 0.03 P 1.02 4+ 0.02° 1.05 4 0.03 P 1.13 £0.092 1.12+£0.082

Spot 1.00 £ 0.03 P 0.99 4+ 0.02° 1.00 4+ 0.03 P 1.06 + 0.04 ° 1.23 +£0.152

Hole 1.00 4+ 0.03 P 0.99 +0.03° 1.01 +0.03 P 1.06 + 0.05P 1.24 4+0.172

SER Edge 1.00 £0.023  09840.02%° 0964 0.05%¢ 094 40.05>° 093 +£0.07°¢
Ridge 1.00 + 0.02° 0.99 4+ 0.02° 0.99 +0.02° 1.02 +0.03° 1.14 +0.092

Valley 1.00 £ 0.02 P 0.99 4 0.02° 1.00 £ 0.03 P 1.03 £ 0.03° 1.14 £ 0.102

Saddle 1.00 4+ 0.02 P 1.00 4+ 0.02 P 0.99 +0.02° 1.01 +0.02° 1.10 + 0.06

Bright 1.00 + 0.02 P 0.99 +0.02° 1.00 + 0.03 P 1.04 +0.03P 1.18 £ 0.122

Dark 1.00 £ 0.02° 0.99 4 0.02° 1.00 £ 0.03 P 1.05 + 0.04 ° 1.19 +0.132

Data are expressed as the mean + SD from three independent experiments. >4 Means in the same row without a
common superscript letter differ (p < 0.05) as analyzed with one-way ANOVA, followed by Scheffe’s multiple
range test. STAR: symmetry, threshold compactness, axial, or radial; SER: spots, edges, and ridges; VCON: vehicle
control. The statistical power was >0.8 (except compactness; 0.4), which means that a non-significant result is
likely to be not really significant.

2.3. Changes in the Gene and Protein Expression of ER Stress and Apoptosis Markers Induced
with Emodin

To investigate whether emodin induces ER stress and apoptosis, changes in the mRNA
and protein levels of ER stress and apoptosis markers were determined with quantitative
PCR (qPCR) and a Western blot analysis (Figures 4 and 5), respectively. Tunicamycin (TM;
2 ug/mL) served as the positive control, and the mRNA levels of BiP, CHOP, IREl«, and
spliced XBP1 (sXBP1) were found to be affected by emodin treatment (Figure 4). Emodin
tended to increase the relative mRNA expression level of BiP compared to the vehicle
control, but the difference was not significant (Figure 4). The relative mRNA expression
levels of CHOP, IRE1w, and sXBP1 were significantly increased with emodin treatment in a
dose-dependent manner (Figure 4B-D). The relative protein expression of ER stress markers,
such as BiP, IRElx, and CHOP, was increased upon emodin treatment (Figure 5B-D);
in particular, emodin increased IRE1ox and CHOP relative protein expression in a dose-
dependent manner (Figure 5C,D). Treating HepG2 cells with emodin also dose-dependently
increased the Bax/Bcl-2 ratio and relative protein expression of cleaved caspase-3, which
are related to apoptosis (Figure 5E,F).
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Figure 4. Relative mRNA expression levels of (A) BiP, (B) IREl«, (C) CHOP, and (D) sXBP1 after
treatment with emodin (10, 20, and 30 uM) for 24 h. The relative mRNA expression levels (A-D)
increased after treatment with emodin. TM (2 pug/mL) served as the positive control. VCON, vehicle
control; TM, tunicamycin. The data are shown as the mean + SD from three independent experiments.
*p <0.05 and ** p < 0.01 (t-test) compared with the VCON group. The statistical power was >0.8,
which means that a non-significant result is likely to be not really significant.

To determine whether emodin induced the formation of sXBP1, cells were treated with
the Pstl restriction enzyme to digest XBP1. Fragments digested with the PstI restriction
enzyme were evaluated to confirm whether emodin induces ER stress. After treating
HepG2 cells with emodin, the expression of sXBP1 was dose-dependently increased, and
remarkably, XBP1 digestion with Pstl was decreased (Figure 5G). Collectively, these data
indicate that emodin can induce ER stress and apoptosis in HepG2 cells.

