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Editorial on the Research Topic

Toxicity Mechanisms, Exposure, Toxicokinetic and Risk Assessment Aspects of Metals, Toxic for
Animals and Humans

Toxicology is a translational science, transferring knowledge from basic science into practical
applications to safeguard human health and the environment, thus evaluating dose-effect
relationships from safe doses to doses eliciting adverse effects and the underlying mechanism
responsible for the adverse effects. Globally, exposures to toxic metals through water, food, and the
environment pose a major health threat to humans and animals. In particular, environmental and
occupational metals exposure underlie many human and animal diseases. More needs to be done to
address the major health concerns associated with heavy metal exposures. The present special topic
received 20 articles highlighting toxicity of various metals/metalloids, their toxicity, mechanism, and
promising therapeutic agents including anti-oxidants.

The work of Wang et al. finds that swainsonine (SW), an indolizidine alkaloid extracted from
locoweeds, induces cell paraptosis through ER stress and MAPK signaling pathway, thus
further laying a theoretical foundation for the study of SW toxicity mechanism. Guo et al.
indicate that demonstration of ER stress is involved in the hepatotoxicity induced by
monocrotaline (MCT), and CHOP plays an important role in this process. Alehaideb et al.
found that furanocoumarin bioactive metabolism in humans would result in reactive
metabolite(s) formation inactivating CYP1A2 isozyme and inhibiting caffeine metabolism.
Once the CYP1A2 isozyme is deactivated, the enzymic activity can only be regained by isozyme
re-synthesis which takes a long time. Deore et al. find that alpha-lipoic acid protects
experimental rats against lead and ZnO NP-induced altered immunological, neurological,
and reproductive characteristics. Alpha-lipoic acid’s therapeutic impact can be due to its
multiple actions, which include chelation, antioxidative, anti-inflammatory, and antiapoptotic
effects. Kim et al. studies skin sensitization by NPs using two skin sensitization test methods
and find that CuO and CoO NPs have sensitization potential. The effect is induced by the
constituent elements of fast-dissolving NPs. Metal ion release is verified as the key “factor” for
cutaneous sensitivity based on ion chelation studies. Ta et al. evaluated a variety of skin
sensitization predictive models that can be employed in the biopharmaceuticals and
cosmeceuticals industries, as well as their future prospects and highlighted problems. In
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vitro skin sensitization tests alone cannot replace human and
animal tests because they only focus on one single pathway in
adverse outcome pathways (AOP). In silico approach,
conversely, has more advantages than in vitro tests since it
can take into account more than one AOP key event by
combining various in chemico, in vitro, and in vivo. Sui
et al. discovered that mogroside V (MV), a significant
bioactive component of S. grosvenorii, may reduce oocyte
meiotic abnormalities and quality degeneration in benzo 1)
pyrene (BaP)-exposed mice by scavenging reactive oxygen
species. According to Nogueira et al., the results of the
transcriptome profile, together with their prior
investigation, demonstrate physiological and genomic
abnormalities produced by MeHg nonlethal concentration
in a human salivary gland cell line. Despite being non-
lethal, this concentration can induce oxidative stress, which
causes changes in gene pathways associated with DNA
integrity and biochemical reactions, both directly and
indirectly. In their review, Balali-Mood et al. explore the
harmful mechanisms of five heavy metals: mercury, lead,
chromium, cadmium, and arsenic. ROS formation,
antioxidant defense weakness, enzyme inactivation, and
oxidative stress are all mechanisms that they share. These
metals also interfere with biological functions such as growth,
proliferation, differentiation, damage-repair, and apoptosis.
Zhang et al. illustrated the metabolic alterations in Realgar-
induced nephrotoxic mice through a metabolomic approach.
Guo et al. find that the ethanol extraction process could induce
severe PF hepatotoxicity. Bavachin, psoralidin, bavachinin,
neobavaisoflavone, and bakuchiol are the main hepatotoxic
ingredients. This mechanism could be associated with
oxidative stress and mitochondrial damage mediated
apoptosis. Zhang et al. found that overall, the present
research reveals the possible underlying mechanisms by
which BPFL exposure induced impairments and CA

supplementation protected against these impairments
in porcine SCs. Yang et al. demonstrate that three miRNAs,
i.e., hsa-miR-148a-3p, hsa-miR-362-5p, and hsa-miR-194-5p,
might serve as potential biomarkers for pyrrolizidine
alkaloids-induced hepatic sinusoidal obstruction syndrome
in clinics. Zou et al. find that inhibiting gap junction
intercellular communication (GJIC) could delay the
cytotoxic damage of cadmium and induce autophagy, but
further block autophagic flux, promoting GJIC to obtain the
opposite results.

In this special issue, knowledge and understanding of metals/
metalloids with respect to their exposure dynamics,
toxicokinetics, and mechanism of toxicity in humans and
animals are critical for developing appropriate strategies to
prevent, treat and manage metal/metalloid poisoning.
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Arsenic is ubiquitous toxic metalloid responsible for many human diseases all over the
world. Contrastingly, Ursodeoxycholic acid (UDCA) has been suggested as efficient
antioxidant in various liver diseases. However, there are no reports of the effects of
UDCA on arsenious acid [As(III)]-induced hepatotoxicity. The objective of this study is to
elucidate the protective actions of UDCA on As(III)-induced hepatotoxicity and explore its
controlling role in biomolecular mechanisms in vivo and in vitro. The remarkable liver
damage induced by As(III) was ameliorated by treatment with UDCA, as reflected by
reduced histopathological changes of liver and elevation of serum AST, ALT levels. UDCA
play a critical role in stabilization of cellular membrane potential, inhibition of apoptosis and
LDH leakage in LO2 cells. Meanwhile, the activities of SOD, CAT and GSH-Px and the
level of TSH, GSH were enhanced with UDCA administration, while the accumulations of
intracellular ROS, MDA and rate of GSSG/GSH were decreased in vivo and in vitro.
Further study disclosed that UDCA significantly inhibited As(III)-induced apoptosis through
increasing the expression of Bcl-2 and decreasing the expression of Bax, p53, Cyt C,
Cleaved caspase-3 and 9. Moreover, UDCA promoted the expression of nuclear Nrf2,
HO-1, and NQO1, although arsenic regulated nuclear translocation of Nrf2 positively.
When Nrf2 was silenced, the protective effect of UDCA was abolished. Collectively, the
results of this study showed that UDCA protects hepatocytes antagonize As(III)-induced
cytotoxicity, and its mechanism may be related to activation of Nrf2 signaling.

Keywords: arsenic, ursodeoxycholic acid, hepatocytes, nuclear factor e2-related factor (nrf2), oxidative
stress, apoptosis
in.org October 2020 | Volume 11 | Article 59449617

https://www.frontiersin.org/articles/10.3389/fphar.2020.594496/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.594496/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.594496/full
https://www.frontiersin.org/articles/10.3389/fphar.2020.594496/full
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:jishen2013@163.com
https://doi.org/10.3389/fphar.2020.594496
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2020.594496
https://www.frontiersin.org/journals/pharmacology
http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2020.594496&domain=pdf&date_stamp=2020-10-16


Li et al. UDCA Inhibits Arsenic Induced Hepatotoxicity
INTRODUCTION

Arsenic compounds are common toxic materials which exposure
is associated with numerous disease regime including diabetes
mellitus, neurological disorders, and various forms of cancer
cardiovascular and peripheral vascular diseases, (Flora, 2011;
Sharma et al., 2017; Okereafor et al., 2020). In ancient times, the
arsenic compounds were used to treat diseases. Some traditional
Chinese medicines were found to contain high arsenic and have
been used for more than 3000 years (Huo et al., 2020; Wu et al.,
2020). In addition, arsenic induced cells apoptosis is not only the
main mechanism of anti-tumor effect, but also one of the main
Abbreviations: As(III), Arsenious acid; ALT, alanine aminotransferase; ARE,
antioxidant-response element; AST, aspartate aminotransferase; CAT, catalase;
DCFH-DA, 2,7-Dichlorodi-hydrofluorescein diacetate; DHE, dihydroethidium;
GSH, glutathione; GSH-Px, glutathione peroxidase; HE, hematoxylin & eosin;
HO-1; heme oxygenase 1; Keap-1, Kelch-like ECH-associated protein 1; LDH,
lactate dehydrogenase; MDA, malondialdehyde; MMP, mitochondrial membrane
potential; NQO1; NAD(P)H quinone dehydrogenase 1; Nrf2, nuclear factor E2-
related factor 2; PPI, protein-protein interaction; ROS, reactive oxygen species;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SOD,
superoxide dismutase; TSH, total sulfhydryl; UDCA, ursodeoxycholic acid.
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causes of cytotoxic (Wu et al., 2018; Nithyananthan and
Thirunavukkarasu, 2020). Therefore, it is of great significance
to clarify the damage mechanism of arsenic poisoning and find
out the possible regulatory targets (Graphical Abstract).

Among the mechanisms of arsenic induced hepatocyte injury,
especially oxidative stress mediated hepatocyte apoptosis that is
considered as the core event (Nithyananthan et al., 2020).
Arsenious acid [As(III)] is believed mainly responsible for the
induction of epidemiological toxicity by the production of
reactive oxygen species (ROS) and it also exerts genotoxicity
(Jiang et al., 2013). In recent years, the study has clearly
demonstrated that As(III) administration created redox
imbalance tended to oxidation in liver by up-regulating the
levels of malondialdehyde (MDA) and H2O2, thus lead to a
down-regulation in the activity of antioxidant enzyme, including
glutathione peroxidase (GSH-Px) and catalase (CAT) (Masuda
et al., 2018; Tian et al., 2020). In addition, the mammal body has
the ability to afford cells protection against oxidative damage by
endogenous antioxidant enzymes, such as heme oxygenase-1
(HO-1), NADPH quinone oxidoreductase 1 (NQO1), superoxide
dismutase (SOD) (Jiang et al., 2013; Chen et al., 2019; Wang
et al., 2019). Nuclear factor erythroid-2-related factor 2 (Nrf2)
GRAPHICAL ABSTRACT | Probable protective mechanism of UDCA against As(III)-mediated cytotoxicity in vivo and vitro.
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pathway is one of the most important primary transcription
factor that regulates antioxidant enzyme expression. Nrf2 plays
an imperative role in cellular defense against oxidative stress,
apoptosis, or promotes cell survival by activating antioxidant
cascades (Zhang et al., 2013; Tu et al., 2019). Therefore, the
reduction of oxidative stress may be a potential mechanism for
the treatment of arsenic induced liver injury and other relevant
diseases by promoting the activation of Nrf2 pathway.

Ursodeoxycholic acid (UDCA) is a naturally occurring
hydrophilic tertiary dihydroxy bile salt used with considerable
success in the treatment of liver dysfunction related to various
diseases, including primary biliary cirrhosis and chronic active
hepatitis (Luketic and Sanyal, 1994). UDCA exhibits a wide
range of biological activities, including antioxidant, anti-
inflammatory, immunomodulating and anti-apoptotic effects
(Makino and Tanaka, 1998; Angulo, 2002), suggesting that
UDCA might exert protective effects on hepatocytes. Although
the underlying mechanisms of its hepatoprotective effects remain
unclear, it is proposed that UDCA can induce GSH synthesis and
prevent ROS-induced oxidative damage in hepatocytes through
an activation of the Nrf2 pathway (Okada et al., 2008; Arisawa
et al., 2009). Herein, our study was conducted to explore whether
there is a potential mechanism for oxidative stress in As(III)-
induced liver toxicity and also to investigate the putative
protective role of UDCA in this scenario.
METHODS AND MATERIALS

Chemicals and Reagents
Arsenious acid solution [As(III), arsenic trioxide was dissolved in
alkaline solution and diluted with distilled water to prepare
arsenic solutions] and Ursodeoxycholic acid (UDCA) (purity
>98%) was obtained from the National Institute of Drugs and
Biological Products Control (Beijing, China). Unless otherwise
specified, all other analytical grade chemical reagents were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).
DMEM culture medium, fetal bovine serum (FBS) and antibiotic
solution were purchased from Gibco (Grand Island, NY).

Animals and Treatments
Forty male ICR mice (5-6 weeks) weighing about 18-20 g were
provided by Shanghai Lingchang biotechnology Co. LTD. Mice
were maintained at a constant temperature (24 ± 2° C) and 40%–
60% relative humidity in a 12-h light/dark cycle. They were fed
freely water and diet. After a week of adaption, mice were
randomly divided into four groups (n = 10) for the treatment of
5% CMCNa (Control group), As(III) group (5 mg/kg), As(III)+
UDCA group (30 mg/kg), and UDCA alone group via intragastric
administration, respectively. The doses of As(III) (Li et al., 2017;
Zuo et al., 2017) and UDCA (Mroz et al., 2018; Ouyang et al.,
2018; Zhang et al., 2018) were referred to the basis of previously
published literature. Mice in the Control groups were administered
equal volumes of 5% CMCNa. The body weight was measured once a
day. After 7 days, mice blood samples and liver tissues were harvested
for further biochemical analysis and histological evaluations. The
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animal experiment protocol was passed by the Institutional Animal
Care and Use Committee of Shanghai Institute for Food and Drug
Control (No. SYXK2018-0003). The experiment was carried out in
strict accordance with international standards and national regulations
on animal care and use. The doses used in this study were the same as
those used in previous studies.

Serum Biochemistry
All mice fasted overnight. The blood samples were collected by
removing eye bowl and plasma samples were obtained at 3000 rpm
for 10 min for obtaining the plasma samples. Plasma was used for
themeasurement of blood urea alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) by an automatic biochemical
analyzer (AU5400; Olympus, Tokyo, Japan).
Histological Examination
The liver was quickly removed, rinsed briefly in normal saline
and then weighed to obtain the wet weight. Then, the liver tissues
samples were fixed at 4% paraformaldehyde solution or frozen in
liquid nitrogen. Sections of 5 mm thickness were cut and stained
with hematoxylin & eosin (HE). The degree of liver lesions was
observed under 100× and 400× times magnification optical
microscope (Nikon Eclipse TE2000-U, NIKON, Japan).
Cell Culture, Treatment and Transfection
The human hepatocyte LO2 cell line was purchased from the
Shanghai Cell Bank of the Chinese Academy of Sciences. Cells
were maintained in DMEM medium supplemented with 10%
FBS, 100 U/ml penicillin, and 100 U/ml streptomycin at 37°C
and 5% CO2 in a humidified incubator. Cultured LO2 cells were
seeded in 96-well plates (200 ml per well) at 5×103cells/ml, or in
6-well plates (2 ml per well) at 5×105 cells/ml and pre-incubated
at 37°C in 5% CO2 for 24 h. LO2 cells were incubated with
different concentrations of As(III) (0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10
and 20 ppm) were added, separately incubated for 6, 12, 24, 48,
72 h followed. In order to evaluate whether UDCA protected
LO2 cells against oxidative damage induced by exposure to As
(III), LO2 cells were exposed to 1 ppm As(III) in the presence or
absence of pretreatment with UDCA (0, 5, 10, 20, 40, 80, 160
mM) for 24 h. After treatment, cell proliferation and cytotoxicity
were assessed using Cell Counting Kit-8 (CCK-8) (Ck04,
Dojindo, Japan), 10 µl CCK-8 was added to each well and
incubated at 37°C for 1–2 h, the absorbance rate at a
wavelength of 450 nm were measured using a microplate
reader. The absorbance rate at 450 nm were measured by
SpectraMax 250 Microplate Reader (MD, USA). All experiments
were repeated six times in triplicate.

To silence Nrf2 expression, aspecific siRNA of Nrf2 and
control siRNA (si-NC) were designed and synthesized by
Shanghai Genepharma (Shanghai, China). LO2 cells were
transfected with 40 nM Nrf2 siRNA and NC siRNA using
Lipofectamine 3000 (L3000008, Invitrogen, Carlsbad, USA).
After 48 h, knockdown efficiency was analyzed by western blot.
After priming with As(III) and UDCA stimulation.
October 2020 | Volume 11 | Article 594496

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Li et al. UDCA Inhibits Arsenic Induced Hepatotoxicity
Lactate Dehydrogenase Cytotoxicity Assay
When the plasma membrane was damaged, lactate dehydrogenase
(LDH) was rapidly released into the culture supernatant. The LDH
activity in the culture supernatant can be detected to reflect the cell
damage. Cultured LO2 cells were seeded in 96-well plates at 5×103

cells/ml pre-incubated at 37 °C in 5% CO2 for 24 h. Cells were
exposed to 1 ppmAs(III) in the presence or absence of pretreatment
with UDCA (0, 5, 10, 20, 40, 80, 160 mM). After the cells were
treated, the culture supernatant was collected and analyzed with the
LDH cytotoxicity assay kit (C0016, Beyotime, shanghai, China)
according to the manufacturer’s protocol and absorbance at 490 nm
was measured with a microplate reader.

Measurement of Intracellular SOD, GSH-
Px, CAT, MDA, TSH, GSH, and GSSG
Levels
After the mice or cells were treated, cells or liver tissues were
lysed in ice-cold RIPA Lysis buffer (P0013B, Beyotime)
containing 1 mM phenylmethylsulfonyl fluoride (PMSF). The
lysate was collected and put into EP tube, and the protein
concentration was detected by BCA reagent method (P0010,
Beyotime). Total sulfhydryl groups (TSH) in the cells or liver
tissues was analyzed with the Micro Total Mercapto Assay Kit
(BC1375, Solarbio, Beijing, China) according to the manufacturer’s
protocol. The levels of MDA (SO0131, Beyotime), GSH/GSSG
(S0053, Beyotime), and activities of SOD (S0101, Beyotime),
GSH-Px (S0058, Beyotime), CAT (S0051, Beyotime) were
measured with commercial assay kits according to the
manufacturers’ protocols.

Intracellular ROS Quantification
The fluorescence intensity of intracellular ROS was measured by
fluorescent probe DCFH-DA and DHE (S003M and S0063,
Beyotime). Afterwards, the treated cells and mice liver were
labeled with DCFH-DA (20 mM) for 30 min, and DHE for
another 30 min, washed twice with PBS, and then, Liver tissues
were embedded in OCT medium and frozen. Sections 5 mM in
thickness were prepared, DAPI (100 ng/ml) was used for nuclear
counter staining. The fluorescence intensity of cells or tissue
sections was observed under a fluorescence microscope
(magnification, ×100) (Nikon 80i, Japan).

Immunofluorescence Assay
Liver tissues were embedded in OCT medium and frozen.
Sections 5 mM in thickness were prepared. LO2 cells or tissue
sections were fixed for 15 min in 4% paraformaldehyde in PBS.
The fixed cells were permeabilized for 20 min with 0.5% Triton-
X100 in PBS and then blocked in PBS with 1% goat serum
for 30 min. The cells were incubated with the appropriate
primary rabbit Bcl2 (ab185828, abcam), Bax (ab32503, abcam),
Nrf2 (16396-1-AP, Wuhan, China) and then stained with
Alexa Fluor 488-labeled goat anti-rabbit IgG (ab150078,
abcam, UK) and DAPI, separately. The subcellular localization
of Nrf2 was visualized using inverted fluorescence microscope
(magnification, ×200) (Nikon 80i, Japan).
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Western Blot Analysis
Proteins from cells or liver tissues were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel and electrophoretically transferred to polyvinylidene
difluoride (PVDF) membranes (162-0177, Bio-Rad, Hercules,
CA, USA). After being blocked by 5% non-fat dry milk (232100,
BD, MD, USA) for 2 h at room temperature, the protein bands
were incubated with specific antibodies against Nrf2, GAPDH
(bsm-0978M, bisso, Beijing, China), Lamin B1 (13435, CST,
Danvers, MA, USA), Cleaved Caspase-3 (9664,CST), Cleaved
Caspase-9 (20750, CST), Cytochrome C (Cyto C, 11940, CST),
p53 (ab26, abcam), Bcl2, bax, Keap-1 (Kelch-like ECH-
associated protein 1) (10503-2-AP, Proteintech), HO-1 (16396-
1-AP, Proteintech), NQO-1 (67240-1-IG, Proteintech) overnight
at 4°C. All primary antibodies diluted 1:1000.After being rinsed
thrice with TBST at 5-min intervals, the membranes were
incubated with horseradish peroxidase-labeled goat anti-rabbit
IgG (ab6697, abcam, UK) or goat anti-mouse IgG (ab205719,
abcam) for 2 h at room temperature. Immunoblots were
visualized using the Immobilon Western Chemiluminescent
HRP Substrate (WBKLS0500, Millipore Corporation, Billerica,
MA, USA) with Bio-Rad Chemi Doc MP. All immunoblot
analysis data were performed in triplicate. Densitometry
analysis was performed using Image J 6.0 software (National
Institutes of Health, Bethesda, MD, USA).

Caspase-3,-9 Activity Assay
The LO2 cells or liver homogenate were incubated in ice-cold
lysis buffer for 20 min, then centrifuged at 10,000g for 2 min.
Caspase-3, -9 Colorimetric Assay Kit (C1115 and C1157) was
used to detect activity of Caspase-3, -9 according to the
manufacturer’s manipulations and absorbance at 405 nm was
measured with a microplate reader. The related results were
showed as a ratio to control.

Measurement of Mitochondrial Membrane
Potential
After the cells were treated, conducted as described above, LO2
cells were collected and incubated with 10 mg/ml JC-10
(40752ES60, Yeasen, shanghai, china) for 30 min at 37°C in
the dark. JC-10 monomers emit green fluorescence at 527 nm in
apoptotic and unhealthy cells with low membrane potential. The
cells were then washed twice with PBS, and the fluorescence
intensity was observed under a fluorescence microscope
(magnification, ×100) (Nikon 80i, Japan). DYm was represented
by the ratio of JC-10 red fluorescence (aggregated form) to green
fluorescence (monomeric form).

Annexin V-FITC/Propidine Iodide Double
Staining Analysis
After the cells were treated, three replicate wells were used
for each experimental condition. Then washed twice in
cold PBS (4°C), cells apoptosis were performed using Annexin
V-FITC/Propidine Iodide (PI) Apoptosis Detection Kit
(40302ES60, Yeasen). The result of AV/PI-positive cells was
evaluated with a flow cytometer (BD Accuri™ C6, USA).
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Statistical Analysis
The data are presented as the Mean ± SEM. The comparisons
among several groups were performed with a one-way ANOVA
using SPSS 21. Data that did not demonstrate a normal
distribution were analyzed using a Mann-Whitney U test.
P<0.05 was considered to be significant.
RESULT

UDCA Ameliorated As(III)-
Induced Liver Injury in Mice
The body mass and liver index of mice are shown in Table 1. Liver
weight and Liver weight index increased in As(III) treated group
Frontiers in Pharmacology | www.frontiersin.org 511
when compared to Control group (P < 0.05), UDCA (30 mg/kg)
had no effect on the decreased body weight and the increased Liver
weight and Liver weight index in As(III)-induced mice. In order to
investigate the protection of UDCA in the As(III)-induced liver
injury, we assessed histopathological changes of liver and the serum
ALT, AST levels. As shown in Figure 1A, histological analysis by
H&E staining of the liver suggested livers from the Control group
and UDCA alone group displayed regular cell distribution and
normal lobular architecture. The liver tissues from As(III)-
treated mice showed obvious pathological changes, including
hepatocyte steatosis, apoptosis, disorganization of parenchyma
and excessive inflammatory cells infiltration. However, these
effects were ameliorated by UDCA treatment. The infiltration of
inflammatory cells into the liver was markedly reduced and few
lipid droplets were found in As(III)+UDCA-treated mice. In
addition, As (III) group had remarkably increased levels of serum
ALT and AST (P < 0.01) (Figures 1B, C) compared to those in the
negative control group, whereas UDCA treatment significantly
diminished the levels of ALT and AST in the serum (P < 0.05).
These results showed that UDCA play a protective role in As(III)-
induced liver injury in mice.

UDCA Alleviated As(Ⅲ)-Induced Liver
Oxidative Stress in Mice
To assess the anti-oxidative effects of UDCA, the levels of MDA,
GSH, CAT, and SOD were measured in mouse liver tissue lysate.
TABLE 1 | Effect of fucoxanthin on body weight and liver index of control and
experimental animals.

Group Body weight Liver weight (g) Liver weight
index (%)

Initial (g) Final (g)

Control 20.08 + 1.15 22.05 + 1.30 0.96 + 0.04 4.35 + 0.32
As(III) 20.05 + 0.68 21.43 + 2.25 1.16 + 0.10* 5.46 + 0.59*
As(III)+UDCA 20.07 + 0.66 21.764 + 1.64 1.06 + 0.12 4.86 + 0.49
UDCA 20.00 + 0.88 21.73 + 1.26 1.06 + 0.11 4.89 + 0.73
Values are measured as mean ± SEM *Significant when compared to the control group.
A

B C

FIGURE 1 | Ursodeoxycholic acid (UDCA) ameliorated As(III)-induced liver injury in mice. (A) Effects of UDCA on hepatic histopathologic changes in As(III)-treated
mice. Representative images of hematoxylin & eosin (HE) staining were used to detect liver histopathologic changes. Scale bar = 100 µm (up, magnification 200×),
Scale bar = 50 µm (down, magnification 400×). Prominent inflammation and tissue damage (indicated by red arrows) in As(III)-treated mice liver. Effects of crocetin on
activities of (B) alanine aminotransferase (ALT) and (C) aspartate aminotransferase (AST) in each group. Data are presented as Mean ± SEM (n = 8). Significant
differences are shown as **P < 0.01, compared with the control group. #P < 0.05, compared with the As(III) group.
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We observed that the level of TSH and GSH was negatively
affected by As(III) and its oxidized form GSSG level and GSSG/
GSH ratio got amplified (P < 0.01) (Figures 2A–D). In addition,
a significant (P < 0.05) increase level of MDA and decrease
activities of SOD, CAT, and GSH-Px was found in As(III) group
compared with Control group (P < 0.01) (Figures 2E–H).
However, UDCA significantly increase GSH, TSH and decrease
GSSG level and GSSG/GSH ratio compared to As(III)-treated
group alone (P < 0.05 or P < 0.01) (Figures 2A–D), the level of
MDA got reversed and CAT, GSH-Px, and SOD activities were
improved in the As(III)+UDCA groups (P < 0.05 or P < 0.01)
Frontiers in Pharmacology | www.frontiersin.org 612
(Figures 2E–H). As(III) induced cell oxidative stress was
evaluated by measuring the ROS level produced in mice liver
(Figure 2I). To investigate the generation of ROS, fluorescent
double staining of DCFH-DA and DHE showed that As(III)
exposure strongly increased DHE intensity of ROS generation in
mice liver (P < 0.01). After treatment of UDCA, the generation of
ROS and O2

2- were decreased strongly (P < 0.01). No significant
change was noted in the UDCA alone treated mice. While
UDCA significantly reduced the levels of lipid peroxidation
and enhanced activities of antioxidant enzymes in comparison
with the As(III) group.
A B D

E F G

I

H

C

FIGURE 2 | Ursodeoxycholic acid (UDCA) alleviated As(III)-induced liver oxidative stress in mice. Hepatic (A) Total sulfhydryl (TSH), (B) glutathione (GSH), (C) GSSG
levels, (D) rate of GSSG/GSH, (E) malondialdehyde (MDA), (F) superoxide dismutase (SOD), (G) catalase (CAT), and (H) GSH peroxidase (GSH-px) activity were tested in
mouse after 7 days of treatment using enzymatic recycling assay. Data are presented as Mean ± SEM (n = 6). (I) Effect of UDCA on As(III)-induced reactive oxygen
species (ROS) and O2

2- from mice of different groups after 7 days of treatment. DCFH-DA and dihydroethidium (DHE)-stained liver tissue sections were observed under
fluorescence microscope. Scale bar: 100 mm (magnification 200×). DCFH-DA and DHE band intensities scanned by densitometer. Data are presented as Mean ± SEM (n
= 3). Significant differences are shown as **P < 0.01, compared with the control group. #P < 0.05, ##p< 0.01, compared with the As(III) group.
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UDCA Inhibited As(III)-Induced Liver
Apoptosis in Mice
To further investigate the role of UDCA in As(III)-induced liver
cells dysfunction, the expression of apoptosis related proteins was
detected. As shown in Figures 3A, B, the apoptosis-regulatory
protein Bcl-2 and Bax detected by Immunofluorescence showed
that UDCA effectively increased the protein fluorescence intensity
of Bcl-2 and reduced protein fluorescence intensity of Bax
compared with As(III)-exposed group. Additionally, this was
confirmed by western blot analysis. The protein levels of Cleaved-
Caspase-3, 9, p53, Cyto C, the ratio of Bax/Bcl-2 and the activity of
Caspase-3, 9 were significantly increased in As(III) group (P < 0.01)
compared with the levels in the Control group, However, the levels
of apoptosis-regulatory protein was decreased significantly in the
UDCA+As(III) group (P < 0.05 or P < 0.01) (Figure 3C). There
were no significant difference in UDCA alone administered group.
Frontiers in Pharmacology | www.frontiersin.org 713
UDCA Induced Nrf2 Activation on As
(Ⅲ)-Challenged Hepatotoxicity in Mice
Nrf2 is the key protein regulating downstream antioxidant
expression, and its nuclear levels were always used to
determine Nrf2 nuclear translocation (Reisman et al., 2009).
To investigate whether As(III) or UDCA could affect Nrf2
translocation, therefore, immunofluorescence assay and western
blot were performed to detect Nrf2 level in the plasma and
nucleus of liver. Through immunofluorescence staining, the
nucleus (blue) stained with DAPI (Figure 4A, upper image), the
Nrf2 (green)-stained fluor-conjugated secondary antibody (middle
image), and the merged image of As(III), UDCA or both of them-
treated liver cells showed the nuclear location of Nrf2 protein. As
(III) and UDCA slightly increased the intranuclear level of Nrf2, but
As(III)+UDCA exerted this effect better. This was confirmed by
western blot analysis (Figure 4B), showing higher levels of Nrf2 in
A B

DC

FIGURE 3 | Ursodeoxycholic acid (UDCA) inhibited As(III)-induced liver apoptosis in mice. Representative fluorescence images of (A) Bcl-2 and (B) Bax staining for
liver tissue sections obtained from mice of different groups after 7 days of treatment, whereas the cell nuclei were stained with DAPI. Liver tissue section cells were
observed under fluorescence microscope. Scale bar: 100 mm (magnification 200×). (C) Hepatic levels of Cleaved Caspase-3, and 9, Cyto C, p53 and rate of Bax/
Bcl-2 were analyzed by western blotting with specific antibodies. Representative blots were shown. GAPDH was used as loading control. Data are presented as
Mean ± SEM (n = 3). (D) Hepatic activities of Caspase-3, and 9 were also quantified. Data are presented as Mean ± SEM (n = 6). Significant differences are shown
as **P < 0.01, compared with the control group. #P < 0.05, ##P < 0.01, compared with the As(III) group.
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the nucleus of the As(III)-treated group as compared to
the cells treated in the Control group. This intranuclear level
increase further under the UDCA-treated conditions in As(III)-
induced mice, so the nuclear translocation would be more obvious
(P < 0.05). As shown in Figure 4B, compared with the Control
group, the protein expression of Keap-1 was increased (P < 0.05). A
contrary tendency was observed for NQO-1 and HO-1 protein
Frontiers in Pharmacology | www.frontiersin.org 814
expression, which were downstream Nrf2 antioxidant in the As(III)
treatment group. Furthermore, Nrf2, NQO-1 and HO-1 protein
expressions were elevated in the As(III)+UDCA group (P < 0.05 or
P < 0.01), however, Keap-1 protein expression was decreased but
did not show a significant difference. These results suggest that
UDCA plays a regulatory role in As(III)-induced oxidative stress in
mice liver tissues.
A

B

FIGURE 4 | Ursodeoxycholic acid (UDCA) induced Nrf2 activation on As(III)-challenged hepatotoxicity in mice. Representative fluorescence images of (A) Nrf2
staining for liver tissue sections obtained from mice of different groups after 7 days of treatment, whereas the cell nuclei were stained with DAPI. Liver tissue section
cells were observed under fluorescence microscope. Scale bar: 100 mm (magnification 200×). (B) Nuclear Nrf2 protein levels were determined by densitometric
analysis and normalized to the Lamin B signal. Nrf2 antioxidant-related proteins, including Nrf2, Keap-1, HO-1, NQO1 in total lysates were also analyzed by were
analyzed by western blotting with specific antibodies. Representative blots were shown. Lamin B and GAPDH was used as loading control. Data are presented as
Mean ± SEM (n = 3). Significant differences are shown as **P < 0.01, compared with the control group. #P < 0.05, ##P < 0.01, compared with the As(III) group.
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UDCA Mitigated As(III)-Induced
Cytotoxicity in LO2 Hepatocytes
To measure the potential cytotoxicity of As(III), the effects on the
viability of LO2 cells were assessed by the CCK-8 assay. The
viability of LO2 cells was dramatically decreased in a dose and
time-dependent manner as As(III) concentrations were increased
from 0.01 to 10 ppm for 6 h to 72 h. As(III) at 1 ppm incubated for
24 h caused cell viability decrease to 46.5% (Figure 5A) (P < 0.01).
Therefore, in subsequent procedures, treatment with 1 ppm As
(III) for 24 h was used to establish the oxidative stress model of
LO2 cells. To explore the cytotoxicity of UDCA on normal LO2
cells, We found that treated cells with 0 to 160 mM of UDCA. As
shown in Figure 5B, there was no obvious change on cell viability
of LO2 cells after treatment of different doses of UDCA. Next, we
investigated the protective effects of UDCA on LO2 cells viability
of As(III)-induced LO2 cells. As shown in Figure 5C, As(III)
significantly suppressed cell growth compared with the control
group. However, UDCA ameliorated the toxic effect induced by As
(III) on LO2 cells in a concentration-dependent manner. In
addition, after treatment for 24 h, a significant increase in LDH
release were observed in LO2 cells treated with 1ppm As(III)
compared with control (P < 0.01). Pretreatment with 20 to 160
mM of UDCA significantly decreased LDH activity (P < 0.05),
which indicated that UDCA could alleviate acute liver injury
induced by As(III) administration. Pretreatment with UDCA
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(for 24 h) at a dose of 20 mM was found to be the optimum
protective dose against As(III) induced loss of LO2 cells viability
(Figure 5D). With this in mind, 20 mM of UDCA was used in the
subsequent experiments.

UDCA Attenuated As(III)-Induced Cell
Death via Nrf2 Activation
To explore the effects of Nrf2 knockdown on the inhibition of As
(III) stimulated cytotoxicity activation by UDCA treatment, LO2
cells were transfected with 40 nM Nrf2 siRNA or NC siRNA and
then subjected to UDCA treatment. There was no obvious change
on cell viability of LO2 cells after transfection with Nrf2 siRNA or
NC siRNA in the absence or presence of UDCA (Supplementary
Figure 1A). Compared with the NC siRNA transfected cells,
nucleus and total Nrf2 were reduced in Nrf2-siRNA-transfected
cells (P < 0.01). Furthermore, UDCA could not rescue intracellular
Nrf2 levels in siRNA-transfected cells (P < 0.01) (Supplementary
Figure 1B, C). The nuclear Nrf2 expression was observed using
immunofluorescence and western blot (Figures 6A, B). These
results revealed that As(III) caused a significant decrease in total
Nrf2 protein expression and increase nuclear Nrf2 level in LO2
cells, Nuclear Nrf2 expression was stronger in the As(III)+UDCA
group compared to the As(III) group in LO2 cells (P < 0.01).
UDCA pretreatment also increased UDCA treatment was found
to increase the total Nrf2, HO-1, NQO-1 level and decrease
A B
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FIGURE 5 | Ursodeoxycholic acid (UDCA) mitigated As(III)-induced cytotoxicity in LO2 hepatocytes. (A) LO2 cells cells were stimulated with 0.05 to 20 ppm As(III)
and cell viability was evaluated at different time intervals. (B) The cells were treated with UDCA of escalating concentrations for 24 h, followed by assessment of cell
viability. (C) The cells were pre-treated with 0 to 120 mM of UDCA for 24 h, and then incubated with 1 ppm As(III) for another 24 h by using CCK-8 assay.
(D) Lactate dehydrogenese (LDH) leakage into the culture medium of LO2 cells with/without 1 ppm As(III) in the presence or absence of treatment pretreatment with
0 to 120 mM UDCA measured by non radiative cytotoxicity assay kit. Data are presented as Mean ± SEM (n = 6). Significant differences are shown as **P < 0.01,
compared with the control group. #P < 0.05, ##P < 0.01, compared with the As(III) group.
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Keap-1 level comparison with that of the As(III) group in LO2
cells (P < 0.05). Meanwhile, After transfected with Nrf2-siRNA,
the As(III)+UDCA groups in Nrf2-siRNA-transfected cells
showed no statistically significant difference (Figures 6C–F). To
further confirm the protective effect of Nrf2. CCK-8 was used to
reveal cell viability. Compared to As(III) stimulated control cells,
knockdown of Nrf2 was found to aggravate cell death. In Nrf2-
siRNA-transfected cells, UDCA treatment failed to decrease As
(III)-stimulated increase in cell death (P < 0.01) (Figure 6G).
Frontiers in Pharmacology | www.frontiersin.org 1016
UDCA Alleviated As(III)-Induced LO2
Hepatocytes Oxidative Stress via Nrf2
Activation
Increased oxidative stress has been reported in As(III)-induced
in LO2 cells injury. In Figure 7, the results show that the
antioxidant related substances (TSH, GSH, SOD, CAT, and
GSH-Px) in the cells homogenate marked an decrease in the
As(III)-induced LO-2 cells, In the levels of GSSH, GSSG/GSH
ratio, MDA, ROS were found to be high in As(III)-treated groups
A

B D

E F G

C

FIGURE 6 | Ursodeoxycholic acid (UDCA) attenuated As(III)-induced LO2 hepatocytes death via Nrf2 activation. LO2 cells were transfected with NC siRNA or Nrf2
siRNA for 48 h, and then incubated with UDCA, and then subjected to As(III) stimulation. (A) After drug treatment, the cells were stained for Nrf2 subunit, whereas
the cell nuclei were stained with DAPI. The cells were imaged under fluorescence microscopy. Scale bar: 100 mm (magnification 200×). (B) Protein expressions of
Nrf2 proteins in nuclear extracts, Lamin B was used as a protein control to normalize volume of protein expression. Nrf2 antioxidant-related proteins, including (C)
total Nrf2, (D) HO-1, (E) NQO1, (F) Keap-1 in total lysates were also analyzed by were analyzed by western blotting with specific antibodies. Representative blots
were shown. Lamin B and GAPDH was used as loading control. Data are presented as Mean ± SEM (n = 3). (G) Cell viability was evaluated by CCK-8. Data are
presented as Mean ± SEM (n = 6). Significant differences are shown as **P < 0.01, compared with the control group. #P < 0.05, ##P < 0.01, compared with the As
(III) group. ++P < 0.01, +P < 0.05, compared with the As(III)+UDCA group *P < 0.05.
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(P < 0.01) compared with the Control group. whereas in the As
(III)+UDCA received group showed the significant reduction
while compared with As(III)-induced LO2 cells (P < 0.05 or P <
0.01). In Nrf2-siRNA-transfected cells, UDCA treatment failed
to decrease As(III)-stimulated increase in level of GSH, TSH,
MDA, ROS and the activities of CAT, GSH-Px, and SOD (P <
0.05 or P < 0.01).