2.4. Evaluation of Apoptosis Induction Induced with Emodin Using Flow Cytometry

Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) were used to
evaluate cell death and apoptosis, respectively. Cells were classified as necrotic (top left
quadrant, Q1 in Figure 6A), late apoptosis (top right quadrant, Q2 in Figure 6A), live cells
(bottom left quadrant, Q3 in Figure 6A), and early apoptosis (bottom right quadrant, Q4
in Figure 6A). As a result, emodin induced apoptosis in HepG2 cells in a dose-dependent
manner (Figure 6B). These results indicate that emodin can induce apoptosis in HepG2 cells.

2.5. Changes in the Gene and Protein Expression of ER Stress and Apoptosis Markers Induced
Using Cotreatment with Emodin and STF-083010

To elucidate whether emodin induces ER stress through the IRE1a—XBP1 pathway,
cells were cotreated with STF-083010 (100 uM), a novel IRE1-XBP1 inhibitor, and emodin
(30 uM). A Western blot analysis was conducted to evaluate the protein expression levels
(Figure 7A), and TM (2 ug/mL) served as the positive control. Cells were also cotreated
with TM and STF-083010 for comparison with emodin and STF-083010 cotreatment. The
relative protein expression level of BiP was decreased upon cotreatment with STF-083010
and TM or emodin compared with the expression after single-agent treatments (Figure 7B).
Conversely, the relative protein expression level of CHOP was increased after cotreatment
with STF-083010 and TM or emodin compared with the expression after treatment with the
agents alone (Figure 7C).
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Figure 5. Relative protein expression levels of (B) BiP, (C) IREl«, (D) CHOP, (E) Bax/Bcl-2 ratio, and
(F) cleaved caspase-3 after treatment with emodin (10, 20, and 30 uM) for 24 h. (A) Relative protein
expression levels of ER stress and apoptosis-related markers measured with a Western blot analysis.
(B-F) The relative protein expression levels were increased with emodin treatment. (G) The effects of
emodin on the expression of sXBP1 cut with PstI. TM (2 pug/mL) served as the positive control. VCON,
vehicle control; TM, tunicamycin. The data are shown as the mean + SD from three independent
experiments. * p < 0.05 and ** p < 0.01 (t-test) compared with the VCON group. The statistical power
was >0.8, which means that a non-significant result is likely to be not really significant.
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Figure 6. (A) Flow cytometry was used to measure the apoptosis rate using annexin V-FITC and
PI double staining. (B) Treatment of HepG2 cells with emodin (10, 20, and 30 uM) increased the
apoptosis rate in a dose-dependent manner. TM (2 ug/mL) served as the positive control. A total of

5000 events were collected per sample. VCON, vehicle control; TM, tunicamycin. The data are shown

as the mean + SD from three independent experiments. * p < 0.05 and ** p < 0.01 (t-test) compared

with the VCON group. The statistical power was >0.8, which means that a non-significant result is

likely to be not really significant.

The relative protein expression of apoptosis-related markers was also increased using
cotreatment with STF-083010 and TM or emodin. Cotreatment of HepG2 cells with emodin
and STF-083010 increased the Bax/Bcl-2 ratio and relative protein expression level of
cleaved caspase-3 compared with the expression level after treatment with emodin alone,
similar to the effects after cotreatment with TM and STF-083010 (Figure 7D,E).

The formation of sXBP1 was also examined. Fragments digested with the PstI restric-
tion enzyme were evaluated, and the results confirmed that cotreatment with STF-083010
and TM or emodin reduced the formation of sXBP1 compared with sXPB1 formation
induced with emodin or TM alone (Figure 7F).
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Figure 7. Relative protein expression levels of (B) BiP, (C) CHOP, (D) Bax/Bcl-2 ratio, and (E) cleaved
caspase-3 after cotreatment with EMO (30 uM) and STF-083010 (100 uM) for 24 h. (A) Relative protein
expression levels of ER stress and apoptosis-related markers measured with a Western blot analysis.
The relative protein expression levels of (B) BiP were decreased and (C) CHOP, (D) Bax/Bcl-2 ratio,
and (E) cleaved caspase-3 were increased compared with treatment with EMO alone. (F) The effects of
EMO and STF-083010 on the expression of sXBP1 cut with Pstl. TM (2 pg/mL) served as the positive
control. VCON, vehicle control; TM, tunicamycin; TM + STF, tunicamycin and STF-083010; EMO,
emodin; EMO + STF, emodin and STF-083010. * p < 0.05 and ** p < 0.01 (¢-test) compared with the
VCON group. ¥ p < 0.05 and # p < 0.01 (t-test) compared with the single treatment of TM or EMO.
The statistical power was >0.8 (except BiP; 0.6), which means that a non-significant result is likely to
be not really significant.

3. Discussion

The present study confirmed that emodin causes ER stress and apoptosis in human
hepatocyte HepG2 cells and particularly causes ER stress through the IRE1o—XBP1 axis
(Figure 8). Emodin decreased the metabolic activity of HepG2 cells and increased the rela-
tive protein expression of ER stress and apoptosis markers. Furthermore, emodin caused
apoptosis in a dose-dependent manner, as confirmed with flow cytometry. To determine
whether the IRE1a—XBP1 pathway is involved in emodin-induced ER stress, cells were
cotreated with emodin and STF-083010, followed by measurement of the protein expression
of ER stress and apoptosis markers. Compared with the relative protein expression levels
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induced by the single treatment with emodin, BiP was downregulated, and CHODP, the
Bax/Bcl-2 ratio, and cleaved caspase-3 were upregulated.

OH O OH

Emodin
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—— Up/down-regulated by emodin and STF-083010 cotreatment (compared with emodin treatment)

Figure 8. Overview of the possible molecular mechanism of ER stress and apoptosis induced with
emodin in HepG2 cells. Created with BioRender.com.

Emodin is known as an emerging mycotoxin [2] and is a major component of some
natural products, such as PMR [7]. Mycotoxins generated by the contamination of natural
products with fungi can cause the total amount of emodin to increase. Thus, the toxicity of
emodin should be evaluated. Exposure to emodin for 24 h decreased the metabolic activity
of HepG2 cells (Figure 2). According to previous studies, emodin induces cytotoxic effects
on HepG2 cells with ICsy values of 32.1 uM (MTT assay, after 24 h of treatment) [23] and
19.12 uM (Cell Counting Kit-8 assay, after 72 h of treatment) [24]. The ICs value calculated
in this study (20.93 uM) is generally consistent with previous studies.

Regarding the morphological changes induced with emodin, the cell area, cytoplasm
area, compactness, and outer/inner membrane values were dose-dependently increased.
In addition, the nucleus area, nucleus roundness, nucleus intensity, and cytoplasm intensity
values were dose-dependently decreased. Distinct morphological changes appeared as
the concentration increased, but most of the properties were not statistically significant
at the 25 uM concentration of emodin (Table 1). Moreover, the number of cells at the
same magnification decreased following treatment with emodin, and nuclei condensation
and mitochondrial distribution occurred (Figure 3). HCS data numerically show that
as apoptosis occurs, the nuclei of apoptotic cells appear somewhat smaller than nuclei
in a normal state [25], and condensed and aggregated chromatin are observed as bright
fluorescence due to DNA condensation [25].

A previous study reported that emodin could cause ER stress-related apoptosis
through the activation of the BiP/IRElax/CHOP signaling pathway in LO2 cells [20].
However, as LO2 cells are derivatives of the cervical cancer line HelLa, similar to Chang
liver cells [22], it was necessary to investigate the hepatotoxicity of emodin using other
hepatocytes. In this study, HepG2 cells were used as an in vitro liver model. HepG2 cells
are used worldwide in pharmacological and toxicological research and are also known
to be nontumorigenic cells with an epithelial-like morphology, a high proliferation rate,
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and the capability of performing liver functions [26]. Conversely, the expression of drug
metabolites and transporters is restrained [26]. Thus, they were appropriately selected
for the evaluation of hepatotoxicity induced with emodin, but it is possible that the data
reported in this study may have been partially underestimated.