UDCA Mitigated As(III)-Induced LO2
Hepatocytes Apoptosis via Nrf2 Activation
To determine the effect of As(III) and UDCA on mitochondrial
dysfunction, mitochondrial membrane potential (MMP) of LO2
cells was measured in each experimental groups. Under stressed
Frontiers in Pharmacology | www.frontiersin.org 1117
conditions mitochondrial membrane is depolarized and JC-10
stained cells show shift from red to green fluorescence. As
shown in Figure 8A, As(III) induced a significant increase in
cell number with depolarized mitochondria (green fluorescence/
red fluorescence) (P < 0.01), However, the proportion of MMP-
depolarized cells gradually decreased in cells treated with
UDCA before exposure to As(III) (P < 0.01). These results
indicate that UDCA alleviated the As(III)-induced decrease of
MMP depolarization in LO2 cells, thereby protecting LO2 cells
from oxidative stress-induced mitochondrial damage be
reversed by the treatment of UDCA. To examine whether
UDCA inhibited As(III)-induced LO2 cells apoptosis,
Annexin V-FITC/PI staining was used to determine the
A B D

E F G

I

H

C

FIGURE 7 | Ursodeoxycholic acid (UDCA) alleviated As(III)-induced LO2 hepatocytes oxidative stress via Nrf2 activation. LO2 cells were transfected with Nrf2 siRNA
for 48 h, and then incubated with UDCA, and then subjected to As(III) stimulation. (A) Total sulfhydryl (TSH), (B) glutathione (GSH), (C) GSSG levels, (D) rate of
GSSG/GSH, (E) malondialdehyde (MDA), (F) superoxide dismutase (SOD), (G) catalase (CAT) and (H) GSH peroxidase (GSH-px) activity were tested in LO2
hepatocytes using enzymatic recycling assay. (I) Effect of UDCA on As(III)-induced ROS and O2

2- from LO2 cells of different groups. DCFH-DA and DHE-stained cells
were observed under fluorescence microscope. Scale bar: 100 mm (magnification 200×). DCFH-DA and DHE band intensities scanned by densitometer. Data are
presented as Mean ± SEM (n = 3). Significant differences are shown as **P < 0.01, compared with the control group. #P < 0.05, ##P < 0.01, compared with the As
(III) group. ++P < 0.01, +P < 0.05, compared with the As(III)+UDCA group *P < 0.05.
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apoptosis of LO2 cells. As shown in Figure 8B, the flow
cytometry analysis of LO2 cells showed that the cell population
tended to shift from viable to apoptotic on treatment with As(III)
(P < 0.01). However, after treatment with UDCA, the apoptotic
cells were found lower in LO2 cells as compared to the As(III)
group (P < 0.01). In Nrf2-siRNA-transfected cells, UDCA
treatment failed to decrease As(III)-stimulated increase in
Frontiers in Pharmacology | www.frontiersin.org 1218
MMP depolarization and apoptosis rate (P < 0.05 or P < 0.01).
In addition, after As(III)+UDCA exposure, the protein levels
of Cleaved-caspase-3, 9, p53, Cytochrome C, the ratio of Bax/
Bcl-2 and the activity of Caspase-3, 9 were significant reduction
while compared with As(III)-induced LO2 cells. As expected,
which could be abolished by Nrf2 siRNA (P < 0.01) (Figures
8C, D).
A
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FIGURE 8 | Ursodeoxycholic acid (UDCA) mitigated As(III)-induced LO2 hepatocytes apoptosis via Nrf2 activation. LO2 cells were transfected with Nrf2 siRNA for
48 h, and then incubated with UDCA, and then subjected to As(III) stimulation. (A) LO2 cells was evaluated by JC-10 staining under a fluorescence microscope.
Scale bar: 100 mm (magnification 200×). Red and green fluorescence scanned by densitometer. Data are presented as Mean ± SEM (n = 3). The ratio of red to
green fluorescence in cells were calculated (B) Induction of apoptosis was measured by Annexin-V/PI double staining was detected by flow cytometry. The
apoptosis rate of Annexin-V/PI double-stained LO2 cells cells was calculated from flow cytometric analysis. (C) Hepatic levels of Cleaved Caspase-3, and 9, Cyto C,
p53 and rate of Bax/Bcl-2 were analyzed by Western blotting with specific antibodies. Representative blots were shown. GAPDH was used as loading control. Data
are presented as Mean ± SEM (n = 3). (D) Hepatic activities of Caspase-3, and 9 were also quantifified. Data are presented as Mean ± SEM (n = 6). Significant
differences are shown as **P < 0.01, compared with the control group. #P < 0.05, ##P < 0.01, compared with the As(III) group. ++P < 0.01, +P < 0.05, compared
with the As(III)+UDCA group.
October 2020 | Volume 11 | Article 594496

https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Li et al. UDCA Inhibits Arsenic Induced Hepatotoxicity
DISCUSSION

Oxidative stress is currently the most widely accepted and
studied mechanism of arsenic toxicity (Flora, 2011; Sharma
et al., 2017; Okereafor et al., 2020). The abnormal increase of
hepatocytes apoptosis is one of the important pathological
mechanisms of arsenic-induced hepatotoxicity. Therefore, the
inhibition of hepatocytes apoptosis is one of the indexes to
investigate the efficacy of liver protective drugs (Kim et al.,
2004; Ozaki, 2019). UDCA is a type of hydrophilic bile acid
extracted from animal bile with a wide range of biological
functions. The present results demonstrated that UDCA exerts
many medicinal benefits by preventing the several agents induced
oxidative injury, through a direct antioxidant effect or a stimulate
anti-oxidant enzymes, thereby ameliorating hepatocytes damage
(Makino and Tanaka, 1998; Perez and Briz, 2009; Ali et al., 2020).
However, no previous studies have investigated the therapeutic
effect of UDCA on As(III)-induced liver damage. In this study, we
used an As(III)-induced hepatic injury model to investigate the
hepatoprotection of UDCA in vivo and in vitro. Therefore, the
results showed that UDCA can exert protective effects against As
(III)-induced cellular oxygen species accumulation and apoptosis
in hepatocytes.

As(III)-induced hepatoxicity was evaluated by and histological
and biochemical assays. Histological analysis indicated that
UDCA attenuated hepatic pathologic changes, including
infiltration of inflammatory cells and disintegration with
necrosis. These results demonstrated that UDCA could alleviate
the damage of hepatocytes. Meanwhile, obtained results showed
As(III) markedly elevated the levels of serum biochemical
indicators ALT and AST were higher, which is consistent with
previous studies (Ling et al., 2017). UDCA treatment remarkably
inhibited elevations of ALT and AST, which demonstrated that
UDCA could alleviate As(III)-induced hepatotoxicity in vivo
(Figure 1). To further confirm our hypotheses and investigate
the potential mechanisms, we screened a concentration of As(III)
(1ppm, equivalent to 6.67 mMAs2O3) to construct an in vitro liver
cell injury model. At the same time, we found that As(III) in dose
and time dependently decreased the viability of hepatocytes and
significantly increased LDH activity in LO2 cells. We showed that
UDCA could enhance cell viability and reduce LDH activity,
although treatment of UDCA alone did not lead to significant
changes in viability of hepatocytes (Figure 5). It was demonstrated
that UDCA could decrease As(III)-induced cell death in vitro.
Besides, The protective effect of UDCA is significantly inhibited in
As(III) induced Nrf2-silenced LO2 cells (Figure 6). Therefore, the
activation of Nrf2 might play a critical role in the functional effect
of UDCA, and we boldly speculated that UDCA ameliorated As
(III)-induced oxidative stress partly dependent on the activation
of Nrf2.

Oxidative stress is a consequence of an imbalance between
generation and elimination of ROS (Yan et al., 2019). Consistent
with this notion, As(III) induced intracellular ROS accumulation
in hepatocytes as evidenced by DCFH-DA and DHE fluorometry
in vivo and in vitro (Figures 2, 7). These results demonstrated that
the generation of ROS and O2- was found evidently aggrandized in
Frontiers in Pharmacology | www.frontiersin.org 1319
hepatocytes treated with As(III). Moderate intercellular ROS
contribute to Nrf2 activation to exert protective function
through inducting its target antioxidant genes (Tebay et al.,
2015). In turn, Nrf2 defense system activation relieves oxidative
stress damage by modulating ROS and inflammatory process
(Shang et al., 2017). As an antioxidant, UDCA has been shown
to inhibit ROS generation and activate Nrf2 signaling pathway in
hepatocytes (Okada et al., 2008; Arisawa et al., 2009). In the
presence of UDCA, the augmented ROS production induced by
As(III) was evidently abated, although treatment of UDCA alone
did not lead to significant changes in ROS level.

GSH is one of the effective antioxidants in cells (Silva-Adaya
et al., 2020). As(III) also has a strongly binding ability of vicinal
thiols or biological ligands containing cysteine residues in vitro
and in vivo, while the elimination of ROS needs substances
containing sulfur groups. In the present study, treatment with
As(III) inhibited the antioxidant effect of GSH, reduced the TSH
and increased the GSSG, lead to the accumulation of ROS.
Interestingly, UDCA treatment markedly declined these
oxidative stress parameters. Some study found that treatment of
UDCA alone lead to significant changes in GSH levels, although
this finding is in agreement with our results in some ways (Zhang
et al., 2017; Wang et al., 2019). Under normal physiological
conditions, Nrf2 maintains a low expression level in the
cytoplasm in combination with the inhibitory protein Keap-1
and thus prevents Nrf2 transcription. However, upon stimulation
with various inducers such as reactive oxygen species, Keap-1 in
the cytoplasm dissociates from Nrf2. As(III) and Excessive ROS
production results in the change of Keap-1 conformation by
modifying cysteine residues (Cys257, Cys273, Cys288, Cys293)
(Eggler et al., 2005). In our results, As(III) promotes the nuclear
transfer of Nrf2 in the hepatocytes in vivo and in vitro (Figures 4,
6), however, this kind of defense is limited. This dissociated free
Nrf2 is dissociated and transferred to the nucleus, which binds to
an antioxidant response element (ARE) to initiate the
transcription of downstream antioxidant enzymes, binomial
detoxifying enzymes, including SOD, CAT, NQO-1, and HO-1,
completing the antioxidant effect. The increase of these factors
elevated the antioxidant capacity of cells. The upswing in the
activities of SOD and CAT which are the first line of cellular
defense as well as in the GSH level and activities of GSH-
dependent enzymes namely GSH-Px (Perez et al., 2006;
Battogtokh et al., 2018). Obtained results showed markedly
decreased activities of antioxidant enzymes such as SOD, CAT,
GSH-Px in hepatocytes exposure to As(III). MDA, are
presentative lipid peroxidation product, indirectly reflects the
degree of hepatocytes damage (Moniruzzaman et al., 2018). In
addition, MDA levels increased significantly after As(III)
poisoning, which indicated that the formation of peroxides was
enhanced in response to toxicity. These results seem to be in
agreement with the previous findings (Hu et al., 2020; Huo et al.,
2020). However, UDCA promoted activity of SOD, CAT and
GSH-Px and inhibited levels of MDA, ROS to the best level in
hepatocytes, but it was still slightly lower than the Control. Nrf2
knockdown partially abrogated those effect (Zhong et al., 2018).
Additionally, we revealed that UDCA promoted the nuclear
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translocation of Nrf2 and increased the levels of HO-1, NQO-1 in
hepatocytes both in vivo and vitro, accompanied by a reduction of
As(III)-provoked oxidative stress and subsequent hepatotoxicity.
Interestingly, we found that the protective effects of UDCA on
oxidative stress were blocked whenNrf2 was silenced. As expected,
UDCA lost its effects in increasing the expression of nucleus and
total Nrf2 in As(III)-induced Nrf2 knockdown cells.

The Nrf2 pathway is a major signal transduction pathway
responsible for mitochondrial dysfunction and apoptosis
(Reisman et al., 2009; Choi and Jeon, 2020). Excessive production
of ROS can also cause lipid peroxidation damage of mitochondrial
membrane and decrease MMP, so the effects of As(III) on
mitochondrial function were evaluated by measurement of MMP
by JC-10. The results showed that pretreatment of LO2 cells with
UDCA could antagonize the lipid peroxidation reaction of As(III) to
mitochondrial membrane and maintain the MMP, which could be
abolished by Nrf2 siRNA. The decrease of MMP in mitochondria is
considered to be the first event in the process of apoptosis cascade.
Mitochondrial dissipation could promote the release of Cyto C,
Frontiers in Pharmacology | www.frontiersin.org 1420
activate Caspase protease family and cause cell apoptosis cascade
reaction. As(III) induced apoptosis plays the most important role in
the pathogenesis of arseniasis (Zhang et al., 2017;Wang et al., 2019).
At presently, the cells apoptosis mainly includes three pathways:
mitochondrial pathway, death receptor pathway, endoplasmic
reticulum pathway. It was notoriously that As(III) induced
necrotic and apoptotic cell death that is dependent on the ROS
mediate mitochondrial intrinsic pathway (Perez et al., 2006; Yan
et al., 2019). Caspase-3, 9 is one of the most important components
of Caspase family that cause apoptosis (Kim et al., 2015). In this
study, UDCA decreased Caspase-3, 9 activity and Cleaved-Caspase-
3, 9 protein expression in As(III)-induced hepatocytes in vivo and
vitro. As(III) exposure stimulated excessive ROS generation, which
seems to play a critical role in promotion the activity of p53 pathway
(Sena and Chandel, 2012; Alamolhodaei et al., 2015). p53 is a tumor
suppressor protein that promotes the apoptotic process (Jiang and
Rusling, 2019; Silva-Adaya et al., 2020) and directly regulate the
activity of the pro-apoptotic protein Bax, which further facilitates
mitochondrial membrane permeabilization and apoptosis,
A

B

FIGURE 9 | Schematic presentation probable protective mechanism of Ursodeoxycholic acid (UDCA) against As(III)-mediated hepatic injury by activating the Nrf2
pathway. (A) Protein-protein interaction (PPI) network between Nrf2-mediated oxidative stress pathway related proteins (SOD1, CAT, Gpx, HO-1, NQO-1, Keap1,
Nrf2) and p53 mediated apoptosis pathway related proteins (Caspase-3, 9, Bax, Bcl-2, p53, CYCS) by STRING. (B) The green arrow indicated the pathological
events involved within As(III)-exposed LO2 cells. The red lines denoted the activity restricted by UDCA.
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especially the expression of several members of the Bcl-2 family
(Binju et al., 2019). The nuclear fraction of Nrf2 is able to bind to the
Bcl-2 promoter and activate an anti-apoptotic program (Gupta
et al., 2019). In addition, we demonstrated that cell apoptosis is
induced by As(III) through activation of the mitochondrial pathway
(Figures 3, 8). Thus, we hypothesized that UDCA provides
protection against apoptosis induced by As(III) by activating Nrf2
inhibit the mitochondrial pathway. Nrf2 pathway and downstream
related proteins are closely related to p53mediated apoptosis related
proteins. According to the STRING database, p53 and nrf2 form a
mutual control network, as shown in protein-protein interaction
(PPI) in Figure 9A. In subsequent experiments, we found As(III)
can induce the decrease of Bcl-2 expression, and the increase of Bax
expression. Most importantly, As(III) can also activate
mitochondrial apoptosis pathway and upregulation of p53 protein
levels. Cell death processes shown in this study were further
promoted through p53, and C release into the cytosol. Thus,
downregulation of proapoptotic proteins, p53 and Bax, reduced
Cyto C release in cytosol, and upregulation of the anti-apoptotic
proteins, Bcl-2, strongly suggested that the protection of UDCA in
As(III)-induced LO2 cells. Herein, we discovered that knockdown
of Nrf2 by siRNA-Nrf2 transfection reversed the UDCA-induced
elevation of p53 under As(III) exposure and also weakened the
influences of UDCA on LO2 cell viability loss and apoptosis. These
findings indicated that activating the Nrf2 pathway is implicated in
the hepatoprotective activity of UDCA. Similar to our results,
previous studies showed that other products, such as oleanolic
acid, also alleviated liver injury via the activation of Nrf2 signaling
(Reisman et al., 2009). Based on findings above, it is reasonable to
speculate that Nrf2 can be a common molecular target shared by
somes hepatoprotective cholic acid compounds compounds.
CONCLUSION

In summary, this present study revealed that UDCA afford
therapeutic and prophylactic efficacy against As(III) induced
cytotoxicity through its anti-oxidation and anti-apoptosis. Our
data support the notion that the protective UDCA trigger
antioxidant defense through the Nrf2 and p53 signaling pathway
(Figure 9). Undoubtedly, it plays a vital role in As(III)-induced
hepatotoxicity. These findings confirm our hypothesis that further
in-depth studies may establish UDCA bioactive, as a possible
candidate for the preventive treatment of arsenic-induced
oxidative stress associated liver complications in near future.
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Gap Junction Intercellular
Communication Negatively Regulates
Cadmium-Induced Autophagy and
Inhibition of Autophagic Flux in Buffalo
Rat Liver 3A Cells
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Jianchun Bian1,2,3 and Zongping Liu1,2,3*

1College of Veterinary Medicine, Yangzhou University, Yangzhou, China, 2Jiangsu Co-innovation Center for Prevention and
Control of Important Animal Infectious Diseases and Zoonoses, Yangzhou, China, 3Joint International Research Laboratory of
Agriculture and Agri-Product Safety, The Ministry of Education of China, Yangzhou University, Yangzhou, China

Cadmium is an important environmental pollutant that poses a serious threat to the health
of humans and animals. A large number of studies have shown that the liver is one of the
important target organs of cadmium. Stimulation of cells can lead to rapid changes in gap
junction intercellular communication (GJIC) and autophagy. Previous studies have shown
that cadmium can inhibit GJIC and induce autophagy. In order to understand the dynamic
changes of GJIC and autophagy in the process of cadmium-induced hepatotoxic injury
and the effects of GJIC on autophagy, a time-gradient model of cadmium cytotoxicity was
established. The results showed that within 24 h of cadmium exposure, 5 μmol/L cadmium
inhibited GJIC by down regulating the expression levels of connexin 43 (Cx43) and
disturbing the localization of Cx43 in Buffalo rat liver 3A (BRL 3A) cells. In addition,
cadmium induced autophagy and then inhibited autophagic flux in the later stage. During
this process, inhibiting of GJIC could exacerbate the cytotoxic damage of cadmium and
induce autophagy, but further blocked autophagic flux, promoting GJIC in order to obtain
the opposite results.

Keywords: cadmium, autophagy, autophagic flux, gap junction intercellular communication, buffalo rat liver 3A cells

INTRODUCTION

Cadmium (Cd) is a significant pollutant caused by the improper emissions in the industry. It is
difficult for animals and humans to excrete Cd as it can be present in the body for as long as 30 years
(Nordberg, 2009). Previous studies have shown that the liver and kidney are the two main target
organs of Cd toxicity and that the degree of damage to the liver is far higher than that of the kidney,
and cadmium can even cause liver cancer (Song et al., 2016; Liu et al., 2017a;Wang et al., 2017; Wang
et al., 2018; Gong et al., 2019; Wang et al., 2019). The amount that Cd stored in the liver is
approximately one third of the total amount of the whole body (Marettova et al., 2012).

The role of the liver in animal metabolism and energy distribution is crucial, and the function of
hepatocytes is greatly dependent on autophagy. It has been shown that hepatocytes maintain at a
basic level of autophagy and that the fluctuation of autophagy levels can largely affect their
physiological functions. The changes in the function of autophagy are also closely associated
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with the hepatocyte disease (Czaja et al., 2013). Autophagy plays a
compensatory role in acute liver injury and regulates chronic liver
diseases including alcoholic (ALD) and nonalcoholic fatty liver
diseases (NAFLD) (Gual et al., 2017; Shi et al., 2017). During the
pathogenesis of hepatitis B and C virus (HBV and HCV), the
virus completes its life cycle by regulating the levels of autophagy
in hepatocytes (Tang et al., 2009). Meng et al. demonstrated that
when human embryonic liver cell lines (WRL-68) were treated
with a Cd concentration gradient of 0–10 μmol/L in vitro, the
autophagic protein marker LC3II indicated a gradual increase
within 12 h (Meng et al., 2015). Zhang et al. reported that
following 24 h treatment of chicken liver cells with 5 μmol/L of
Cd, the number of MDC-labeled autophagic vesicles was
significantly increased as demonstrated by fluorescence
microscopy (Zhang et al., 2017). Our previous study
demonstrated that treatment of Buffalo rat liver 3A (BRL 3A)
cells for 6 h with 5 μmol/L Cd induced an increase in the
autophagy levels (Zou et al., 2015c). Moreover, Cd obstructed
the autophagic flux by inhibiting the fusion of autophagosomes
with lysosomes, which exacerbated the Cd-induced cytotoxicity
in alpha mouse liver 12 (AML12) cells (Zou et al., 2020).

The vigorous metabolic activity that takes place in liver cells
determines that gap junction intercellular communication (GJIC)
is another key mechanism to maintain homeostasis in liver
tissues. GJIC constitutively allows the adjacent cell to deliver
molecules directly, such as metabolites, nucleotides, nutrients,
and secondary messengers that function in apoptosis, gene
expression, inflammatory response and cellular growth
(Decrock et al., 2009). Cx43 is sensitive to several
environmental pollutants, biological toxins, organic solvents
and pesticides, all of which can inhibit the expression of
connexins and further downregulate GJIC function (Vinken
et al., 2009).

Cd induces calcium overload in rat renal proximal tubule cells
and the inhibition of GJIC function by Cd occurs prior to the
induction of Cd-cytotoxicity. Therefore, the inhibition of GJIC by
Cd is considered a marker of renal toxicity (Fukumoto et al.,
2001). Jeong et al. reported that Cd treatment in vivo resulted in
reduced GJIC function in mouse liver tissues in a concentration-
and time-dependent manner (Jeong et al., 2000). We further
found that Cd treatment increased the levels of Ca2+ in the
cytoplasm, which is the main reason for the induction of
hepatotoxicity and apoptosis in the BRL 3A cell line (Zou
et al., 2015b).Therefore, it is an indisputable fact that Cd
exposure causes decreased GJIC function and reduced
connexins expression.

Our previous work demonstrated that treatment with Cd for
6 h could inhibit GJIC and reduce the expression levels of Cx43 in
a dose-dependent manner in BRL 3A cells, whereas Cd-induced
apoptosis in BRL 3A cells might be associated with inhibition of
GJIC. We further showed that Cd triggered autophagy in a dose-
dependent manner and that autophagy exerted a protective effect
on the cytotoxicity of Cd in BRL 3A cells (Zou et al., 2015c). It is
not clear whether a specific interaction between GJIC and
autophagy exists or whether a direct regulatory effect is
present between them. In view of the complexity of GJIC and
cellular autophagy, the present study aimed to establish a time-

gradient model of cadmium-induced liver cell damage in vitro, in
order to further examine the intrinsic association between GJIC
and autophagy.

MATERIAL AND METHODS

Materials
Cd acetate hydrate (Cd, 229490), Lucifer Yellow CH dilithium
salt (LY, L0259), Rhodamine B isothiocyanate-Dextran (RD,
R9379), all-trans-retinoic acid (ATRA, PHR1187), 18-
β-glycyrrhetinic acid (GA, G10105), anti-LC3B (L7543) and
anti-p62/SQSTM1 (P0067) were obtained from Sigma-Aldrich
(St. Louis, MO, United States); anti-β-actin (4970S), anti-Atg7
(2631S), Anti-Beclin-1 (3738S), anti-Cx43 (3512S), anti-
Phospho-Cx43 (Ser368) (3511S) and anti-rabbit IgG (7074),
were obtained from Cell Signaling Technology Inc. (Danvers,
MA, United States); EGFP-pmCherry-LC3 plasmid was obtained
from HedgehogBio (Shanghai, China). DMEM (Gibco,
12800–017), FBS (Gibco, 10437–028) and Lipofectamine 3000
(L3000-015) were obtained from Thermo Fisher Scientific
(Waltham, MA, United States); Alexa Fluor 488-labeled goat
anti-rabbit IgG (A0423) and Cy3-labeled goat anti-rat IgG
(A0507) were obtained from Beyotime (Shanghai, China). The
remaining materials were of analytical grade.

Cell Culture
BRL 3A cells were obtained from the Cell Bank of the Institute of
Biochemistry and Cell Biology (Shanghai, China). Cells were
cultured in DMEM supplemented with 10% FBS and
incubated at 37°C in a 5% CO2 atmosphere. BRL 3A cells were
treated at 90% confluence in the subsequent experiments.

In the present study, BRL 3A cells were transfected with the
EGFP-pmCherry-LC3 plasmid (500 ng/well) for 12 h. The cells
were transfected using Lipofectamine 3000 transfection reagent
and subsequently LC3 puncta (EGFP-LC3 represents
autophagosomes and pmCherry-LC3 represents
autolysosomes) were identified using the confocal microscope
(TCS SP8 STED; Wetzlar, Hessen, GER).Following successful
transfection, the cells were subjected to different treatments
according to the experimental design.

Cell Viability Assay
Real time analysis of cytotoxicity was determined by the
xCELLigence system, which is a real-time cell analyzer (RTCA;
Roche Applied Science, Basel, Switzerland) operated according to
the manufacturer’s instructions (Xing et al., 2005). BRL 3A cells
were treated with 5 μmol/L Cd as previously described (Zou et al.,
2015c). The nuclei were stained with 5 mg/ml Hoechst33258
according to the manufacturer’s instructions (Beyotime, Jiangsu,
China) and subsequently observed by fluorescent microscopy
(Leica DMI 3000B, Solms, Germany).

Transmission Electron Microscopy
Transmission electron microscopy (CM 100, Philips, Holland)
was used in order to assess the ultrastructure of the cells.
Following treatment, the cells were collected by trypsinization.
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The samples were embedded into the resin following a series of
fixed treatment and subsequently the resin was embedded with
the cells and sliced with a slicer. Following the double staining
with uranium dioxide acetate and lead citrate, the resin was
observed and photographed under a transmission electron
microscope.

Immunofluorescence Assay
BRL 3A cells were inoculated into 24-well plates with coverslips
and following cellular fusion for approximately 90% of the cells,
the original culture medium was replaced with serum-free
medium. The treatments were conducted according to the
experiment design. Following treatment, the cells were washed
with 0.01 mol/L ice-cold PBS for three times and fixed in 4%
paraformaldehyde solution, 0.4% Triton X-100 film and 5% BSA.
These solutions were used to penetrate the cellular membranes
and block the corresponding epitopes, respectively. The cells were
incubated with diluted primary antibodies overnight at 4°C.
Following washing with PBS, the secondary antibody labeled
with FITC (1:20 dilution) was incubated with the cells at room
temperature for 1 h in the dark. DAPI was added for 15 min in the
last step and the film was sealed and imaged using confocal
microscopy (TCS SP8 STED; Wetzlar, Hessen, GER).

Western Blot Analysis
Following treatment, the cells were washed three times with ice-cold
PBS and subsequently extracted by ultra sonicationin Radio
Immunoprecipitation Assay (RIPA) lysis buffer. The total
cellular protein concentration was determined by the
bicinchoninic acid (BCA) protein assay kit (Beyotime, China).
Equal amounts of total proteins (20–40 μg) were separated by
SDS-PAGE and subsequently transferred to polyvinylidene
difluoride (PVDF) membranes. The membranes were blocked
with 5% non-fat milk in Tris-buffered saline with 0.05% Tween-
20 (TBST) at room temperature for 2 h followed by incubation with
the primary antibodies at 4°C overnight. The followingmorning, the
membranes were incubated with the diluted secondary antibody for
2 h at room temperature. The protein bands were visualized using
an enhanced chemiluminescence (ECL) detection kit and the
Grayscale values of the protein bands were analyzed using the
Image J software (National Institutes of Health, United States).

Scrape Loading/Dye Transfer Assay
A scrape-loading/dye-transfer method (SL/DT) was used to
determine GJIC following treatment, which was performed as
originally described by El-Fouly et al. (1987). In brief, BRL3A cells
were washed for three times by PBS and subsequently the cells
were scraped, incubated with PBS containing LY (0.5 mg/ml) and
RD (2.5 mg/ml) at 37°C for 3 min and fixed with 4%
paraformaldehyde. Finally, the distance from the scraped edge
to the neighboring cells was measured by fluorescence
microscopy (Leica DMI3000 B, Solms, Germany). The data
were expressed as the mean ± standard deviation (n � 6).

Statistical Analysis
The data were analyzed by one-way analysis of variance
(ANOVA) using the GraphPad Prism 6 software (GraphPad

Software, United States) and presented as the mean ± SD. A
p < 0.05 represented a significant difference and a p < 0.01
represented a highly significant difference.

RESULTS

Cadmium Exposure Induces Cytotoxicity in
Buffalo Rat Liver 3A Cells
Real-time cell analysis was conducted with the application of the
xCELLigence system and the results are shown in Figures 1A.
Exposure of the cell to 5 μmol/L Cd resulted in a decrease of cell
index following 12 h in a time-dependent manner. The
morphological changes of the BRL 3A cell nuclei by Cd were
observed using both fluorescent nuclear staining and transmission
electron microscopy. The cell nuclei of the treated group were
deformed, shrunk, disintegrated with condensed chromatin
following Cd treatment compared with the corresponding
morphology of the cells in the control group (Figures 1B,C). The
ultra-structural changes of the mitochondria showed that the
swelling of the cristae and the deformation and vacuolization of
the mitochondria were observed in the treated group. Increased Cd
concentration, the cell damage was increased (Figures 1D).

CadmiumExposure Induces Autophagy and
Then Blocks Autophagic Flux in Buffalo Rat
Liver 3A Cells
BRL 3A cells were treated with 5 μmol/L Cd for various time
durations (0, 1.5, 3, 6, 12, and 24 h). The results of the western
blot analysis indicated that the expression levels of autophagy-
related proteins ATG7, Beclin-1 and LC3II increased first and
then decreased. The relative expression levels of Beclin-1 and
LC3II reached their highest levels following 6 h of Cd treatment,
while Atg7 reached the highest levels following 1.5 h of Cd
treatment. The relative expression levels of these three proteins
were decreased and were significantly lower than those of the
control group (p < 0.01, Figures 2A–E). The addition of
chloroquine (CQ), which is known as an autophagic flux
inhibitor, significantly enhanced the accumulation of P62 and
further increased LC3II expression (p < 0.01, Figures 2F–H). Cd
treatment increased the number of LC3 puncta in a time-
dependent manner, whereas the amount of LC3 puncta
reached its peak following 12 h of Cd treatment, as
demonstrated by immunofluorescence staining. However, a
low number of LC3 puncta were observed and the cell nuclei
were shrunk and deformed following 12 h of Cd treatment
(Figures 2I). Transmission electron microscopy revealed the
accumulation of autophagosomes following increased exposure
of the cells to Cd (Figures 2J).

Cadmium Inhibits Gap Junction Intercellular
Communication in Time Dependent Manner
in Buffalo Rat Liver 3A Cells
By performing the scrape-loading dye transfer assay we
deduced that Cd treatment exhibited an apparent
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inhibitory effect to GJIC in a time-dependent manner for a total
exposure period of 24 h (p < 0.01). It is interesting to note that
exposure of the cells to Cd for 3 h increased GJIC compared with
that noted at 1.5 h (p < 0.01, Figures 3A,B). Immunofluorescence
staining for Cx43 demonstrated that 5 μmol/L Cd treatment for
different time periods could decrease the expression levels of Cx43.
Following treatment of the cells with Cd for 6 h, the expression
levels of Cx43 at the cell membrane exhibited a linear and uniform
distribution, whereas following treatment of the cells with Cd for
12 h or 24 h, Cx43 concentrated around the nucleus compared
with the corresponding expression noted in the normal cells
(Figures 3C). Subsequently, the expression levels of Cx43 and
P-Cx43 (Ser368) were detected at different time points after
cadmium treatment. The expression levels of Cx43 were
decreased significantly following Cd treatment for 12 and 24 h
compared with those of the control group (p < 0.01). No significant
change was noted prior to Cd treatment for 12 h, while the
expression levels of Cx43 following Cd exposure for 3 h were
significantly higher than those noted at 1.5 h of Cd treatment. The
expression levels of P-Cx43 were decreased in a time-dependent
manner (Figures 3D–F).

Gap Junction Intercellular Communication
Regulates the Cytotoxicity Induced by
Cadmium in Buffalo Rat Liver 3A Cells
To investigate the role of GJIC in Cd-induced cytotoxicity, GJIC
was regulated by the inhibitor GA and the enhancer ATRA. The
combined treatment of GA and Cd inhibited GJIC function,
whereas the combined treatment of ATRA and Cd promoted the
function of GJIC compared to the corresponding effects noted in
the Cd group (Figures 4A,B, p < 0.01). The results of the
immunofluorescence experiments are indicative of the GJIC
function assay. The data indicated that GA increased the
distribution of Cx43, whereas ATRA ameliorated it on the cell
membrane (Figures 4C). Western blot analysis indicated that
P-Cx43 (Ser368) levels were significantly decreased in the GA-Cd
combined treatment group (p < 0.01), while they were
significantly increased in the ATRA-Cd combined treatment
group compared with the corresponding levels noted in the
Cd single treatment group (p < 0.05). Cx43 levels were
significantly decreased in the ATRA-Cd combined treatment
group (p < 0.05) (Figures 4D–F). No cellular damage was

FIGURE 1 | Cd exposure induces cytotoxicity in BRL 3A cells. (A) Effects of 5 μmol/L Cd on cell index in BRL 3A cells. The data were normalized at the time of Cd
treatment. The error bars represents the standard deviation (n � 6). (B) BRL 3A cells were treated with5 μmol/l for different time periods and stained with Hoechst 33258.
The white arrows indicate damaged nucleus. Scale bar � 20 μm. (C,D) Cd-induced ultrastructure changes at different time periods in BRL 3A cells. The images were
captured by transmission electron microscopy. The scale bar in the nuclei was 2 μm, whereas the scale bar in the mitochondria was 0.2 μm.
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evident with regard to the cell morphology at the 6 h Cd
treatment period and the treatment time was extended to 12
and 24 h. The data at these time points indicated that GA further
aggravated the cytotoxicity induced by Cd and that ATRA
exhibited the opposite effects (Figures 4G).

Gap Junction Intercellular Communication
Negatively Regulates Cadmium-Induced
Autophagy and Inhibition of Autophagic Flux
in Buffalo Rat Liver 3A Cells
The data indicated that the autophagic levels and those of Cx43
reached their highest value following Cd treatment for 6 h. As a
result, the 6 h time period was selected as the main time point
to study the association between autophagy and GJIC. To
identify an interaction between GJIC and the autophagy
levels in the process of Cd exposure, we evaluated the
number and morphology of the autophagosomes in the cells
following the application of GA and ATRA for 6 h. The
combination of GA and Cd could apparently increase the

number of autophagosomes, while the combination of
ATRA and Cd exhibited the opposite effects (Figures 5A).
LC3 was tracked by EGFP and pm-Cherry markers to monitor
the autophagysome-lysosome fusion. The data demonstrated
that combination of GA and Cd resulted in an increase in the
LC3 orange puncta and in a patchy accumulation around the
nucleus, while combination of ATRA and Cd resulted in a
decrease in the LC3 puncta compared with the effects noted in
the Cd treatment group (Figures 5B). Western blot analysis
indicated that, compared with the Cd single treatment group,
the combination of GA and Cd could significantly increase
Beclin-1, Atg7 and P62 expression levels (p < 0.05, p < 0.01),
whereas no changes were noted with regard to the LC3II
expression levels, suggesting that inhibition of GJIC
function could further block autophagic flux in Cd-induced
cytotoxicity. Meanwhile, the combination of ATRA and Cd
could significantly decrease Atg7 and LC3II expression levels
compared with those of the Cd single treatment group (p <
0.05), and significantly increase Beclin-1 expression levels (p <
0.05), without affecting the expression levels of P62 (Figures

FIGURE 2 | Cd induces autophagy and blocks autophagic flux in BRL 3A cells. (A–E) Cd treatment for different time periods affected the expression levels of
autophagy-associated proteins in BRL 3A cells. *p < 0.05, **p < 0.01compared with the control group. (B–E) share the abscissa annotation. (F–H) The levels of LC3 and
P62 following combination treatment of Cd and CQ were evaluated in BRL 3A cells. **p < 0.01compared with the control group, ##p < 0.01 compared with the indicated
group. (I) Following treatment with 5 μmol/L Cd, LC3 puncta (red) were observed and photographed under the fluorescence microscope. Scale bar � 20 μm. (J)
Following treatment with Cd, the changes in the autophagosomes in BRL 3A cells were observed and imaged under the transmission electron microscope. Scale bar �
0.2 μm. (I,J) share the abscissa annotation.
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FIGURE 3 | Cd inhibits the GJIC in BRL 3A cells. (A) Following treatment with 5 μmol/L Cd for different time periods, GJIC was measured by the SL/DT method
(scale bar � 50 μm). (B)Quantification of data obtained for the LY transfer distance depicting the spread of the dye from each side of the wound area (n � 6). (C) 5 μmol/L
Cd disrupts Cx43 distribution in BRL 3A cells.Cx43 expression (green) and the presence of the nuclei (blue) were observed and imaged using confocal microscopy. Scale
bar � 10 μm. (D–F) Cd treatment at different time periods affects the levels of connexin expression in BRL 3A cells. Compared with the control group, *p < 0.05,
**p < 0.01; compared with the indicated group, #p < 0.05, ##p < 0.01.

FIGURE 4 | GJIC regulates the Cd-induced cytotoxicity in BRL 3A cells. Combination treatment of 5 μmol/L Cd with 5 μmol/l GA or 5 μmol/L ATRA for 6 h (A,B)
GJIC wasmeasured by the SL/DTmethod, Scale bar � 50 μm. (C) Immunofluorescence assay for the detection of Cx43 distribution. Cx43 (green) and nuclei (blue) were
observed and imaged using confocal microscopy. (Scale bar � 20 μm). (D–F) The effects of GA and ATRA on Cx43 and p-Cx43 expression levels were analyzed by
western blotting. (G) Bright field images indicating the effects of GA and ATRA on cell damage induced by Cd treatment. Scale bar � 50 μm. Compared with the
control group, *p < 0.05, **p < 0.01; compared with the Cd treatment group, #p < 0.05, ##p < 0.01.
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5D–G), suggesting that promotion of GJIC can inhibit Cd-
induced autophagy.

DISCUSSION

According to the data of United States Geological Survey, more
than 20,000 tons of heavy metal cadmium are produced in the
world every year, which are mainly used in nickel-chromium
batteries, paints, electroplating and alloys. Cd pollution in the
environment can severely affect the health of animals and
humans worldwide. Cd can induce ROS in hepatocytes, disrupt

cellular oxidative homeostasis and subsequently lead to
oxidative damage of hepatocytes. Furthermore, cadmium
can induce apoptosis by activating multiple signaling
pathways (Rikans and Yamano, 2000; Li and Xie, 2018). We
chose BRL 3A cells for in vitro analysis in this study as BRL 3A
cell line is one of the commonly used cell lines in
hepatotoxicity researches. The dose of Cd used in this study
(5 μmol/L) is based on previous studies (Zou et al., 2015c;
Zhang et al., 2017). In the present study, 5 μmol/L of Cd were
used to treat BRL 3A cells for 24 h and the effects of this heavy
metal on the cells were detected at different time points. We
found that Cd could reduce cell index, destroy cell

FIGURE 5 | The association between GJIC and autophagy in cadmium induced hepatocyte injury. Combination treatment of 5 μmol/L Cd with 5 μmol/l GA or
5 μmol/L ATRA for 6 h, (A) Morphological observation of autophagosomes by transmission electron microscopy. Scale bar � 1 μm. (B) BRL 3A cells were transfected
with the EGFP-pmCherry-LC3 plasmid and subsequently treated with Cd or an inhibitor/inducer of autophagy. LC3 puncta were observed by confocal microscopy Scale
bar � 20 μm. (C–G) The effects of GA and ATRA on autophagy-associated protein expression levels were analyzed by western blotting. Compared with the control
group, *p < 0.05, **p < 0.01; compared with the Cd treatment group, #p < 0.05, ##p < 0.01.
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ultrastructure and induce morphological changes in the
apoptotic nuclei in a time-dependent manner (Figure 1).

Autophagy is a lysosome dependent degradation pathway,
which can remove damaged organelles, misfolded proteins,
pathogens and lipid droplets from cells and recycle them.
Autophagy is considered a survival mechanism of the cells
(Glick et al., 2010). When cells are in the state of starvation,
hypoxia or toxic stimulation, pathogen invasion and other
stress-inducing stimuli can activate autophagy in a rapid way.
The substrates used for the process of autophagy can be cleared
to provide energy and nutrients for the cells and this plays an
important role in maintaining the integrity of organelles and
proteins and the regulation of the immune system (Jin, 2006;
Cuervo and Macian, 2012). The defects caused in the
autophagosome can result in a dynamic imbalance leading
to the progression of several neurodegenerative diseases, such
as Alzheimer’s disease (AD). The major problem in these
diseases is that metabolic waste accumulates in the cells and
cannot be removed (Du et al., 2009; Cheng et al., 2015). Several
reports have shown that Cd causes a significant increase in the
levels of autophagy in the cells (Dong et al., 2009). Previous
studies have confirmed that Cd can induce autophagy at a
dose-response relationship in BRL 3A cells, the ability of
cadmium to induce autophagy exerts a protective effect for
the cells (Zou et al., 2015c). In the present study, the formation
of autophagosomes was evident following treatment of the cells
with Cd suggesting organelle degradation. Moreover, the
expression levels of the autophagic proteins indicated a
time-dependent increase within 24 h, which was consistent
with previous studies. Following addition of chloroquine (CQ),
the expression levels of P62 and LC3II were higher in the
combined treatment group compared with those noted in the
single Cd or CQ treatment groups, which indicated that
cadmium not only promoted autophagy, but also blocked
autophagic flux (Figure 2), similar results were obtained in
the study of cadmium induced damage to AML12 cells (Zou
et al., 2020).

GJIC is an important way of communication between
mammalian cells. This process is essential for the
hepatocytes in order to retain their cellular homeostasis.
GJIC is regulated by a complex mechanism, which is not
only related to the opening and closing of the GJ channels,
but also to the location, expression and phosphorylation levels
of connexin. Unlike normal membrane proteins, Cx43
turnover occurs at an extremely rapid rate and it is
estimated that only 1.5–3 h are required for a full turnover
cycle of Cx43. The maintenance of normal GJIC functionality
requires continuous synthesis and degradation of
Cx43.Therefore, several Cx43 inhibitors are designed to
inhibit the synthesis of Cx43 in order to limit the GJIC
function, such as GA and dynasore (Goubaeva et al., 2007;
Girard et al., 2011; Vivian and Lau, 2016). Phosphorylation is
an important chemical modification that is necessary for Cx43
function (Leithe et al., 2018). The phosphorylation of Cx43 at
the ser368, 279 and 282 residues by PKC or ERK promotes the
internalization of Cx43 (Solan and Lampe, 2018). Cx43 was a
regulator of Cd toxicity and that it could decrease the levels of

Akt phosphorylation at Thr308 and at Tyr326, which may
contribute to the induction of cell apoptosis and to the
inhibition of cell proliferation following chronic exposure of
HK-2 cells to Cd. Moreover, Cx43 siRNA attenuated Cd-
induced apoptosis and inhibited HK-2 cell proliferation (Ge
et al., 2017). However, other study used low doses of Cd
treatment and demonstrated that phosphorylation of Cx43
at ser368W was increased in human prostate epithelial cells
(Luo et al., 2015; Liu et al., 2017b). These contradictory results
may be associated with the different treatment doses of Cd and
the different types of cells, which indicate the complex
mechanism of action of the Cd-induced cytotoxicity. Our
previous studies have shown that cadmium induces
hepatocyte damage and causes damage to adjacent cells
through GJIC (Zou et al., 2015a). In the present study, we
found that Cd inhibited GJIC in 24 h, whereas a compensatory
effect of GJIC was noted at 3 h (Figures 3B), which was
accompanied with increased expression and cellular
localization of Cx43 suggesting a recovery of the function of
GJIC (Figures 3C–E). Subsequently, the data demonstrated
that the addition of GA, an inhibitor of GJIC, could inhibit the
opening of GJIC and disrupt the linear distribution of Cx43 on
the cell membrane, significantly decreasing the levels of
P-Cx43. The addition of the GJIC accelerator ATRA
promoted the opening of GJIC and the linear distribution of
Cx43 on the cell membrane, whereas it concomitantly reduced
significantly the expression levels of Cx43 and increased the
expression levels of P-Cx43, indicating that GJIC was not
directly associated with the overall levels of Cx43 and that
changes in the levels of P-cx43 were more sensitive to cadmium
than those of Cx43. Furthermore, inhibiting of GJIC could
exacerbate the toxic damage of cadmium, whereas promoting
of GJIC could delay its cytotoxicity (Figure 4), suggesting that
GJIC plays a dominant role in Cd-induced BRL 3A cell injury.