Treatment of HepG2 cells with emodin increased the relative mRNA expression
(BiP, CHOP, IRE1«, and sXBP1) and relative protein expression (BiP, CHOP, IRE1 ¢, Bax/Bcl-
2 ratio, and cleaved caspase-3) of markers related to ER stress and apoptosis. For relative
mRNA expression levels, only one reference gene ((3-actin) was used for qPCR in this study.
Thus, although it was recently reported that (3-actin is one of the reference genes that can
be used to normalize gene expression in HepG2 cells, the use of single reference genes has
limitations in terms of qPCR accuracy [27]. Therefore, it is necessary to use appropriate
combinations of three or more reference genes in future studies to improve qPCR accuracy.
BiP, a central regulator of ER stress, controls the stasis between cell survival and apoptosis
in ER stress-stimulated cells, especially through its interaction with caspases [28]. That
emodin increased the relative protein expression of BiP in our study confirmed that emodin
causes ER stress (Figure 5B). Among the three initiation phase mediators (PERK, IRE1,
and ATF6), IRE1 is an ER transmembrane sensor that maintains ER and cell functions by
activating the UPR. In particular, mammalian IRE1 promotes cell survival but causes apop-
tosis through the degradation of anti-apoptotic miRNA [13]. The treatment of HepG2 cells
with emodin dose-dependently increased the relative protein expression level of IRE1«,
showing that emodin induces ER stress through IRE1«x activation (Figure 5C). In addition,
activated IRElx cleaves XBP1 mRNA, a substrate of IRE1 RNase, subsequently forming
sXBP1 [29]. A specific region within unspliced XBP1 can be digested by the Pst] enzyme,
which can be used to identify XBP1 that has not been cleaved by activated IRE1 [30]. In
the current study, Pstl enzyme digestion was used to confirm that sXBP1 was increased
and XBP1 was decreased after HepG2 cells were treated with emodin (Figure 5G). CHOP
plays a pivotal role in apoptosis and mediates ER stress-induced apoptosis [31]. CHOP
expression does not occur under non-ER stress conditions, but when ER stress occurs, its
expression increases in IRE1-, PERK-, and ATF6-dependent manners [32]. That treatment
with emodin dose-dependently increased the relative protein expression of CHOP in the
current study confirmed that emodin could cause ER stress-induced apoptosis (Figure 5D).

In this study, the relative protein expression levels of Bcl-2, Bax, and cleaved caspase-
3, all closely associated with apoptosis regulation, were measured after treatment with
emodin. Apoptosis is regulated by the Bcl-2 family of genes. Bax promotes apoptosis,
whereas Bcl-2 inhibits apoptosis [33]. Caspases are also important mediators of apoptosis,
and caspase-3 activates the protease that induces apoptosis [34]. Therefore, caspase-3 is
a major marker related to apoptosis and is activated upon its cleavage [35]. Data in the
present study showed that the Bax/Bcl-2 ratio and the relative protein expression level of
cleaved caspase-3 were increased after treatment with emodin (Figure 5E,F). Thus, emodin
can induce apoptosis by activating ER stress, especially the IRE1a—XBP1 signaling pathway.

To investigate whether emodin induces ER stress through the IRE1a—XBP1 signaling
pathway, cells were cotreated with STF-083010 and emodin, followed by the detection of the
relative protein expression level of ER stress and apoptosis markers. STF-083010 is an IRE1
inhibitor that inhibits the generation of sXBP1 by suppressing IRE1 RNase activity [21].
Therefore, ER stress and apoptosis-related markers were measured to investigate how
HepG2 cells were affected by cotreatment with emodin and STF-083010, which inhibited
the IRE1-XBP1 pathway. The results showed that the relative protein expression level of
BiP was decreased compared with that upon single emodin treatment, and the relative
protein expression level of CHOP, the Bax/Bcl-2 ratio, and cleaved caspase-3 was increased
compared with that using single emodin treatment (Figure 7B-E). These results showed
the same tendency as the change in relative protein expression with single treatment of
TM (positive control; induces ER stress by inhibiting N-glycosylation of proteins, thus
accumulating misfolded protein [36,37]) and cotreatment with TM and STF-083010. The
same tendency was also verified in a previous study using OVCAR-3 cells and SKOV-3
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ovarian cancer cells regarding the protein expression of ER stress and apoptosis markers
following cotreatment with TM and STF-083010 [38]. Interestingly, the relative protein
expression levels of CHOP, the Bax/Bcl-2 ratio, and cleaved caspase-3 were increased
using cotreatment with STF-083010 and TM. A previous study [38] suggested that the
activation of PERK/ATF4 might upregulate CHOP because the PERK-ATF4 axis is the
major pathway that activates CHOP. It has been shown that the activity of ATF4 is increased
using cotreatment with STF-083010 and TM [38], which may explain the increased CHOP
expression observed in our study. Furthermore, the Bax/Bcl-2 ratio and cleaved caspase-3,
which are downstream proteins, were likely upregulated by the activation of CHOP.

Apoptosis induced using emodin treatment was measured with flow cytometry using
annexin V-FITC and PI double staining. Emodin treatment dose-dependently increased
apoptosis, indicating that emodin induces apoptosis (Figure 6B). These results support
the increased relative protein expression levels of apoptosis-related markers induced with
emodin treatment.

Collectively, this study investigated the effects of emodin on ER stress and apoptosis
in HepG2 liver cells. Emodin led to cytotoxicity in a dose-dependent manner in HepG2
cells, suggesting that emodin may cause hepatotoxicity. The gene and relative protein
expression levels of ER stress and apoptosis-related markers were upregulated with emodin
treatment in a dose-dependent manner (except BiP); thus, we propose that emodin may
cause ER stress and induce apoptosis. Additionally, changes in the gene and relative
protein expression levels of ER stress and apoptosis-related markers after cotreatment
of cells with STF-083010 and emodin demonstrated that emodin could cause ER stress
through the IRE10e—XBP1 axis. Although the apoptosis-related marker expression was not
statistically significantly reversed with inhibitor treatment, the relative protein expression
level (CHOP, the ratio of Bax/Bcl-2, and cleaved caspase-3) tends to increase compared to
single treatment with emodin. Thus, it can be suggested that apoptosis can be regulated
through the IRE1x-XBP1 axis. To the best of our knowledge, this is the only research to use
an IRElw inhibitor to show that emodin causes ER stress by activating the IRE1a—XBP1
pathway. Therefore, our findings demonstrate that emodin can cause hepatotoxicity by
inducing ER stress and apoptosis. However, this study was based on an in vitro cell model;
thus, additional studies are needed in another in vitro or in vivo liver model. Furthermore,
because emodin is an emerging mycotoxin, additional monitoring of food and feed is
likely needed.

4. Materials and Methods
4.1. Chemicals and Reagents

Emodin (#E7881), TM (#T7765), MTT (#M2128), and dimethyl sulfoxide (DMSO)
(#D8418) were purchased from Sigma-Aldrich (St. Louis, MO, USA). A specific IRE1o
inhibitor, STF-083010 (#57771), was obtained from Selleckchem (Houston, TX, USA), and
the Pstl enzyme (#R019S) was purchased from Enzynomics, Inc. (Daejeon, Republic of
Korea). A Dulbecco’s modified Eagle’s medium (DMEM; #11965-092), the materials used
for the cell culture (e.g., penicillin), and phosphate-buffered saline (PBS) (#70011044) were
obtained from Gibco Biotechnology (Rockville, MD, USA). A Thunderbird SYBR qPCR Mix
(#QPS-201) was obtained from Toyobo (Osaka, Japan), and a radioimmunoprecipitation
assay (RIPA) buffer was purchased from Rockland Immunochemicals (Limerick, Ireland).
The primary antibodies against (3-actin (#sc-47778), Bcl-2 (#sc-7382), and Bax (#sc-23959),
and secondary antibodies (anti-rabbit, #sc-2357; anti-mouse, #sc-2005), were purchased
from Santa Cruz Biotechnology (Dallas, TX, USA), and the primary antibodies against
BiP (#3177S), CHOP (#2895S), IRE1« (#3294S), and cleaved caspase-3 (#9661S) were pur-
chased from Cell Signaling Technology (Beverly, MA, USA). An electrochemiluminescence
solution and buffers (e.g., gel-forming buffers, Tris/glycine/sodium dodecyl sulfate (SDS)
buffer, and Tris/glycine buffer) were purchased from Bio-Rad (Hercules, CA, USA), and
polyvinylidene difluoride (PVDF) membranes (#10600023) for the Western blot analysis
were purchased from GE Healthcare (Amersham, UK).
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4.2. Cells and Cell Culture

The HepG2 human hepatic cell line was obtained from the Korea Research Institute of
Chemical Technology (Daejeon, South Korea). The cells were maintained in DMEM contain-
ing 10% (v/v) heat-inactivated fetal bovine serum and 1% (w/v) penicillin—streptomycin
and incubated at 37 °C under a humidified atmosphere of 5% COs,.