Apoptotic cells can transmit apoptotic signals through GJIC
to induce apoptosis of adjacent cells (Contreras et al., 2004).
However, whether cellular autophagy can induce further
autophagy of adjacent cells through GJIC is not clear (Wang
et al., 2015). Connexins can directly regulate the production of
the autophagosome and its assembly (Merrifield and Kaksonen,
2014). P-Cx43 promotes autophagy in order to repair brain
nerve cell damage in a rat model (Sun et al., 2015). Due to GJIC
and autophagy being both changeable dynamic processes, the
exact role of GJIC and autophagy in Cd-induced cell injury
remains to be studied. Epifantseva and Shaw reported that the
inhibition of mTOR could increase the levels of the GJA1-20k
protein under stress conditions, leading to increased synthesis
and transport of Cx43 to the cell membrane (Epifantseva and
Shaw, 2018). Promoting autophagy can accelerate the
degradation of Cx43 (Martins-Marques et al., 2014; Martins-
Marques et al., 2015), and exacerbate Cd-induced GJIC
inhibition (Zou et al., 2015c). In the present study, we found
that the application of the GJIC inhibitor GA resulted in an
increase of the amount of autophagosomes in BRL 3A cells,
whereas the opposite phenomenon was noted with the usage of
ATRA, which indicated a negative correlation between GJIC
and autophagy. The results of the immunofluorescence analysis
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further indicated a significant negative correlation between
autophagy and GJIC following cell exposure to Cd.
Concomitantly, western blotting indicated that the GJIC
inhibitor GA contributed to the accumulation of autophagic
proteins (Figure 5).

In summary, the data indicated that Cd suppressed GJIC
function in a time dependent manner, and promoted the
levels of autophagy, then inhibited autophagic flux. Inhibiting
GJIC exacerbates the cytotoxicity caused by Cd and further
blocked the autophagic flux, promoting GJIC has the opposite
effect. GJIC negatively regulates Cd-induced autophagy and
inhibition of autophagic flux in BRL 3A cells.
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Blood microRNA Signatures Serve as
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Hepatic Sinusoidal Obstruction
Syndrome Caused by Gynura japonica
Containing Pyrrolizidine Alkaloids
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Background and Aims: The Gynura japonica-induced hepatic sinusoidal obstruction
syndrome (HSOS) is closely related to pyrrolizidine alkaloids (PAs), and its prevalence has
been increasing worldwide in recent years. However, no effective therapy for PA-induced
HSOS in clinics is available, partially due to the failure of quick diagnosis. This study aims to
identify blood microRNA (miRNA) signatures as potential biomarkers for PA-induced
HSOS in clinics.

Methods: The microarray-based miRNA profiling was performed on blood samples of the
discovery cohort, which consisted of nine patients with HSOS and nine healthy donors.
Differentially expressed miRNAs were further confirmed using a validation cohort, which
consisted of 20 independent patients with HSOS. In addition, the rat model was
established through the oral administration of the total alkaloid extract from G. japonica
to investigate the association of miRNA biomarkers with the progression of HSOS.
Bioinformatic analyses, including GO and KEGG enrichment, receiver operating
characteristics curve, and correlation analyses were conducted to evaluate the
accuracy of the potential miRNA biomarkers.

Results: Three miRNAs, namely miR-148a-3p, miR-362-5p, and miR-194-5p, were
overexpressed in patients and rats with PA-induced HSOS. These miRNAs were
positively related to the severity of liver injury and displayed considerable diagnostic
accuracy for patients with HSOS with areas under the curve over 0.87.
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Conclusion: In summary, this study demonstrated that three miRNAs, hsa-miR-148a-3p,
hsa-miR-362-5p, and hsa-miR-194-5p, might serve as potential biomarkers for PA-
induced HSOS in clinics.

Keywords: Gynura japonica, pyrrolizidine alkaloids, hepatic sinusoidal obstruction syndrome, microRNA, diagnosis,
biomarker

INTRODUCTION

Given its effectiveness and safety, herbal medicine is practiced
worldwide, especially in developing countries such as China,
Afghanistan, and Ethiopia. However, herbal drug-induced liver
injury (HILI) has been increasingly reported worldwide (Shen
et al., 2019). The well-known hepatic sinusoidal obstruction
syndrome (HSOS) is caused by pyrrolizidine alkaloids (PAs)
in Gynura japonica (Thunb.) Juel. (syn. Gynura segetum
(Lour.) Merr., i.e., Tusanqi in Chinese), a medicinal herb used
for pain relief, hypertension, and dissipation of blood stasis (Chen
and Huo, 2010; Kan et al., 2016; Guo et al., 2019; Zhuge et al.,
2019).

HSOS is a rare hepatic vascular disease with clinical symptoms
of hepatomegaly, ascites, jaundice, and hyperbilirubinemia
abdominal distension. Diagnosing PA-induced HSOS is rather
difficult. The pathological confirmation by liver biopsy is
regarded as the golden criteria for inspecting HSOS. However,
patients with PA-induced HSOS usually show extensive ascites,
coagulation disorders, and thrombocytopenia (Yang et al., 2019),
which makes it difficult to perform a liver biopsy. The Roussel
Uclaf Causality Assessment Method is popular for the diagnosis
of HILI but is not specific enough for PA-induced HSOS (Zhuge
et al., 2019). Pyrrole–protein adducts (PPAs) may serve as
potential diagnostic markers for PA-induced HSOS (Xia et al.,
2016). However, the contents of PPAs vary remarkably
significantly with the amount and the duration of PA intake
and sampling time and may be undetected in some patients with
PA-induced HSOS. Therefore, a noninvasive and feasible
biomarker is needed for the early and accurate diagnosis of
PA-induced HSOS in clinical practice.

Several microRNAs (miRNAs) have demonstrated potential to
become novel noninvasive biomarkers for detecting liver toxicity
(Yamaura et al., 2012; Krauskopf et al., 2015; Teschke et al., 2016;
Howell et al., 2018). miRNAs are a class of small (about 22
nucleotides) endogenous noncoding RNAs that negatively
regulate gene expression at the post-transcriptional level by
binding to the 3′-untranslated region of target mRNAs,
resulting in mRNA degradation or translational repression
(Ameres and Zamore, 2013). When secreted into the
circulation, miRNAs exhibit aberrant expression under
different physiological and pathological conditions and exist
stably (Wang et al., 2009). Therefore, the expression of
miRNAs contributes to the progression and outcomes of
several types of disease. Recently, a few reports have evaluated
the changes in miRNAs in liver injury by monocrotaline (MCT)
(Huang et al., 2017; Oda et al., 2018; Takeuchi et al., 2018), a toxic
PA compound. For example, Huang et al. (2017) found that 11
miRNAs are significantly altered in the liver of mice treated with

MCT, indicating that miRNAs are involved in PA-induced liver
injury. However, only laboratory work has been performed.
Moreover, the MCT-induced hypertension in rodents
(Schultze and Roth, 1998) is not observed in patients with PA-
induced HSOS. The presence of such a pathology caused by MCT
is likely to have a significant physiological effect, which may also
affect the miRNA profiling.

Therefore, a retrospective study is performed in this study to
map the miRNA profile in PA-induced HSOS and uncover the
miRNA signatures for potential diagnostic biomarkers for PA-
induced HSOS.

MATERIALS AND METHODS

Study Design, Patients, and Healthy Donors
Study subjects were recruited from Drum Tower Hospital, the
Affiliated Hospital of Nanjing University School of Medicine
(Jiangsu Province, China). A total of 32 patients admitted to the
hospital between February 2017 and February 2019 were included
in this retrospective study. All patients were diagnosed with
HSOS in accordance with the previously described criteria
(Yang et al., 2019) and with the chief complaint of self-
medication of G. japonica. Three patients with other known
hepatic etiologies, i.e., autoimmune, alcoholic, and
nonalcoholic liver diseases, were excluded. The enrolled 29
patients with PA-induced HSOS were randomly grouped into
two cohorts, namely, cohort 1 (n � 9) for the discovery phase and
cohort 2 (n � 20) for the validation phase. Age- and sex-matched
healthy donors (n � 9) were recruited from subjects who
participated in routine physical examinations at the same
hospital. Signed informed consent was obtained from all
participants prior to enrollment, allowing the analysis of blood
samples and all clinical data. The Ethics Committee of Nanjing
Drum Tower Hospital approved the study. This study was
designed and performed in accordance with the ethical
guidelines of the 1975 Helsinki Declaration.

Whole Blood Collection and RNA Extraction
A total of 2.5 ml fasting venous blood was collected from patients
with PA-induced HSOS or healthy volunteers and stabilized in
the PAXgene Blood RNA Tubes (PreAnalytiX, Hombrechtikon,
Switzerland). The whole blood was allowed to stand at room
temperature for 2 h and stored at −80 °C until subsequent
analysis. Total RNA >18 nucleotides (including miRNA) were
extracted and purified using the PAXgene Blood miRNA Kit
(PreAnalytiX, Hombrechtikon, Switzerland) in accordance with
the manufacturer’s instructions. The RNA Integrity Number of
the extracted RNAwas checked to inspect the RNA integration by
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using the Agilent Bioanalyzer 2,100 (Agilent technologies, Santa
Clara, CA, United States). The RNA purity and concentration
were determined using the Nanodrop ND-1000
spectrophotometer (Nanodrop Technologies, Wilmington, DE).

miRNA Profiling and Data Analysis
Agilent Human miRNA (8*60K) V21.0 (i.e., human microRNA
microarrays from Agilent Technologies, which contains probes
for 2,549 human microRNAs from the miRbase database v.21.0)
were used in this study. The miRNA molecules in the total RNA
were labeled using the miRNA Complete Labeling and Hyb Kit
(Agilent technologies, Santa Clara, United States). Each slide was
hybridized with 1.65 μg Cy3-labeled cRNA by using the Gene
Expression Hybridization Kit (Agilent technologies, Santa Clara,
United Sstates) in accordance with the manufacturer’s
instructions. The hybridized arrays were washed, fixed, and
scanned using the Agilent Microarray Scanner (Agilent
technologies, Santa Clara, United States). The Agilent Feature
Extraction software (version 10.7) was used to analyze the
acquired array images. Raw data were normalized using the
Quantile algorithm and the limma packages in the R software
(version 3.5.1; MathSoft, Seattle, WA). Differentially expressed
miRNAs between healthy donors and patients with PA-induced
HSOS were screened using the criterion of false discovery rate
(FDR) adjusted p value <0.05 and fold change (FC) ≥ 2.

Real-Time Quantitative PCR (RT-qPCR)
For the detection of miRNA expression levels, an equal amount
of total RNA (300 ng) was reverse transcribed to generate the
cDNA by using the miScript II RT Kit (Qiagen, Venio, The
Netherlands) in accordance with the manufacturer’s
instructions. qPCR was performed using the miScript SYBR®
Green PCR Kit (Qiagen, Hilden, German) in accordance with
the manufacturer’s instructions. The conditions for the qPCR
were in accordance with the kit protocol. The U6 small nuclear
RNA (Qiagen, Hilden, German) was used as the internal
control. Specific primers for mature miRNAs were designed
using the miR primer algorithm and described in
Supplementary Table S1 (Busk, 2014).

Prediction and Bioinformatics Analysis of
miRNA Target Genes
Several computational microRNA-target prediction tools were
developed to predict the relationships between miRNAs and
their target mRNAs. Three miRNAs, namely, hsa-miR-148a-
3p, hsa-miR-362-5p, and hsa-miR-194-5p, were subjected to
the TargetScan 7.2 (available at: http://www.targetscan.org/
vert_72/) and the miRDB v6 (available at: http://mirdb.org/
miRDB/). The intersection of the two databases were estimated
using the Venny 2.1 software (http://bioinfogp.cnb.csic.es/
tools/venny/). The transcripts, which were identified by
both programs, were selected as the potential targets for
further analysis. The Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses were performed using the
clusterProfiler package in the R software to identify the

functional categories enriched and pathways for the
network nodes. The q value denoted the significance of GO
or KEGG term enrichment in DE genes. A low q value
indicated a significant GO or KEGG term. In addition, the
intersection from the above results was derived, and the genes
associated with the biological process of angiogenesis were
emphasized.

Animal Experiments
G. japonica was collected from Yangzhou City (Jiangsu Province,
China) and authenticated by authors. A voucher specimen was
deposited and available in the specimen room of Shanghai R&D
Center for Standardization of Traditional Chinese Medicines
(No. JG010; Shanghai, China). The total alkaloid extract (TA)
was previously prepared (Xiong et al., 2019). TA was subjected to
the UPLC–diode-array detection–mass spectrometry (MS)
analysis. The contents of PAs in TA were determined in
accordance with our previously reported method (Xiong et al.,
2019) to ensure the repeatability of the extract. TA was dissolved
in acidified 0.9% sodium chloride (pH 6.5) to prepare a solution
containing 12 mg TA per ml.

Male 6-week-old Sprague-Dawley rats were obtained from the
Laboratory Animal Center of Shanghai University of Traditional
Chinese Medicine (SHUTCM, Shanghai, China). All animals
were housed in a controlled environment (temperature �
23 °C ± 2 °C, relative humidity � 55 ± 5%, room air changes �
12–18 times/h, and 12 h light on/off cycle), with ad libitum access
to food and water. The animal welfare and experimental protocols
were strictly compliant with the Guide for the Care and Use of
Laboratory Animals and the protocol-related ethics regulations of
SHUTCM (Registration number: PZSHUTCM190912019). Rats
were randomly divided into four groups with five rats per group.
Rats were made to fast for 12 h before being orally dosed with
120 mg/kg TA by single administration and sacrificed at different
times after the TA treatment, i.e., 1 h (0.04 days), 3 h (0.13 days),
12 h (0.5 days), and 1, 2, and 7 days. The rats in the control group
were treated with the same volume of physiological saline. Rats
were made to fast for 12 h and anesthetized with isoflurane to
collect blood samples from the descending aorta. Liver tissues
were also separated.

Serum Clinical Biomarker Assay and
Histopathological Assessment
After collection, an aliquot of the blood sample (2 ml) was
immediately transferred to the PAXgene Blood RNA Tubes for
the extraction and purification of total RNA. Others were allowed
to stand at room temperature for 30 min to collect serum samples
by centrifugation at 1,500 g and 4 °C for 15 min. The serum
activities of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) and the levels of three key factors for
coagulation function, i.e., prothrombin time (PT), thrombin time
(TT), and plasma fibrinogen (FIB), were also examined.

Rat livers were fixed in 4% polyformaldehyde for 24 h,
embedded in paraffin, and subsequently sectioned (5 μm) for
the hematoxylin and eosin staining. Slices were histologically
assessed using light microscopy (Olympus Cor., Tokyo, Japan).
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Quantification of PPAs
The PPAs in sera were determined using a precolumn
derivatization liquid chromatography (LC)–tandem MS in
accordance with our previous report (Chen et al., 2020). An
aliquot of the serum (20 μl) was mixed with 200 μl acetone,
vortexed, and centrifuged at 900 g for 5 min. The pellet was
washed twice with absolute ethanol and constituted into 200 μl
AgNO3 ethanol solution (2%) and shaken for 30 min. The
mixture was centrifuged at 15,000 g and 4 °C for 5 min. The
resulting supernatant was removed and reacted with 800 μl
Ehrlich reagent, which contained 134.2 mM DABA in
absolute ethanol and 2% (v/v) boron trifluoride diethyl ether
at 55 °C for 10 min. The sample solution was filtered and
subjected to LC–MS on the SHIMADZU CBM-30A-UPLC
system (Shimadzu Co., Kyoto, Japan) linked to the ABSCIEX
QTRAP6500 (AB SCIEX Co., CA, United States) system in the
positive ion mode.

Statistical Analysis
The statistical analyses of clinical characteristics were performed
using the SPSS statistical software version 24.0 (SPSS, Chicago,
Illinois, United States). All continuous variables were expressed as
medians (25th–75th percentiles) and compared with the
Mann–Whitney–Wilcoxon test in accordance with distribution
characteristics. Categorical variables were expressed as numbers
with percentages and compared using the χ2 test or the Fisher’s
exact test.

For the qPCR analysis, raw data were normalized against
the reference miRNAs that were included in all plates. Relative

levels were quantified using the 2−ΔΔCT method, where ΔCt �
Ct (target gene) − Ct (reference gene). All data after the logarithm
transition were subjected to statistical analysis. qPCR
statistical analyses were performed in the GraphPad Prism
v7 (GraphPad Software, San Diego, United States), and p
values <0.05 were considered statistically significant. The R
software (version 3.5.1; MathSoft, Seattle, WA) was used to run
volcano plots, principal component analysis (PCA),
correlation analysis, and receiver operator characteristic
(ROC) analysis.

RESULTS

Characteristics of Study Subjects
The flow chart of the experiment for the detection of potential
PA-induced HSOS biomarkers is shown in Figure 1. One
cohort, including nine healthy controls and nine patients
with HSOS, was used as the discovery set, whereas another
cohort, including 20 patients with HSOS, was used as the
validation set. A detailed description of the clinical
characteristics for these participants is described in Table 1.
No significant difference in clinicopathological features was
observed between the discovery and the validation phases.
The primary clinical manifestations of PA-induced HSOS
were consistent with the literature (Zhuge et al., 2019). PPAs
were detected in 89.7% (26 out of 29) patients with HSOS, with
concentration ranging from 0.89 nmol/L serum to 169.31 nmol/
L serum.

FIGURE 1 | Flowchart of the experimental design.
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Screening of Differentially Expressed
miRNAs in Patients With PA-Induced HSOS
Blood samples from nine healthy control donors and nine
patients with PA-induced HSOS were first subjected to the
Agilent Human miRNA (8*60K) V21.0 microarrays to
discover differentially expressed miRNAs. The signals of all
samples were normalized and evenly distributed
(Supplementary Figure S1). Considering the criteria of FC >
2 and FDR adjusted-P value <0.05, 12miRNAs were screened and
upregulated in patients with PA-induced HSOS compared with

those in healthy donors (Figure 2A; Supplementary Figure S2).
The PCA, which was universally used for achieving the natural
inter-relationship within the data without prior knowledge of the
data set, was used as an unsupervized method to study the
differences between healthy donors and patients with HSOS.
The score plot obtained using the 12 miRNAs showed clear
separation between healthy donors and patients with HSOS
(Figure 2B). Ten principal components were calculated using
the cross validation, and 86.9% of the variables could be explained
by the first two components, indicating a significant difference

TABLE 1 | Clinicopathological characteristics of PA-HSOS patients enrolled in the study.

Characteristics Biomarker discovery phase Biomarker validation phase

Healthy
donors (n = 9)

HSOS (n = 9) p value HSOS (n = 20) p value

n (%) n (%) a n (%) b

Gendera(male/female)
Male n (%) 5 (55.56) 6 (66.67) 0.629 17 (85.00) 0.158
Female n (%) 4 (44.44) 3 (33.33) 3 (15.00)
Ageb(years) 63.00 (63.00, 68.00) 65.00 (64.00, 68.00) 0.387 67.00 (61.50, 67.50) 0.710

Blood coagulation
PTb(s) 12.60 (12.28, 12.90) 18.00 (16.35, 22.85) 0.001 14.90 (14.35, 17.15) 0.007
INRb 0.94 (0.91, 0.97) 1.59 (1.42, 2.03) <0.001 1.31 (1.25, 1.51) <0.001
APTTb(s) 35.60 (34.08, 39.63) 43.40 (37.95, 50.00) 0.029 35.50 (30.20, 37.95) 0.395
TTb(s) 17.15 (16.25, 17.85) 19.70 (17.60, 23.40) 0.121 20.10 (19.15, 21.40) 0.003
FIBb(g/L) 3.85 (3.75, 4.10) 1.50 (1.31, 2.32) <0.001 2.00 (1.80, 2.15) <0.001
D-dimerb(μg/mL) 0.39 (0.27, 0.46) 2.50 (1.71, 3.89) 0.029 1.44 (1.04, 2.34) 0.001

Blood routine test
WBCb(109/L) 6.40 (5.90, 7.60) 6.57 (5.75, 9.23) 0.776 5.50 (4.80, 7.50) 0.503
RBCb(1012/L) 4.17 (3.61, 4.44) 4.84 (4.33, 5.27) 0.050 5.16 (4.58, 5.29) 0.007
PLTb(109/L) 180.00 (174.00, 201.00) 120.50 (92.25, 146.50) 0.026 106.00 (76.00, 135.00) 0.016
HGBb(g/L) 128.00 (112.00, 141.00) 144.50 (125.75, 178.25) 0.328 154.00 (138.50, 158.00) 0.038
HCTb 38.10 (33.90, 39.60) 40.75 (35.13, 45.03) 0.456 46.40 (40.10, 47.40) 0.043
MCVb(fL) 92.10 (90.80, 94.30) 84.70 (79.33, 88.05) <0.001 91.40 (85.90, 93.75) 0.230
RDW-CVb(%) 13.20 (12.80, 13.50) 18.45 (14.73, 21.43) 0.001 13.40 (13.10, 14.20) 0.295

Biochemical test
ALTb(U/L) 17.00 (13.00, 38.00) 48.95 (27.93, 158.00) 0.021 76.50 (48.05, 245.30) <0.001
ASTb(U/L) 17.00 (15.00, 27.00) 91.60 (40.00, 236.00) <0.001 73.30 (48.30, 198.50) <0.001
ALPb(U/L) 78.00 (72.00, 96.00) 120.60 (99.68, 142.00) 0.027 108.40 (85.35, 130.00) 0.020
GGTb(U/L) 16.96 (14.00, 20.97) 73.80 (53.83, 91.88) <0.001 85.60 (64.75, 130.40) <0.001
TBILb(μmol/L) 10.80 (9.62, 13.76) 43.20 (26.68, 122.20) <0.001 36.50 (26.80, 41.60) <0.001
DBILb(μmol/L) 1.58 (0.00, 2.30) 31.80 (18.23, 82.53) <0.001 14.20 (13.05, 22.05) <0.001
CHEb(KU/L) 8.63 (7.52, 9.67) 4.03 (3.39, 4.64) 0.019 2.90 (2.43, 3.40) 0.001
TPb(g/L) 68.60 (64.84, 71.78) 52.60 (49.98, 56.70) 0.008 58.50 (55.00, 64.25) 0.046
ALBb(g/L) 40.90 (36.93, 42.26) 31.10 (30.23, 35.35) 0.036 35.20 (32.90, 36.30) 0.012
GLOb(g/L) 29.60 (25.30, 30.80) 20.95 (19.25, 22.53) 0.015 22.50 (19.85, 28.65) 0.243
A/Gb 1.40 (1.32, 1.60) 1.65 (1.48, 2.00) 0.236 1.38 (1.17, 1.69) 0.710
TBAb(μmol/L) 4.45 (4.13, 4.73) 55.50 (33.30, 85.85) 0.001 42.10 (31.40, 78.15) <0.001
UREAb(mmol/L) 7.31 (4.74, 7.83) 6.40 (6.10, 7.58) 0.743 6.85 (4.33, 8.43) 0.897
CREAb(μmol/L) 78.30 (69.86, 98.77) 80.00 (73.00, 92.40) 0.963 88.50 (61.75, 115.75) 0.897
UAb(μmol/L) 429.50 (328.53, 468.50) 336.00 (196.80, 365.00) 0.167 417.00 (272.50, 465.75) 0.762
CRPb(mg/L) 0.10 (0.05, 0.33) 27.45 (18.33, 32.53) 0.024 23.20 (11.20, 25.40) 0.001

aChi-square test.
bMedian (25th and 75th quartile), Mann-Whitney-Wilcoxon test or Kruskal-Wallis test.
a: Healthy donors VS discovery phase PA-HSOS.
b: Healthy donors VS validation phase PA-HSOS.
A/G, albumin/globulin; ALB, albumin; ALP, alkaline phosphatase; ALT, alanine aminotransferase; APTT, active partial thromboplastin time; AST, aspartate aminotransferase; CHE,
cholinesterase; CREA, creatinine; CRP, C-reactive protein; DBIL, direct bilirubin; FIB, plasma fibrinogen; GGT, c-glutamyl transferase; GLO, globulin; HCT, hematocrit; HGB, hemoglobin;
INR, international normalized ratio; MCV, mean corpuscular volume; PA-HSOS, hepatic sinusoidal obstruction syndrome induced byGynura japonica containing PAs; PLT, platelet count;
PT, prothrombin time; RBC, red blood cell count; RDW-CV, red blood cell volume distribution width-coefficient of variation; TBA, total bile acid; TBIL, total bilirubin; TP, total protein; TT,
thrombin time; UA, uric acid; WBC, white blood cell count.
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between healthy donors and patients with HSOS in the profiles
and the levels of miRNAs.

The RT-qPCR was performed to further verify the
reproducibility of the results from microarray (Supplementary
Table S2). Eight miRNAs, namely, hsa-miR-148a-3p, hsa-miR-
362-5p, hsa-miR-194-5p, hsa-miR-424-5p, hsa-miR-140-5p, hsa-
miR-185-5p, hsa-miR-29c-3p, and hsa-miR-29b-3p, were
evidently upregulated in patients with PA-induced HSOS
(Figure 2C). Eight candidate miRNAs were further validated
by another cohort, i.e., a validation cohort that included 20

patients with PA-induced HSOS (Figure 2C). Similar results
were obtained. No significant difference was found between
cohorts 1 and 2.

Identification of Potential miRNA
Biomarkers Associated With PA-Induced
HSOS
The correlation analysis was performed between the levels of
differentially expressed miRNAs and clinical indices. The

FIGURE 2 | Screening of the differentially expressed miRNAs in patients with PA-induced HSOS. (A), Volcano plots of miRNAs by microarray analysis. The plots
were constructed by plotting -log10 (FDR adjusted-p value) on the y-axis and log2 (Fold Change) on the x-axis. Red blots represent up-regulated differentially expressed
miRNAs and gray blots represent miRNAs with no significant difference. (B), PCA score plot of unique differentially expressed miRNAs. (C), Levels of eight differentially
expressedmiRNAs in patients with PA-induced HSOS. Data were analyzed by Student’s t test and expressed asmean ±SD (n � 9 in healthy donors, n � 9 in cohort
1, and n � 20 in cohort 2). *p < 0.05, **p < 0.01, ***p < 0.001 vs. healthy donors.
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expression levels of three miRNAs, i.e., hsa-miR-148a-3p, hsa-
miR-362-5p, and hsa-miR-194-5p, were positively correlated
with liver function indices and coagulation parameters,
including ALT, AST, alkaline phosphatase, λ-glutamyl
transferase, total bilirubin, direct bilirubin, international
normalized ratio (INR), TT, and D-Dimer (Table 2). They
were also negatively correlated with FIB. Notably, PPAs were
only weakly linked to liver function indices. The ROC curve
analysis was also carried out to assess the performance of these
selected miRNAs to distinguish healthy donors from patients
with PA-induced HSOS. All three miRNAs showed good
diagnostic accuracy, i.e., area under the curve over 0.87 and
Youden index over 0.67 (Figure 3; Supplementary Table S3).

Functional Analysis of PA-Induced
HSOS-Associated miRNA Target Genes
The GO and the KEGG analyses of the target genes of the three
miRNAs biomarkers, i.e., miR-148a-3p, miR-362-5p, and miR-
194-5p, were performed. The top 30 significant GO items were
associated with sprouting angiogenesis, cell migration involved in
sprouting angiogenesis, cell adhesion, angiogenesis, epithelial
tube formation, hepatocyte differentiation, and regulation of
fibroblast growth factor receptor signaling pathway
(Supplementary Table S4). The KEGG analysis highlighted
the importance of the transforming growth factor (TGF)-beta
signaling pathway, focal adhesion, extracellular matrix

TABLE 2 | Correlation analysis between the levels of three miRNA biomarkers and PPAs with related indexes in clinical laboratory.

Correlation coefficient hsa-miR-148a-3p hsa-miR-362-5p hsa-miR-194-5p PPAs

Liver function indexes
ALT 0.768** 0.689** 0.626** 0.609*
AST 0.775** 0.801** 0.688** 0.529*
ALP 0.453* 0.586** 0.465* 0.074
GGT 0.646** 0.615** 0.674** 0.276
TBIL 0.429* 0.662** 0.518** −0.219
DBIL 0.416* 0.684** 0.564** −0.212

Coagulation parameters
PT 0.474* 0.520** 0.171 0.222
INR 0.686** 0.734** 0.503* 0.337
TT 0.508* 0.596** 0.555** 0.072
FIB −0.587** −0.657** −0.526** −0.101
D-dimer 0.804** 0.709** 0.501* 0.288

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; DBIL, direct bilirubin; FIB, plasma fibrinogen; GGT, λ-glutamyl transferase; INR, international
normalized ratio; PPAs, pyrrole-protein adducts; PT, prothrombin time; TBIL, total bilirubin; TT, thrombin time. The correlation analyses were performed by the Spearman correlation
method. *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 3 | ROC curve analysis for the discrimination between healthy donors and patients with PA-induced HSOS by the three miRNA biomarkers.
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(ECM)–receptor interaction, and regulation of the actin
cytoskeleton (Supplementary Table S5). Considering that the
HSOS was characterized with angiogenesis-related pathological
processes (Zhuge et al., 2019), the co-expression of angiogenesis-
associated genes with HSOS-associated miRNAs was
investigated. Results indicated that miRNAs might correlate
with multiple angiogenic genes (Figure 4; Supplementary
Table S6).

Association of miRNA Biomarkers With the
Progression of PA-Induced HSOS
The TA of G. japonica was administered to rats to investigate the
relationship between the expression of differential miRNA
biomarkers and the progression of PA-induced HSOS. Four

PAs, i.e., senecionine (264.1 mg/g), seneciphylline (561.7 mg/g),
senecionine N-oxide (8.7 mg/g), and seneciphylline N-oxide
(9.1 mg/g), were found with high concentration in TA
(Supplementary Figure S3). The total PA content was
843.7 mg/g TA.

Rats were orally administered with TA (120 mg/kg,
equivalent to 100 mg/kg PAs), and samples were collected at
different time points 1 week after treatment. The
histopathological changes in the livers, including scattered
foci of hepatocellular necrosis, hemorrhage, and congestion,
peaked on day 2 (Figure 5A). The serum ALT and AST activities
and PPA contents rapidly increased on days 1 and 2 after
treatment and decreased on day 7 (Figures 5B,C).
Coagulation function indices, including PT and TT,
increased, whereas the FIB level decreased (Figure 5D). The

FIGURE 4 | Gene enrichment and pathway analysis of miRNAs target genes. Co-expression networks of angiogenesis-associated genes and co-regulated
miRNAs.
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expression of three miRNA biomarkers were evaluated
(Figure 5E), and their profiles were highly concordant with
those of serum biochemistry and blood coagulation parameters,
including ALT, AST, PT, FIB, and TT (Table 3). All results were

consistent with those in patients with PA-induced HSOS.
Interestingly, two miRNA biomarkers, miR-148a-3p and
miR-194-5p, were positively correlated with serum PPA
contents (Table 3).

FIGURE 5 | Time-dependent analysis in liver injury and plasma coagulation index levels in rats. Sprague-Dawley rats were orally administered TA at a dose of
120 mg/kg. The rats were euthanized at 0.04, 0.13, 0.5, 1, 2, and 7 days after the administration, and the blood was then collected for analysis. (A), Representative
image of hematoxylin and eosin staining of livers (10×). Scale bar, 50 μm. (B), PPAs contents in serum. (C), Serum ALT and AST activities. (D), PT, FIB, and TT levels. (E),
Expression levels of miR-148a-3p, miR-362-5p, and miR-194-5p. Data were analyzed by one-way ANOVA and expressed as mean ± SEM. *p < 0.05, **p < 0.01,
***p < 0.001 vs. CTRL group.
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DISCUSSION

In this study, we found that G. japonica containing PAs caused
severe HSOS, which was characterized by abnormal liver function
and coagulation systems in humans and rodents. Three miRNAs,
namely, hsa-miR-148a-3p, hsa-miR-362-5p, and hsa-miR-194-
5p, were screened and validated to be the potential biomarkers for
PA-induced HSOS in clinics by further analyses, including qRT-
PCR, correlation analysis, and ROC curve analysis.

miRNAs are detectable in many biofluids, such as blood, urine,
and feces. miRNAs are promising biomarkers especially when
measured from blood or other easily accessed body fluids.
Therefore, miRNAs have potential as minimally invasive
disease markers (Liu et al., 2018). Several miRNAs are
regarded as the noninvasive biomarkers of drug-induced liver
injuries (DILI) (Hornby et al., 2014). For example, the miR-122 is
upregulated in the capillary blood obtained using the finger
venipuncture in patients with DILI (Vliegenthart et al., 2017).
Oda et al. (2018) have reported that the miR-511-3p in plasma is a
possible biomarker for the liver sinusoidal endothelial cell (LSEC)
damage characterized by miRNA expression in LSECs and
hepatocytes. A few laboratory works were also performed
using rodents to uncover the potential miRNA biomarkers for
PA-induced HSOS. Takeuchi et al. (2018) have suggested that the
LSEC-derived miR-21-5p and miR-511-3p in serum serve as
early-phase biomarkers in response to the LSEC damage and
that hepatocyte-enriched miR-122-5p, miR-192-5p, and miR-
101b-3p serve as indicators for the hepatocyte damage in
MCT-induced HSOS in rodents. In the present study, two
independent cohorts were used to uncover the miRNA
signatures related to PA-induced HSOS in clinics for the first
time. Three miRNAs (i.e., hsa-miR-184a-3p, hsa-miR-194-5p,
and hsa-miR-362-5p) had great potential to serve as biomarkers
for PA-induced HSOS in humans and rodents after further
validation. The expression levels of miR-122-5p and miR-192-
5p, which were reported to be dramatically increased in rodents
treated with chemical hepatotoxins (such as thioacetamide,
acetaminophen, and MCT), were verified. However, large
variations were observed among different patients with PA-
induced HSOS (Supplementary Figure S4), suggesting that
miR-122-5p and miR-192-5p might not be stable enough to
serve as biomarkers.

Chen and Duan (2020) have reported that miR-148a-3p is
upregulated in the peripheral blood of patients after hepatectomy
and positively correlated with serum ALT and AST activities,
suggesting that the miR-148a-3pmay be sensitive to ischemic and
traumatic liver injury. Elevated levels of blood miR-148a-3p is
also reported in patients with chronic hepatitis B (CHB),
cirrhosis, and hepatocellular carcinoma (Jin et al., 2019). miR-
194-5p and the miR-184a-3p are potential biomarkers for CHB
infection (Van Der Ree et al., 2017). A single miRNA is frequently
not specific to the disease, whereas miRNA signatures that consist
of a plurality of different miRNAs may help improve the
differentiation between pathologies (Backes et al., 2016). The
clinical manifestations of PA-induced HSOS show dramatic
changes in liver function and the blood coagulation. In the
present study, hsa-miR-184a-3p, hsa-miR-194-5p, and hsa-
miR-362-5p were found to be closely related to the occurrence
and the development of PA-induced HSOS and positively related
to the severity of liver injury and the abnormal fibrinolytic
system. For example, an extremely high correlation was found
between the hsa-miR-148a-3p and the D-Dimer and indicated
hyperfibrinolysis in patients with PA-induced HSOS. As a global
indicator of coagulation activation and fibrinolysis, the D-Dimer
serves as an indirect marker of thrombotic activity (Bates, 2012),
and an increased D-Dimer level is correlated with several hepatic
and vascular pathogeneses (Zhang et al., 2010; Saray et al., 2012).
During early wound healing, platelets are activated and recruited
to the wound site where clot formation and fibrinolysis occur.
The FIB is crosslinked by the transglutaminase factor XIIIa and
converted into fibrin to form fibrin-rich clots. Subsequently, the
fibrinolytic system degrades fibrin to dissolve the clot, whereas
the D-Dimer is cleaved from fibrin (Danese et al., 2007). Negative
correlations are also found betweenmiRNA signatures and FIB in
patients with PA-induced HSOS.

The function analysis of PA-induced HSOS-associated
miRNA-targeted genes showed that these PA-induced HSOS-
associated miRNAs were co-expressed with genes enriched in
angiogenesis, ECM–receptor interaction, focal adhesion, and
TGF-beta signaling pathway. Liver fibrosis plays an important
role in the pathogenesis of PA-induced HSOS and is closely
related to the TGF-beta/p-Smad3 signaling pathway and the
activation of proinflammation factors (Lu et al., 2019; Zhang
et al., 2019). Thrombospondin-1 (TSP-1) is among the most

TABLE 3 | Correlations between three miRNA biomarkers and PPAs with liver function indexes and coagulation parameters in rats treated with TA of G. japonica.

Correlation coefficient rno-miR-148a-3p rno-miR-362-5p rno-miR-194-5p PPAs

Liver function indexes
ALT 0.623** 0.704** 0.726** 0.729**
AST 0.652** 0.673** 0.718** 0.729**

Coagulation parameters
PT 0.846** 0.839** 0.854** 0.500
FIB −0.717** −0.797** −0.738** 0.250
TT 0.746** 0.646* 0.746** 0.333

Other
PPAs 0.796* 0.475 0.893* —

Rats were orally treated with TA of G. japonica and sacrificed at 1, 2 and 7 days after treatment. ALT, alanine aminotransferase; AST, aspartate aminotransferase; FIB, plasma fibrinogen;
PPAs, pyrrole-protein adducts; PT, prothrombin time; TA, total alkaloids extract of G. japonica; TT, thrombin time. The correlation analyses were performed by the Spearman correlation
method. *p < 0.05, **p < 0.01, ***p < 0.001.
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important activators of TGF-beta signaling and can further lead
to liver dysfunction (Jefferson et al., 2020). The TSP-1 inhibitory
peptide inhibits the TGF-beta signal activation in mice with 70%
hepatectomy and accelerates cell proliferation after surgery
(Kuroki et al., 2015). Consistently, genes targeted by HSOS-
associated miRNAs are associated with the repression of the
antiangiogenic factor TSP-1 in our study. Hepatic fibrosis is
closely related to the activation and the proliferation of
hepatic stellate cells, the excessive secretion of collagen
protein, and the deposition of ECM. The present study
indicated that miRNAs were involved in the regulation of
vascular endothelial cell injury and coagulation, which was
consistent with the previous report (Zhuge et al., 2019). The
vascular endothelial growth factor can stimulate the proliferation
of sinusoidal endothelial cells and hepatocytes during liver
regeneration (Taniguchi et al., 2001; Bockhorn et al., 2007).
The endothelial injury caused by PAs triggers the coagulation
cascade and induces a hypercoagulable state (Chen and Huo,
2010). The elevation of the plasminogen activation inhibitor-1 is
regarded as a characteristic marker of HSOS. This hypothesis was
also proven in the present study. Plasmin, which is converted
from the circulating zymogen plasminogen, is a potent
thrombolytic protease that can dissolve fibrin blood clots and
degrade ECM directly or indirectly by activating matrix
metalloproteinases (Davis et al., 2001; Sternlicht and Werb,
2001; Law et al., 2013). The cell adhesion is an integrated
process involved with cytoskeletal dynamics and cellular
tension. The adhesion formation and disassembly affect the
migration cycle and the cytoskeletal polymerization. The
adhesion assembly is also involved in signaling regulation
(Parsons et al., 2010). The vascular cell adhesion molecule 1
(VCAM1) can mediate the leukocyte endothelial cell adhesion. A
previous report (Akil et al., 2015) has suggested the important
role of VCAM1 in the development of HSOS. Overall, the three
miRNA signatures may modulate several key pathways involved
in liver function and blood coagulation in PA-induced HSOS.

Most PAs are metabolically activated by cytochrome P450
enzymes to form dehydropyrrolizidine alkaloids, which are active
intermediates and highly electrophilic to rapidly interact with
cellular macromolecules, thereby forming adducts (such as PPAs)
to initiate the toxic effect. Thus, PPAs are suggested as potential
diagnostic markers for PA-induced HSOS (Xia et al., 2016; Zhuge
et al., 2019). However, as the xenobiotic metabolites of PAs, the
PPA contents in serum are greatly affected by several key factors.
In the present study, 29 patients with PA-induced HSOS were
confirmed by clinical examination. The PPA was not detected in
three patients, whereas varying PPA contents, ranging from
0.89 nmol/L serum to 169.31 nmol/L serum, were observed in
other patients. PPA contents were found to be highly correlated
with serum ALT and AST activities in patients and rodents with
PA-induced HSOS, but no relevance was found between the PPA
content and coagulation parameters, which were also the key
clinical manifestations of PA-induced HSOS in clinics. The
expression levels of three miRNA biomarkers in blood were
highly correlated with several coagulation parameters,
including PT, INR, TT, FIB, and D-Dimer (Table 2).
Interestingly, the miR-184a-3p and the miR-362-5p levels were

positively related to the serum PPA contents in rats with PA-
induced HSOS (Table 3) but not in patients with PA-induced
HSOS. An important finding was that the levels of miR-148a-3p,
miR194-5p, and miR-362-5p increased in rats as early as 3 h
(i.e., 0.13 day) after TA treatment whereas the conventional
serum clinical biochemical indicators ALT and AST increased
at 12 h after TA treatment (Figures 5C,E). Therefore, the three
miRNA signatures were more stable than PPAs and might be
good biomarkers for PA-induced HSOS in clinics.

Several limitations might be involved in the present study.
First, the high sensitivity and specificity of the biomarkers
identified in the present study made them useful for real-time
clinical testing and early clinical intervention. However, only
limited numbers of patients were enrolled in our study because of
the rarity of this clinical presentation. The small sample size
might lead to selection bias. However, results from themicroarray
were validated using a dependent cohort containing 20 patients
with HSOS, and the correlation between the levels of differentially
expressed miRNAs and conventional clinical indices was
analyzed. Furthermore, a time response study was performed
in rats, which suggested similar results as those in patients with
HSOS. These investigations may help enhance the strength of
using these miRNA markers as promising prognostic biomarkers
in clinics. Therefore, our ongoing project might further confirm
results by performing large multiple-center prospective studies to
establish clinically useful cutoffs for their future use in clinical
trials. Second, the enrichment analyses of altered miRNA
abundance were predicted using bioinformatics tools in the
present study. Further investigation should be performed to
elucidate the detailed molecular mechanisms of candidate
miRNAs alone or in combination in the pathogenesis of PA-
induced HSOS.

CONCLUSION

In summary, the miRNA profiling after the PA exposure was
performed in clinical samples for the first time. Three blood
miRNAs (namely, hsa-miR-148a-3p, hsa-miR-362-5p, and hsa-
miR-194-5p) were suggested as new promising biomarkers for
PA-induced HSOS in clinics. Our results provided further
information on the diagnosis of HSOS induced by herbal
medicines and preparations containing PAs.
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Copper and Cobalt Ions Released
from Metal Oxide Nanoparticles
Trigger Skin Sensitization
Sung-Hyun Kim, Jin Hee Lee, Kikyung Jung, Jun-Young Yang, Hyo-Sook Shin,
Jeong Pyo Lee, Jayoung Jeong, Jae-Ho Oh* and Jong Kwon Lee*

Division of Toxicological Research, National Institute of Food and Drug Safety Evaluation, Ministry of Food and Drug Safety,
Osong, South Korea

Human skins are exposed to nanomaterials in everyday life from various sources such as
nanomaterial-containing cosmetics, air pollutions, and industrial nanomaterials.
Nanomaterials comprising metal haptens raises concerns about the skin sensitization
to nanomaterials. In this study, we evaluated the skin sensitization of nanomaterials
comparing metal haptens in vivo and in vitro. We selected five metal oxide NPs,
containing copper oxide, cobalt monoxide, cobalt oxide, nickel oxide, or titanium
oxide, and two types of metal chlorides (CoCl2 and CuCl2), to compare the skin
sensitization abilities between NPs and the constituent metals. The materials were
applied to KeratinoSensTM cells for imitated skin-environment setting, and luciferase
induction and cytotoxicity were evaluated at 48 h post-incubation. In addition, the
response of metal oxide NPs was confirmed in lymph node of BALB/C mice via an in
vivo method. The results showed that CuO and CoO NPs induce a similar pattern of
positive luciferase induction and cytotoxicity compared to the respective metal chlorides;
Co3O4, NiO, and TiO2 induced no such response. Collectively, the results implied fast-
dissolving metal oxide (CuO and CoO) NPs release their metal ion, inducing skin
sensitization. However, further investigations are required to elucidate the mechanism
underlying NP-induced skin sensitization. Based on ion chelation data, metal ion release
was confirmed as the major “factor” for skin sensitization.

Keywords: skin sensitization, alternative test, KeratinoSensTM, LLNA, dissolving nanoparticles, nanoparticles,
copper, cobalt

INTRODUCTION

Metal oxide nanoparticles (NPs) constitute one of the major types of nanomaterials (NMs) that are
used in industrial, biomedical, and cosmetic applications. With an increase in the number and
production volume of NPs, concerns about their toxicity have increased exponentially in the recent
years. While the major NP-exposure pathways include inhalation, ingestion, and absorption into the
skin, the latter can cause lesions such as local inflammation, contact allergy, and skin sensitization
(Oberdor̈ster et al., 2005; Maynard and Kuempel, 2005). With an exponential increase in the
commercialization of NPs in cosmetics and relevant safety concerns, evaluation of NP safety has
become important (Katz et al., 2015). In recent cosmetic tests, the importance of alternative test
methods considering animal welfare and the 3R principles has been emphasized (Rusche, 2003;
Kaluzhny et al., 2011). However, since these guidelines are based on chemical substances,

Edited by:
Fatma Mohamady El-Demerdash,

Alexandria University, Egypt

Reviewed by:
Tian Xia,

UCLA David Geffen School of
Medicine, United States

Masanori Horie,
Adina Institute of Science and

Technology (AIST), India

*Correspondence:
Jae-Ho Oh

mfdsnc@korea.kr
Jong Kwon Lee
jkleest@korea.kr

Specialty section:
This article was submitted to

Predictive Toxicology,
a section of the journal

Frontiers in Pharmacology

Received: 10 November 2020
Accepted: 15 January 2021

Published: 19 February 2021

Citation:
Kim S-H, Lee JH, Jung K, Yang J-Y,
Shin H-S, Lee JP, Jeong J, Oh J-H and
Lee JK (2021) Copper and Cobalt Ions

Released from Metal Oxide
Nanoparticles Trigger

Skin Sensitization.
Front. Pharmacol. 12:627781.

doi: 10.3389/fphar.2021.627781

Frontiers in Pharmacology | www.frontiersin.org February 2021 | Volume 12 | Article 6277811

ORIGINAL RESEARCH
published: 19 February 2021

doi: 10.3389/fphar.2021.627781

47

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.627781&domain=pdf&date_stamp=2021-02-19
https://www.frontiersin.org/articles/10.3389/fphar.2021.627781/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.627781/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.627781/full
http://creativecommons.org/licenses/by/4.0/
mailto:mfdsnc@korea.kr
mailto:jkleest@korea.kr
https://doi.org/10.3389/fphar.2021.627781
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.627781


development of alternative test methods reflecting the properties
of nanomaterials are also imperative.

The physicochemical properties of NPs form the key
determinants of its toxic potential (Donaldson et al., 2013;
Braakhuis et al., 2014). NPs, in most cases, are minimally
soluble under normal physiological conditions; however, some
have been shown to be soluble in certain media, such as lysosomal
fluid (Cho et al., 2012; Cho et al., 2013). Dissolution of such NMs
causes toxicity different from that caused by NMs that do not
dissolve well, possibly due to the released ions. According to Cho
et al., 2012, the toxicity of fast-dissolving metal oxide NPs is
closely related to the intrinsic toxicity of its constituent
metal ions.

Current knowledge regarding the chemical and biological
mechanisms associated with skin sensitization has been
summarized in the form of an adverse outcome pathway
(starting with the molecular initiating event, through
intermediate events, to the adverse effect), namely allergic
contact dermatitis (OECD, 2018a). The first key event involves
the initial covalent reaction of electrophilic chemicals in the
irritant with nucleophilic thiol and primary amines in skin
proteins. The second key event occurs within the keratinocytes
and includes inflammatory responses as well as changes in gene
expression associated with specific cell signaling pathways, such
as the antioxidant/electrophile response element (ARE)-
dependent pathways (OECD, 2014). The ARE-Nrf2 Luciferase
KeratinoSensTM test, representing the second key event, can
discriminate between skin sensitizers and non-sensitizers
under the United Nations Globally Harmonized System of
Classification and Labelling of Chemicals (OECD, 2018a).

Park et al., 2011, had reported titanium oxide NPs to not
induce skin sensitization inmice, as per a local lymph node BrdU-
enzyme-linked immunosorbent assay. In contrast, gold NPs had
been shown to bind non covalently to proteins and affect the
immune system (Yoshioka et al., 2017). In addition, the NPs may
release free chemicals with skin sensitization properties (Dwivedi
et al., 2011; Dykman and Khlebtsov, 2017). However, there is still
little information on the possible skin sensitization of NPs.

This study aimed to evaluate the skin sensitization potential of
metal oxide NPs using the ARE-Nrf2 Luciferase KeratinoSensTM

assay and LLNA-FCM assay. In addition, the effect of release of
ions frommetal oxide NPs on skin sensitization were investigated
in a dose-dependent manner.

MATERIALS AND METHODS

NPs and Metal Chlorides
CoO, Co3O4, CuO, and TiO2 NPs were purchased from
Nanostructured and Amorphous Materials (Houston, TX,
United States). NiO NPs were purchased from US-Nano
(Houston, TX, United States). Metal chlorides (CoCl2, CuCl2;
Sigma-Aldrich, St Louis, MO, United States) were used for testing
the constituent metal ions. Their primary size was confirmed by
transmission electron microscopy (JEM-1200EX II, JEOL, Tokyo,
Japan). The hydrodynamic size, polydispersity, and zeta potential
of the NPs were measured using a Zetasizer Nano ZS instrument

(Malvern Instruments, Malvern, United Kingdom), in different
vehicles, including distilled water (DW), Dulbecco’s Modified
Eagle’s Medium (DMEM; GIBCO, Grand Island, NY,
United States) containing 1% heat-inactivated fetal bovine
serum (FBS; GIBCO) for KeratinoSensTM assay, and LLNA:
BrdU-FCM assay working solution (DMF solution containing
3% mouse serum). The levels of endotoxin were evaluated using
an Endpoint Chromogenic Limulus Amoebocyte Lysate assay
(Cambrex Corporation, Walkersville, MD, United States).

Metal Oxide NPs Dissolution Assay
The dissolution of NPs was measured in artificial lysosomal fluid
(ALF, pH 5.5) or phosphate buffered saline (PBS, pH 7.4), as
previously described (Jeong et al., 2015, 2016). Briefly, NPs were
dispersed in each medium at 100 μg/ml and incubated for 48 h at
room temperature. Centrifugation was performed thrice at 15,000
× g for 30 min to collect the NP-free supernatant, and absence of
NPs was confirmed by dynamic light scattering (DLS) analysis
using a Zetasizer Nano ZS (Malvern). Concentration of metal
ions in the supernatant was measured using inductively coupled
plasma optical emission spectroscopy (ICP-OES; 700-ES, Varian
Inc., United States). Solubility was calculated as the percentage of
dissolved metal concentration regarding the initial mass of metal
in the NP suspension.

Cell Culture and Treatment of
KeratinoSensTM with NPs
A transgenic cell line with stable insertion of the luciferase
reporter gene under the control of ARE-element
KeratinoSensTM was obtained from Givaudan Suisse SA
(Vernier, Switzerland). The cells were cultured in DMEM
supplemented with 10% FBS and 0.5 mg/ml Geneticin (G418;
Sigma-Aldrich). KeratinoSensTM cells were sub-cultured every
3–4 days at 80–90% confluence for a maximum of 25 passages.
For the experiments, KeratinoSensTM cells were seeded into 96-
well plates at a density of 1 × 104 cells/well, the medium was
replaced with fresh medium (DMEM supplemented with 1%
FBS), and eventually incubated in a humidified atmosphere of 5%
CO2 at 37°C.

The NP suspensions in media were prepared by modifying the
previously described method (Jeong et al., 2018). Briefly, the NP
stock solution was dispersed in DW at a concentration of 200 mM
and sonicated at 40 kHz with 100W output power for 10 min in a
bath-type sonicator (Saehan-Sonic, Seoul, South Korea). Then,
DMEM supplemented with 1% FBS was added to different
working concentrations (0.98–2000 µM). Then KeratinoSensTM

cells were treated with NPs from a concentration of 2000 µM to
serial dilution. Since CoO and Co3O4 NPs have the same
constituent elements, the ion concentration was calculated for
comparison and treated as the constituent element ratio. If metal
chloride occurs, each cell was treated by converting the ion
concentration to the constituent element ratio.

Luciferase Induction and Cytotoxicity Assay
To assess the induction of luciferase activity in KeratinoSensTM

cells, the latter were seeded into 96-well plates at a density of
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1 × 104 cells/well and incubated overnight to approximately 80%
confluence. The cells were washed thrice with pre-warmed DPBS
(Gibco) followed by adding fresh medium containing test
materials (0.98–2000 µM) and incubation for 48 h. Luciferase
activity was measured using the ONE-GloTM luciferase assay kit
(Promega). Luminescence intensity of each sample was measured
using a luminometer (Promega) and multi-microplate reader
(Synergy 2, BioTek, Winooski, VT, United States). Luciferase
induction was calculated based on the luminescence values of the
vehicle control and blank.

For cell viability test, briefly, KeratinoSensTM cells were seeded
into 96-well plates at a density of 1 × 104 cells/well and incubated
overnight to reach approximately 80% confluence. The cells were
washed once with pre-warmed DPBS (Gibco), followed by adding
fresh medium containing test materials (0.98–2000 µM) and
incubation for 48 h. Cell viability was measured by a thiazolyl
blue tetrazolium bromide (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide) assay (Promega, Madison, WI,
United States). To exclude colorimetric interference from NPs,
present in the cells, the supernatant was transferred into clear 96-
well plates and absorbance measured at 570 nm with a microplate
reader (Tecan, Männedorf, Switzerland). Cell viability (%) was
calculated based on the optical density of vehicle control and blank.

Treatment of KeratinoSensTM Cells with
Solubilized and Chelated Copper and
Cobalt Ions
To evaluate the role of dissolved metal ions in cytotoxicity and
sensitization, KeratinoSensTM cells were treated with solubilized
metal ions followed by chelation, as described in our previous
study, with slight modification (Jeong et al., 2018). Briefly, the
stock solution of copper and cobalt chlorides in DW were
incubated with Chelex 100 beads (Sigma-Aldrich) twice at 1:10
ratio (v/v) and shaken for 8 h at room temperature (26 ± 2°C).
The beads were then removed by centrifugation at 15,000 × g for
30 min. The collected supernatant was diluted to the working
concentration (2 mM) with cell culture medium and applied to
KeratinoSensTM cells.

In Vivo Skin Sensitization Assay: LLNA-FCM
Female BALB/C mice (7 weeks old, specific pathogen free) were
purchased from ORIENT BIO Inc (Korea) and acclimated for at
least 7 days before the experiments. The animals were kept at an
animal facility in the Korea Ministry of Food and Drug Safety
(MFDS). They were housed at a temperature of 22 ± 3°C and
relative humidity of 30–70%. The study was approved by the
Institutional Animal Care and Use Committee (IACUC) (2018,
Approval NO. MFDS-18-145). On day 1, 2, and 3, 25 μL of the
dispersed NP suspension, vehicle, and positive control (25% hexyl
cinnamic aldehyde in AOO) were applied to the dorsal skin of
each ear at the same time-point. Briefly, the NP stock solution was
dispersed in DW at a concentration and sonicated at 40 kHz with
100W output power for 10 min in a bath-type sonicator (Saehan-
Sonic). After dispersing the nanoparticle stock solution, 3%
mouse serum was used as a dispersant and sonicated for
10 min to increase the dispersion efficiency. Then the DMF

solution was added at different working concentrations (Low
dose: 25, Mid dose: 50, and High dose: 100 %) for each NPs. NP
suspensions were prepared fresh daily before application. On day
5, the mice were intraperitoneally injected with 100 μL of BrdU
solution (20 mg/ml). On day 6, all mice were sacrificed, and their
auricular lymph nodes excised. The latter were then mashed with
a spatula to prepare lymph node cells (LNCs). Isolated LNCs were
counted using a hemocytometer after staining with trypan blue.
The counted LNCs (1.5 × 106 cells/mL) were prepared according
to the protocol provided in the kit. Thereafter, viable LNCs were
counted and 10,000 gated cells were analyzed using BD FACS
CaliburTM flow cytometry (BD Biosciences), as described (Jung
et al., 2010; Ahn et al., 2016). Stimulation index (SI) values were
calculated using the formula described in OECD test guideline
442B guideline. If the SI values were 2.7 or above, the test
substance was classified as sensitizers.

Histological Procedures for Mouse Ear
Tissue Treated with NPs
Mouse ear tissue was fixed with 10% neutral buffed formalin for
24 h, followed by routine histological procedures. The tissue was
stained lightly with eosin, which provided contrast from themetal
oxide NPs. The NP aggregates in ear tissue were visualized by
optical microscopy (Leica, Germany).

Comparison Between the Component Ions
of Highly Soluble NPs by LLNA-FCM Assay
Constituent element ions were calculated from the
concentrations of CoO and CuO (which are fast-dissolving
NPs), as done previously, to prepare a suspension of
constituent ions using corresponding metal chlorides. The
concentrations of CoCl2, CuCl2, metal chlorides, used were the
same ion molar concentration as the three concentrations of CoO
and CuO nanoparticles tested previously (25, 50 and 100%). The
LLNA-FCM assay was performed by treating animals via the
same procedure as the described test method for NPs.

Statistical Analysis
Data of in vitro assay are expressed as mean ± SD (n � 6). LLNA:
BrdU-FCM data are expressed as mean ± SD (n � 4). Statistical
analysis was performed via one-way analysis of variance
(ANOVA). Post hoc Tukey’s pairwise comparison was
performed for comparing between groups. Results were
prepared using GraphPad Prism ver.7.0 (GraphPad Software,
San Diego, CA). A p value less than 0.05 was considered
statistically significant.

RESULTS

Physicochemical Properties of the Metal
Oxide NPs
Transmission electron microscopy images of the five metal oxide
NPs used in this study are shown in Figure 1. Average sizes of the
different NPs were < 100 nm, like that of NPs provided by
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manufacturers. Physicochemical properties of the five metal oxide
NPs are summarized inTable 1. Hydrodynamic size analysis revealed
them all to be agglomerated, based on their primary size (nm).
Measurement of zeta potential showed all NPs to be positively
charged in DW and negatively charged in DMEM, with zeta
potentials of −23 to −32mV. The Limulus Amebocyte Lysate test
showed all metal oxide NPs to have endotoxin levels lower than the
limit of detection (0.1 U/mL). The dissolution test showed incubation
of CoO and CuONPs in artificial lysosomal fluid (pH 5.5) for 48 h to
result in dissolution of over 77.7%, whereas Co3O4, NiO, and TiO2

NPs had dissolution of 0.2, 2.0, and 0.3%, respectively. However, all
NPs dispersed in PBS showed less than 5.4% dissolution.

Evaluation of NPs-Induced Sensitization in
the KeratinoSensTM Assay
The five metal oxide NPs were assessed for their skin
sensitization potential using the KeratinoSensTM assay; the
data are shown in Table 2 and Figure 2. CuO and CoO NPs-
induced activity of the luciferase reporter by over 1.5-fold,
suggesting their ability to cause skin sensitization. The other
NPs did not increase luciferase activity in the KeratinoSensTM

assay. The EC1.5 value for CuO and CoO NPs was 1.38 and
316.57 µM respectively, classifying them as sensitizers,
whereas the values were >1,000 µM for the remaining NPs,
classifying them as non-sensitizers.

FIGURE 1 |Morphology of five metal oxide NPs observed by transmission electron microscopy (TEM): (A) CoO, (B) Co3O4, (C) CuO, (D) NiO, and (E) TiO2 NPs.

TABLE 1 | Physicochemical characterization of the five metal oxide NPs.

NPs CoO Co3O4 CuO NiO TiO2

Primary size (nm) 43.60 ± 7.94 41.12 ± 12.06 47.80 ± 13.24 19.10 ± 5.97 12.81 ± 2.70
Hydrodynamic size (d, nm) in
DW 251.8 ± 6.1 294.2 ± 37.2 261.3 ± 11.1 303.5 ± 12.0 491.2 ± 73.8
working solution (DMEM)a 403.3 ± 11.1 336.8 ± 45.3 307.1 ± 19.3 276.6 ± 62.1 486.0 ± 14.7
working solution (DMF)b 492.9 ± 13.3 499.7 ± 74.4 349.9 ± 7.2 490.9 ± 37.1 793.8 ± 63.3

Polydispersity (PDI) in
DW 0.45 ± 0.07 0.44 ± 0.16 0.18 ± 0.07 0.32 ± 0.05 0.52 ± 0.28
working solution (DMEM)a 0.32 ± 0.04 0.53 ± 0.12 0.36 ± 0.05 0.50 ± 0.11 0.53 ± 0.07
working solution (DMF)b 0.39 ± 0.06 0.61 ± 0.19 0.30 ± 0.10 0.42 ± 0.10 0.31 ± 0.03

Zeta potential (mV) in
DW 17.38 ± 0.55 22.77 ± 4.19 15.33 ± 2.17 33.22 ± 1.80 13.43 ± 0.31
working solution (DMEM)a −26.42 ± 1.10 −28.70 ± 1.13 −28.00 ± 1.20 −23.50 ± 1.87 −24.60 ± 1.19
working solution (DMF)b −18.22 ± 0.46 −33.50 ± 1.59 −26.48 ± 0.57 −32.86 ± 0.90 −34.10 ± 1.00

Solubility (%) in
ALF (pH 5.5) 77.7 0.2 88.4 2.0 0.3
PBS (pH 7.4) 5.4 0.1 0.1 1.8 0.2

Molecular weight (g/mol) 74.93 240.8 79.5 74.7 79.6
Purity (%) 99.5 100 100 99 99.7
Endotoxin (U/mL) <0.1 <0.1 <0.1 <0.1 <0.1

DW, distilled water; ALF, artificial lysosomal fluid; PBS, phosphate-buffered saline. Data were expressed as mean ± SD from six independent experiments.
aDW stock (1%) + DMEM containing 1% FBS, condition.
bDW stock (10%) + DMF containing 3% inactivated mice serum, condition.
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Comparison Between Highly Soluble Metal
Oxide (CoO and CuO) NPs and
Corresponding Metal Ions
CoO and CuO NPs were selected based on elemental analysis
(ICP-OES) data for studying the effect of NPs with fast-dissolving
ability and comparison of the same with corresponding metal

ions. Cytotoxicity and luciferase induction in KeratinoSensTM

cells were measured using CoCl2 and CuCl2, which are ionic
forms of the nanoparticles (Figure 3). Results of the ion-dose
treatment of Cobalt and Copper metal chlorides and treatment of
CoO and CuO NPs showed similar dose-dependent features in
the two analyses.

TABLE 2 | KeratinoSensTM assay results with the five metal oxide NPs.

NPs CAS RN Physical form KeratinoSensTM assay results

Imax EC1.5 (µM) Cell viability (%)a IC50 (µM) Classification

CoO 1307-96-6 Solid 17.32 316.57 >70 841.19 Positive
Co3O4 1308-06-1 Solid 1.07 >70 >2000 Negative
CuO 1317-38-0 Solid 6.70 1.38 >70 122.74 Positive
NiO 1313-99-1 Solid 1.05 >70 >2000 Negative
TiO2 13463-67-7 Solid 1.30 >70 >2000 Negative

aCell viability (%) at EC1.5.

FIGURE 2 | Induction of luciferase activity (green squares) and cell viability (black rounds) in the KeratinoSensTM assay. KeratinoSensTM cells were treated with five
metal oxide NPs: (A) CoO, (B) Co3O4, (C) CuO, (D) NiO, and (E) TiO2 NPs. (F) Positive control (cinnamic aldehyde, 4–64 µM) was tested in parallel. Data are expressed
as mean ± standard deviation values (n � 6).
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FIGURE 3 |Comparison of luciferase induction assay results between highly soluble metal oxide NPs and their component metal ions. (A) Viability and (B) luciferase
induction CoO, Co3O4 NPs, and CoCl2. (C) Viability and (D) luciferase induction CuO NPs and CuCl2. Data are expressed as mean ± standard deviation values (n � 6).

FIGURE 4 | Comparison of luciferase induction and cytotoxicity results between the chelated and non-chelated metal chlorides. (A) Viability and (B) luciferase
induction of cobalt chloride (CoCl2). (C) Viability and (D) luciferase induction of copper chloride (CuCl2). Data are expressed as mean ± standard deviation values (n � 6).
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Differential Luciferase Induction After
Chelation of Metal Chlorides
The chelation of copper and cobalt chlorides showed dramatic
recovery of cytotoxicity, along with non-sensitization results,
compared to that with non-chelated metal chlorides
(Figure 4). Although metal chlorides showed significant
luciferase induction and cytotoxicity in KeratinoSensTM cells,
chelation of metals showed no fold induction and cytotoxicity at
the doses tested.

Evaluation of the Five Metal Oxide NPs
Using LLNA-FCM Assay
Metal oxide NPs were assessed for their skin sensitization
potential using the LLNA: BrdU-FCM assay, data shown in
Figure 5. The SI was obtained by flow cytometry, and for all
metal oxide NPs, SI value was less than 2.7.

Observation of CuO NP Aggregates in the
Stratum Corneum
To visualize the NPs penetration, mouse ear tissues were stained
lightly with eosin, which provided contrast from the dark NPs
(Figure 6). CuO NP-exposed mouse ear showed large aggregates
in the stratum corneum (Figures 6B,C). Upon measurement of
the approximate size of the particles, agglomerates of
nanoparticles 400–1,000 nm were observed.

Differential Skin Sensitization Potential of
NPs and Component Metal Ions per
LLAN:-BrdU-FCM Assay
The SI results of NPs and metal chlorides are presented in
Figure 7. SI value of the metal oxide NPs was less than 2.7.
CoCl2 and CuCl2 metal chlorides showed higher SI value than
metal oxide (CoO and CuO) NPs, respectively.

FIGURE 5 | Induction of stimulation index (SI) in the LLNA: BrdU-FCM assay. Animals were administered five metal oxide NPs: (A) CoO, (B) Co3O4, (C) CuO, (D)
NiO, and (E) TiO2 NPs. Data are expressed as mean ± standard deviation values (n � 4). Significance vs. vehicle control: ****p < 0.0001.

FIGURE 6 | Histologic examination of eosin-stained ear skin tissue after exposure of mice to copper oxide NPs. (A) Vehicle control (DMF), (B) and (C) treated with
CuO NPs. CuO NPs accumulated in the stratum corneum (green arrow). (C) is a high-magnification image of the red arrow portion in (B). Scale bars: (A) 200 μm, (B)
200 μm, (C) 50 µm.
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DISCUSSION

This study was conducted to evaluate the skin sensitization
potential of metal oxide NPs using the ARE-Nrf2 Luciferase
KeratinoSensTM assay and LLNA: BrdU-FCM assay. These
assays were based on the second and fourth key events of skin
sensitization; it evaluated whether a test substance sensitizes
skin at the keratinocyte or in vivo levels (OECD, 2018a;
OECD, 2018b). We had previously confirmed the
applicability of this method using metal oxide
nanoparticles, and this study investigated the effect of
dissolution of metal nanomaterials on skin sensitization
(Kim et al., 2020).

The level of reproducibility of the predictions expected from
the KeratinoSensTM assay was approximately 85% within and
across laboratories. The accuracy of identifying a skin sensitizer
by this test method has been demonstrated to be 77% (155/201),
with a sensitivity of 78% (71/91) (Natsch et al., 2013; EURL-
ECVAM, 2014). Collectively, available data indicated the
KeratinoSensTM assay to be useful for identifying the risk of
skin sensitization by various compounds (Emter et al., 2010;
Andreas et al., 2011; EURL-ECVAM, 2014). After 145 chemical
tests, the KeratinoSensTM assay was recognized as an OECD
guideline and is being evaluated as an alternative test guideline
(Natsch et al., 2013). Skin sensitization tests are performed using
purified chemicals; however, evaluation of materials that are not
completely dissolved has also been reported (Andres et al., 2013;
Settivari et al., 2015).

LLNA: BrdU-FCM assay was developed to replace the
traditional radioisotopic LLNA; it could reduce the pain
inflicted on animals, since it did not use immunoadjuvants
and required a lesser number of animals for the test (OECD,
2018b). Skin sensitization study of some NPs such as TiO2 and
ZnO had been performed previously using LLNA assay (Park
et al., 2011; Jang et al., 2012); these were determined to be non-
sensitizers.

To accurately identify the toxicity of nanomaterials, it
would be important to produce a stable and uniform
dispersion, since nanomaterial aggregates may exert
different biological effects compared to well-dispersed
nanomaterials (Bihari et al., 2008). The NPs show large
aggregation when preparing suspensions with ordinary
vehicle solutions in LLNA: BrdU-FCM assays. According to
Bihari et al., 2008; Lee et al., 2016, the use of inactivated serum
of the same species/strain as a dispersant could contribute to
the reduction of hydrodynamic size (reduction of
aggregation) in the NPs suspension.

In our study, the same substance was evaluated using the two
test methods. It was found that TiO2 NP does not exhibit skin
sensitization when evaluated using skin sensitization assay.
Nickel is known as a positive sensitizer in humans and as per
GMPT test results. However, as a limitation, nickel is shown as
‘false negative’ in the alternative test method (Williams et al.,
2015). In the KeratinoSensTM assay, CoO and CuO NPs were
positive sensitizers while they were negative in in vivo results.
Copper and cobalt are reported as sensitizing substances (Wang
et al., 2018); however, in this study, the two test methods showed
contradictory results.

Factors such as “very small,” “skin injury,” or “solubility of
the materials” can promote the penetration of the substance
into the skin. Skin penetration is possible at sizes below 20 nm,
but nanomaterials are known to have low skin penetration
(Filon et al., 2015; Yoshioka et al., 2017). When a sensitizing
substance does not pass through the skin, accurate test results
may not be obtained. In this study, it was confirmed that
nanomaterials form large aggregates in the stratum corneum of
the ear tissue. In addition, since the size of the nanomaterials of
the working fluid used in the in vivo test is 300∼500 nm or
more, it is considered that it could not have penetrated
the skin.

We estimated that the difference in the in vivo and in vitro
results of CuO and CoO NPs was due to their ability to

FIGURE 7 | The SI value in LLNA-FCM assay due to metal oxide NPs and component metal ions (Cobalt and copper). Animals were treated with: (A) Cobalt-
containing compound, and (B) Copper-containing compound. Data are expressed as mean ± standard deviation values (n � 4). Significance vs. vehicle control:
****p < 0.0001.
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generate metal ions. CuO and CoO NPs used in this test are
reported to exhibit high solubility in the intracellular
environment (Jeong et al., 2018). These highly ionized NPs
rapidly dissolve in the lysosome and are released like a “Trojan
horse,” causing cytotoxicity. The results of the metal ions
treated with the same ion concentration as the CoO and CuO
NPs showed a remarkably similar concentration-dependent
pattern in the KeratinoSensTM assay. When looking at the
results of Co3O4 NPs, which has the same element as cobalt
but does not dissolve well, CoO NPs showed more similarity
with cobalt ions. In addition, the chelation test results of metal
ions proved that the removal of metal ions does not induce
sensitization. Therefore, the result obtained through this
study is that the dissolution of metal NMs had an
important effect on inducing skin sensitization. Our study
investigated the potential of skin sensitization for five metal
oxide NPs. Since only a few of the various NMs have been
evaluated, more studies are needed to elucidate the
mechanism of in-depth skin sensitization by NMs.

CONCLUSION

In this study, evaluation of skin sensitization by NPs, through two
skin sensitization test methods, showed the sensitization potential
of CuO and CoO NPs. The effect was induced by the constituent
elements of fast-dissolving NPs. Based on ion chelation data;
metal ion release was confirmed as the major “factor” for skin
sensitization. If the NPs are to be applied to alternative test
methods or investigating skin sensitization, their
physicochemical properties, including dissolution of NPs,
would need to be considered. However, further investigations
would be required to elucidate the mechanism underlying NPs-
induced skin sensitization.
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Corrigendum: Copper and Cobalt Ions
Released From Metal Oxide
Nanoparticles Trigger Skin
Sensitization
Sung-Hyun Kim, Jin Hee Lee, Kikyung Jung, Jun-Young Yang, Hyo-Sook Shin,
Jeong Pyo Lee, Jayoung Jeong, Jae-Ho Oh* and Jong Kwon Lee*

Division of Toxicological Research, National Institute of Food and Drug Safety Evaluation, Ministry of Food and Drug Safety,
Osong, South Korea

Keywords: skin sensitization, alternative test, KeratinoSens TM, LLNA, dissolving nanoparticles, nanoparticles,
copper, cobalt

A Corrigendum on

Copper and Cobalt ions Released from Metal Oxide Nanoparticles Trigger Skin Sensitization
by Kim S-H, Lee JH, Jung K, Yang J-Y, Shin H-S, Lee JP, Jeong J, Oh J-H and Lee JK (2021). Front.
Pharmacol. 12:627781. doi: 10.3389/fphar.2021.627781

In the original article, there was an error. The value 0.00 μM was mistakenly inserted instead of
316.57 μM.

A correction has been made to Results, Evaluation of NPs-Induced Sensitization in the
KeratinoSensTM Assay, Paragraph 1:

“The five metal oxide NPs were assessed for their skin sensitization potential using the
KeratinoSens™ assay; the data are shown in Table 2 and Figure 2. CuO and CoO NPsinduced
activity of the luciferase reporter by over 1.5-fold, suggesting their ability to cause skin sensitization.
The other NPs did not increase luciferase activity in the KeratinoSens™ assay. The EC1.5 value for
CuO and CoO NPs was 1.38 and 316.57 μM respectively, classifying them as sensitizers, whereas the
values were >1,000 μM for the remaining NPs, classifying them as non-sensitizers.”

The authors apologize for this error and state that this does not change the scientific conclusions
of the article in any way. The original article has been updated.

Copyright © 2021 Kim, Lee, Jung, Yang, Shin, Lee, Jeong, Oh and Lee. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
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Toxic Mechanisms of Five Heavy
Metals: Mercury, Lead, Chromium,
Cadmium, and Arsenic
Mahdi Balali-Mood1, Kobra Naseri 1, Zoya Tahergorabi1, Mohammad Reza Khazdair2 and
Mahmood Sadeghi1*

1Medical Toxicology and Drug Abuse Research Center, Birjand University of Medical Sciences, Birjand, Iran, 2Cardiovascular
Disease Research Center, Birjand University of Medical Sciences, Birjand, Iran

The industrial activities of the last century have caused massive increases in human
exposure to heavy metals. Mercury, lead, chromium, cadmium, and arsenic have been the
most common heavy metals that induced human poisonings. Here, we reviewed the
mechanistic action of these heavy metals according to the available animal and human
studies. Acute or chronic poisonings may occur following exposure through water, air, and
food. Bioaccumulation of these heavy metals leads to a diversity of toxic effects on a variety
of body tissues and organs. Heavy metals disrupt cellular events including growth,
proliferation, differentiation, damage-repairing processes, and apoptosis. Comparison
of the mechanisms of action reveals similar pathways for these metals to induce
toxicity including ROS generation, weakening of the antioxidant defense, enzyme
inactivation, and oxidative stress. On the other hand, some of them have selective
binding to specific macromolecules. The interaction of lead with aminolevulinic acid
dehydratase and ferrochelatase is within this context. Reactions of other heavy metals
with certain proteins were discussed as well. Some toxic metals including chromium,
cadmium, and arsenic cause genomic instability. Defects in DNA repair following the
induction of oxidative stress and DNA damage by the three metals have been considered
as the cause of their carcinogenicity. Even with the current knowledge of hazards of heavy
metals, the incidence of poisoning remains considerable and requires preventive and
effective treatment. The application of chelation therapy for the management of metal
poisoning could be another aspect of heavy metals to be reviewed in the future.

Keywords: heavy metals, mechanistic action, acute poisoning, chronic poisoning, ROS, oxidative stress

INTRODUCTION

Heavymetals have harmful effects on human health, and exposure to these metals has been increased
by industrial and anthropogenic activities and modern industrialization. Contamination of water
and air by toxic metals is an environmental concern and hundreds of millions of people are being
affected around the world. Food contamination with heavy metals is another concern for human and
animal health. Concentration of heavy metals in water resources, air, and food is assessed with this
regard (Mousavi et al., 2013; Ghorani-Azam et al., 2016; Luo et al., 2020). Metals among the other
environmental pollutants may also occur naturally and remain in the environment. Hence, human
exposure to metals is inevitable, and some studies have reported gender differences in the toxicity of
metals (Vahter et al., 2007; Tchounwou et al., 2012). They may frequently react with biological

Edited by:
Fatma Mohamady El-Demerdash,

Alexandria University, Egypt

Reviewed by:
Tanmoy Rana,

West Bengal University of Animal and
Fishery Sciences, India

Zunzhen Zhang,
Sichuan University, China

Dr. Kanwal Rehman,
University of Agriculture, Faisalabad,

Pakistan

*Correspondence:
Mahmood Sadeghi

sadeghim@bums.ac.ir
sadeghi.mahmud@yahoo.com

Specialty section:
This article was submitted to

Predictive Toxicology,
a section of the journal

Frontiers in Pharmacology

Received: 19 December 2020
Accepted: 26 January 2021

Published: 13 April 2021

Citation:
Balali-Mood M, Naseri K,

Tahergorabi Z, Khazdair MR and
Sadeghi M (2021) Toxic Mechanisms
of Five Heavy Metals: Mercury, Lead,
Chromium, Cadmium, and Arsenic.

Front. Pharmacol. 12:643972.
doi: 10.3389/fphar.2021.643972

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6439721

REVIEW
published: 13 April 2021

doi: 10.3389/fphar.2021.643972

58

http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2021.643972&domain=pdf&date_stamp=2021-04-13
https://www.frontiersin.org/articles/10.3389/fphar.2021.643972/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.643972/full
https://www.frontiersin.org/articles/10.3389/fphar.2021.643972/full
http://creativecommons.org/licenses/by/4.0/
mailto:sadeghim@bums.ac.ir
mailto:sadeghi.mahmud@yahoo.com
https://doi.org/10.3389/fphar.2021.643972
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2021.643972


systems by losing one or more electrons and forming metal
cations which have affinity to the nucleophilic sites of vital
macromolecules. Several acute and chronic toxic effects of
heavy metals affect different body organs. Gastrointestinal and
kidney dysfunction, nervous system disorders, skin lesions,
vascular damage, immune system dysfunction, birth defects,
and cancer are examples of the complications of heavy metals
toxic effects. Simultaneous exposure to two or more metals may
have cumulative effects (Fernandes Azevedo et al., 2012; Cobbina
et al., 2015; Costa, 2019; Gazwi et al., 2020). High-dose heavy
metals exposure, particularly mercury and lead, may induce
severe complications such as abdominal colic pain, bloody
diarrhea, and kidney failure (Bernhoft, 2012; Tsai et al., 2017).
On the other hand, low-dose exposure is a subtle and hidden
threat, unless repeated regularly, which may then be diagnosed by
its complications, e.g., neuropsychiatric disorders including
fatigue, anxiety, and detrimental impacts on intelligence
quotient (IQ) and intellectual function in children (Mazumdar
et al., 2011). The fact that several metals have emerged as human
carcinogens is another important aspect of the chronic exposure.
While the exact mechanism is unclear, aberrant changes in
genome and gene expression are suggested as an underlying
process. Carcinogenic metals such as arsenic, cadmium, and
chromium can disrupt DNA synthesis and repair (Clancy
et al., 2012; Koedrith et al., 2013). The toxicity and
carcinogenicity of heavy metals are dose dependent. High-dose
exposure leads to sever responses in animal and human which
causes more DNA damage and neuropsychiatric disorders
(Gorini et al., 2014). The toxic mechanism of heavy metals
functions in similar pathways usually via reactive oxygen
species (ROS) generation, enzyme inactivation, and
suppression of the antioxidant defense. However, some of
them cause toxicities in a particular pattern and bind
selectively to specific macromolecules. Different toxic
mechanisms of heavy metals increase our knowledge on their
harmful effects on the body organs, leading to better management
of animal and human poisonings. We aimed to review the
literature on the toxicity mechanisms associated with heavy
metals, which will increase our knowledge on their toxic
effects on the body organs, leading to better management of
the metal poisonings.

METHODS

This review provides context and specific overview of the
currently available research data on the toxic mechanisms of
heavy metals. It was aimed at reviewing the toxic effects and
mechanisms of five main heavy metals including mercury, lead,
cadmium, chromium, and arsenic. Current study intended to
discuss and compare the data on toxic mechanisms from main
scientific databases including PubMed, Web of Science (ISI),
Scopus, and Google Scholar. The search terms included
“mercury,” “lead,” “cadmium,” “chromium,” “arsenic,”
“toxicity,” “poisoning,” “intoxication,” “mechanism of
toxicity,” “mechanism of action,” and “cancer”. The literature
was searched for animal and human studies involving acute and

chronic exposures to the five metals and any related harmful
adverse effects to body organs. Letter to the editor and
unpublished data were excluded. Toxic mechanisms for each
metal were extracted from the literature. Their similarities and
differences were compared (Table 1).