4.3. Measurement of Cell Metabolic Activity

HepG2 cells were seeded in 96-well culture plates at a density of 2.0 x 10* cells/well,
and incubated for 24 h. Subsequently, cells were treated with 0, 1, 2.5, 5, 10, 15, 20, 30, 40,
and 80 uM of emodin for 24 h. Emodin was dissolved in DMSQO, and the final concentration
of DMSO in the medium was maintained at 0.5% (v/v). Then, 20 uL of a 5 mg/mL MTT
solution dissolved in PBS was added to each well, and the plate was incubated at 37 °C for
4 h. The supernatant was removed after the incubation, and insoluble formazan crystals
were dissolved in DMSO. A ThermoMax microplate reader (Molecular Devices, San Jose,
CA, USA) was used to measure the absorbance at 540 nm; 0.5% DMSO was used as a
vehicle control, and the data are expressed relative to the control. The ICsy value was
calculated using GraphPad Prism software (version 8.0.2; San Diego, CA, USA).

4.4. Detection of Morphological Properties (HCS Assay)

HepG2 cells were seeded in collagen-coated CellCarrier Ultra microplates (PerkinElmer,
Waltham, MA, USA) at a density of 2.0 x 10* cells/well, and incubated for 24 h. Subse-
quently, cells were treated with 25, 50, 100, and 200 uM of emodin for 24 h. Emodin was
dissolved in DMSO, and the final concentration of DMSQO in the medium was maintained
at 0.5% (v/v). PBS was used to rinse the cells, and 4% paraformaldehyde (FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) was used for 20 min to fix the cells. Then, cells
were washed twice with PBS and stained with DNA-specific fluorescent Hoechst 33342
(1.1 uM) and MitoTracker™ Deep Red (100 nM; Thermo Fisher Scientific, Waltham, MA,
USA) for 30 min. An Operetta High-Content Imaging System (PerkinElmer) was used to
observe the cells, and images were analyzed using Harmony software (PerkinElmer).

4.5. gPCR Analysis

HepG2 cells (80 x 10* cells) were seeded in 60 mm culture plates for 24 h and treated
with emodin (10, 20, and 30 uM) for another 24 h. The total RNA of cells was harvested
using an RNeasy Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions.
The RNA quality was verified with the 285/18S ratio using agarose gel electrophoresis
(Figure S3) as well as 260/230 and 260/280 nm absorbance ratios. Subsequently, the
cDNA was synthesized by reverse-transcribing the RNA (1 ug) using a QuantiTect Reverse
Transcription Kit (Qiagen). Fifty nanograms of cDNA, primers for the target genes, and a
Thunderbird SYBR qPCR Mix were contained in the final PCR volume of 20 pL. Table S1
presents the sequences of the primers used. Gene expression was determined using a
CFX96 Real-Time PCR System (Bio-Rad). The PCR conditions were as follows: initial
denaturation at 95 °C for 3 min, followed by 40 cycles of denaturation at 95 °C for 15 s,
annealing at 60 °C for 10 s, and extension at 72 °C for 30 s. The expression level of mRNA
was analyzed using Bio-Rad CFX Manager software (Bio-Rad), and (3-actin was used as
the housekeeping reference gene for normalization. The SD and coefficient of variation
(CV) of untransformed quantification cycle (Cq) values for 3-actin in three independent
experiments ranged from 0.4 to 0.8 and 2.1 to 3.9%, respectively. Melting curve analyses
were performed to identify nonspecific PCR amplification (Figure S4). The AACT method
was used to calculate gene expression, and the data are expressed relative to the vehicle
control (0.5% DMSO).

4.6. XBP1 Splicing

PCR products derived from the XBP1 cDNA were digested with the PstI restriction
enzyme at 37 °C for 2 h. Pstl was inactivated by heating the mixture at 80 °C for 20 min
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after a 5 min cooling step. Mixtures of digested or nondigested PCR products and a STAR
loading solution (Dyne Bio, Seongnam, Republic of Korea) were loaded onto 2.5% agarose
gels and electrophoresed at 100 V for 1 h. The DNA fragments were visualized using the
Gel Doc EZ Imager (Bio-Rad).