TOXIC EFFECTS OF HEAVY METALS

Mercury (Hg)
Mercury (Hg) is found in air, water, and soil and exists in three
forms: elemental or metallic mercury (Hg0), inorganic mercury
(Hg+, Hg2+), and organic mercury (commonly methyl or ethyl
mercury) (Li R. et al., 2017). Elemental mercury is liquid at room
temperature and can be readily evaporated to produce vapor.
Mercury vapor is more hazardous than the liquid form.
Container breakage causes Hg0 spills and inhaling large
amounts of Hg vapor can be fatal. Organic mercury
compounds such as methyl mercury (Me-Hg) or ethyl
mercury (Et-Hg) are more toxic than the inorganic
compounds. The order of increasing toxicity related to
different forms of mercury is defined as Hg0 < Hg2+,
Hg+ < CH3-Hg (Kungolos et al., 1999). Mercury compounds
have many applications in mining for example extraction of gold
and some industrial processes. In lamp producing factories, Hg is
used in the production of fluorescent light bulbs. Me-Hg and Et-
Hg have been used as fungicides to protect plants against
infections. Moreover, mercury has had medicinal uses in the
past, but such drugs have been replaced by safer pharmaceutical
medicines. Some examples are chlormerodrin, merbaphen, and
mercurophylline (all diuretics) and phenylmercury nitrate
(disinfectant). Besides, some skin lightening creams and some
soaps are mercury polluted. Mercury chloride (HgCl2) is one of
the active ingredients of skin brightening creams which are used
to remove freckles and spots of the skin due to excessive
accumulation of melanin. HgCl2 inhibits tyrosinase activity
irreversibly, an enzyme which functions in melanin formation,
by replacing the copper cofactor (Chen et al., 2020). Further, a
mercury-containing organic compound called thimerosal has
been used as a preservative in multidose vials of vaccines. Hg0

(vapor) is readily absorbed from lungs (80%) and distributed
throughout the body. Hg0 can pass the blood brain barrier (BBB)
and placenta; thus, its neurotoxicity is higher than inorganic Hg
which passes throughmembranes at a slower rate. Hg0 is oxidized
in the body to produce divalent Hg (Hg2+). Hg0 (liquid) is slightly
absorbed from the gastrointestinal (GI) tract and does not appear
to be toxic. Inorganic Hg is concentrated in the
kidneys—reabsorbed from proximal tubules as Cys-S-Hg-S-
Cys or basolateral membrane by organic anions transporters.
Inorganic Hg cannot pass the BBB and placenta. Organic Hg is
easily absorbed from the GI tract (95%) and distributed
throughout the body. CH3-Hg is bound to thiol-containing
molecules such as cysteine (CH3-Hg-Cys) so that it can pass
the BBB. Hair is considered as an index of Hg exposure since
CH3-Hg is accumulated there. Other than hair, Hg is excreted in
urine and feces. CH3CH2-Hg follows similar pharmacokinetics to
CH3-Hg (Bridges and Zalups, 2017).
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Animal Studies
In an animal model of acute toxicity, exposure to Hg vapor
(550 μg/m3) resulted in mercury deposits in different parts of the
brain and also in the spinal cord (Møller-Madsen, 1992). Vapor
exposure can cause a 70% increase in brain metallothionein, a
metal binding protein, in the mice (Yasutake et al., 2004). Aragão
et al. (2018) demonstrated cognitive impairment and
hippocampal damage in rats with oral chronic administration
of HgCl2. They also found that mercury levels in the
hippocampus increased to 0.04 μg/g while the control group
had Hg concentrations less than 0.01 μg/g (Aragão et al.,
2018). Another study indicated methylmercury chloride
induced CNS injury in rats receiving different doses of 0.05,
0.5, and 5 mg/kg Hg against normal saline group. CNS damage
was showed via the increased expression of c-fos protein in cortex
and hippocampus as an important signal transduction pathway.
Hg accumulation in the brain was also observed in treated rats
(Cheng et al., 2006). Chronic mercury vapor exposure can cause
renal injury. Investigation of kidney tissues ofWistar rats exposed
to 1 mg/m3 Hg vapor per day revealed histological alteration of
the kidneys after 45 days (Akgül et al., 2016). However, the renal

Hg deposition might be slow by the inhibition of
γ-glutamyltranspeptidase, resulting in increased urinary Hg
concentration. The basis for such reduction refers to the role
of γ-glutamyltranspeptidase in the reuptake of mercury-
glutathione conjugate in glomerulus (Kim et al., 1995).
Following renal injury related to HgCl2, the antioxidative
system of the rat kidney is compromised. Decreasing
glutathione peroxidase activity and increased contents of
oxidative lipids and proteins occurred as well as morphological
changes in renal tissue 72 h after intoxication (Velyka et al., 2014).
Only 4 days of oral exposure to Hg compounds (HgCl2 and Me-
HgCl) in rats caused intestinal fluid accumulation, mucosal
injuries, and diarrhea. Administration of Hg (5 mg/kg)
reduced mRNA and downregulated aquaporins in the rat
gastrointestinal tract. Impaired aquaporins expression seems to
be involved in the GI tract harmful effects related to Hg intake
(Bottino et al., 2016). Hg-induced hepatotoxicity was shown in an
HgCl2 treatment animal model. The hepatotoxicity of mercury
was determined by histopathological analysis and investigating
elevated liver enzymes level including alanine transaminase
(ALT), aspartate transaminase (AST), and alkaline

TABLE 1 | Toxic mechanisms of Hg, Pb, Cr, Cd, and As.

Toxic metal Organ toxicity Disrupted macromolecule/mechanism
of action

References

Mercury (Hg) - CNS injuries - Thiol binding (GSH conjugation) Cheng et al., 2006; Bottino et al., 2016; Chen R.
et al., 2019; Zhang et al., 2020- Renal dysfunction - Enzymes inhibition

- GI ulceration - ROS production
- Hepatotoxicity - Aquaporins mRNA reduction

- Glutathione peroxidase inhibition
- Increased c-fos expression

Lead (Pb) - CNS injury - Increased inflammatory cytokines IL-1β,
TNF-α, and IL-6 in the CNS

Struzynska et al., 2007; Dongre et al., 2011;
Wang et al., 2013; Boskabady et al., 2016

- Lungs dysfunction - Increased serum ET-1, NO, and EPO
- Hematological changes (Anemia) - Inactivation of δ-ALAD and ferrochelatase

(inhibition of heme biosynthesis)
- GI colic - Reduced GSH, SOD, CAT, and GPx levels
- Liver damage
- Reduced pulmonary function
- Cardiovascular dysfunction

Chromium
(Cr)

- Kidney dysfunction - DNA damage Deng et al., 2019; Pavesi and Moreira, 2020
- GI disorders - Genomic instability
- Dermal diseases - Oxidative stress and ROS generation
- Increasing the incidence of cancers including lungs,
larynx, bladder, kidneys, testicular, bone, and thyroid

Cadmium
(Cd)

- Degenerative bone disease - miRNA expression dysregulation Schutte et al., 2008; Pan et al., 2013; Pi et al.,
2015; Fay et al., 2018; Wang Y. et al., 2018- Kidney dysfunction - Apoptosis

- Liver damage - Endoplasmic reticulum stress
- GI disorders - Cd-MT absorption by the kidneys
- Lungs injuries - Dysregulation of Ca, Zn, and Fe

homeostasis
- Disorders in the metabolism of Zn and Cu - Low serum PTH
- Cancer - ROS generation

- Altered phosphorylation cascades

Arsenic (As) - Cardiovascular dysfunction -Damage of capillary endothelium Jolliffe et al., 1991; Luo et al., 2012; Shen et al.,
2013- Skin and hair changes - Thiol binding (GSH conjugation)

- CNS injury - Uncoupler of oxidative phosphorylation
(inhibition of ATP formation)

- GI discomfort - Alterations in neurotransmitter
homeostasis- Liver damage
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phosphatase (ALP). An Hg-induced hepatotoxicity study showed
gender differences inWistar rats and female rats had higher levels
of Hg accumulation in the liver. It was suggested that sex-
dependent effects of liver damage via Hg exposure be related
to the organic anion transporter 3 (Oat3). Male rats showed
decreased expression of Oat3. The decrease in the Oat3
abundance will limit Hg intake into the liver, leading to lower
hepatotoxicity in males (Hazelhoff and Torres, 2018). It seems
that the organic anion transport is regulated by sex hormones.
Ljubojevic et al. (2004) showed that the expression of Oat3
protein is strongly elevated by testosterone. The expression of
these transporters may be regulated by sex hormones. Hormone-
dependent expression of Oat3 transporter might be responsible
for these differences (Ljubojevic et al., 2004). Bottino et al. (2016)
proposed that activation of the Nrf2 signaling pathway could be
effective to prevent liver lesions induced by Hg. ROS production
reduces in this way and thus oxidative stress decreases (Bottino
et al., 2016).

Human Studies
Microorganisms in marine environments perform natural
biomethylation reactions to produce Me-Hg. Me-Hg enters the
food chain of aquatic animals and eventually enters the human
body through the consumption of fish (Moriarity et al., 2020).
Cooking fish does not diminish its Hg content (Perello et al.,
2008). An incident of exposure to organic Hg via the
consumption of contaminated fish occurred in Minamata Bay,
Japan, in the middle of 1950s. Soon afterward, the illness came to
be known as Minamata disease. Chronic Hg toxicity caused
neurological damage including ataxia, muscle weakness, numb
limbs, disturbance in speech, chewing, and swallowing, and brisk
and increased tendon reflex among the patients exposed to
massive amounts of Me-Hg. Infants with severe developmental
disabilities were born from the poisoned pregnant women (Dos
Santos et al., 2018). Lethal Hg intoxication is usually due to the
accidental exposure. Findings of neural electromyography among
104 people who had occupational exposure to mercury, with
median urinary Hg concentration of 88.5 μg/g creatinine,
manifested chronic injuries to peripheral nerves (Li L. et al.,
2017). Hg preferentially accumulates in the kidneys and exerts
deleterious effects especially in the proximal tubules. Chen R.
et al. (2019) investigated the effects of Hg exposure on
nonalcoholic fatty liver disease in 6,389 adolescents aged
12–17 years. The median blood Hg level was 0.73 ± 0.91 μg/L
and amild ALT elevation was observed (Chen R. et al., 2019). The
relationship between blood Hg concentrations and the level of
liver enzymes including ALT, AST, and gamma glutamyl
transferase (GGT) was significant especially in elderly
population (>60°years). Moreover, there is a potentiation effect
with regular alcohol drinking and high blood Hg concentration
(Lee et al., 2017). This might be explained by oxidative stress,
impairment of cellular metabolism, and cell death due to liver
damage via Hg exposure, leading to an elevation in the liver
enzymes, especially in GGT level. In a cross-sectional study, the
level of liver enzymes changed by the increase in blood Hg levels.
The relationship between GGT and blood Hg concentration was
significant, suggesting that GGT may be considered an early

oxidative stress marker for mercury exposure (Choi et al., 2017).
Two studies in China evaluated renal effects of Hg exposure
among inhabitants near to mercury mines which were highly Hg
polluted areas and found elevated levels of serum creatinine and
urea nitrogen in comparison to those in the control areas. Hg-
induced renal function impairment was revealed to be higher in
females and the elderly people (Li et al., 2013; Li et al., 2015).
Maternal exposure in such areas also could cause impaired renal
function (Zhang et al., 2020).

Lead (Pb)
Lead is a harmful environmental pollutant which has high toxic
effects to many body organs. Even though Pb can be absorbed
from the skin, it is mostly absorbed from respiratory and digestive
systems. Pb exposure can induce neurological, respiratory,
urinary, and cardiovascular disorders due to immune-
modulation, oxidative, and inflammatory mechanisms.
Furthermore, Pb could disturb the balance of the
oxidant–antioxidant system and induce inflammatory
responses in various organs. Exposure to Pb can produce
alteration in physiological functions of the body and is
associated with many diseases (Joseph et al., 2005; Jacobs
et al., 2009; Kianoush et al., 2012). Pb is highly toxic which
has adverse effects on the neurological, biological, and cognitive
functions in the bodies. The international level-of-concern for Pb
poisoning is 10 μg/dl in the blood (Burki, 2012; Kianoush et al.,
2013). Adulteration of opium with Pb has been considered as a
threat to human health in recent years (Kianoush et al., 2015).

Animal Studies
Daily administration of lead acetate (PbA) (15 mg/kg, ip) for
2 weeks in pregnant Wistar female rats induced proinflammatory
cytokines including IL-1β and TNF-α in the hippocampus and
IL-6 in the forebrain of immature rat brain. These results
suggested that chronic lead exposure causes inflammation in
the central nervous system (CNS) of immature rat brain which
might be through activation of glial cells (Struzynska et al., 2007).
Lead exposure (0.1–0.4 MPb) increased serum endothelin-1 (ET-
1), serum nitric oxide (NO), and eosinophil peroxidase (EPO)
accompanied with lung pathological changes in ovalbumin (OA)
sensitized and nonsensitized guinea pigs (Boskabady et al., 2016).
Exposure to PbA (0.1–0.4 MPb) increased serum total protein,
histamine, and total and differential white blood cells (WBC)
counts of guinea pigs (Farkhondeh et al., 2014). Hematological
effects of chronic toxicity of the PbA (0.4%) in drinking water for
12 weeks in adult male rats showed significantly decreased red
blood cells (RBC) count, while increasing total and differential
WBC counts (Mugahi et al., 2003). Subchronic exposure to Pb at
10 and 100 times the normal concentrations via drinking water in
rats increased activities of AST, ALP, and levels of urea nitrogen
and creatinine. Besides, exposure to Pb induced necrotic changes
in brain, liver, and kidneys (Jadhav et al., 2007). Intraperitoneal
administration of PbA (10 mg/kg, bw) to induce hepatotoxicity in
rats enhanced hepatocyte abnormalities and increased acid
phosphatases (APs), ALP, AST, ALT, and lactate
dehydrogenase (LDH) levels (Abirami et al., 2007). Exposure
of rats to PbA significantly reduced antioxidant parameters such
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as glutathione peroxidase (GPx), catalase (CAT), superoxide
dismutase (SOD), and glutathione S-transferase (GST) and
decreased glutathione (GSH) content in hepatocytes and
erythrocytes. In addition, Pb significantly increased oxidative
parameters including malondialdehyde (MDA) and H2O2

concentrations as well as expression of cyclooxygenase-2
(COX-2) (Omobowale et al., 2014). Adult male rats exposed to
PbA (500 mg/L) showed significant elevation in the levels of
serum ALT, AST, urea, uric acid, and creatinine. PbA also
increased lipid peroxide and reduced GSH, SOD, CAT, and
GPx levels in liver and kidney tissues of induced animals
(Wang et al., 2013). Administration of Pb (1 mg/kg, bw, ip.) in
rats for a period of 4 weeks significantly increased lipid peroxide
level in the liver, but antioxidant parameters such as SOD and
CAT activities did not change statistically (Patra et al., 2001).
Subcutaneous administration of PbA (100 mg/kg, bw) in rats
increased the levels of lipid peroxidation (LPO) including MDA
and 4-hydroxyalkenals (4-HDA) levels in the liver and kidneys
compared to the control animals. Moreover, PbA decreased SOD
and total GSH in the liver and kidneys of rats (El-Sokkary et al.,
2005). Administration of PbA in rat diet (500 mg/kg/day) for 2, 4,
and 6 weeks resulted in the elevations of serum ALT, AST, GGT,
and ALP activities and hepatic necroinflammatory lesions. Lead
also induced hepatocyte proliferation, portal inflammatory
infiltrate, steatosis, apoptosis, and mild fibrosis 6 weeks after
administration (Shalan et al., 2005). It has been reported that
PbA (500 mgPb/L) in drinking water promoted apoptosis by
activation of mitochondria cytochrome C release and inhibited
Bcl-2 proteins and activation of caspase-3 in kidneys of the
exposed rats (Liu et al., 2012). In a study, administration of
PbA (25 mg/kg, bw, ip.) for 5 days in rats increased urea and
creatinine levels while it decreased total protein and albumin in
the serum. The reduction of antioxidant parameters including
GPx, CAT, and SOD and induction of hyperlipidemia resulted
from lead induced toxicity. Furthermore, hemorrhage in the renal

tubules, degeneration in epithelial cells, disruption of Bowman’s
capsule, and necrosis area in kidney tissue were observed (Abdou
and Hassan, 2014). Orally administered PbA (30 and 60 mg/kg,
bw) 3 days in a week for 3 months in rats reduced testicular
weight, sperm count, and testicular ALP activity. PbA also
induced abnormal sperm count, seminiferous tubules necrosis,
and disappearance of seminiferous tubular epithelium in a dose-
dependent manner (Sujatha et al., 2011).

Human Studies
Anemia may develop with Pb poisoning via the inhibition of
ferrochelatase and δ-aminolevulinic acid dehydratase (ALAD),
the two of many enzymes involved in heme biosynthesis
(Figure 1). The inhibition of ferrochelatase and ALAD by lead
decreases heme synthesis which leads to anemia (Mense and
Zhang, 2006). Several antioxidant molecules such as GSH and
GSSG as well as antioxidant enzymes including SOD, CAT, GPx,
and glutathione reductase (GR) may have fluctuations due to Pb
exposure and consequent oxidative stress. Pb has high affinity to
the reactive –SH group of GSH and is able to decrease the GSH
levels. GPx, CAT, and SOD are metalloproteins that their
antioxidant functions to detoxifying free radicals could be
affected due to Pb exposure. Lead can induce oxidative
damage in different organs via direct effect on membrane lipid
peroxidation and reducing antioxidant parameters (Gurer-Orhan
et al., 2004; Kasperczyk et al., 2005). It has been reported that low
level of lead exposure exerts immunostimulating effects in
contrast to higher exposure that usually leads to
immunosuppression (Mishra, 2009). The results of a study
showed that lymphocyte proliferation to phytohemagglutinin
(PHA) is inhibited in Pb exposed population compared to the
unexposed subjects. However, there was no correlation between
inhibition of lymphocyte proliferation and blood lead level (BLL).
In addition, Pb exposure did not affect natural killer (NK) cell
cytotoxicity compared to the control group. On the other hand,
interferon-γ (IFN-γ) was significantly elevated in Pb exposed
individuals. It was shown that there was a significant positive
correlation between BLL and IFN-γ level (Mishra et al., 2003).
The immunological effects of lead exposure on lymphocyte
proliferation, IFN-γ production, and NK cell cytotoxicity in
occupational Pb exposed subjects including wheeler drivers
(30), battery workers (34), silver jewelry makers (20), and
unexposed healthy subjects (30) were studied. The results
showed that lymphocyte proliferation to PHA is inhibited
while IFN-γ significantly increased in stimulated peripheral
blood mononuclear cells (PBMCs) compared with control
subjects (Mishra et al., 2003). The pulmonary function tests
(PFT) and respiratory symptoms in 108 battery manufacturing
workers and 100 control subjects were evaluated. The lead
concentrations in serum and urine of workers were
significantly higher while the PFT values were significantly
lower than the control group. In addition, the frequencies of
respiratory symptoms including chest tightness (26%), cough
(17%), and sputum (16%) were significantly higher in battery
manufacturing workers compared to the control group (Khazdair
et al., 2012). The association between BLL, serum
immunoglobulin E (IgE), eosinophil count, and prevalence of

FIGURE 1 | Schematic of Pb-induced anemia via the inhibition of
δ-aminolevulinic acid dehydratase and ferrochelatase enzymes in heme
biosynthesis.
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asthma in a cross-sectional study of 1,788 children in 2005–2006
was investigated. The results of this study indicated an association
between IgE and eosinophilia with lead exposure (Wells et al.,
2014). The association of BLL to risk of developing asthma was
studied in 4,634 children (1–3 years) from 1995 through 1998. It
was found that BLL ≥ 5 μg/dl was not associated with asthma
among African Americans while there was a slight but not
significant association among Caucasians (Joseph et al., 2005).
The relationship between blood and urine lead concentrations
and clinical manifestations in car battery manufacturing workers
showed a weak correlation between serum ALP and BLL in these
workers (Dadpour et al., 2016). Pb exposure on 30 automobile
workers remarkably increased blood (364%) and urinary (176%)
lead levels compared to the control subjects. Systolic blood
pressure (SBP), diastolic blood pressure (DBP), and total white
blood cell count (11.44%) were increased in the automobile
workers as compared to the controls. Also, red blood cell
count, hemoglobin (Hb), hematocrit (Hct), mean corpuscle
volume (MCV), and mean corpuscle hemoglobin (MCH) were
significantly decreased in workers compared to the control group
(Dongre et al., 2011). Moreover, Schober et al. (2006) reported the
association of chronic exposures to high occupational Pb with
atherosclerosis and cardiovascular mortality (Schober et al.,
2006).

Chromium (Cr)
Chromium (Cr) is found in the earth’s crust and seawater and is a
naturally occurring heavy metal in industrial processes
(Tchounwou et al., 2012). Cr has multiple oxidation states
ranging from −2 to + 6, in which the trivalent and hexavalent
forms are the most common stable forms (Shekhawat et al., 2015).
Cr (VI) is related to a series of diseases and pathologies while Cr
(III) is required in trace amounts for natural lipid and protein
metabolism and also as a cofactor for insulin action (Cefalu and
Hu, 2004; Achmad et al., 2017; Vincent, 2017; Vincent, 2019).
Based on the International Agency for Research on Cancer
(IARC) report (2018), hexavalent chromium has been
classified as a group I occupational carcinogen (Loomis et al.,
2018). In this context, a meta-analysis of 973,697 workers
involving 17 standardized incidence ratios (SIRs) from seven
countries and four kinds of occupations found that 11,564 of
them had cancer (Deng et al., 2019). The primary route of
exposure for nonoccupational human populations occurs via
ingestion of chromium containing food and water or dermal
contact with products containing chromium (Nickens et al.,
2010). Furthermore, metallurgical, refractory, and chemical
industries release a large amount of Cr into soil, ground water,
and air which causes health issues in humans, animals, and
marine life (Fang et al., 2014). Cr can cause a variety of
diseases through bioaccumulation in human body. This ranges
from dermal, renal, neurological, and GI diseases to the
development of several cancers including lungs, larynx,
bladder, kidneys, testicles, bone, and thyroid (Fang et al., 2014).

Animal Studies
Wang et al. (2012) used a mouse model of colorectal cancer to
investigate the carcinogenicity of Cr (VI) and As in drinking

water. It was found that exposure to Cr and As increased the
tumor incidence and size. It was mediated through theWnt/beta-
catenin signaling pathway induced by ROS production (Wang
et al., 2012). Interactions of ROS and reactive nitrogen species
(RNS) with cellular macromolecules such as DNA, lipid, and
proteins are considered as one of the main leading causes of
toxicity and cancer progress in Cr exposure (Aggarwal et al.,
2019). In one study by Patlolla et al. (2009) on Sprague-Dawley
rats, potassium dichromate was administered intraperitoneally
for 5 days at the doses of 2.5, 5.0, 7.5, and 10 mg/kg body weight
per day. A significant increase in the levels of ROS and
malondialdehyde in liver and kidney along with a dose-
dependent increase in superoxide dismutase and catalase
activities was reported. Furthermore, after 24, 48, 72, and 96 h
after treatment DNA damage was observed in a dose- and time-
dependent manner (Patlolla et al., 2009). Salama et al. (2016)
showed a high risk of brain damage in low doses of Cr on Albino
Wistar rats via intranasal exposure. Moreover, higher Cr
concentrations caused lung injury. A 2 mg/kg intranasal
potassium dichromate resulted in the elevation of oxidative
stress biomarkers: interleukin-1β (IL-1β), phosphorylated
protein kinase B (PKB), and cyclooxygenase 2 (COX-2)
(Salama et al., 2016).

Human Studies
The results of a recent meta-analysis showed exposure to Cr (VI)
may cause increased mortality and incidence of some cancers
including lung, larynx, bladder, kidney, testicular, bone, and
thyroid cancer in humans (Deng et al., 2019). Moreover, an
ecological study in 2011 in Greece found high levels of Cr (IV) in
drinking water, 41–156 μg/L, and increased incidence of liver
(p < 0.001), lung (p � 0.047), and genitourinary cancers (p �
0.025) among women (Linos et al., 2011). Another study in 2012
in India showed increased incidence of GI and dermatological
complications among population exposed to Cr (VI)
contaminated ground water (Sharma et al., 2012). DNA
damage, genomic instability, and ROS generation are accepted
as mechanisms of Cr toxicity and carcinogenicity. Both Cr (VI)
and Cr (III) are capable of producing ROS (Pavesi and Moreira,
2020). Cr carcinogenicity is followed by DNA damage as
disruption of transcription regulation. Furthermore, chromatin
architecture is disrupted which causes shifts in chromatin
accessibility and local and genome-wide nucleosomal position
shifts (Schnekenburger et al., 2007). Cr-induced DNA damage
includes DNA–Cr–protein crosslinks, DNA inter/intrastrand
crosslinks, single- and double-strand breaks (SSBs and DSBs,
respectively), and p53 point mutations (Urbano et al., 2012;
Thompson et al., 2013). In vitro studies have demonstrated the
ability of Cr (III) to bind nucleic acids (Urbano et al., 2012; Fang
et al., 2014). Cr (III) forms binary and ternary DNA adducts.
Ternary adducts are predominant and more toxicologically
relevant in mammalian cells (Salnikow and Zhitkovich, 2008;
Zhitkovich, 2011). Cr (III) ascorbate, Cr (III) cysteine, Cr (III)
histidine, and Cr (III) glutathione DNA adducts are four types of
ternary adducts (Salnikow and Zhitkovich, 2008). Cr (III) forms
DNA–protein crosslinks in human lung adenocarcinoma cells
(A549) (Macfie et al., 2010). SSBs and DSBs were found in rapidly
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dividing cells such as cancer cells as the collapse of replication
fork during DNA replication, leading to cell cycle arrest and
apoptosis via activation of p53 (Lee et al., 2016; Wilhelm et al.,
2020). In one study by Ueno et al. SSBs were detected in the liver
and kidney of male albinomice by a single injection of Cr (VI) but
there were no significant levels of DNA strand breaks in the
spleen, lung, or brain (Urbano et al., 2012). Hydroxyl radicals
generated during the reduction of Cr (VI) by GSH can lead to
hydrogen abstraction from the ribose moiety and strand break
formation. In general, oxidative DNA damage occurs either by
the oxidation states of Cr(V) peroxo intermediates or via ROS
action (Bokare and Choi, 2011). SSBs, DSBs, and protein-Cr-
DNA crosslinks were indicated in the liver cells of F344 rats orally
exposed to potassium chromate via drinking water for 3 weeks
(Coogan et al., 1991). Besides, in vivo and in vitro studies
demonstrated DNA damage, microsatellite instability, and
chromosome aberrations due to Cr (VI) exposure (Wise and
Wise, 2012). It seems that factors including the tissue, cell type, Cr
(VI) concentration, time of exposure (Ferreira et al., 2019), free
radicals formation (DeLoughery et al., 2014), and reactivity of the
intermediate Cr (V) and Cr (IV) (O’Brien et al., 2009) are
involved in Cr-induced carcinogenicity. Cr (VI) itself does not
bind to macromolecules or DNA instead; the hexavalent cation
reacts with cellular reductants to produce Cr (V), Cr (IV), and Cr
(III) (Zhitkovich, 2005). These metabolic intermediates generated
during Cr (VI) reduction trigger Fenton-type reactions which
generate hydroxyl radicals in the presence of hydrogen peroxide.
Thus, oxidative stress is induced (Yao et al., 2008). Furthermore,
formation of Cr-Asc (Ascorbate), Cr-GSH, and Cr-cys (cysteine)
crosslinks depletes cellular antioxidants and induces oxidative
stress (Yao et al., 2008). Cr (VI) induced oxidative stress and ROS
production in high levels target DNA and lipid content of cells
which leads to DNA damage and lipid peroxidation, respectively.
Moreover, many other cellular injuries and cell death as both
apoptosis and necrosis may occur. ROS production in medium to
low levels in cells can lead to tumor formation and progression
(De Flora et al., 2008). One study showed that the reduced-to-
oxidized glutathione ratio (GSH/GSSG) is time and dose
dependent (Thompson et al., 2011).

Cadmium (Cd)
Cadmium (Cd), although rare, occurs naturally in soil and
minerals such as sulfide, sulfate, carbonate, chloride, and
hydroxide salts as well as in water. High levels of Cd in water,
air, and soil can occur following industrial activities which could
be a substantial human exposure to Cd. Moreover, the ingestion
of contaminated food will cause major exposure to Cd. Cd
exposure may also occur through smoking, which is capable of
elevating blood and urine Cd concentrations. Presence of Cd in
contaminated water could disturb the necessary mechanisms in
the body, possibly resulting in short-term or long-term disorders
(Jiang et al., 2015; Richter et al., 2017; Cao et al., 2018). Cd is
classified by the International Agency for Research on Cancer
(IARC) as carcinogenic to humans (Group 1) (Kim et al., 2020).
Occupational exposure to Cd may occur in alloy, battery, and
glass production and in electroplating industries. Due to the
importance of the subject, Cd level in the air is routinely

monitored in some countries (Cancer, 1993). Rice, grains, and
sea food have been found to be polluted by Cd (Chunhabundit,
2016); nonetheless, after oral intake, a small portion of Cd is
absorbed. Tragically, the outbreak of Itai-itai disease in Japan was
due to the mass Cd contamination of food and water supplies.
The patients suffered from painful degenerative bone disease,
kidney failure, and the GI and lungs diseases (Nishijo et al., 2017).
Unlike low GI absorption, Cd is more efficiently taken from the
lungs via industrial dust. Acute or chronic inhalation of Cd in
industrial areas might lead to renal tubular dysfunction and lung
injuries. Cd blood concentration in smokers is almost twice
higher than that of nonsmokers. Batáriová et al. (2006) found
Cd blood levels of 0.4 against 1.3 μg/L for nonsmokers vs.
smokers in adult population (Batáriová et al., 2006). This
seems to be related to the nature of tobacco plants to
accumulate relatively high Cd concentrations in tissues
especially in the leaves (Proshad et al., 2020).

Animal Studies
Disorders in the metabolism of Zn and Cu were found in
Borowska et al.’s (2017) study on rats that were exposed to 1
and 5 mg/kg Cd. It was shown that after a 10-month treatment of
female Wistar rats by 1 mg/kg Cd, zinc absorption decreased,
while under exposure to 5 mg/kg Cd, its absorption increased
after 3 and 24 months. Moreover, after 24-month exposure to
1 mg/kg Cd, Zn concentration in the liver and kidneys increased
while spleen concentration of Zn decreased. Following exposure
to high dose of Cd (5 mg/kg), after 17 months, Zn concentration
increased in spleen and kidneys while its liver concentration was
unaffected. Furthermore, in a similar vein, chronic low level and
moderate exposure to Cd influenced Cu concentrations in serum
and internal organs. On the basis of this experiment, chronic
exposure to Cd results in redistribution of essential bioelements
which leads to the retention of Zn and Cu in the liver and kidneys
and in contrast a decrease in their concentrations in the serum
(Borowska et al., 2017). Cd is taken up into the GI tract through
the function of very different transporters. With excessive Cd
exposure, the intestinal accumulation increases, particularly in
the duodenum. Ohta and Ohba (2020) examined the GI
absorption of Cd by means of different metal transporters
including metallothionein (MT), divalent metal transporter 1
(DMT1), zinc importing protein 14 (ZIP14), Cu-transporting
P-type ATPase (ATP7A), and Transient Receptor Potential
Vanilloid 6 (TRPV6) in three distinct segments of rats’
intestine. It was found that intestinal concentrations of Cu and
Fe decreased in contrast to the increased Cd level. Moreover, the
elevation in duodenal Cd exposure caused the increase in the
expression of the MTI, MTII, DMT1, ZIP14, ATP7A, and TRPV6
genes. According to their findings, Cd binds to MT and other
metal transporters in the small intestine and accumulates in the
tissue. As a result, the concentration of both Cu and Fe decreases
in the GI and accordingly their absorption into the bloodstream
declines (Ohta and Ohba, 2020). Other studies suggest that Cd
decreases the absorption of Zn, Ca, and Cu resulting in the low
dietary intake of such essential elements. Fay et al. (2018)
investigated the molecular mechanisms of Cd nephrotoxicity
in rat’s renal cortex. Sprague-Dawley rats received
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subcutaneous injections of cadmium chloride compound
(0.6 mg/kg) for 12 weeks. Afterward, renal cortex miRNA
expression was determined. Biochemistry results showed that
in contrary to significant increase in urine volume and also the
excretion of protein in the urine, urinary creatinine was lower in
Cd-treated group. Hence, proximal tubule dysfunction associated
with Cd kidney injury causes the development of polyuria and
proteinuria. Further, urine microglobulin was significantly higher
compared to the control saline group. Molecular assays indicated
that Cd dysregulates the miRNA expression; hence, the altered
miRNA expressionmay play a role in Cd-induced nephrotoxicity.
The expression of 44 miRNAs was significantly increased while
54 miRNAs were significantly decreased following Cd treatment
(Fay et al., 2018). Cadmium is known to pose hepatotoxic effects
(Park et al., 2013; Pi et al., 2015). Depending on the conditions of
exposure, its acute toxicity may occur as necrosis or apoptosis.
Incubation of rat hepatocytes with 1–5 μmol/L Cd for short
exposure times (6-12 h) resulted in apoptosis following
cytochrome C release into the cytosol (Pham et al., 2006).
Endoplasmic reticulum stress and the subsequent cell
apoptosis is another proposed path of Cd toxicity (Chen et al.,
2015). Chronic Cd-induced renal damage mainly involves the
damage of glomerulus, especially the proximal tubules.
Accumulation of Cd in the epithelial cells of the proximal
tubules results in impaired reabsorption function, leading to
polyuria, glucosuria, and low molecular weight proteinuria.
Cd-induced nephrotoxicity is mediated via oxidative stress,
apoptosis, and necrosis. Cd enters the renal epithelial cells
either as free or bound forms including Cd-MT, Cd-GSH, and
Cd-Cys. Free form is taken up via metal transporters, while the
bound forms are taken up via the receptor-mediated pathway.
Apart from apoptosis and necrosis, there is evidence that other
mechanisms are also involved in proximal tubular injury.
Changes in cell–cell adhesion, modulation of cellular signaling
pathways, and autophagic responses may occur prior to cell
death. The disruption of cell adhesion and cellular signaling
cascades, in turn, can trigger autophagic responses in the cells.
In a mild injury, the autophagic response may be adequate to
repair the damage. However, apoptosis or autophagic cell death
can occur in a severe injury. Necrosis of the proximal tubule can
occur after widespread cell damage. It is also noteworthy that
regardless of Cd uptake mechanism, Cd can accumulate in
epithelial cells of the proximal tubule. At high tissue levels of
Cd, metallothionein and GSH are overwhelmed, and the cells
undergo injury. By the onset of proximal tubule dysfunction
apoptosis begins in low number of cells (5%). Many cells undergo
Kim-1 upregulation and autophagy. One of the earliest toxic
effects of Cd is the disruption of cadherin-mediated cell–cell
adhesion. This may cause mild level of oxidative stress. Effect of
Cd on cadherin-mediated cell–cell junctions might be due to the
interaction with extracellular Ca-binding regions of the
macromolecule (Choong et al., 2014; Yang and Shu, 2015;
Messner et al., 2016).

Human Studies
It is understood that Cd produces dispositional tolerance via
binding to metallothionein (MT) protein. Such MT induction

protects the liver by limiting the distribution of Cd to sensitive
cellular macromolecules. However, highly increased levels of
cadmium result in unbound and free Cd; hence, the toxic
effects occur. Lech and Sadlik (2017) presented cadmium
levels in human tissues in a ten-year examination in
nonpoisoned population. Autopsies were done on brain,
stomach, small intestine, liver, kidneys, heart, and the lungs.
The lowest level of Cd was in the brain (0.02 μg/g digested
samples). High Cd concentrations were measured in kidneys
(16.0 μg/g) and liver (1.5 μg/g), as Cd is mainly distributed into
these two internal organs (Lech and Sadlik, 2017). Cd bound to
MT is readily taken up by the kidneys. The complex is very toxic
for the kidney and is mechanistically involved in the chronic
nephrotoxicity of Cd. Cadmium is able to mimic the function and
behavior of essential metals. For instance, similar to zinc, Cd
binds to albumin in plasma. Consequently, dysregulation of
calcium, zinc, and iron homeostasis occurs (Schaefer et al.,
2020). Cd-induced liver injury may be associated with the
disturbance of calcium (Ca) homeostasis. Disruption of Ca
homeostasis induces mitochondrial fragmentation via
increased levels of dynamin-related protein 1 (Drp 1) (Xu
et al., 2013). Osteoporosis and bone fracture could be observed
following Cd toxicity. In Chen et al. study (2019), comparing
residents of two cadmium-polluted areas with a control region
showed the association between osteoporosis and high level of Cd
intake. Although both men and women showed similar trends,
the changes were significant in female population (Chen X. et al.,
2019). Cd osteotoxic effects might be due to the decreased levels
of serum PTH at high cadmium body burden which in turn
induces calcium release from bone tissues (Schutte et al., 2008).
Lv et al. (2017) found an inverse association between osteoporosis
and the amount of Cd in body (Lv et al., 2017). Cd plays a key role
in cardiovascular diseases caused by smoking such as peripheral
artery disease and coronary heart disease. Li et al. (2019) found
association between Cd exposure and the pathway for
cardiovascular diseases using mediation analysis in a
population of 4,304 middle-aged men and women. They
clarified that part of the smoking-induced cardiovascular
diseases is mediated through cadmium (Li et al., 2019). Cd
may give rise to the occurrence of the kidney, lungs, pancreas,
breast, prostate, and GI cancers (Lin et al., 2018; Djordjevic et al.,
2019). A proposed mechanism highlights a sequence of incidents
such as ROS generation, elevation of TNF-α level, Nrf2
upregulation, and ultimately aberrant gene expression,
deregulation of cell proliferation, and apoptosis resistance
(Wang Y. et al., 2018). Nephrocarcinogenicity of cadmium
might happen after substantial exposure in chemical industries
(Pesch et al., 2000). A hypothesis in this regard explains that the
β-catenin signaling pathway plays a role in renal carcinogenesis,
including Cd-induced nephrocarcinogenesis. Via this signaling,
β-catenin protein which is a transcriptional factor is accumulated
in the cytoplasm. Overexpression of β-catenin leads to evasion of
ROS-dependent/β-catenin signaling which in turn contributes to
carcinogenesis of kidney (Thevenod and Chakraborty, 2010; Son
et al., 2012). Urinary cadmium has been frequently used to assess
Cd exposure and the related consequences. Some studies have
reported the relationship between prevalence of renal dysfunction
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or deficit in lung function and measured urinary Cd levels. There
might be a dose-response relation in this regard (Chen et al., 2006;
Moitra et al., 2013). Beta 2-microglobulin in urine can be
considered as a useful marker of tubular proteinuria
particularly in Cd-induced toxicity assessments. It has a
promising role since there is as low as 360 μg/L beta 2-
microglobulin in urine (Argyropoulos et al., 2017).

Arsenic (As)
Arsenic as a harmful heavy metal is one of the main risk factors
for the public health. Sources of As exposure are occupational or
via the contaminated food and water. As has a long history of use,
either as a metalloid substance or as a medicinal product. It is
notoriously known as the king of poisons and poison of kings
(Gupta et al., 2017). As is present as a contaminant in food, water,
and environment. Arsenic exists in the forms of metalloid (As0),
inorganic (As3+ and As5+), organic, and arsine (AsH3). The order
of increasing toxicity of As compounds is defined as organic
arsenicals < As0 < inorganic species (As5+ < As3+) < arsine (Shah
et al., 2010; Sattar et al., 2016; Kuivenhoven and Mason, 2019).
Primary As absorption is from the small intestine. Other routes of
exposure are from the skin contact and by inhalation. Following
distribution to many tissues and organs in the body including the
lungs, heart, kidneys, liver, muscles, and neural tissue, As is
metabolized to monomethylarsonic acid (MMA) and
dimethylarsinic acid (DMA) in which the latter is the
predominant form in the urinary excretion of As (Del Razo
et al., 1997; Ratnaike, 2003). Acute and chronic As toxicity is
related to the dysfunctions of numerous vital enzymes. Similar to
the other heavy metals, As can inhibit sulfhydryl group
containing enzymes which leads to their dysfunction.
Moreover, As inhibits the pyruvate dehydrogenase by binding
to the lipoic acid moiety of the enzyme. Pyruvate dehydrogenase
inactivation can block the Krebs cycle and inhibits oxidative
phosphorylation. As a result, ATP production decreases, resulting
in cell damage (Shen et al., 2013). Furthermore, the damage of
capillary endothelium by As increases vascular permeability,
leading to vasodilation and circulatory collapse (Jolliffe et al.,
1991).

Animal Studies
Oxidative stress and mitochondrial dysfunction may cause
neurodegeneration. Two As species, sodium arsenite and
DMA, induced apoptosis in cultured neurons of rat brain via
activation of p38 and JNK3 MAP kinases, two enzymes that are
activated by stress signals and mediate neuron apoptosis.
Inorganic As form was more toxic and reduced neuron
viability more. Besides, arsenite selectively activated p38 and
JNK3 in cerebellar neurons (Namgung and Xia, 2001). In a rat
hippocampus model, As neurotoxicity was attributed to the
altered expression of N-methyl-d-aspartate (NMDA) receptor
and changes of molecular expression of postsynaptic signaling
proteins. A decline in the expression of NR2A subunit of NMDA
receptor and variation in proteins of postsynaptic density protein
95 (PSD-95) and calcium/calmodulin-dependent protein kinase
II (p-CaMKII) were observed (Luo et al., 2012). ROS generation
and cytochrome C release can play a role in the hepatotoxic

effects of As exposure. Study of male Wistar rats exposed to As
showed oxidative stress and activation of caspase-9, an initiator of
the apoptosis signaling. The accumulation of ROS is responsible
for lipid bilayer damage which causes mitochondrial swelling
(Bodaghi-Namileh et al., 2018). Biochemical analysis of serum of
Sprague-Dawley rats showed that As3+ significantly decreased the
activity of serum cholinesterase (ChE) in a dose-dependent
manner. ChE is an important enzyme for the proper
functioning of the nervous system. The decreased ChE activity
may be associated with peripheral or CNS injury (Patlolla and
Tchounwou, 2005).

Human Studies
Proinflammatory cytokines TNF-α, IL-6, IL-8, and IL-12 were
elevated in the plasma of rural women exposed to low level
arsenic. The level of anti-inflammatory cytokine IL-10 was
decreased in the exposed population. DNA damage of airway
cells was observed following As exposure and the level of DNA
adduct 8-hydroxy-2’-deoxyguanosine (8OHdG) was elevated in
comparison to the control group (Dutta et al., 2015). Human
studies on the association between As-contaminated drinking
water and adverse pregnancy outcomes have shown that As can
easily cross the placenta, particularly during early gestation,

FIGURE 2 | Oxidative stress and organ toxicity following exposure to
heavy metals.
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leading to spontaneous abortion, stillbirth, preterm birth, and low
birth weight (Hopenhayn et al., 2003; Rahman et al., 2010). The
male reproductive system might be impaired through the NF-kB
signaling pathway by AS3+. NF-kB cell signaling plays role in
spermatogenesis and testis functioning (Chen et al., 2012).
Arsenic tends to accumulate in the skin. Arsenical keratosis
and hyperpigmentation of the skin might occur following As
exposure. A cutaneous toxicity study using cultured human
keratinocytes showed β1-integrin distribution. Decreased
expression in keratinocytes by integrins could result in
apoptosis aberration and cutaneous manifestation (Lee et al.,
2006). Severe cases of intoxication may also develop skin cancer.
Oxidative stress, chromosome anomalies, and altered growth
factors expression are possible modes of action in As-induced
carcinogenesis (Yu et al., 2006). As-exposed populations may
experience liver lesions. Liver cancers hepatocellular carcinoma
and angiosarcoma have been associated with As poisoning (Lu
et al., 2001; Liaw et al., 2008). The axon of peripheral nerves
continues to degenerate in As neurotoxicity. It is believed that a
main cause of As neurological disorders is the ability to cause
oxidative stress and mitochondrial dysfunction. Lipid
peroxidation induced by oxidative stress leads to DNA damage
and ultimately brain cell death (Mochizuki, 2019).

OVERVIEW OF HEAVY METALS TOXICITY

Exposure to Heavy Metals and
Environmental Pollution
Heavy metals induce toxicity to biological systems via bonding to
sulfhydryl groups and ROS generation (Figure 2). This causes
inactivation of vital macromolecules and the occurrence of
oxidative stress and depletion of glutathione. Following
exposure to toxic metals and entrance to the body, various
processes happen including interaction or inhibition of some
metabolic pathways (Wu et al., 2016). As a result, numerous
harmful effects on humans and animals are observed. These
include specific organ dysfunctions, metabolic abnormalities,

altered hormones, congenital disorder, immune system
dysfunction, and cancer (Khazdair et al., 2012; Fang et al.,
2014; Li L. et al., 2017; Deng et al., 2019). Therefore, many
international organizations set standards regarding the presence
of metals in the environment, foods, and drinking water. In risk
assessment studies, the presence of heavy metals in food and
water is checked. Saper et al. (2008) analyzed 193 Ayurvedic
medicinal products, famous Indian herbal medicines, and found
that about one-fifth contained Hg, Pb, and As. It was found that
nearly 21% contained detectable levels of Pb, Hg, and As.
Noticeably, all metal-containing products exceeded one or
more standards for acceptable daily metal intake. This could
result in Pb and/or Hg ingestions 100 to 10,000 times greater than
acceptable limits (Saper et al., 2008). Besides, the level of metals
that can reach the body on a daily basis is regulated. The daily
dosage limit for these heavy metals (μg/day) is presented in
Table 2. Daily dosage limits for heavy metals in dietary
supplements should be established by regulatory authorities.
Furthermore, it is required that manufacturers assess their
products for compliance with standards. Environmental
pollution has even reached the pristine places. Even in an
isolated location such as Mount Everest heavy metals Pb, Cd,
Cr, As, and Hg were detected. Yeo and Langley-Turnbaugh
(2010) found that all snow samples from Everest had As and
Cd levels higher than the USEPA drinking water guidelines.
Besides, all soil samples were highly polluted with As (Yeo
and Langley-Turnbaugh, 2010).

Heavy Metals Binding to Thiol Group
Following the entrance into the body, heavy metals can bind to
lipids, proteins, and nucleic acids. Binding to enzymes and
proteins commonly occurs through thiol (–SH) groups and
modifies cysteine residues in proteins. As an example, reaction
of Cd with the sulfhydryl group (–SH) in a protein is shown in
Figure 3. Such protein inactivation is capable of disrupting the
intracellular redox state. Consequently, an imbalanced
antioxidant defense contributes to the development of liver
injury. Similar reactions can occur with the other heavy
metals. In complexation of heavy metals with thiol-containing
proteins, the ligands are amino acids which contain the –SH
functional group (Burford et al., 2005).

ROS Generation
Toxic metals are able to generate free radicals, mainly ROS and
RNS, which can induce oxidative stress. For example, arsenic has
been shown to produce superoxide (O2

−.), oxygen (O2
.), nitric

oxide (NO.), hydrogen peroxide (H2O2), and peroxyl (ROO.)
radicals. Pb exposure significantly reduces antioxidant
parameters GPx, CAT, SOD, GST, and GSH while it increases
oxidative parameters MDA and H2O2 (Wang et al., 2013). ROS
and RNS generation induced by Cr (VI) depletes cellular
antioxidant power which results in oxidative stress and
consequently the toxicity of DNA, lipid, and proteins (Yao
et al., 2008; Aggarwal et al., 2019). Cd could indirectly
generate O2

−., hydroxyl (OH), and NO. radicals which could
overwhelm cells’ antioxidant defense (Rani et al., 2014). It is
believed that the toxic effects of Hg on the CNS and

TABLE 2 | Daily consumption limits for the five heavy metals (μg/day)a

Hg Pb Cr Cd As

A — 0.5 8.2 4.1 —

B 20 20 — 6 10
C 21 (inorganic) — 210 70 21 (inorganic)
D 50 250 120 55 150
E 16 250 — 70 150
F 2 10 — 4.1 10
G 16 (methyl) — 63 (hexavalent) 25 210

A, The California Safe Drinking Water and Toxic Enforcement Act (California Proposition
65) maximum allowable dose levels for chemicals causing reproductive toxicity, μg/day;
B, American National Standards Institute (ANSI)/International Dietary Supplement
Standard 173 � ANSI 173 Guidelines to the Dietary Supplement; C, United States
Environmental Protection Agency (EPA) daily reference doses, μg/day; D, The Food and
Agricultural Organization/World Health Organization Joint Expert Committee on Food
Additives Acceptable Daily Intakes; E, Europe/WHO; F, American Herbal Products
Association (AHPA); G, The European Food Safety Authority (EFSA).
aA few regulation presented limits as tolerable weekly intake. Such thresholds were
considered and shown as the maximum daily exposure in Table 2.
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cardiovascular system are related to the increase in ROS
production. This causes a reduction in the activity of antioxidant
enzymes: glutathione peroxidase, catalase, and SOD.Moreover, high
affinity of Hg for –SH groups can lead to decreased glutathione
peroxidase activity and also interference with intracellular signaling
of many receptors. Furthermore, Me-Hg has the capacity to induce
phospholipase D (PLD) activation. Increased PLD activity has been
shown to be involved in many human cancers and diseases
(Figure 4) (Fernandes Azevedo et al., 2012; Brown et al., 2017).
Pb andHg toxicity is mediated either directly via ROS production or
indirectly through the depletion of cellular antioxidants. However,
Cd is believed to generate ROS indirectly. This may be due to the
replacement of iron and copper by Cd in cellular proteins. The
oxidative stress is then as a result of excess Fe and Cu accumulation.
Moreover, replacement of the essential minerals disrupts the cell’s
biological metabolism. Alternatively, Cd could disrupt the
antioxidant glutathione which will eventually lead to oxidative
stress (Liu et al., 2009; Wu et al., 2016).

The Carcinogenicity of Heavy Metals
The mechanism of carcinogenicity of heavy metals is unclear and
complicated. Carcinogenicity of some heavy metals is assumed to
be due to their bonding to regulatory proteins that are involved in
cell cycle regulation, DNA synthesis and repair, and apoptosis
(Kim et al., 2015). Besides, toxicogenomic investigations highlight
the characterization of gene expressions after metal toxicity.
Transcription factors such as Activator Protein 1 (AP-1),
Nuclear Factor-kappa B (NF-κB), and p53 are targets for Cd
and As. As a result, controlling the expression of protective genes
failed, leading to uncontrolled cell growth and division (Valko
et al., 2005). A few studies have examined Ras proteins mutations
or increased activation in carcinogenic heavy metals exposure.
Ngalame et al. (2014) showed overexpression of Ras in human
prostate epithelial cells following As exposure. In another study,
the elevation of the level of ERK 1/2, as well as transcription factors
jun and fos, was observed in vitro by Cd. Cr (VI) also induced
overexpression of jun in cultured cells. The mutated Ras protein
loses its ability to be inactivated and the kinase cascade is not
turned off. Besides, intensified jun and fos or activated ERK 1/2
continues repeatedly the gene expression. Thus, a permanently
activated signaling pathway results in continuously activated
proliferation, leading to increased tumor formation (Zuo et al.,
2012; Ngalame et al., 2014; Ataei et al., 2019).

Arsenic is shown to inhibit DNA repair by inhibiting poly
ADP-ribose polymerase 1 (PARP-1), a responsible enzyme for
DNA break repair processes (Ding et al., 2009). Resistance to
apoptosis due to heavy metals exposure breaks down a basic cell
defense. It has been shown that Cd can induce malignant
transformation of the prostate epithelial cell line through
increased apoptotic resistance. Apoptotic resistance is
attributed to the overexpression of Bcl-2 and disruption of a
specific pathway of apoptosis known as the JNK pathway (Qu
et al., 2007). Altered expression of genes involved in apoptosis
and DNA repair is proposed for resistance to apoptosis induced
by Cr6+ (Pritchard et al., 2005). Moreover, hexavalent Cr causes
DNA damage by inactivation of DNA ligase, DNA polymerase β,

FIGURE 3 | Simplified schematic presentation of the reaction of Cd metal ion with the thiol functional group; the two sulfhydryl groups are shown in cream color.

FIGURE 4 | Me-Hg induces PLD activation. Increased PLD activity can
lead to many diseases and cancers. Adapted from Brown et al. (2017) .
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and PARP-1. Deficient DNA repair due to Cr leads to
chromosome instability which is a key mechanism of Cr6+-
induced carcinogenesis (Wise et al., 2018).

Epigenetic Mechanisms of Heavy Metals
Heavy metals can promote epigenetic alterations, including DNA
methylation and histone modification. Hg, Pb, Cr, Cd, and As are
capable of DNA methylation. Besides, Hg, Pb, Cr, and As can
make histone alterations. However, there are no data available for
Cd to induce histone modifications. On the other hand, only Cd
and As are reported to mediate expression of noncoding RNAs,
another molecular mechanism of epigenetic regulation. The exact
mechanism of epigenetic changes due to heavy metals exposure is
not fully determined. It seems that increased expression of
protooncogenes and silencing of tumor suppresser genes via
intracellular ROS production are the underlying causes (Cheng
et al., 2012). DNA methylation is well known to inhibit the
expression of some tumor suppressors. As a result, changes in
gene expression result in the alteration of the cellular division
process and facilitation of malignant transformation of cells (Li
and Chen, 2016). Epigenetic dysregulations in human bronchial
epithelial cells were reported following Cr6+ exposure. Wang Z.
et al. (2018) found increased levels of histone H3 methylation
marks (H3K9me2 and H3K27me3) and histone
methyltransferases (HMTases) (Wang Z. et al., 2018). Hu et al.
reported Cr-induced methylation of the p16 gene, a tumor
suppressor gene, in the same cell line (Hu et al., 2016).
Similarly, epigenetic changes may attribute to the Cd and As
toxic and carcinogenic effects. DNA methylation as well as
specific histone modification marks are associated with
exposure to Cd and As (Bailey et al., 2013; Sanders et al.,
2014; Xiao et al., 2015; Ma et al., 2016).

Comparison of the Mechanistic Action
Since there are multiple cellular targets, the mechanism
underlying the toxicity of toxic heavy metals is complicated.
It is understood that Hg, Pb, Cr, Cd, and As commonly exert
their toxicity through similar pathways including ROS
generation, weakening of the antioxidant defense, enzyme
inactivation, and multiple organ toxicity. For instance,
glutathione peroxidase and reductase are known enzymes
which are inactivated by these five metals. However, some
metals selectively bind to a specific protein as a unique
mechanism of that metal. For example, Pb-induced anemia
occurs via the inhibition of two enzymes of heme
biosynthesis: ALAD and ferrochelatase (Figure 1). The
interaction of protein phosphatases (PP) with Cd can be
mentioned as another example. Examination of protein
phosphatases 1 (PP1) metal inhibitors showed that Cd2+ and
Hg2+ both have inhibitory effects on PP1 enzyme. However,
Cd2+ is likely a potent and competitive inhibitor of the enzyme
(Pan et al., 2013). Heavy metals can disrupt endocrine systems
by interfering mainly with steroid and thyroid hormones in
human and animals. As an example, Cd, Pb, and Cr are known
to induce thyrotoxicosis (Qureshi and Mahmood, 2010). The
mechanism of toxicity of these heavy metals and the organ
toxicity are presented in Table 1.

While different types of mercury compounds are found in the
environment, the organic forms of Hg are more toxic than the
inorganic species. Hg can cause cognitive impairment and CNS
injury. Besides, Hg causes renal dysfunction especially in the
proximal tubules due to its preferential accumulation in the
kidneys. It has also harmful effects on liver and the intestine
(Kim et al., 1995; Cheng et al., 2006).

The effect of proinflammatory cytokines in the brain
following Pb exposure is inflammation in the CNS which in
turn causes neurotoxicity (Struzynska et al., 2007). Pb has also
shown to have hematotoxic and hepatotoxic effects. Moreover,
it poses renal and respiratory harmful effects. Pb-induced
renal toxicity might lead to necrosis. Apoptosis in lead
toxicity takes place via the inhibition of Bcl-2 and the
activation of caspase-3 following mitochondrial cytochrome
C release (Liu et al., 2012). Lead neurotoxicity and cognitive
impairment might be promoted via the inhibition of NMDA
receptor and the blockage of neurotransmitter release (Neal
and Guilarte, 2010).

Hexavalent chromium has been classified as a carcinogen. Cr
toxicity can cause the lungs and upper respiratory cancers.
Mechanisms of Cr toxicity and carcinogenicity are considered
as DNA damage, genomic instability, and ROS generation.
Following exposure and bioaccumulation of Cr, a variety of
diseases appeared. Skin, hepatic, renal, reproductive, and
neurological disorders can be mentioned (Fang et al., 2014).
Moreover, many other cellular injuries and cell death as both
apoptosis and necrosis may occur (De Flora et al., 2008).

Like Cr, Cd is also classified as a carcinogen. Consequences of
Cd poisoning might be painful degenerative bone disease, kidney
failure, and the GI and lungs diseases (Nishijo et al., 2017). Cd can
bind to MT and other metal transporters in the small intestine
and accumulates in the GI tract (Ohta and Ohba, 2020). Altered
miRNA expression due to Cd exposure may play a role in Cd-
induced nephrotoxicity (Fay et al., 2018). Apoptosis is associated
with the cytochrome C release into the cytosol due to Cd exposure
(Pham et al., 2006).

Like chromium and cadmium, arsenic is considered a human
carcinogen. Chronic arsenic toxicity or arsenicosis causes skin
manifestations such as pigmentation and keratosis. Arsenic
poisoning may exert obstructive and restrictive pulmonary
diseases. Arsenic has been linked to cognitive dysfunction and
neurological problems such as pricking sensation in hands and
legs (Lee et al., 2006; Wasserman et al., 2011).

CONCLUSION

The heavy metals enter the body from different ways including
drinking water, air, food, or occasionally dermal exposure.
Following absorption, heavy metals are retained, and they
accumulate in the human body. Bioaccumulation of toxic
metals leads to a diversity of toxic effects on a variety of body
tissues and organs. Metal toxicity can have acute or chronic
manifestations. Heavy metals disrupt cellular events including
growth, proliferation, differentiation, damage-repairing
processes, and apoptosis. Toxic metals can also promote
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epigenetic alterations which can influence gene expression.
Comparison of the mechanisms of action reveals similar
pathways for these metals to induce toxicity including ROS
generation, weakening of the antioxidant defense, enzyme
inactivation, and oxidative stress. On the other hand, some
researches have shown that the metals selectively bind to
specific macromolecules. The interaction of Pb with ALAD
and ferrochelatase is within this context. Reactions of other
heavy metals with certain proteins were discussed as well.
Some toxic metals including Cr, Cd, and As cause genomic
instability. Defects in DNA repair following the induction of
oxidative stress and DNA damage by these metals is considered as
the cause of their carcinogenicity. The application of chelation
therapy for the management of metal poisoning has not been
reviewed here. This could be another aspect of heavy metals to be
reviewed in the future. Developing specific biomarkers for
monitoring heavy metals will be a major achievement in the
field. Future research will benefit from the evaluation of new

targets as protective procedures against organ toxicity induced by
heavy metals.
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GLOSSARY

BBB blood brain barrier

GI gastrointestinal

ALT alanine transaminase

AST aspartate transaminase

ALP alkaline phosphatase

Oat3 organic anion transporter 3

ROS reactive oxygen species

GGT gamma glutamyl transferase

CNS central nervous system

ET-1 endothelin-1

NO nitric oxide

EPO eosinophil peroxidase

OA ovalbumin

WBC white blood cells

RBC red blood cells

AP acid phosphatase

LDH lactate dehydrogenase

GPx glutathione peroxidase

CAT catalase

SOD superoxide dismutase

GST glutathione S-transferase

GSH glutathione

MDA malondialdehyde

COX-2 cyclooxygenase-2

LPO lipid peroxidation

4-HAD| 4-hydroxyalkenals

ALAD δ-aminolevulinic acid dehydratase

IFN-γ interferon-γ

NK natural killer

PHA phytohemagglutinin

PBMC peripheral blood mononuclear cell

PFT pulmonary function tests

IgE immunoglobulin E

BLL blood lead level

SBP systolic blood pressure

DBP diastolic blood pressure

Hb hemoglobin

Hct hematocrit

MCV mean corpuscle volume

MCH mean corpuscle hemoglobin

IARC International Agency for Research on Cancer

SIRs standardized incidence ratios

NTP National Toxicology Program

MT metallothionein

DMT1 divalent metal transporter 1

ZIP14 zinc importing protein 14

TRPV6 Transient Receptor Potential Vanilloid 6

Ca calcium

Drp 1 dynamin-related protein 1

NMDA: N-methyl-d-aspartate

PSD-95 postsynaptic density protein 95

pp-CaMKII calcium/calmodulin-dependent protein kinase II
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Autophagosome-Lysosome Fusion to
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Autophagy Blockade via Restoring the
Expression of Rab7 in Hepatocytes
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Autophagic dysfunction is one of the main mechanisms by which the environmental
pollutant cadmium (Cd) induces cell injury. Puerarin (Pue, a monomeric Chinese herbal
medicine extract) has been reported to alleviate Cd-induced cell injury by regulating
autophagy pathways; however, its detailed mechanisms are unclear. In the present study,
to investigate the detailed mechanisms by which Pue targets autophagy to alleviate Cd
hepatotoxicity, alpha mouse liver 12 (AML12) cells were used to construct a model of Cd-
induced hepatocyte injury in vitro. First, the protective effect of Pue on Cd-induced cell
injury was confirmed by changes in cell proliferation, cell morphology, and cell
ultrastructure. Next, we found that Pue activated autophagy and mitigated Cd-induced
autophagy blockade. In this process, the lysosome was further activated and the
lysosomal degradation capacity was strengthened. We also found that Pue restored
the autophagosome-lysosome fusion and the expression of Rab7 in Cd-exposed
hepatocytes. However, the fusion of autophagosomes with lysosomes and autophagic
flux were inhibited after knocking down Rab7, and were further inhibited after combined
treatment with Cd. In addition, after knocking down Rab7, the protective effects of Pue on
restoring autophagosome-lysosome fusion and alleviating autophagy blockade in Cd-
exposed cells were inhibited. In conclusion, Pue-mediated alleviation of Cd-induced
hepatocyte injury was related to the activation of autophagy and the alleviation of
autophagy blockade. Pue also restored the fusion of autophagosomes and lysosomes
by restoring the protein expression of Rab7, thereby alleviating Cd-induced autophagy
blockade in hepatocytes.
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INTRODUCTION

Environmental heavy metal pollution, such as Cd pollution, is a
global concern. The threat of Cd pollution in the environment to
human health cannot be ignored because of the wide range of
sources, the continuity of exposure to the environment,
bioaccumulation, and multi-organ toxicity (Amadi et al., 2019;
Genchi et al., 2020). Cd is a predisposing and promoting factor
for the occurrence and development of many diseases. In addition
to being associated with the occurrence of neurodegenerative
diseases, cardiovascular diseases, cerebrovascular diseases, bone
diseases, and cancer (Genchi et al., 2020), Cd exposure can also
promote the development of musculoskeletal diseases and fatty
liver (Kim et al., 2018; Reyes-Hinojosa et al., 2019), and aggravate
diabetes and nephropathy (Hagedoorn et al., 2020). The liver is an
important hub for many physiological processes, and acute or
chronic liver diseases are prevalent worldwide (Trefts et al., 2017;
Asrani et al., 2019). Unfortunately, the liver is one of the main
target organs of Cd, and the problem of Cd pollution in the
environment increases the burden of liver diseases worldwide.
There have been numerous reports on the liver toxicity
mechanism of Cd. Previous studies have shown that in
addition to oxidative stress, apoptosis, and epigenetic changes,
the destruction of autophagy is an important toxic mechanism of
Cd (Genchi et al., 2020; Zou et al., 2020). These reports on the
toxicity mechanism of Cd have provided a theoretical basis and
research directions to cope with the effects of Cd on human and
animal health.

Autophagy is the basic physiological process by which
eukaryotic cells maintain homeostasis. Alterations in
autophagy occur during many diseases. The lack or
dysfunction of autophagy is closely related to the occurrence
and development of many diseases, in which the regulation of
autophagy plays an important role in their treatment (Mizushima
et al., 2008; Condello et al., 2019). Targeting autophagy as a
treatment strategy has been studied in many disease models, with
significant progress. Targeting autophagy is considered to be a
promising treatment strategy for tumors, cardiomyopathy,
coronary heart disease, and pulmonary fibrosis disease
(Lawrence and Nho, 2018; Dong et al., 2019; Zech et al.,
2020). Furthermore, based on the important role of the
autophagy pathway in viral infection, Yang et al. proposed a
new treatment strategy that targets autophagy to combat
coronavirus disease-19 (COVID-19) (Yang and Shen, 2020). In
addition, there has been some progress in targeting autophagy to
protect against heavy metal poisoning. Previous studies
demonstrated that activating autophagy and restoring
autophagic flux are important mechanisms to alleviate the
toxic injury caused by lead (Pb) or Cd (Song X. et al., 2017;
Liu et al., 2019; Zhu et al., 2019; Gu et al., 2020). However, the
detailed mechanisms involved in targeting autophagy require
further exploration.

In the past few decades, researchers have explored the toxicity
mechanism of heavy metals and its protective strategies. Based on
the toxicity mechanism of heavy metals, many feasible protection
strategies have been proposed, among which natural antioxidants
have attracted much attention (Brzóska et al., 2016). Puerarin

(Pue) is a natural antioxidant derived from plants (extracted from
the roots of the traditional Chinese herbal medicine Pueraria
lobata). Pue has a wide range of pharmacological effects, playing
an important role in the treatment of cardiovascular diseases,
neurodegenerative diseases, diabetes, and cancer (Wang et al.,
2006; Zhang, 2019). In addition, Pue has positive effects in
resisting cell injury induced by heavy metals. Pue can not only
ameliorate Cd-induced adverse effects, but also can alleviate
nickel- and Pb-induced cell injury (Liu et al., 2016; Song et al.,
2016). Given its strong antioxidant capacity, the mechanisms by
which Pue protect against heavy metal-induced cell injury mainly
include anti-oxidation and anti-apoptosis (Liu et al., 2012; Song
et al., 2016). Further research revealed the role of Pue in
alleviating heavy metal poisoning by regulating autophagy. For
example, Pue plays an important role in protecting against Pb-
induced injury in primary rat proximal tubular (rPT) cells by
activating autophagy and restoring autophagic flux (Song X. et al.,
2017). A similar mechanism has also been reported in alleviating
Cd-induced liver cell injury (Zhou et al., 2019). These studies
have initially explored the role of targeting autophagy in Pue-
mediated alleviation of heavy metal poisoning; however, the
detailed molecular mechanisms are poorly understood.
Therefore, the present study aimed to use the alpha mouse
liver 12 (AML12) cell line as a model to further explore the
detailed mechanism of Pue in alleviating Cd-induced hepatocyte
injury by targeting autophagy, especially the two stages of fusion
and degradation.

MATERIALS AND METHODS

Chemicals and Reagents
Cadmium chloride was purchased from Sigma-Aldrich
(202,908, St. Louis, MO, Unites States). Puerarin (purity
>99%) was purchased from Selleck Chemicals (S2346,
Houston, TX, Unites States). Dulbecco’s modified Eagle’s
Medium/Nutrient Mixture F-12 (DMEM/F-12) and
insulin–transferrin–selenium-A supplement (ITS-A) were
purchased from Gibco (Grand Island, NY, United States).
The Dansylcadaverine (MDC) Kit was purchased from
Solarbio (G0170, Beijing, China). Lyso-Tracker Red (LTR)
was purchased from Beyotime (C1046, Shanghai, China).
Bafilomycin A1 (Baf) and DQ-BSA-Red (Self-Quenched
BODIPY FL Conjugate of bovine serum albumin) were
purchased from Invitrogen (Carlsbad, CA, United States). All
of the other materials were of analytical grade.

Cell Culture and Treatment
The AML12 cell line was obtained from ATCC (Manassas, VA,
United States) and cultured in DMEM/F-12 complete medium
(containing 10% fetal bovine serum (FBS), 0.6% ITS-A, 100 U/ml
penicillin, and 100 mg/ml streptomycin) at 37°C in the presence
of 5% CO2 and saturated humidity. Replace complete medium
with serum-free medium when treating cells. Cadmium chloride
and Pue were dissolved in ultrapure water and dimethyl sulfoxide
(DMSO) respectively. In this study, the final concentration of
DMSO in the medium was less than 0.1%.
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Analysis of Cell Proliferation
The real-time cell analysis (RTCA) system (Roche Applied
Science, Basel, Switzerland) and 5-Ethynyl-2′-deoxyuridine
(EdU) Cell Proliferation Kit with Alexa Fluor 488 (C0071,
Beyotime) were used in this study to determine the
proliferation of AML12 cells. Briefly, for the RTCA system,
AML12 cells were cultured in E-plates, and the cell index (CI)
was monitored every 15 min. Then, different treatments were
applied when the average CI reached approximately 2.5. The CI
was finally presented as the Normalized cell index. For EdU
staining, AML12 cells were seeded in 24-well plates and cultured
to approximately 70% confluence, followed by treatment with
various concentrations of Pue (50, 100, 200, and 400 μM) and/or
5 μMCd for 12 h. After treatment with Pue and Cd, the cells were
incubated in EdU working solution for 2 h, and then treated with
4% paraformaldehyde, 0.3% Triton X-100, Click Additive
Solution, and Hoechst 33342, in that order, according to the
manufacturer’s protocol. Finally, images were captured under a
Leica DMIRB inverted microscope (DMI3000B, Leica, Wetzlar,
Germany). Cells positive for EdU were counted as
proliferative cells.

Analysis of Cell Morphology
AML12 cells were seeded in 24-well plates and cultured to
approximately 70% confluence, followed by treatment with
200 μM Pue and/or 5 μM Cd for 24 h. Then, images of cells
were captured under the Leica DMIRB inverted microscope.

Analysis Using Transmission Electron
Microscopy
AML12 cells were seeded in 10-cm dishes and cultured to
approximately 70% confluence, followed by treatment with
200 μM Pue and/or 5 μM Cd for 12 h. Then, the cells were
fixed using 2.5% glutaraldehyde and osmium tetroxide,
dehydrated in graded ethanol, soaked in Spurr resin,
stained with uranium acetate and lead citrate, in that
order. Finally, the cell ultrastructure and autophagosomes
were observed under a transmission electron microscope
(CM 100, Philips, Holland).

MDC Staining
AML12 cells were seeded in 24-well plates and cultured to
approximately 70% confluence, followed by treatment with
200 μM Pue and/or 5 μM Cd for 12 h. Treatment with Earle’s
balanced salt solution (EBSS) medium was used as the positive
control group. Before staining with the MDC working solution,
the cells were fixed with 4% paraformaldehyde. Finally, the
fluorescence images were captured under a fluorescence
microscope (TCS SP8 STED, Leica).

Western Blotting Analysis
After treatment, the total proteins of cells were extracted for
western blotting analysis. Briefly, after sonication and lysis in ice-
cold Radioimmunoprecipitation assay (RIPA) lysis buffer, the
cells were centrifuged at high speed at 4°C to harvest the
supernatant. The protein concentration was determined using

a Bicinchoninic acid protein assay kit (P0011, Beyotime), and
samples were adjusted to the same protein level. Equivalent
amounts of protein samples were separated by 5–12% SDS-
PAGE gels, and transferred to polyvinylidene fluoride
membranes. Then, the membranes were incubated with 5%
nonfat milk for 2 hat room temperature, followed by
incubation with primary antibodies diluted 1:1,000 in 5%
bovine serum albumin (BSA) (dissolved in Tris-buffered saline
with 0.05% Tween-20) overnight at 4°C. The primary antibodies
used in this study were as follows: anti-microtubule associated
protein 1 light chain 3 beta (LC3B) (L7543, Sigma, St. Louis, MO,
United States), anti-p62/SQSTM1 (P0067, Sigma), anti-
lysosomal associated membrane protein 2 (LAMP2) (L0068,
Sigma), anti-cathepsin B (CTSB) (31718, Cell Signaling
Technology, Boston, MA, United States), anti-Rab7 (9367, Cell
Signaling Technology), and anti-β-actin (4970, Cell Signaling
Technology). After incubation with the corresponding
secondary antibodies, the membranes were imaged using a
chemiluminescence imaging system (Tanon, Shanghai, China)
with an enhanced chemiluminescence kit (New Cell and
Molecular Biotech Co., Ltd., Suzhou, China). The gray values
of the protein bands were analyzed using the ImageJ software
(National Institutes of Health, Bethesda, MD, United States), and
quantified relative to β-actin. All assays were performed at least
three times.

Analysis of Lysosomal Degradation
Capacity
DQ-BSA-Red was used in this study to determine the effect of Pue
and Cd on the lysosomal degradation capacity in AML12 cells. In
brief, AML12 cells were seeded in confocal dishes and cultured to
approximately 70% confluence. The cells were pretreated with
10 μg/ml DQ-BSA Red for 2 h, followed by treatment with
200 μM Pue and/or 5 μM Cd for 12 h. Finally, after staining
with Hoechst 33342, the fluorescence images were captured
rapidly under a fluorescence microscope (TCS SP8 STED, Leica).

LTR Staining
After treatment with 200 μM Pue and/or 5 μM Cd for 12 h, the
cells were incubated with LTR working solution at 37°C for
30 min, and then the fluorescence images were captured under
the Leica DMIRB inverted microscope.

Immunofluorescence Staining
AML12 cells (1.3 × 105 cells per well) were seeded on the glass
coverslips in 24-well plates for 12 h. After different treatments,
double staining was performed as follows. First, after fixation with
4% paraformaldehyde, the cells were incubated separately with
0.5% Triton X-100 and 5% bovine serum albumin. Next, the cells
were incubated with anti-LC3B antibodies diluted 1:200 in 5%
BSA (L7543, Sigma), together with anti-LAMP2 antibodies
diluted 1:100 in 5% BSA (sc-19991, Santa Cruz Biotechnology,
Santa Cruz, CA, United States) overnight at 4°C. Then, the cells
were incubated with secondary antibodies labeled with Alexa
Fluor 488 and Cy3 (diluted 1:200 in 5% BSA) (Beyotime). Finally,
after staining with 4′,6-diamidino-2-phenylindole (DAPI), the
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fluorescence images of the cells were observed under a
fluorescence microscope (TCS SP8 STED, Leica).

Infection and Analysis of
StubRFP-SensGFP-LC3 Lentivirus
The stubRFP-sensGFP-LC3 (RFP, red fluorescent protein; GFP,
green fluorescent protein) lentivirus was purchased from
GeneChem Corporation (Shanghai, China). AML12 cells were
seeded in 24-well plates and cultured to approximately 20%
confluence, followed by co-incubation with stubRFP-sensGFP-
LC3 lentivirus for 48 h according to the manufacturer’s protocols.
Then, the positive cells were selected using 4 μg/ml puromycin
(Solarbio) to establish stable cell lines. The cells marked with
GFP-RFP-LC3 were seeded on glass coverslips in 24-well plates.
At 70% confluence, the complete medium was replaced with
serum-free medium, followed by treatment as required by the
experiments. Then, the fluorescence images of LC3 puncta were
viewed using a fluorescence microscope (TCS SP8 STED, Leica).
The yellow LC3 puncta indicate autophagosomes and the red LC3
puncta indicate autophagolysosomes.

Small Interfering RNA Transfection
The siRNA specific for Rab7 was synthesized by RiboBio
Corporation (Guangzhou, China). The siRNA sequence
targeting the Rab7 mRNA was follows: si-Rab7, 5′-CCATCA
AACTGGACAAGAA-3′. Briefly, to knockdown Rab7, AML12
cells were seeded in 6-well or 24-well plates. At 40% confluence,
the cells were cultured in fresh medium without penicillin and
streptomycin, together with transfection reagent (Polyplus-
transfection, Illkirch, France) and 20 nM Rab7 siRNA or
negative control siRNA for 24 h, according to the
manufacturer’s protocols. Then, the cells were collected and
analyzed the knockdown efficiency using western blotting or
were subjected to other treatments as required by the
experiments.

Statistical Analysis
Analyses of Data from at least three independent experiments
were performed using one-way analysis of variance and Scheffe’s
F test using GraphPad Prism 6 software (GraphPad Software Inc.,
La Jolla, CA, United States). The results are shown as the mean ±
standard deviation (SD) and the p < 0.05 was considered
statistically significant.

RESULTS

Pue Alleviated Cd-Induced Injury in AML12
Cells
In the present study, the protective effect of Pue toward Cd-
induced hepatocyte injury was confirmedmainly from the aspects
of cell proliferation, cell morphology, and ultrastructure. First,
referring to previous studies, different concentrations of Pue (50,
100, 200, and 400 μM) were tested, and the effect of Pue on cell
proliferation in AML12 cells were determined by RTCA. The
results showed that there was no significant difference in the CI of

the 50–200 μM Pue treatment groups compared with the control
group, except that the 400 μM Pue treatment group showed a
slight increase (Figure 1A). Then, the effects of different
concentrations of Pue (50, 100, 200, and 400 μM) in
combination with 5 μM Cd on the proliferation of AML12
cells were detected by EdU staining. The results showed that
the number of EdU-positive cells was significantly reduced in the
Cd treatment group compared with that in the control group.
However, the number of EdU-positive cells was increased after
combined treatment with Pue compared with the Cd-alone
treatment group, especially in the 200 or 400 μM Pue and Cd
combined treatment group (Figure 1B). Considering the slight
influence of 400 μM Pue on cell proliferation, the combination of
200 μM Pue with 5 μM Cd was selected to further verify the
protective effect of Pue in Cd-exposed cells using the RTCA
system. The results showed that the CI in the Cd treatment group
decreased significantly compared with that in the control group.
However, it increased in the Cd and Pue combined treatment
group compared with that in the Cd-alone treatment group
(Figure 1C). Finally, the same protective effect was also
reflected in the changes in cell morphology and cell
ultrastructure. The results are shown in Figures 1D,E. In the
Cd-treated group, the cells became smaller and rounded, the
nuclei shrank, and the mitochondria swelled and became
vacuolated. However, in the combined treatment group, the
above changes were alleviated. These results showed that Pue
could effectively alleviate Cd-induced injury in AML12 cells.

Pue Activated Autophagy and Alleviated
Cd-Induced Accumulation of
Autophagosomes in AML12 Cells
Next, we explored the possible mechanisms of the protective
effect of Pue from the perspective of regulating autophagy. First,
the changes in autophagy levels were preliminarily reflected by
MDC staining (Figure 2A). Compared with that in the control
group, the number of MDC fluorescent puncta increased
significantly in the Cd and Pue alone or combined treatment
group and the positive control group (EBSS-treatment group).
However, the number of MDC fluorescent puncta in the Cd and
Pue combined treatment group was reduced compared with that
in the Cd-alone treatment group. Furthermore, transmission
electron microscopy showed that a large number of
autophagosomes with a double-layer membrane structure were
accumulated in the cells treated with Cd alone. However, the
number of autophagosomes decreased after combined treatment
with Pue, while the number of autophagolysosomes, with a
monolayer membrane structure, increased, and most of the
materials contained in them were degraded (Figure 2B).

Pue Alleviated Cd-Induced Autophagy
Blockade in AML12 Cells
To explore whether the protective effect of Pue is related to the
alleviation of autophagy blockade, the effect of Pue and Cd on the
autophagic flux in AML12 cells was monitored using western
blotting. As shown in Figure 3A, after the combined treatment of
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Cd and Baf (a late-stage autophagy inhibitor), the levels of LC3II
and P62 were further increased compared with those in the Baf-
alone treatment group (p < 0.05 or p < 0.01), suggesting that
autophagic flux was blocked. Next, the effect of autophagy
blockade on cell proliferation was further verified using the
RTCA system. The results showed that the CI in Cd-alone
treatment group was significantly decreased compared with
that in the control group. Notably, the CI in Cd and Baf
combined treatment group decreased further compared with
the that Cd-alone treatment group (Figure 3B). The above
results confirmed that autophagy blockade is an important
factor in Cd-induced cell injury. Then, the effect of Pue on the
autophagic flux in Cd-exposed cells was detected using western
blotting (Figure 3C). Compared with that in the control group,
the relative level of LC3II in the Pue-alone treatment group
increased significantly (p < 0.01), while the level of P62
decreased significantly (p < 0.05). Notably, the relative levels

of LC3II and P62 in the Cd and Pue combined treatment group
were higher than those in the control group, but significantly
lower than those in the Cd-alone treatment group. This indicated
that Pue could not only promote autophagy, but also alleviated
Cd-induced autophagy blockage. Overall, the above results
suggested that the protective effect of Pue in Cd-exposed cells
is related to its alleviation of autophagy blockade.

Pue and Cd Promoted Lysosomal
Degradation by Triggering Lysosomal
Activation in AML12 Cells
Next, we explored the possible detailedmechanisms by which Pue
alleviates autophagy blockade in Cd-exposed cells. First, the effect
of Pue and Cd on lysosomal degradation was detected using the
DQ-BSA assay. DQ-BSA will release fluorescence after being
degraded by lysosomes, thus indirectly reflecting the degradation

FIGURE 1 | Pue alleviated Cd-induced injury in AML12 cells. (A) Effect of Pue at different concentrations (50, 100, 200, and 400 μM) on the CI in AML12 cells. Error
bars represents the standard deviation (n � 3). (B) After treatment with Pue (50, 100, 200, and 400 μM) and/or 5 μM Cd for 24 h, cell proliferation was detected by EdU
staining. Scale bar � 200 μm. (C) Effect of Pue and Cd, alone or in combination, on CI in AML12 cells. Error bars represents the standard deviation (n � 3). (D) Effect of
Pue andCd, alone or in combination, on cell morphology. Scale bar � 100 μm. (E) After treatment with Pue andCd, alone or in combination, for 12 h, the changes in
cell ultrastructure was analyzed under a transmission electron microscope and representative images are shown. Scale bar in nuclei � 2 μm; scale bar in
mitochondria � 1 μm.
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function of lysosomes (Li et al., 2015). As shown in Figure 4A,
compared with the control group, the intensity and number of red
fluorescent spots increased in the Pue- and Cd-alone treatment
groups, and further increased in the co-treatment group. Then,
the effects of Pue and Cd on lysosomal acidity and the expression
of lysosomal-related proteins were detected by LTR staining and
western blotting, respectively. After treatment with Pue and Cd
alone or in combination, the fluorescence intensity of LTR and
the levels of LAMP2 and CTSB increased significantly. Although
there was no significant difference in the fluorescence intensity of
LTR in the combined treatment group compared with the Cd
alone treatment group, the levels of LAMP2 and CTSB further
increased (Figures 4B,C). The above results suggest that both Pue
and Cd could promote lysosomal degradation, which might be
related to triggering lysosomal activation.

Pue Restored Autophagosome-Lysosome
Fusion and the Expression Levels of Rab7 in
Cd-Exposed AML12 Cells
We further explored the detailed mechanisms by which Pue
alleviated autophagy blockade in Cd-exposed cells by assessing
the regulation of autophagosome-lysosome fusion. Double

immunofluorescence staining of LC3 and LAMP2 was used to
analyze autophagosome-lysosome fusion, in which yellow puncta
indicated the occurrence of autophagosome-lysosome fusion.
The results showed that the co-localization of LC3 and
LAMP2 was significantly reduced after Cd-alone treatment,
but was significantly increased after the combined treatment
compared with that in the Cd-alone treatment (Figure 5A).
Next, we detected the level of Rab7, a key protein involved in
autophagosome-lysosome fusion, by western blotting. The results
showed that Rab7 levels were downregulated significantly after
exposure to Cd (p < 0.01), and restored after co-treatment with
Pue (p < 0.01) (Figure 5B). These results indicated that Pue
alleviated Cd-induced autophagy blockade by restoring
autophagosome-lysosome fusion, and the mechanism was
related to the restoration of the protein levels of Rab7.

Rab7 Played an Important Role in
Pue-Alleviated Cd-Induced Autophagy
Blockade
To further verify the key role of Rab7 in Pue-mitigated Cd-
induced inhibition of autophagosome-lysosome fusion, the Rab7

FIGURE 2 | Pue activated autophagy and alleviated Cd-induced accumulation of autophagosomes in AML12 cells. (A) Cells were treated with Pue and/or Cd for
12 h, and then the autophagy levels were analyzed usisng MDC staining. Representative images of MDC staining are shown. Scale bar � 20 μm. (B) After treatment with
Pue and Cd, alone or in combination, for 12 h, images of autophagosomes and autophagolysosomes were captured under a transmission electron microscope.
Representative images of autophagosomes and autophagolysosomes are presented. Scale bar � 1 μm.
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siRNA was employed in the cell model. Western blot analysis
showed that, compared with that in the negative control (NC)
group, knocking down Rab7 resulted in a significant increase in
the levels of LC3II and P62, which was consistent with the results
in NC + Cd group (p < 0.01) (Figure 6A). The results of RFP-
GFP-LC3 analysis showed that, compared with that in the NC
group, knocking down Rab7 resulted in an increase in the
accumulation of yellow LC3 puncta (autophagosomes), which
was consistent with the results of the NC + Cd group. Compared
with the NC + Cd group, the accumulation of yellow LC3 puncta
further increased after Cd and si-Rab7 combined treatment
(Figure 6C). These results were consistent with the results of
the protein level changes in Figure 6A, indicating that the Cd-
induced autophagy blockade was indeed related to the
downregulation of Rab7. In addition, immunofluorescence
staining showed that the co-localization of LC3 and LAMP2
was reduced in both the si-Rab7 group and the si-Rab7+Cd

group, indicating that Cd inhibited the autophagosome-lysosome
fusion by downregulating Rab7 levels (Figure 6D). Moreover, in
the NC + Pue + Cd group, the protein level changes were
consistent with the results of the RFP-GFP-LC3 analysis
compared with those in the NC + Cd group, which showed
that the autophagy blockade was alleviated (Figures 6B,C).
Meanwhile, immunofluorescence staining also showed that
autophagosome-lysosome fusion was restored (Figure 6D).
However, compared with that in the NC + Pue + Cd group,
after knocking down Rab7, the level of LC3II and P62 increased
significantly (p < 0.01) (Figure 6B), the yellow LC3 puncta
increased and the red LC3 puncta (autophagolysosomes)
decreased (Figure 6C), similarly, the co-localization of LC3
and LAMP2 decreased (Figure 6D). These results indicated
that after knocking down Rab7, the protective effects of Pue in
restoring autophagosome-lysosome fusion and alleviating
autophagy blockade were inhibited.