4.7. Western Blot Analysis

HepG2 cells (300 x 10* cells) were seeded in a 100 mm culture plate for 24 h and
treated with emodin (10, 20, and 30 uM) or cotreated with emodin (30 uM) and STF-
083010 (100 uM) for another 24 h. The concentration of STF-083010 was selected as 100 uM
from a preliminary experiment based on previous studies [39,40]. Cells were lysed in a
RIPA buffer containing 1% protease inhibitor cocktail (Quartett, Berlin, Germany) and
centrifuged at 12,000 rpm for 20 min to obtain protein. A bicinchoninic acid (BCA) protein
assay was conducted to quantify the protein. Proteins (40 nug) were separated on 12% or
15% SDS—polyacrylamide gels and electrotransferred to a PVDF membrane using a SE22
transfer tank (Hoefer, Holliston, MA, USA). Membranes were blocked with 5% skim milk
or 5% bovine serum albumin in Tris-buffered saline with Tween-20 (TBS-T) (Biosesang,
Seongnam, Korea) at 4 °C for 2 h. Subsequently, the membranes were incubated with
primary antibodies against BiP (1:1000), CHOP (1:1000), IRE1x (1:1000), Bax (1:1000), Bcl-
2 (1:1000), cleaved caspase-3 (1:1000), and B-actin (1:1000) for 24 h at 4 °C. Then, the
membranes were incubated with horseradish peroxidase-conjugated anti-mouse and anti-
rabbit secondary antibodies (1:5000) at 4 °C for 2 h after washing the membrane with TBS-T.
A Smart Chemi 500 Imager (Sage Creation, Beijing, China) and Lane ID software (version
4.0) were used to measure and quantify the protein expression, respectively.

4.8. Cell Apoptosis Analysis

An Annexin V-FITC/PI Apoptosis Detection Kit (BD Biosciences, Franklin Lakes, NJ,
USA) was used to measure cell apoptosis according to the manufacturer’s protocol. Briefly,
HepG2 cells (300 x 10* cells) were seeded in a 100 mm culture plate for 24 h and treated
with emodin (10, 20, and 30 uM) for another 24 h. After incubation, all cells were treated
with trypsin, washed twice with cold PBS, and resuspended in a binding buffer. Then, the
cells (10 x 10%) were stained with annexin V-FITC and PI for 15 min at 25 °C. The samples
were analyzed using a FACS Aria II Cell Sorter (BD Biosciences), and 5000 events were
used for each sample.

4.9. Statistical Analysis

The data from three independent experiments are expressed as the mean + SD.
Statistical analyses were performed using GraphPad Prism software (version 8.0.2) or
SPSS statistical software (version 26.0) (Armonk, NY, USA). The data were analyzed using a
Student’s t-test or one-way analysis of variance (ANOVA), followed by a Scheffe’s multiple
range test. Statistical significance was set at p < 0.05. An acceptable statistical power was
considered to be 0.8.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins15070455/s1, Table S1: List of primers used in qPCR, Figure S1:
Original images of blot membranes in Figure 5(A), Figure S2: Original images of blot membranes in
Figure 7(A), Figure S3: Agarose gel electrophoresis of all RNA samples used in qPCR analysis, Figure
S4: Melting curves of gPCR amplification.
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Abbreviations

Annexin V-FITC: Annexin V-fluorescein isothiocyanate; ATF6: Activating transcrip-
tion factor 6; Bax: Bcl-2-associated X protein; Bcl-2: B-cell lymphoma 2; BiP: Binding
immunoglobulin protein; CHOP: C/EBP homologous protein; DMEM: Dulbecco’s mod-
ified Eagle’s medium; DMSO: Dimethyl sulfoxide; ER: Endoplasmic reticulum; IRE1«:
Inositol-requiring enzyme 1 alpha; PBS: Phosphate-buffered saline; PERK: Protein kinase R-
like endoplasmic reticulum kinase; PI: Propidium iodine; PMR: Polygoni Multiflori Radix;
PVDE: Polyvinylidene difluoride; qPCR: Quantitative PCR; ROS: Reactive oxygen species;
SD: Standard deviation; SER: Spots, edges, and ridges; STAR: Symmetry, threshold com-
pactness, axial, or radial; sXBP1: spliced XBP1; TBS-T: Tris-buffered saline with Tween-20;
TM: Tunicamycin; UPR: Unfolded protein response.
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