FIGURE 3 | Pue alleviated Cd-induced autophagy blockade in AML12 cells. (A) Cells were treated with Cd and Baf, alone or in combination, for 12 h, and then the
levels of LC3 and P62 were detected using western blotting to reflect the changes in autophagic flux. Data are shown as the mean ± SD (n � 4). Compared with the
control group, **p < 0.01. Compared with the Baf-treatment group, #p < 0.05, ##p < 0.01. (B) After treatment with Cd and/or Baf, the CI was monitored using RTCA to
reflect the effect of autophagy blockade on Cd-induced cell injury. Error bars represents the standard deviation (n � 3). (C) After treatment with Pue and/or Cd for
12 h, cells were collected and the levels of LC3 and P62 were analyzed using western blotting. β-actin was used as the reference protein, and representative protein
bands are shown. Data are shown as the mean ± standard deviation (SD) (n � 4). Compared with the control group, *p < 0.05, **p < 0.01. Compared with the Cd-
treatment group, #p < 0.05, ##p < 0.01.
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DISCUSSION

The preparation and genetic manipulation of primary hepatocytes
is difficult; therefore, in the present study, we chose AML12 cells to
construct a Cd-induced hepatocyte injury model. AML12 cells are
immortalized hepatocytes that retain typical hepatocyte
characteristics, and their response to autophagy might be close
to that of normal hepatocytes (Wu et al., 1994; Wang et al., 2017).
Therefore, AML12 cells were a suitable cell model for this study.
Pue is a natural antioxidant derived from plants. Based on its
powerful anti-oxidation, anti-apoptosis, and autophagy regulating

effects, the positive effects of Pue in protecting against heavy metal
induced cell injury have been reported in many articles. Previous
studies showed that 50–200 μM Pue could alleviate Pb- or Cd-
induced cell injury in rPT cells, which provided a reference for
choosing the working concentration range of Pue in this study (Liu
et al., 2014; Song et al., 2016). After screening and considering the
results of our previous study (Zou et al., 2020), 200 μM Pue and
5 μM Cd were finally selected for the subsequent mechanistic
research described in this study. In addition, in a recently
published article, the protective effect of Pue in Cd-exposed
hepatocytes was reported in terms of cell viability and apoptosis

FIGURE 4 | Pue and Cd promoted lysosomal degradation by triggering lysosomal activation in AML12 cells. (A) The effect of Pue and Cd on lysosomal degradation
in AML12 cells was analyzed using DQ-BSA-Red staining. Representative fluorescence images are shown, and the red fluorescence indicates the fluorescent fragment
released after DQ-BSA was degraded by the lysosome. Scale bar � 10 μm. (B) The effect of Cd and Pue in combination on the lysosomal acidity in AML12 cells was
reflected by LTR staining. Scale bar � 100 μm. (C) Cells were treated with Pue and Cd, alone or in combination, for 12 h, and then the levels of LAMP2 and CTSB
were examined using western blotting. Data are shown as the mean ± SD (n � 3). Compared with the control group, **p < 0.01. Compared with the Cd group, #p < 0.05.
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(Zhou et al., 2019). In the present study, the protective effect of Pue
was further confirmed according to changes in cell proliferation,
cell morphology, and cell ultrastructures using RTCA, EdU
staining, and transmission electron microscopy.

Autophagy is a process by which “trash” (such as damaged
organelles and misfolded proteins) in cells is digested and
recycled by lysosomes (Cuervo and Macian, 2012; Schneider
and Cuervo, 2014). Under physiological conditions, a low level
of autophagy is maintained in cells, which is considered to be a
quality control mechanism that is especially important for cell
homeostasis (Ueno and Komatsu, 2017). As a survival
mechanism, autophagy is considered as a potential therapeutic
target for many diseases, such as metabolic syndrome diseases,

neurodegenerative disorders, autoimmune diseases, and cancer
(Condello et al., 2019). In addition, the stage-specific regulation of
autophagy is a new intervention method for liver disease (Wang,
2015). In the study of the toxicity mechanism of heavy metals, it
was found that during heavy metal exposure, autophagy was
activated to fight the induced stress (Wang et al., 2013). However,
under continuous heavy metal exposure, autophagic flux was
disrupted (the fusion or degradation stage was blocked), resulting
in the accumulation of autophagosomes that could not be
degraded and recycled (Liu F. et al., 2017; Song X.-B. et al.,
2017; Zou et al., 2020). These reports prompted us to study the
role of targeting autophagy in protecting against heavy metal-
induced cell injury.

FIGURE 5 | Pue restored autophagosome–lysosome fusion and the expression levels of Rab7 in Cd-exposed AML12 cells. Cells were treated with Pue and Cd for
12 h. (A) The co-localization of LC3with LAMP2was examined by immunofluorescence staining to reflect the fusion of autophagosomes and lysosomes. Representative
fluorescence images and their partial enlarged images are shown; the yellow fluorescence puncta indicate the fused autophagosomes and lysosomes. Scale
bar � 10 μm. (B) The levels of Rab7 were analyzed using western blotting. Data are shown as the mean ± SD (n � 4). Compared with the control group, **p < 0.01.
Compared with the Cd group, ##p < 0.01.
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Previous studies indicated that activating autophagy can
alleviate Cd-induced cell damage (Zou et al., 2015; Liu G. et al.,
2017). Pue can activate autophagy via a mechanism related to the
inhibition of mammalian target of rapamycin (mTOR). A study
documented that in a rat cardiac hypertrophy model, Pue activated
autophagy to alleviate cardiomyocyte hypertrophy and apoptosis by
activating the phosphorylation of 5′AMP-activated protein kinase
(AMPK) and inhibiting mTOR signaling, and this protective effect
was blocked by the autophagy inhibitor, 3-methyladenine (Liu
et al., 2015). This indicated that the protective effect of Pue is
related to the activation of autophagy. Similarly, Pue alleviated liver
damage in an ethanol-induced liver injury model by activating
autophagy via AMPK/mTOR-mediated signaling (Noh et al.,
2011). In the present study, Pue’s effect of activating autophagy
was confirmed by MDC staining, observation of autophagosomes,
and analysis of autophagy marker proteins. Our results were
consistent with those of a recently published article (Zhou et al.,
2019). However, the response of autophagy activation to Pue has
been reported differently in other studies. Studies have found that in
rPT cells, 100 μMPue could alleviate Pb- or Cd-induced autophagic
blockade, but had no obvious effect on activating autophagy (Song
X. et al., 2017;Wang et al., 2019). These differences might be related
to the different cell models and the dosages of Pue used. In addition,
our results showed that, compared with the Cd group, the

combined treatment of Pue and Cd reduced the overall
autophagy level and alleviated the accumulation of
autophagosomes. This suggested that Pue not only activates
autophagy, but also participates in the regulation of autophagic flux.

Autophagic flux refers to the rate of cargo degradation via
autophagy (Lumkwana et al., 2017). LC3 and P62 are the
marker proteins of autophagic flux. LC3 reflects the overall level
of autophagy, while P62 reflects the overall degradation produced by
autophagy. Inhibition of autophagy at the later phases (the
autophagosome-lysosome fusion phase or the
autophagolysosome degradation phase) would lead to increased
levels of LC3 and P62 (Yin et al., 2017; Yoshii and Mizushima,
2017). In addition, the analysis of GFP-RFP-LC3 fluorescence
puncta is another commonly used method to monitor
autophagic flux (Yoshii and Mizushima, 2017). Blockade of
autophagic flux leads to autophagy dysfunction, which is fatal
for cell survival (Singh et al., 2014). Autophagy blockade is
associated with many diseases, including neurodegenerative
diseases, cardiovascular diseases, cancer, and liver diseases. For
these diseases, the regulation of autophagic flux is an important
target for treatment (Morel et al., 2017; Allaire et al., 2019). Previous
studies have indicated that autophagy blockade is an important
mechanism in the toxicity of heavy metals (Song X.-B. et al., 2017;
Zou et al., 2020). Alleviating autophagy blockade can ameliorate

FIGURE 6 | Rab7 played an important role in Pue-alleviated Cd-induced autophagy blockade in AML12 cells. Based on treatment with a Rab7 siRNA or NC siRNA
for 24 h. (A) Cells were treated with or without Cd for 12 h, (B) cells were treated with Pue and/or Cd for 12 h, and then the levels of Rab7, LC3, and P62 were analyzed
using western blotting. Data are shown as the mean ± SD (n � 3). Compared with the NC group, **p < 0.01. Compared with the NC + Cd group or NC + Pue + Cd group,
#p < 0.05, ##p < 0.01. (C)Cells stably expressing stubRFP-sensGFP-LC3were treated with Rab7 siRNA or NC siRNA for 24 h, followed by treatment with Pue and/
or Cd for 12 h, and then the LC3 puncta were captured under a fluorescence microscope. Representative images of LC3 puncta and their partial enlarged pictures are
shown. Scale bar � 10 μm. (D) After treated with Rab7 siRNA or NC siRNA for 24 h, cells were treated with Pue and/or Cd for 12 h, and then the co-localization of LC3
with LAMP2 was analyzed using immunofluorescence staining. Representative pictures and their partial enlarged pictures are displayed. Scale bar � 10 μm.
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heavy metal-induced cell injury. Recent studies have found that the
restoration of autophagic flux plays an important role in Pue-
mediated alleviation of Pb- or Cd-induced rPT cell injury (Song X.
et al., 2017;Wang et al., 2019). In this study, Cd-induced destruction
of autophagic flux was further verified by analyzing the levels of LC3
and P62. Subsequent RTCA analysis showed that blockade of
autophagosome clearance exacerbated the damage to Cd-exposed
cells. However, Pue alleviated Cd-induced autophagy blockade,
which was consistent with the results of a recently published
article (Zhou et al., 2019). Therefore, our findings indicated that
Pue-mediated alleviation of Cd-induced hepatocyte injury was
related to the mitigation of autophagy blockade.

Blockade of autophagosome-lysosome fusion and lysosomal
dysfunction are the main reasons for autophagy blockade. Studies
have documented that in rPT cells, Cd induces autophagy
blockade by inhibiting both autophagosome-lysosome fusion
and autophagosome degradation, and Pue can alleviate
autophagy blockade by restoring autophagic degradation (Liu
F. et al., 2017; Wang et al., 2019). However, autophagy is an
orderly and dynamic process, and from the formation of
autophagosomes to the final degradation, each phase is strictly
regulated by proteins encoded by autophagy-related genes (Al-
Bari and Xu, 2020). The degradation of autophagosomes requires
fusion with lysosomes; therefore, we inferred that to alleviate
autophagy blockade, Pue might target factors in both the
degradation phase and the fusion phase. This inference was
confirmed by the results of the present study. Our results
indicated that Pue alleviated Cd-induced autophagy blockade
by restoring autophagosome-lysosome fusion in AML12 cells.
Interestingly, in this process, Cd and Pue both triggered
lysosomal activation and promoted lysosomal degradation.
The explanation for this phenomenon, might be that in
addition to the activation of autophagy, lysosomal activation is
also be related to the changes in lysosomal adaptation triggered by
lysosomal stress (Lu et al., 2017).

The fusion of autophagosomes and lysosomes occurs in an
orderly manner via complex molecular regulation. Briefly, after
autophagosomes are formed, they are transported along
microtubules to lysosomes, mediated by dynein. Then,
autophagosomes and lysosomes are tethered together via
tethering factors. Finally, fusion is triggered under the mediation
of soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) complexes (Yu et al., 2018). Tethering factors,
such as homotypic fusion and protein sorting (HOPS) complex,
Rab7, and some adaptors, act as bridges in autophagosome-
lysosome fusion (Ganley, 2013; Yu et al., 2018). Among them,
Rab7 is a key regulatory factor and is required for autophagosome-
lysosome fusion. In addition, Rab7 is a multifunctional autophagy
regulatory factor, involved in the maturation, transportation, and
fusion of autophagosomes, and thus is a potential therapeutic target
for diseases (Gutierrez et al., 2004; Hyttinen et al., 2013; Wen et al.,
2017). There is evidence that targeting Rab7 to regulate autophagy is
a feasible strategy in disease treatment. A study indicated that in an
acute liver injury model, upregulating Rab7 to maintain autophagy
is essential for simvastatin-mediated alleviation of liver injury
(Guixé-Muntet et al., 2017). In addition, previous studies have
reported that the inhibition of autophagosome-lysosome fusion by

Cd is related to the downregulation of Rab7 and its recruitment to
autophagosomes (Liu F. et al., 2017; Zou et al., 2020). Therefore, we
hypothesized that Rab7 is an important target for Pue-mediated
restoration of autophagosome-lysosome fusion. This hypothesis
was supported by the results of the current study, which showed
that Pue restored Rab7 protein expression levels in Cd-exposed
hepatocytes (Figure 5B). In addition, we evaluated the correlation
between autophagosome-lysosome fusion and Rab7 by knocking
down Rab7 expression, which further confirmed that Rab7 is an
important target for Pue-mediated regulation of autophagy via
restoring autophagosome-lysosome fusion.

In summary, we revealed the detailed mechanism by which Pue
targets autophagy to relieve Cd-induced hepatocyte injury, providing
a new avenue for the study of targeting autophagy strategies to
protect against heavy metal poisoning. Our results proved that Pue
has multiple targets in the process of alleviating Cd-induced
hepatocyte injury by targeting autophagy, involving the activation
of autophagy and the alleviation of autophagy blockade. In addition,
Pue restored the fusion of autophagosomes and lysosomes by
restoring Rab7 protein expression levels, thereby alleviating Cd-
induced autophagy blockade in hepatocytes. Consequently, we
believe that Rab7 is an important target through which Pue
regulates autophagy to alleviate the hepatotoxicity of Cd.
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Daily consumption of caffeinated beverages is considered safe but serious health
consequences do happen in some individuals. The Apiaceous and Rutaceae families
of plant (ARFP) products are popular foods and medicines in the world. We previously
reported significant amounts of furanocoumarin bioactive such as 8-methoxypsoralen, 5-
methoxypsoralen, and isopimpinellin in ARFP products. As both caffeine and
furanocoumarin bioactive are metabolized by the same hepatic CYP1A1/2 isozyme in
humans, caffeine/ARFP product interactions may occur after co-administration. The
objectives of the present study were to study in vivo loss of caffeine metabolizing
activity by comparing the pharmacokinetics of caffeine in volunteers before and after
pre-treatment with an ARFP extract, study the correlation between the decrease in hepatic
CYP1A2 activity and the content of furanocoumarin bioactive in ARFP extracts,
characterize CYP1A2 inactivation using in vitro incubations containing 14C-caffeine, a
furanocoumarin bioactive, and human liver microsomes (HLMs), and provide a
mechanistic explanation for both in vivo and in vitro data using the irreversible inhibition
mechanism. The study results showed pre-treatment of volunteers with four ARFP extracts
increased the area-under-the-concentration-time-curve (AUC0-inf) ratio of caffeine in the
plasma ranging from 1.3 to 4.3-fold compared to the untreated volunteers indicating
significant caffeine metabolism inhibition. The increases in AUC0-inf ratio also were linearly
related to the effect-based doses of the furanocoumarins in the ARFP extracts, a finding
which indicated caffeine metabolism inhibition was related to the content of
furanocoumarin bioactive in an ARFP product. In vitro incubation studies also showed
individual furanocoumarin bioactive were potent inhibitors of caffeine-N-demethylation; the
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IC50 for 8-methoxypsoralen 5-methoxypsoralen, and isopimpinellin were 0.09, 0.13, and
0.29 µM, respectively. In addition, CYP1A2 inactivation by individual furanocoumarin
bioactive was concentration- and time-dependent involving the irreversible inhibition
mechanism. The proposed irreversible inhibition mechanism was investigated further
using 14C-labeled 8-methoxypsoralen and HLMs. The formation of 14C-adducts due to
14C-8-MOP-derived radioactivity bound to HLMs confirmed the irreversible inhibition of
CYP1A2 activity. Thus, furanocoumarin bioactive metabolism in humans would result in
reactive metabolite(s) formation inactivating CYP1A2 isozyme and inhibiting caffeine
metabolism. Once the CYP1A2 isozyme was deactivated, the enzymic activity could
only be regained by isozyme re-synthesis which took a long time. As a result, a single oral
dose of ARFP extract administered to the human volunteers 3.0 h before still was able to
inhibit caffeine metabolism.

Keywords: caffeine, furanocoumarin, enzyme inactivation mechanism, P450 cytochrome enzymes, chemical
mixtures

HIGHLIGHTS:

• A single oral dose of an ARFP extract administered to
humans 3 h before is still able to inhibit caffeine
metabolizing activity.

• The degree of caffeine metabolism inhibition is linearly
related to an increasing effect-based dose of the
furanocoumarin mixture in the ARFP extracts.

• Individual furanocoumarin chemicals inactivate CYP 1A2
enzyme in a time- and concentration-dependent manner
which indicates involvement of the irreversible inhibition
mechanism.

• The long inhibitory effects of ARFP on caffeine metabolism
are explainable by CYP 1A2 inactivation.

INTRODUCTION

Caffeine (Figure 1) is a popular human stimulant. About 100 mg
of caffeine is consumed by each person daily in the form of coffee,
tea and/or cocoa (FAOSTAT, 2009). The caffeine consumption
level would be higher if energy drinks, fitness supplements, and
caffeine-containing drugs were included in the estimation
(Goldstein et al., 2010; Lipton et al., 2017). Caffeine is often
used to improve physical and/or cognitive performance in
humans (Glade, 2010). Using caffeine in moderation is safe,
but excessive usage would lead to serious health problems
such as severe cardiac arrhythmia, delirium, seizures (Nawrot
et al., 2003; Akter et al., 2016; Wikoff et al., 2017), and even death
(Jabbar and Hanly, 2013).

The pharmacokinetics of caffeine in humans has been studied in
great details (Tang-Liu et al., 1983). Caffeine is almost completely
absorbed by humans after oral administration and caffeine usually
reaches the peak concentration in the blood within 1.0 h after
receiving a single oral dose. Caffeine is metabolized by the hepatic
cytochrome (CYP) 1A2 isozyme of humansmainly to paraxanthine
(Kot and Daniel, 2008) with less than 3% of the administered dose
eliminated as unchanged drug (Tang-Liu et al., 1983). The half-life

of caffeine in the plasma is reported to range from 2.7 to 9.9 h
(Blanchard and Sawers, 1983). Thus, the pharmacokinetics of
caffeine in the plasma of humans shows significant inter- and
intra-individual differences (Tian et al., 2019).

Previous studies have shown that the furanocoumarin bioactive
in grapefruits (Guo and Yamazoe, 2004) and herbaceous plants
(Zhuang et al., 2013) are potent CYP enzyme inhibitors. However,
little is known of the inhibitory effects of the Apiaceous and
Rutaceae families of plant (ARFP) products on human CYP
enzymes. The ARFP products are popular foods and traditional
medicines in the Middle East and Asia. In an earlier study, we
screened over 29 products from the ARFP for linear
furanocoumarins using high-performance liquid
chromatography equipped with an ultra-violet detector (HPLC-
UV), and gas chromatography with mass spectrometry (Alehaideb
et al., 2017). Our results showed significant levels of 8-
methoxypsoralen (8-MOP), 5-methoxypsoralen (5-MOP), and
isopimpinellin (ISOP) (Figure 1) were found in 9 of the ARFP
products; total linear furanocoumarins in these ARFP products
ranged from 0.016 to 11.468 mg/g dry weight. It should be noted
that linear furanocoumarins are chemical derivatives of psoralen
whereas angular furanocoumarins are derivatives of isopsoralen
which is an isomer of psoralen (Berenbaum, 1983). Also, linear
furanocoumarins such as psoralen (Zhuang et al., 2013), ISOP
(Kang et al., 2011), imperatorin and isoimperatorin (Cao et al.,
2013), and bergamottin (Lim et al., 2005) have been identified as
inhibitors of human CYP 1A2 enzyme.

The objectives of the present study were: to investigate nine
selected ARFP products for the potential to inhibit caffeine
metabolism by comparing the pharmacokinetics of caffeine in
humans before and after pre-treatment with an ARFP extract, to
determine the relationship between the area-under-the-
concentration-time-curve (AUC) ratio of caffeine and the
content of furanocoumarin bioactive in an ARFP extract, to
study in vitro CYP 1A2 inactivation with incubations
containing 14C-caffeine, a furanocoumarin inhibitor, and
human liver microsomes (HLMs), and to propose an
inhibition mechanism to explain the in vivo and in vitro data.
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It is important to study CYP 1A2 inactivation by ARFP
products in humans. Although the CYP 1A2 isozyme accounts
for just 13% of the total hepatic CYP pool (Shimada et al., 1994), it
plays an important role in the biotransformation of prescription
drugs and pro-carcinogens. As such inactivation of CYP 1A2 by
ARFP products has both beneficial and harmful health effects: the
beneficial effects include the prevention of carcinogenesis by
decreasing pro-carcinogen activation whereas the harmful
effects include caffeine overdose as a result of caffeine/ARFP
product interaction.

MATERIALS AND METHODS

Source of Plant Products, Chemicals, and
Human Liver Microsomes
Apiaceae and Rutaceae Families of Plant Products
We selected nine ARFP products for the present study based on
the results of an earlier study (Alehaideb et al., 2017). The selected
ARFP products were Ammi majus L. (A. majus) purchased from
EverWilde (Fallbrook, CA), Angelica archangelica L. seeds (A.
archangelica), A. graveolens seeds (A. graveolens S), Pimpinella
anisum L. seeds (P. anisum), and Ruta graveolens L. leaves (R.
graveolens) were purchased from Mountain Rose (Eugene, OR).
Apium graveolens L. flakes (A. graveolens F) and Petroselinum
crispum (Mill.) Fuss leaves (P. crispum) were purchased from
A1SpiceWorld (Glen Head, NY). Angelica pubescens Maxim.
roots (A. pubescens) purchased from Spring Wind (San
Francisco, CA), Cnidium monnieri (L.) Cusson (C. monnieri)
were purchased from Health and Wellness House (Duncan, BC).

These nine ARFP products were authenticated by the suppliers
and certified to be free of pesticides and preservatives. Further
authentication was performed by measurement of
furanocoumarin levels chromatographically in the
aforementioned ARFP as seen in Table 1. The
furanocoumarins in the aqueous extracts were separated using
a gradient program consisting of acetonitrile and water and
detected by UV set at 310 nm for 40 min. The measured levels
of linear furanocoumarins in ARFP were compared with
previously published levels in same plant species (Alehaideb
et al., 2017). Voucher samples were kept for future reference
and certificates are available upon request.

Chemicals
Benzotriazole (99.0%), caffeine (≥99.0%), ethyl acetate (≥99.7%),
8-MOP (≥98.0%), 5-MOP (99.0%), and β-nicotinamide adenine
dinucleotide phosphate reduced form (NADPH) (≥97.0%), were
obtained from Sigma-Aldrich (St. Louis, MO). Methanol
(≥99.9%) and acetonitrile (≥99.9%) were obtained from
Thermo Fisher Scientific (Hampton, NH) and Sigma-Aldrich.
Acetic acid (≥99.7%), trichloroacetic acid (TCA) (≥99.0),
dipotassium phosphate (K2HPO4) (≥60.0), and
monopotassium phosphate (KH2PO4) (≥60.0) were obtained
from Anachemia (Rouses Point, NYC). ISOP was obtained
from ChromaDex (Irvine, CA) (98.3%) and Sigma-Aldrich
(≥95.0%). Spectral grade dimethyl sulfoxide (DMSO) was
obtained from Caledon (Georgetown, ON). High-purity
nitrogen gas (N2), oxygen gas (O2), and carbon monoxide
(CO) gas was obtained from Praxair (Danbury, CT).

[3′-N-14C-methyl]-Caffeine (specific activity 50–60 mCi/
mmol) was obtained from American Radiolabeled Chemicals
(St. Louis, MO). The methyl-14C labeled 8-MOP, specific
activity of 40–60 mCi/mmol, was purchased from Vitrax
Radiochemicals (Placentia, CA). Scintillation cocktail fluids
were obtained from Perkin Elmer Life Sciences (Waltham,
MA) and Amersham Biosciences (Piscataway, NJ). Ultrapure
water was produced using a Millipore system (Billerica, MA)
with a minimum resistivity of 16.0 MΩ cm at 25°C.

Human Liver Microsomes (HLMs)
Pooled HLMs were purchased from BD Gentest (Franklin Lakes,
NJ; catalog number 452161 and lot numbers of 99268 and 18888)
and GIBCO (Waltham, Massachusetts, catalog number
HMMCPL and lot number PL050B).

Caffeine Pharmacokinetics in Humans
Before and After ARFP Extract
Pre-treatment
Volunteer Eligibility and Selection
Male human volunteers, between 21 and 30 years old and living in
the Metro Vancouver area, were recruited for the study. The
volunteers had to meet specific eligibility criteria: not smoking,
use medication, consume alcohol heavily or have any health
concerns which may affect the test results. The volunteers
were asked to avoid consuming caffeinated drinks and
caffeine-containing foods for 12.0 h prior to and during the

FIGURE 1 | Chemical structures of caffeine and linear furanocoumarins.
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study period. The participants were also asked to refrain from
consuming solid foods 3.0 h prior to the study. The study
protocol was approved by the Simon Fraser University Office
of Research Ethics with approval number 2012s0565 and
registration number ISRCTN83028296.

Extraction of ARFP Products
The ARFP products were extracted as per our previous study
(Alehaideb et al., 2017). An ARFP product was weighed
accurately and powdered in a food processor. The powders
were mixed with 600 ml of distilled water and boiled on a hot
plate until half of the volume was evaporated. The aqueous
extracts were filtered using a metal sieve.

Dosimetry of Furanocoumarin Mixtures
The dose measure of the furanocoumarin mixture in an ARFP
extract was predicted using the concentration addition model
(ATSDR, 2004; Law et al., 2017; Alehaideb et al., 2019):

Cmix � ∑
n

i�1
Ci × RPi

Where Cmix is the effect-based dose of the furanocoumarin
mixture in ARFP extract; it is expressed in µM concentration
equivalents of 8-MOP, Ci is the concentration of the ith
furanocoumarin component in µM unit. The RPi (relative
potency) is the IC50 of the ith furanocoumarin component
relative to the IC50 of 8-MOP. The relative potency of a
furanocoumarin bioactive represents an equally effective 8-
MOP concentration for CYP 1A2 activity inhibition. Table 2
summarizes the weights and effect-based dose measures of the
ARFP products in the present study.

Caffeine Pharmacokinetics in the Saliva/Plasma of
Humans
Saliva Sampling After Caffeine Administration
This study adopted a non-randomized, single-blinded, and
crossover design in which each subject acted as his own
control (Sheriffdeen et al., 2019). Each volunteer was supplied
with a study kit containing several caffeine tablets from
AdremPharma WakeUps™ (Scarborough, ON), sampling vials,

and instructions to conduct the study at home. In the baseline
study, each volunteer received a single oral dose of two caffeine
tablets (total 200 mg) and saliva samples (1–2 ml) were collected
at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 12.0, and 24.0 h
post-dosing. In the ARFP extract treatment study, the same group
of volunteers was used after a 4 days washout period. In this
study, the volunteers consumed an ARFP extract 3.0 h before
taking the caffeine tablets. Saliva samples were collected at 0.5,
1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 6.0, 8.0, 12.0, 24.0, 36.0, and 48.0 h post-
dosing. All saliva samples were stored in the dark at freezing
temperature until they were ready for extraction and HPLC-UV
analysis.

Extraction of Saliva Samples
The saliva samples were thawed at room temperature, mixed by
vortexing for 30 s, and centrifuged for 10 min at 4,000×g. Exactly
200.0 µl aliquot of the saliva sample was removed and spiked with
100.0 µl of the internal standard (ISTD) benzotriazole (50.0 μg/
ml). The saliva samples were extracted once with 4.0 ml ethyl
acetate by vortexing for 2.0 min and then centrifuged at 4,000×g
for 5.0 min. The organic layer was removed and evaporated down
to dryness, using a gentle stream of N2 gas. The residues were
reconstituted in 150.0 µl mobile-phase of the HPLC. Exactly
100.0 µl aliquot of the solution was injected into the HPLC-
UV system.

Quantifying Caffeine in Saliva Samples With HPLC-UV
Caffeine concentrations in saliva samples were determined using a
modified HPLC procedure of Perera et al. (2010). Caffeine and the
benzotriazole ISTD were separated by an Agilent Zorbax XDB
reverse-phase C-18 column (250 × 4.6 mm, 5 µm particle size) at
room temperature. Isocratic elution was performed using a
solution of water: acetonitrile: acetic acid (80:19:1 v/v/v) at a
flow rate of 1.5 ml/min. The UV detector was set at 280 and 580
nm was used as a reference wavelength. The total analysis time
was 20.0 min. The caffeine concentrations in the saliva samples
were determined using a multi-level calibration curve by plotting
the caffeine/benzotriazole peak area ratio against the caffeine
concentration. The range of the caffeine concentration used
was from 0.11–13.63 μg/ml. The limit of detection and limit of

TABLE 1 | The amounts of linear furanocoumarins found in various ARFP products.

Botanical name Plant part Linear furanocoumarins content (µg/g) dry weighta

8-MOP 5-MOP ISOP

Ammi majus Seed 3213.5 ± 219.7 717.2 ± 6.5 7537.2 ± 1492.9
Angelica archangelica Root 651.4 ± 51.8 392.5 ± 208.0 606.0 ± 131.9
Angelica pubescens Root 25.6 ± 0.0 32.5 ± 20.0 n.db

Apium graveolens Seed 21.0 ± 4.4 16.9 ± 6.0 236.5 ± 22.4
Apium graveolens Flakes 12.1 ± 1.6 243.2 ± 39.7 9.5 ± 0.9
Cnidium monnieri Fruit 707.1 ± 78.8 1788.1 ± 152.3 466.8 ± 95.4
Petroselinum crispum Leaves n.db 34.4 ± 10.6 n.db

Pimpinella aniseum Seed 15.8 ± 5.8 n.db n.db

Ruta graveolens Leaves 1342.4 ± 135.7 534.0 ± 120.6 294.9 ± 49.5

aResults are expressed as mean ± SD from minimum three aqueous extractions.
bn. d. � not detected.

Frontiers in Pharmacology | www.frontiersin.org April 2021 | Volume 12 | Article 6410904

Alehaideb et al. Apiaceous/Rutaceae Extracts Inhibit Caffeine Metabolism

93

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


quantification of the HPLC-UVmethod were 11.4 and 43.1 ng/ml,
respectively.

Determination of Caffeine Pharmacokinetic Parameters
Caffeine concentrations in the saliva samples were first converted
to plasma concentrations using a 0.79 correction factor (Fuhr et al.,
1993). Caffeine concentration in the plasma was plotted against
the sampling time of the pharmacokinetic study with the
Prism GraphPad software (San Diego, CA). The following
pharmacokinetic parameters were determined: the Tmax (time to
reach peak plasma level) and Cmax (concentration of peak plasma
level) were determined by visual inspection. The AUC0-inf (area
under plasma concentration-time curve from zero to infinity) was
determined by non-compartmental analysis using the PK Solver
software (Zhang et al., 2010). The AUC0-inf was determined using
the log-linear trapezoidal rule from dosing time to last time point
and extrapolated to infinity by dividing the last concentration with
the elimination rate constant. The AUC ratio was calculated by
dividing the AUC0-inf after ARFP extract pretreatment with the
AUC0-inf before ARFP extract pretreatment.

Inhibition of CYP 1A2-Mediated
Caffeine-N3-Demethylation in vitro
Quantitation of CYP 1A2 Inactivity
The caffeine-N-demethylase assay was conducted with [3′-N-
14C-methyl]-caffeine according to Bloomer et al. (1995) with
modification by Sheriffdeen et al. (2019). Briefly, the incubation
contained non-labeled caffeine (82.0 µm), 14C-labeled caffeine
(0.2 µCi), a furanocoumarin inhibitor (see concentrations in IC50

Determination and Pre-incubation Time- and Furanocoumarin
Concentration-dependent Inhibition of Caffeine Metabolism
in vitro), NADPH (1.34 mm), and potassium phosphate buffer
(50.0 mm, pH 7.4) in a final volume of 200.0 µl. DMSO was
used to dissolve caffeine and the furanocoumarin inhibitor; less
than 1% incubation volume of DMSO was found to have no
significant effect on caffeine 3-N-demethyation activity.
Incubation was conducted at 37°C in a metabolic incubator with
a 60 cycles/min shaking rate. At the conclusion of 10 min

incubation, the reaction was terminated by the addition of 10%
TCA solution (50.0 µl). The incubation mixture was centrifuged at
4,000×g. An aliquot (300.0 µl) of the supernatant was applied to a
3.0 ml Sigma-Aldrich Superclean ENVI-Carbon solid phase
extraction (SPE) tube (0.25 g, 80–100 mesh). Demethylated
metabolites of caffeine (i.e., 14C-formaldehyde and 14C-formic
acid) were eluted from the SPE tube with 2.0 ml of water. The
eluant was collected into a scintillation vial. After the addition of
15.0 ml scintillation cocktail, the radioactivity in the vial was
counted in a liquid scintillation counter. The results were
expressed as residual counts of the control incubation.

IC50 Determination
In vitro caffeine-N-demethylase activity was determined with
various concentrations of a furanocoumarin inhibitor:
0.01–11.12 µm for 8-MOP; 0.06–7.10 µm for 5-MOP; and
0.01–38.45 µm for ISOP. CYP 1A2 activity inhibition was
plotted against log furanocoumarin concentration after
normalizing the inhibition data from 0–100%. The resulting
inhibition-concentration curves were fitted separately to a
four-parameter logistic function to determine the IC50 values.
Curve fitting was performed using the GraphPad Prism version
5.04 (GraphPad Software, San Diego, CA). The IC50 represented
the concentration of the furanocoumarin chemical to evoke a half
maximal inhibition of the CYP 1A2 activity.

Pre-incubation Time- and Furanocoumarin
Concentration-dependent Inhibition of Caffeine
Metabolism in vitro
These studies were conducted in two steps: pre-incubation with a
furanocoumarin inactivator followed by dilution and incubation
to measure the caffeine metabolizing activity. In the pre-
incubation step, HLMs (1.2 mg/ml) were pre-incubated with
different furanocoumarin concentrations in the presence of
NADPH for various time periods at 37°C. The pre-incubation
times of the studies were: 0.5, 1.0, 1.5, and 2.0 min for 8-MOP and
5-MOP, and 0.5, 1.0, 2.0, and 3.0 min for ISOP. The
furanocoumarin concentration ranges of the studies were:
1.07–17.14 µm for 8-MOP. 1.13–18.07 µM for 5-MOP, and
0.47–15.02 for ISOP. In the final incubation step, 32.0 µl of
the pre-incubation mixture was transferred to an incubation
vial containing fresh NADPH (1.0 mm), non-labeled caffeine
(6.4 µm), and 14C-caffeine (0.2 µCi). The final incubation
volume was 320.0 µl. At the conclusion of a 10 min
incubation, the reaction was stopped by the addition of a 10%
TCA solution. The incubation mixture was extracted by a SPE
tube, and the radioactivity in the eluant was counted in a liquid
scintillation counter as described earlier.

The observed in vitro rate constant (kobs) was calculated using
the slopes of linear regression analyses from natural logarithm
(Ln) percentage remaining activity against pre-incubation time
plots. The maximum inactivation rate constant (kinact) was
calculated using the non-linear regression analyses of plots of
the inactivator concentrations against kobs values. The inactivator
concentration (KI) was extrapolated at 50% kinact value. The
plotting was performed using the GraphPad Prism version
5.04 (GraphPad Software, San Diego, CA).

TABLE 2 | The effect-based dose measures of furanocoumarin mixtures in ARFP
extracts.

Plant product name Weight of plant
product extracted

Effect-based dose of
furanocoumarin mixture in

water extract

G 8-MOP equiv
µM

P. aniseum seeds 10.0 2.4
P. crispum leaves 10.0 3.7
A. pubescens roots 12.0 8.9
A. graveolens seeds 10.0 16.4
A. graveolens flakes 10.0 28.3
A. archangelica roots 4.5 77.1
R. graveolens leaves 3.0 83.4
C. monnieri fruits 3.0 96.7
A. archangelica roots 9.0 179.4
A. majus seeds 6.0 559.6
A. majus seeds 12.0 913.3
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Irreversible Binding of 14C-8-MOP-Derived
Radioactivity to HLMs
These studies were conducted as per Jollow et al. (1973) with
modification (Law and Chakrabarti, 1983; Law and Meng, 1996).
The complete or control incubation mixture consisted of HLMs
(1.0 mg), 14C-8-MOP (0.2 µCi), potassium phosphate buffer
(50.0 mm, pH 7.4), and NADPH (1.0 mm) in a 1.34 ml final
incubation volume. The incubation mixture was pre-warmed at
37°C for 5.0 min and the reaction was started with the addition of
HLMs. After a 10 min incubation, the reaction was terminated by
the addition of ice-cold 10% TCA solution. Unchanged 14C-8-
MOP and water-soluble metabolites in the incubation were
washed off repeatedly with three cycles each of methanol,
acetonitrile, and acetone. Our preliminary studies indicated
that the three-cycle solvent washes were sufficient to remove
all unbound radioactivity from the precipitates of HLMs. The 14C
bound to the protein precipitates was determined using a liquid
scintillation counter after the addition of 15.0 ml scintillation
cocktail. The effects of different incubation conditions on
14C-adducts formation were studied by omitting NADPH
cofactor, depleting O2, adding CO or using heated HLMs in
the complete incubation mixture.

Statistical Analysis
The data were analyzed using the Student’s paired t-test, two-
tailed and 95% confidence interval using Microsoft Excel. The
difference between two comparable data sets were considered
significant when p ≤ 0.05.

RESULTS

Caffeine and Furanocoumarin Bioactive in
Saliva Samples
Figure 2 shows a typical HPLC chromatogram of caffeine and
benzotriazole ISTD in the saliva extract. Little or no caffeine was
detected in the saliva samples before the human volunteers
consumed the caffeine tablets. Neither furanocoumarin
bioactive nor unknown phytochemicals were found in the
saliva samples after the volunteers were treated with an ARFP
extract.

Caffeine Pharmacokinetics in Human
Volunteers Before and After Pre-treatment
With an ARFP Extract
Figure 3A displays the time course of caffeine concentration in
the plasma of human volunteers before and after pre-treatment
with an aqueous extract of A. majus seeds, A. archangelica roots,
C. monnieri fruits or R. graveolens leaves. Caffeine concentrations
in the plasma were found to increase significantly after each
ARFP extract pre-treatment as seen in Figure 3A. Table 3
summarizes the pharmacokinetic parameters of the
concentration-time curves. Pre-treatment of humans with A.
majus seeds extract significantly increased the AUC0-inf of
caffeine by 432%, the Tmax from 0.8 to 2.4 h, and the Cmax by
16.6%. A. archangelica roots extract pre-treatment increased the

AUC0-inf of caffeine by 232%, the Tmax from 0.8 to 1.3 h, and no
change for Cmax value. If 2x weights of A. majus seeds and A.
archangelica roots were used in the extraction (Table 3 bottom
rows), the AUC0-inf of caffeine increased by 577 and 267%,
respectively. For A. archangelica 2x, the double-dose delayed
Tmax and increased Cmax about 47%. Not much change for A.
majus seeds double-dose in comparison to the less dose. C.
monnieri fruits extract increased the AUC0-inf of caffeine by
220%, Tmax from 0.7 to 1.8 h but had no effect on the Cmax

whereas R. graveolens leaves extract pre-treatment increased the
AUC0-inf of caffeine by 135%, the Tmax from 0.6 to 1.0 h, and the
Cmax by 12%. Interestingly, the clearance (CL) of caffeine was
decreased significantly after pre-treating the volunteers with these
plant extracts. Thus, pre-treatment of humans with one of
these 4 ARFP extracts resulted in an increase in caffeine AUC0-

inf with a concomitant decrease in CL, a finding which clearly
showed these ARFP extracts were potent inhibitors of caffeine
metabolism.

Figure 3B shows the time course of caffeine concentration in
the plasma of volunteers before and after they were pre-treated
with an extract of A. pubescens roots, A. graveolens seeds, A.
graveolens flakes, p. aniseum seeds, or p. crispum leaves. Pre-
treatment of human volunteers with the remaining 5 ARFP
extracts did not change the concentration-time profiles of
caffeine significantly. Table 4 summarizes the pharmacokinetic
parameters of the caffeine concentration-time curves in these
studies. Pre-treatment of humans with A. graveolens seeds
extract increased the AUC0-inf of caffeine by 12%, the Tmax

from 0.7 to 1.2 h, but the Cmax was reduced by 8.2% but the
increase in AUC0-inf was statistically insignificant compared to the
untreated volunteers. The pre-treatment with A. graveolens flakes

FIGURE 2 | The separation of caffeine (1) and benzotriazole (2), the
internal standard, in saliva extract using isocratic method by HPLC with UV.
The retention time for caffeine and benzotriazole is 10.7 and 14.5 min,
respectively.
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extract increased the mean Tmax of caffeine from 0.8 to 1.5 h, but
had no effect on the Cmax and AUC0-inf. The pre-treatment with P.
aniseum seeds extract increased the Tmax of caffeine from 0.6 to
1.1 h, reduced the Cmax by 16.9%, and had no effect on the AUC0-

inf. The pre-treatment with P. crispum leaves increased the AUC0-

inf of caffeine by 27.5% but the increase was statistically
insignificant. P. crispum leaves pre-treatment also increased the
Cmax of caffeine by 5.0% but had no effect on the Tmax.
Interestingly, treatment with A. pubescens roots decreased
AUC0-inf by 30.0% and Cmax by 40% but both were found not
significant (p > 0.05). However, treatment with A. pubescens roots
increased Tmax from 2.4 to 3.1 h. In contrast, the CL of caffeine in
these studies was decreased after ARFP pre-treatment. Thus, none
of the pharmacokinetic parameters, with the exception of CL for
A. pubescens roots treatment (p value 0.04), was changed
significantly after the volunteers were pre-treated with these 5
ARFP extracts.

Figure 4 depicts the relationship between caffeine AUC ratio
and the effect-based dose measure of the 8-MOP, 5-MOP and
ISOP mixture in the ARFP extract. Caffeine AUC ratio
correlated linearly with the effect-based dose of the
furanocoumarin mixture (R2 � 0.94). Thus, A. majus seeds,
A. archangelica roots, C. monnieri fruits, and R. graveolens
leaves, which had large effect-based dose measures and were
potent caffeine metabolism inhibitors, were located at the

upper part of the straight line. The remaining ARFP
products which were less potent inhibitors and had small
effect-based dose measures, were located at the lower part
of the straight line. In other words, the extent of CYP 1A2
inhibition is determined by the additive combination effects of
just 3 furanocoumarin bioactive (i.e., 8-MOP, 5-MOP, and
ISOP) in the ARFP extract.

In Vitro Inactivation of Microsomal
Caffeine-N-Demethylation Activity by
Individual Furanocoumarin Chemicals
Little or no caffeine was metabolized by the HLMs if NADPH
were omitted from the incubation (data not shown). Caffeine-N-
demethylase activity was significantly inhibited when 8-MOP, 5-
MOP, or ISOP was added to the incubation. Also, caffeine-N-
demethylase activity appeared to decrease with an increasing
furanocoumarin concentration in the incubation. Figure 5 shows
the inhibition-log10 concentration curves of 8-MOP, 5-MOP, and
ISOP on caffeine metabolism. The inhibition-concentration
curves were parallel to one another, indicating the linear
furanocoumarins and caffeine were bound to similar metabolic
sites on the CYP 1A2 isozyme. The IC50 of 8-MOP, 5-MOP, and
ISOP on caffeine metabolism were determined to be 0.09 ± 0.05,
0.13 ± 0.11, and 0.29 ± 0.22 µm (mean ± standard deviation

TABLE 3 |Caffeine pharmacokinetic parameters in human volunteers before and after pre-treatment with the aqueous extract of A. majus, A. archangelica, C. monnieri, orR.
graveolens. The ±SD of the data is omitted for better display and comparison.

Plant product name na Tmax Cmax AUC0-inf CL

H µg/ml µg/ml*h ml/min

UTb Tb UT T UT T UT T

A. majus seeds 6 0.8 2.4 5.4 6.3c 40.4 174.6d 95.6 21.7d

C. monnieri fruits 5 0.7 1.8d 6.0 5.9 46.1 101.8c 85.2 40.5d

R. graveolens leaves 6 0.6 1.0 6.6 7.4 50.9 68.6c 82.1 60.4
A. archangelica roots 6 0.8 1.3d 5.4 5.4 43.3 100.3d 84.9 44.8d

A. majus seedse 2 0.5 2.5 5.0 6.8 34.2 197.4c 116.7 17.1
A. archangelica rootse 4 0.8 2.8 5.1 7.5 46.5 124.3d 90.5 28.8

an is the number of human volunteers in the study.
bUT � untreaed human volunteers, T � human volunteers pretreated by an aqueous extract.
cSignificantly different to untreated human volunteer (0.01 < p ≤ 0.05).
dSignificantly different to untreated human volunteer (p ≤ 0.01).
eDouble-dose of the A. majus seeds and A. archangelica roots presented before.

TABLE 4 | Caffeine pharmacokinetic parameters of human volunteers before and after pre-treatment with the water extract of P. aniseum, P. crispum, A. pubescens, A.
graveolens seeds, or A. graveolens flakes. The ± SD of the data is omitted for better display and comparison.

Plant product name na Tmax Cmax AUC0-inf CL

H µg/ml µg/ml*h ml/min

UTb Tb UT T UT T UT T

A. graveolens flakes 4 0.8 1.5 5.4 5.4 50.1 52.2 73.5 67.7
A. graveolens seeds 6 0.7 1.2 6.1 5.6 42.9 48.2 91.3 74.7
A. pubescens roots 5 2.4 3.1 5.0 2.9 33.5 23.6 160.3 141.4
P. crispum leaves 4 1.2 1.1 6.0 6.3 53.0 73.1 78.0 56.3
P. aniseum seeds 6 0.6 1.1 6.5 5.4 55.8 54.0 77.9 76.4

an is the number of human volunteers in the study.
bUT � untreaed human volunteers, T � human volunteers pretreated by an aqueous extract.
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FIGURE 3 | (A) Time course of caffeine concentration in the plasma of volunteers before and after pre-treatment with an extract of A. majus, A. archangelica, C.
monnieri, and R. graveolens. Each point is plotted as mean ± SD. Empty squares represent caffeine concentrations in volunteers with no ARFP extract pre-treatment.
Filled squares represent caffeine concentrations in volunteers with ARFP extract pre-treatment 3.0 h before receiving the caffeine tablets. (B) Time course of caffeine
concentrations in the plasma of volunteers before and after pre-treatment with an extract of P. aniseum, P. crispum, A. pubescens, A. graveolens seeds, and A.
graveolens flakes. The point is reported asmean ±SD. Empty squares represent caffeine concentrations in volunteers with no ARFP extract pre-treatment. Filled squares
represent caffeine concentrations in volunteers with ARFP extract pre-treatment 3.0 h before receiving the caffeine tablets.
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(SD)), respectively. Thus, the inhibition potency of the
furanocoumarin bioactive decreased in the order of 8-MOP >
5-MOP > ISOP. The IC50 values were used to calculate a
relative potency (or inhibitory equivalence factor) for the
furanocoumarin bioactive in the ARFP extracts. The inhibitory
equivalence factor for 8-MOP, 5-MOP, and ISOP were 1.00, 0.69,
and 0.31, respectively, assuming the 8-MOP value was equal to
1.00. The effect-based dose for the furanocoumarin mixture in an
ARFP extract was predicted using the concentration addition
model. Table 2 summarizes the ARFP product weights used in
the extraction and the corresponding effect-based dose measures
of the furanocoumarin mixture in the present study.

Figure 6A shows the effects of pre-incubation time and
furanocoumarin concentration on CYP 1A2 inactivation. The
degree of caffeine metabolism inhibition was time- and
concentration-dependent, indicating involvement of the
irreversible inhibition mechanism. Figure 6B shows the non-
linear relationship between kobs and the concentration of
individual furanocoumarin in these studies. The KI values for
8-MOP, 5-MOP, and ISOP were estimated at 0.78 ± 0.32, 3.73 ±
3.66, and 4.48 ± 0.56 µm, respectively. The estimated kinact values
were 0.17 ± 0.01, 0.35 ± 0.12, and 0.65 ± 0.03 min−1, respectively.

The proposed irreversible inhibition mechanism was studied
further with 14C-8-MOP metabolism studies. 14C-8-MOP
biotransformation in NADPH-fortified HLMs resulted in the
formation of 14C-adducts which were studied using different
incubation conditions. Table 5 shows little or no 14C-adducts
were formed when boiled HLMs were used or NADPH and O2

were omitted in the incubation. An increase of the CO
concentration in the incubation decreased the amounts of
14C-adducts formed. These results indicated that 14C-8-MOP
reactive metabolite(s) was formed and bound irreversibly to
the HLMs during 14C-8-MOP biotransformation.

DISCUSSION

Our results show all nine tested ARFP products are able to inhibit
caffeine metabolism in humans to some extent (Figures 3A,B;
Tables 3, 4). These findings are consistent with previous reports
that caffeine and linear furanocoumarins are metabolized by the
same hepatic CYP 1A2 isozyme. The A. majus,A. archangelica, C.
monnieri, and R. graveolens, are themost potent inhibitors among
the tested products since they can alter the pharmacokinetics of
caffeine in humans by increasing the AUC ratio of caffeine with a
concomitant decrease in CL (Table 3).

A range of AUC values (33.5–55.8 μg/ml*h) is observed in the
untreated or control volunteers in our study (Tables 3, 4). The
wide AUC range values probably are due to the inter- and intra-
individual differences in caffeine pharmacokinetics (Tian et al.,
2019). As such, a comparison of AUC values between our and
other studies would render additional confidence in our results.
The mean ± SD caffeine AUC value in healthy volunteers after

FIGURE 4 | Correlation between the area-under-the-concentration-
time-curve (AUC) ratio of caffeine and the effect-based dose measure of the
furanocoumarin mixture in ARFP extract. The data represent mean ± SD of
caffeine AUC ratio with different effect-based dose measures in the
ARFP extracts.

FIGURE 5 | Effects of furanocoumarin concentration on CYP 1A2
inactivation in vitro. The results are presented as the mean of at least three
incubations. The ±SD of the data is omitted for better display and comparison.
The IC50 was determined from the concentration-inhibition curve using
non-linear regression analysis.

TABLE 5 | The effects of different incubation conditions on the amounts of
irreversibly bound radioactivity formed in human liver microsomes.

Incubation mixture Irreversible
bound 8-MOP-derived14Ca

(pmol
per mg protein)

Control 3.67 ± 0.39
Boiled microsomes (+90°C) 0.43 ± 0.03b

Without NADPH (-NADPH) 0.51 ± 0.14b

Without oxygen (+N2) 2.66 ± 0.44b

With carbon monoxide (+CO) 2.58 ± 1.06b

aResults are expressed as mean ± SD, three independent incubation replicas were
performed for each experiment.
bSignificantly different to control (p ≤ 0.05).
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receiving a 5 mg/kg dose is 60.8 ± 23.7 μg/ml*h (Kamimori et al.,
1995). This is very close to the high values in our AUC range
(Tables 3, 4)). In contrast, an AUC value of 28.5 ± 14.9 μg/ml*h is
reported for 12 human volunteers after receiving 167 mg of
caffeine orally (Fuhr et al., 1993). This is comparable to the
low values in our AUC range.

The AUC ratio of caffeine in human volunteers correlates
linearly with the effect-based dose of the furanocoumarin
mixture administered (Figure 4). The linear dose-inhibition
relationship indicates that the degree of caffeine metabolism
inhibition is dependent mainly on the additive combination
effects (or the effect-based dose) of three linear
furanocoumarins (i.e., 8-MOP, 5-MOP, and ISOP) in the ARFP
products although other known and/or unknown phytochemicals
also may participate in caffeine metabolism inhibition. For
example, the apigenin in P. crispum (Meyer et al., 2006) and
the osthole in A. pubescens (Ko et al., 1989) have been shown to be
inhibitors of CYP 1A2 activity (Peterson et al., 2006; Yang et al.,
2012). However, because of the linear dose-inhibition relationship
and the high correlation coefficient, it is unlikely apigenin, osthole
or an unknown phytochemical plays an important role in caffeine
metabolism inhibition.

The inhibitory effects of ARFP products appear to last for a
relatively long time since the ARFP extract is administered to the
human volunteers 3.0 h prior to caffeine consumption (see Saliva
Sampling After Caffeine Administration.). The long inhibitory
effects of ARFP products are consistent with the following
studies: Firstly (Mays et al., 1987), have shown humans dosed
with methoxsalen (or 8-MOP) 1.0 h before are still able to inhibit
caffeine metabolism. Secondly, the furanocoumarin bioactive in
ARFP products can destroy CYP 1A2 isozyme because they are
irreversible inhibitors. Since the only means for the CYP 1A2 to
regain its activity is by isozyme re-synthesis, it would take a long
time. Thirdly, the timing of ARFP inhibition and the Tmax of
individual furanocoumarins overlap one another. For example,
the mean Tmax of 8-MOP in Psoralen and Ultraviolet A (PUVA)
patients is reported to range from 0.6 ± 0.2 h to 2.3 ± 0.9 h
(Siddiqui et al., 1984). In another study, the mean Tmax of 8-MOP
in PUVA patients ranges from 0.9 ± 0.4 h to 2.0 ± 0.6 h (Walther
et al., 1992). The Tmax of 5-MOP in healthy humans and PUVA
patients are 3.0 ± 0.6 h (Stolk et al., 1981) and 2.8 ± 0.8 h
(Shephard et al., 1999), respectively. Although we are unable
to find the Tmax of ISOP in humans, the Tmax of ISOP in rats after
receiving an oral dose of the Toddalia asiatica L (Lam) and C.
monnieri herbal products are shown to be 1.3 ± 0.3 h (Liu et al.,
2012) and 1.1 ± 0.3 h (Li et al., 2014), respectively.

The inhibition-concentration curves for pure 8-MOP, 5-MOP,
and ISOP chemicals are parallel to one another (Figure 5).
Villeneuve et al. (2000) have shown that parallelism in the
inhibition-concentration curves is a pre-requisite to determine
an accurate relative potency for the CYP inhibitors. In the present
study, the IC50 of 8-MOP, 5-MOP, and ISOP on caffeine
metabolism are 0.09, 0.13, and 0.29 µm, respectively. In
contrast, the IC50 of 8-MOP, 5-MOP, and ISOP on
ethoxyresorufin-O-deethylase activity are 9.6, 2.3, and 1.9 µm,
respectively in mice liver microsomes (Cai et al., 1993). The IC50

of 8-MOP on 7-ethoxycoumarin deethylase and benzo(a)pyrene

FIGURE 6 | (A) Time- and concentration-dependent inactivation of CYP
1A2 activity by 8-MOP (upper), 5-MOP (middle) and ISOP (lower). The results
are presented as the mean of at least three independent incubations. The ±SD of
the data is omitted for better display and comparison. (B) Maximum
inactivation rate of CYP 1A2 activity by 8-MOP (upper), 5-MOP (middle) and
ISOP (lower). The results are presented as themean of at least three independent
incubations. The ±SD of the data is omitted for better display and comparison.
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hydroxylase activities are about 25 µm in HLMs (Tinel et al.,
1987). An explanation for the discrepancy in results between our
and other studies is not readily available but is likely related to the
different animal species, amounts of microsomal proteins, choice
of probe substrates, and detection methods used in the studies.
Nevertheless, because of the parallel inhibition-concentration
curves, we are confident that the IC50 and the derived relative
potency are determined accurately.

In vitro CYP 1A2 inactivation by individual furanocoumarins
is pre-incubation time- and furanocoumarin concentration-
dependent (Figures 6A,B) which are the characteristics of the
irreversible or mechanism-based inhibition mechanism. Our
proposed inhibition mechanism is consistent with the
following publications: 1) the ISOP is a mechanism-based
inhibitor of human CYP 1A2 isozyme with KI and kinact
values of 1.2 µm and 0.34 min−1 respectively (Kang et al.,
2011), 2) the 8-MOP is a time-dependent, suicide inhibitor for
the CYP enzymes of mice and rats (Folin-Fortunet et al., 1986;
Letteron et al., 1986; Mays et al., 1990). Also, 8-MOP is a time-
dependent inhibitor of CYP 2A6 enzyme in humans (Koenigs
et al., 1997), 3) the 5-MOP is capable of inactivating CYP
enzymes in rats (Fuhr et al., 1993), and 4) (Folin-Fortunet
et al., 1986) have proposed a dual mechanism of competitive
inhibition and irreversible inhibition with the latter being the
dominant mechanism to explain CYP enzyme inactivation by
methoxsalen in the rat.

The removal of NADPH or the reduction of O2 level in the
incubation results in decreased formation of 14C-adducts
(Table 5). These results indicate 14C-8-MOP biotransformation
is mediated by an oxidation reaction of HLMs and 14C-adducts are
the by-products of 14C-8-MOP metabolism. We hypothesize the
formation of 14C-adducts to involve the following steps: the furan
ring of 14C-8-MOP is first oxidized by CYP 1A2 to an electrophilic
epoxide intermediate(s) which then binds irreversibly to the CYP
1A2-substrate complex and inactivates the CYP 1A2 isozyme itself.
Our hypothesis is supported by the reports that 8-MOP is
metabolized by epoxidation of the furan ring in dogs (Kolis
et al., 1979), and furan-containing chemicals are metabolized by
opening of the fused ring (Sahali-Sahly et al., 1996). In other words,
furanocoumarin metabolism leads to CYP 1A2 isozyme
destruction and a reduction of caffeine-metabolizing activity in
humans. This has been termed “suicide enzyme inhibition”
(Letteron et al., 1986; Clewell and Andersen, 1987; Mays et al.,
1990). Once the CYP 1A2 isozyme is deactivated, its activity can
only be regained by isozyme re-synthesis. The time required to

regenerate CYP 1A2 activity after its destruction is long and this
explains why the ARFP products still are able to inhibit caffeine
metabolism in humans treated with a single oral dose of ARFP
extract 3.0 h before.

CONCLUSION

Pre- or co-administration of caffeine and ARFP products may
result in CYP 1A2 inactivation, caffeine overdose, and serious
health consequences. As such, care must be exercised when
furanocoumarin-rich plant products are co-administered with
drugs that are substrates of the CYP 1A2 isozyme. Our studies
also support the development of regulations for proper labeling of
natural health products and functional foods that contain
inhibitors of CYP enzymes.
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In silico Prediction of Skin
Sensitization: Quo vadis?
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Skin direct contact with chemical or physical substances is predisposed to allergic contact
dermatitis (ACD), producing various allergic reactions, namely rash, blister, or itchy, in the
contacted skin area. ACD can be triggered by various extremely complicated adverse
outcome pathways (AOPs) remains to be causal for biosafety warrant. As such,
commercial products such as ointments or cosmetics can fulfill the topically safe
requirements in animal and non-animal models including allergy. Europe, nevertheless,
has banned animal tests for the safety evaluations of cosmetic ingredients since 2013,
followed by other countries. A variety of non-animal in vitro tests addressing different key
events of the AOP, the direct peptide reactivity assay (DPRA), KeratinoSens™, LuSens
and human cell line activation test h-CLAT and U-SENS™ have been developed and were
adopted in OECD test guideline to identify the skin sensitizers. Other methods, such as the
SENS-IS are not yet fully validated and regulatorily accepted. A broad spectrum of in silico
models, alternatively, to predict skin sensitization have emerged based on various animal
and non-animal data using assorted modeling schemes. In this article, we extensively
summarize a number of skin sensitization predictive models that can be used in the
biopharmaceutics and cosmeceuticals industries as well as their future perspectives, and
the underlined challenges are also discussed.

Keywords: skin sensitization, in silico models, human test methods, non-animal test methods, animal test methods,
in chemico test methods

INTRODUCTION

Skin is a protective barrier against the external environment to guard internal organs, bones, and
muscles. The skin is an organ of the integumentary system made of multiple layers containing
epidermis (surface layer), and dermis (deeper layer) (Rehfeld et al., 2017). The topical application and
transepidermal delivery of natural or synthesized chemicals are striking approaches for the discovery
and development of drugs and medicines by physicians and pharmacologists (Alkilani et al., 2015);
and for maintaining healthy skin in general by dermatologists (Kraft and Lynde, 2005; Spada et al.,
2018). Upon skin contacts with chemicals or substances that could be non-allergy or allergen caused
the hypersensitivity to the subject (Lee and Thomson, 1999). There are four types of skin
hypersensitivity, fundamentally, based on the immunologic mechanism that mediates the
disease, namely type I (immediate/IgE-related), in which the cutaneous skin test reaction reaches
the peak at 2 h; type II (antibody and complement related cytotoxicity); type III (antigen-antibody
complex mediated); and type IV or delayed type hypersensitivity (DTH) response, that can occur
within 48–72 h (Lee and Thomson, 1999; Posadas and Pichler, 2007). Notably, skin sensitization or
allergic contact dermatitis (ACD) is a type IV DTH or type IV allergy (Ouyang et al., 2014). ACD can
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substantially affect the life quality of patients with uncomfortable
symptoms of skin rash, blister, and/or swollen that could persist
for a lifetime in some cases (Strickland et al., 2016). In illness
observation, ACD has affected more than 20% of North
America’s and Western Europe’s population based on the data
collected from all age groups, and the contact allergy tends to be
more prevalent in younger children as the comparison with adults
(Thyssen et al., 2007).

The adverse outcome pathways (AOPs) of skin sensitization
are the sequential events from the initial skin exposure to
chemicals, followed by triggering the downstream cascade
pathways, which include induction and elicitation phases. The
chemical sensitization pathway (CSP) is initialized by the adduct
formation, viz. a covalent bond between skin proteins and
chemicals to subsequently form a full antigen (Enoch et al.,
2011). Moreover, skin sensitizers have the same
physicochemical properties as haptens, which are electrophilic
per se (Roberts and Lepoittevin, 1998) or lead to the formation of
free radicals (Gäfvert et al., 1994). In some cases, skin sensitizers
can be named as prehapten, which initially are not electrophilic or
radicals but can be activated through air exposure,
photoactivation, bacterial degradation on the skin surface
(Karlberg et al., 1992; Sköld et al., 2002) and skin sensitizers
also can be termed as prohapten, which can be triggered through
the metabolic pathway (Nilsson et al., 2005; Gerberick et al., 2008;
van Eijl et al., 2012). As such, those skin sensitizers may act as
electrophiles, whereas the skin protein functions as a nucleophile
in the process of adduction formation. More specifically, those
nucleophilic amino acids such as cysteine (thiols), histidine,
lysine (primary amines), methionine, and tyrosine within the
skin protein can interact or react with electrophilic hapten
(Ahlfors et al., 2003; Gerberick et al., 2004; Schwöbel et al.,
2011). This interaction with cysteine and/or lysine leads to the
formation of covalent bonds and production of the hapten‒
protein complex consequently processed by both epidermal
and dermal dendritic cells (DCs), which constitute the skin
immune system (Ochoa et al., 2008; Clausen and Stoitzner,
2015). Subsequently, the DC presents the part of this protein
complex (antigen) on major histocompatibility complex (MHC)
and activates naïve T lymphocyte in the lymph node (Martin
et al., 2010; Huppert et al., 2018; Johnson et al., 2020). In addition,
this can induce the differentiation and proliferation of T cells that,
in turn, will propagate the inflammatory response throughout the
whole body (Gefen et al., 2015). After the initial exposure, the
secondary exposure to the same allergen will initiate the
elicitation phase, in which the activated T cells are triggered to
secrete specific cytokines to attract inflammatory cells entering
into the epidermis of infected parts, causing rash, itchy, and
burning on the exposed skin surface. The detail of induction
and elicitation phases has been illustrated elsewhere (OECD,
2012). Markedly, the response in the elicitation phase of the
immune system is faster than that in the induction phase (OECD,
2012).

The complications of whiting-cosmetics have been
documented in recent years since the cosmetic ingredients are
not only a major concern in the beauty industry but also a critical
factor in human health. Some ingredients in brightening

cosmetics such as hydroquinone, corticosteroids, and mercury
can cause severe complications. For instance, chronic application
of hydroquinone-contained cosmetics can result in exogenous
ochronosis or “fish odor syndrome,” the accumulation of
mercury can lead to increased pigmentation, nail discoloration,
and ACD; and the aggregation of corticosteroids will produce
“steroid addiction syndrome” or induce acne on the anterior
chest (Olumide et al., 2008; Ladizinski et al., 2011; Mahé, 2014).
Cosmeceuticals is a burgeoning industry, in which cosmetic
products can exert therapeutic effects (Martin and Glaser,
2011). Vitamin, hydroxy acids, growth factors, peptides, and
botanicals, for example, are considered as the cosmeceutical
ingredients (Martin and Glaser, 2011). Some skincare products
also include ingredients with pharmaceutical properties as
exemplified by Oz.Or. Oil 30, which cannot only soften the
skin but also show the potential in antibacteria and
ameliorating dermal wound healing (Serio et al., 2017).
Sargafuran, which is extracted from marine brown alga, is a
promising compound to be used in skincare cosmetics for
preventing acne because of its antibacterial properties (Kamei
et al., 2009). In addition, Food and Drug Administration (FDA)
has already approved some antibiotics such as quinupristin-
dalfopristin, linezolid, and daptomycin for the treatment of
skin-structure infections (Schweiger and Weinberg, 2004).
According to FDA regulation, a product can be both a
cosmetic and a drug if it can meet the definitions of both
cosmetics and drugs. However, the category such as
“cosmeceuticals” has not been recognized by FDA. In contrast,
cosmeceuticals are a subclass of cosmetics in Europe and Japan,
and considered as a subclass of drugs in the UK (Pandey et al.,
2021). However, the criteria for classifying compounds or raw
materials from the same plant are various in different countries.
For instance, the raw materials of C. limon have been considered
as the natural ingredients to potentially threat human health by
the European Food Safety Authority (EFSA). However, the oil
and extracts from this species is classified as safe products by FDA
(Klimek-Szczykutowicz et al., 2020), suggesting that these criteria
are not universally applicable.

Skin sensitization is an increasingly important issue that can
be manifested by the number of publications about skin

FIGURE 1 | The number of publications searched by Google Scholar
and PubMed with the keyword “Skin sensitization.”
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sensitization as illustrated in Figure 1. It can be observed that the
number of published literature has gradually increased in recent
years, especially the dramatic increase after 2000. The
consumption and interest in the cosmetic market have
progressively increased by 5% every year and it is expected to
reach 31.75 billion US dollars by 2023 (Kumar, 2005; Orbis-
Research, 2018). The potential benefits and demand are still high
and the information about toxicity, physicochemical, and
bioactivity properties of the cosmetics ingredients need to be
promoted (Kumar, 2005; Panico et al., 2019), the growth of the
global cosmetics market is updated annually at http://www.
statista.com/statistics/297070/growth-rate-of-the-global-cosmetics-
market/.

SKIN SENSITIZATION ASSAY

Various tests have been devised to evaluate the potential of the
human skin sensitization of new substances and they can be
basically classified into human tests, animal tests, and non-animal
tests as enlisted in Table 1. The more detailed test information
will be discussed as follows.

Human Tests
Human tests for skin sensitization include human repeat insult
patch test (HRIPT) and human maximization test (HMT)
(Kligman, 1966; Kligman and Epstein, 1975; Marzulli and
Maibach, 1974). In both tests, the human skin reaction is
recorded after the secondary contact between a tested
substance and human skin. Generally, the response of the
tested substance is classified into 5 levels according to the
incidence of the positive response from test subjects in the
HMT system: weak (0–2/25), mild (3–7/25), moderate (8–13/
25), strong (14–20/25), or extreme sensitizer (21–25/25)
(Kligman, 1966). The HRIPT classification system is instituted
according to the grades of skin reactions: 1) erythema; 2)
erythema and induration; 3) vesiculation; and 4) bulla
formation and only the substances of grade 1 are qualified as
non-sensitizers (Marzulli and Maibach, 1974). To date, the
classification systems of skin sensitization in human tests are
not consistent and often depend on the subjective judgment of
experts (Gerberick et al., 2001; Roberts, 2018). In the classification
and labeling of chemicals of the globally harmonized system
(GHS), chemicals are classified as subcategory 1A or 1B if their
HRIPT or HMT values are ≤500 μg/cm2 or HRIPT or HMT
values are >500 μg/cm2, respectively. Both subcategories are

experimentally considered as skin sensitizers. Non sensitizers
are not classified in this classification system (ICCVAM, 2011;
United Nation, 2013). Nevertheless, the other classification
system has also been proposed, in which chemicals are
classified into six skin sensitization categories based on their
no observed effect level (NOEL) values of HRIPT as enlisted in
Table 2 (Basketter et al., 2014). Nowadays, human tests are only
implemented to confirm skin sensitization of test chemicals
under specific conditions and no maximum concentrations are
allowed to apply due to ethical issues (Kimber et al., 2001).

Animal Tests
Besides human tests, there are various animal tests have been
conducted to evaluate the potential of the human skin
sensitization for new substance, namely local lymph node
assay (LLNA), which depends on the nature of AOP key
events as listed in Table 1 (OECD, 2012), Guinea pig
maximization test (GPMT), and Buehler tests. Of various
animal assay systems, LLNA (OECD, 2010a; 2010b), which is
based on the extent of induced proliferative responses in draining
lymph nodes after the topical exposure of chemicals to mice
(stimulation index, SI), is the preferred animal test model and has
been adopted by various regulatory agencies (Cockshott et al.,
2006; Gerberick et al., 2007a). The LLNA system is designated to
measure the substance concentration when the lymphocyte
proliferation of the lymph node is three-fold higher than that
of the vehicle-treated controls, viz. SI S 3, and is defined as the
LLNA EC3 value. The risk potential of skin sensitizers is
categorized into various classes according to the measured
LLNA EC3 values as summarized in Table 3 (ICCVAM,
2011). The LLNA EC3 value has been converted from the
percentage to µg/cm2 since 2001 to develop the correlation
between LLNA EC3 and NOEL value from human tests,
namely HRIPT and HMT. It has been found that the EC3
value can be used to quantitatively estimate the skin
sensitization potency in human since EC3 values can be highly
correlated with NOELs (Gerberick et al., 2001) that also has been
confirmed by Api et al. (Api et al., 2015).

The GPMT method is another popular animal model, in
which intradermal injection and/or epidermal application were
employed in induction periods to expose guinea pig skin with the
test substances. The animals are repeatedly exposed to test
substances with a challenge dose after 10–14 days. The skin
reaction to the challenge exposure in the test animals is
determined by comparing it with the untreated control
animals (OECD, 1992). The skin sensitization potential of

TABLE 1 | Animal and non-animal tests to evaluate the potential of the human skin sensitization of new substance depending on key events in AOP (OECD, 2012).

Key event Function and focus Method References

1 The molecular interaction with skin proteins through cysteine and/or lysine residue DPRA, kDPRA, ADRA OECD (2015a), OECD (2020)
2 The inflammatory response through keratinocyte KeratinoSens™ OECD (2017), OECD (2018a)
3 The activation of dendritic cells h-CLAT OECD (2016b), OECD (2018c)

U-SENSTM

4 The proliferation of T cells LLNA OECD (2010a), OECD (2010b)

OECD: Organization for Economic Co-operation and Development (France, 1961).
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chemicals can be classified into various extents, namely extreme,
strong, moderate, or weak levels, depending on the induction
concentration and the incidence of subjects as listed in Table 4
(ICCVAM, 2011). The Buehler method is another test to use
guinea pig skin as a module. The only difference between GPMT
and Buehler test is the way of sample preparation in that the test
substance is mixed with Freund’s complete adjuvant (FCA) in the
GPMT test, whereas that step is absent in the non-adjuvant
Buehler method (OECD, 1992). Moreover, LLNA and GPMT
can be carried out in a synergistic fashion to evaluate skin
sensitization. More specifically, there is no need to carry out
the GPMT or Buehler test for further validation once the test
substance is defined as skin sensitization positive by LLNA.
Nevertheless, a substance is subjected to further evaluation by
GPMT or Buehler test in case it is qualified as skin sensitization
negative by LLNA (OECD, 1992).

The LLNA and GPMT skin sensitization models cannot
completely serve as a surrogate to predict skin sensitization
potential in human since they can only accurately predict 70%
of human tests in addition to the fact that LLNA and GMPT do
not always reach the same agreement. It has been shown that the
LLNA model can foretell human skin sensitization better than
GPMT in case of discordance between LLNA and GPMT assays
(Dean et al., 2001). As such, animal tests cannot completely

replace their human counterparts because of their limitations.
Surprisingly, it has been observed that one-third of strong
sensitizers in the human test were predicted to be weak
sensitizers by LLNA despite the fact that the LLNA test is
commonly recognized as the gold standard for the human
skin sensitization test (ICCVAM, 2011; Strickland et al., 2017;
Roberts and Api, 2018), indicating the discrepancy in both assay
systems. In addition, LLNA predictions can correlate with human
tests well as long as those sensitizers lie within the applicability
domain of the LLNA model. The inconsistent predictions,
nevertheless, are not due to randomness. More specifically, the
under-estimation of human skin sensitization potency by the
LLNA model can be principally attributed to the fact that the test
chemicals contain electrophilic aromatic Schiff bases or
impurities (Roberts and Api, 2018). Conversely, the LLNA
model is prone to over-estimating the potency when compared
with the human test if the test chemicals under LLNA conditions
will undergo autoxidation or have cutaneous pharmacological
potentials other than skin sensitization (Roberts and Api, 2018).
Furthermore, chemicals, namely pre- or pro-haptens, can be
falsely predicted (Roberts and Api, 2018). Moreover, animal
tests for skin sensitization that have been adopted for a long
time still comprised some controversial issues concerning their
effectiveness and ethical problems (Rollin, 2003). In 2017,
Predictive Toxicology Roadmap was established by FDA. In
this project, they evaluate new methods and technologies that
can expand the predictive capabilities of toxicology and reduce
the use of animal testing. With the same goals, the in vitro testing
methods have been evaluated by a Consortium comprising the
Institute for In vitro Sciences, Inc (IIVS) the Consumer
Healthcare Products Association (CHPA), and the PETA
International Science Consortium (PETA-ISC) to substitute
rabbit vaginal irritation (RVI) test (Costin et al., 2020). There
is a growing tendency, nevertheless, to use non-animal tests as an
alternative approach to assess skin sensitization (Doke and
Dhawale, 2015).

Non-animal Assays
Animal testing approaches for cosmetic products have been
banned due to animal rights and welfare by the 7th
amendment to the EU Cosmetics Directive in Europe since
2013 (European Union, 2003; European Commission, 2013a).
Notably, some non-animal testing methods have been developed

TABLE 2 | The skin sensitization categories based on the NOEL value of HRIPT.

Category Characteristics HRIPT NOEL value

1 High intrinsic skin sensitization potency Less than 25 μg/cm2

2 Less sensitizing than category 1, the contact with moderate concentration can trigger
1–10% positive induction of subjects

Between 25 and 500 μg/cm2

3 Substances known as contact allergens produce sensitization in 0.01–0.1% of those
exposed

Between 500 and 2,500 μg/cm2

4 Chemicals in this category require prolonged exposure to higher dose level to produce
sensitization and are rarely regarded as important clinical allergens

More than 2,500 μg/cm2

5 Very low intrinsic ability to cause skin sensitization. Even in the highly selected patient
groups, the incidence should not exceed 1%

The NOEL values are variable or absents, because of the inaccuracy of
determination of a threshold

6 Free from skin sensitization activity

TABLE 3 | The skin sensitization potency based on LLNA EC3 values.

Potency category Threshold (%)

Extreme EC3 < 0.1
Strong 0.1 ≤ EC3 <1
Moderate 1 ≤ EC3 <10
Weak 10 ≤ EC3 ≤100

TABLE 4 | The skin sensitization potential based on GPMT.

Induction concentration (%) GPMT incidence (%)

30 to <60 ≥60

<0.1 Strong Extreme
≥0.1 to <1 Moderate Strong
≥1 to <10 Weak Moderate
≥10 to ≤100 Weak Weak
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to resolve this challenge and approved by the European Union
Reference Laboratory for alternatives to animal testing (EURL
ECVAM) (European Commission, 2013a; European
Commission, 2013b). Nonetheless, non-animal test data may
still have limitations in predicting skin sensitization indeed.
For instance, those methods accepted by the Organization for
Economic Co-operation and Development (OECD) only focus
on one AOP key event or activation of some specific genes, such
depletion of cysteine and/or lysine-containing protein in Direct
Peptide Reactivity Assay (DPRA) (OECD, 2015a), CD86 and
CD54 overexpression in human cell line activation test (h-CLAT)
(OECD, 2018c), induction of nuclear factor-erythroid-2 related
factor 2 (Nrf2)-Kelch-like ECH-associated protein 1 (Keap1)-
antioxidant/electrophile response element (ARE) pathway in
KeratinoSens™ (OECD, 2015b), CD86 overexpression for
U-SENS™ test (OECD, 2016b), and the expressions of anti-
oxidation, inflammation, and cell migration genes in SENS-IS
test (Cottrez et al., 2016).

DPRA is a non-animal model focused on the hapten and
protein interaction due to skin exposure to chemical substances.
This method was first proposed by Gerberick and has been
further accepted by OECD since 2015 (Gerberick et al., 2004;
Gerberick et al., 2007b; OECD, 2015a), in which the synthesized
peptides such as cysteine (Ac-RFAACAA-COOH) and lysine
(Ac-RFAAKAA-COOH) (R: Arginine, F: Phenylalanine, A:
Alanine, C: Cysteine K: Lysine) are incubated with test
substances, followed by measuring the absorption peaks at
220 nm to determine the concentration of cysteine and lysine
after the reaction. Generally, skin sensitization can be divided into
4 classes, namely negative, positive with low, moderate, or high
reactivity level (OECD, 2015a). Nevertheless, DPRA can be
limited by solubility and complex mixture (Gerberick, 2016).
In addition, the accuracy of measurement results would be
hampered by the fact that chemicals could be co-eluted with
the peptide (Natsch et al., 2007; Natsch and Gfeller, 2008). Until
now, the DPRA has been improved by another version such as
amino acid derivative reactivity assay (ADRA) to prevent the co-
elution of test chemicals and nucleophilic agents (Fujita et al.,
2019; Wanibuchi et al., 2019; Imamura et al., 2021). This method
has been accepted by OECD (OECD, 2020). Another modified
DPRA called kinetic direct peptide reactivity assay (kDPRA), in
which several concentrations of tested compounds are incubated
with synthetic peptide for different incubation times, has been
accepted by OECD (OECD, 2020). The matrix of depletion values
and incubation times and concentrations are constructed to
measure the rate constant (log kmax). The test compounds are
further classified into GHS classification scales by their log kmax

values. (Natsch et al., 2020). The reproducibility between intra-
and inter-laboratories for this method achieved 96 and 88%,
respectively (Wareing et al., 2020).

The KeratinoSens™ method takes a different approach by
focusing on a second AOP key event (Table 1), namely the
inflammatory responses and gene expression associated with
specific cell signaling pathways such as ARE-dependent
pathways. Keap1 binds to the transcription factor Nrf2 in the
un-induced state that helps ubiquitin bind to Nrf2 by CuI2-
mediated ubiquitinylation, which, in turn, can degrade Nrf2 into

the proteasome (de Freitas Silva et al., 2018). However, Keap1
cannot bind to Nrf2 protein once the covalent bond is formed
between Keap1 and small molecules such as sensitizers, leading to
the accumulation of Nrf2 protein in the nucleus. The released
Nrf2 protein binds to ARE sequence in the promoter regions of
detoxification, antioxidant, and anti-inflammatory genes,
triggering the expression of target genes (de Freitas Silva et al.,
2018). The mechanism of Nrf2-ARE pathway activation was
illustrated in Figure 2 of de Fritas Silva et al. (de Freitas Silva
et al., 2018). Accordingly, the human keratinocytes HaCaT cells
are stably transfected with the selected plasmid, which contains
the ARE sequence, SV40 promoter, and luciferase gene (luc2) in
the KeratinoSens™ test (Emter et al., 2010; Steinberg, 2013). The
test chemicals are designated as sensitizers in the KeratinoSens™
test provided that they can produce the induction of luciferase
activity above 1.5 folds with respect to the negative control or
non-sensitizers otherwise (OECD, 2015b). The LuSens assay is
another method accepted by OECD and is developed based on
the same concept as KeratinoSens™ (Ramirez et al., 2014; OECD,
2018b).

The activation of DCs is the AOP key event investigated in the
h-CLAT method (Table 1). In the induction phase of skin
sensitization, the co-expression of CD86 and CD54 on the
Langerhans cells is used as the indicator of the antigen-
presenting process (Nuriya et al., 1996; Reiser and
Schneeberger, 1996; Tuschl et al., 2000). Thus, the expressions
of CD86 and CD54 on THP-1 cells, which are a human
monocytic leukemia cell line, are measured in the event when
THP-1 cells are exposed to sensitizers in the h-CLAT method
(Sakaguchi et al., 2006; Sakaguchi et al., 2009). The upregulation
of these markers indicates the occurrence of DCs activation and
the skin sensitization activity caused by the test chemical. Of note,
chemicals are further classified as sensitizers or non-sensitizers in
this test (OECD, 2018c). In addition, the U-SENS™ test method
for skin sensitization testing is based on the expression of CD86
cell surface marker on the U937 cells, which are a human
histiocytic lymphoma cell line (Piroird et al., 2015). Briefly, a
compound is considered to be a sensitizer when CD86 expression
in the U937 cell line is 1.5 fold higher than the untreated control
and non-sensitizer otherwise. It is of interest to note that this
method has been submitted to OECD and the drafted proposal
has been publicized on the OCEDwebsite (OECD, 2016b; OECD,
2018c). This method recently has been used to evaluate the role of
nanomaterials in skin sensitization (Bezerra et al., 2021).

SENS-IS is another non-animal method to measure the skin
sensitivity of chemicals using the commercially reconstituted
human skin (EpiSkin) (Netzlaff et al., 2005; Cottrez et al.,
2015), in which the expression levels of Redox and SENS-IS
genes are measured. The former includes 17 genes that contained
an ARE in their promoter (Cottrez et al., 2016), which are related
to the target genes modulated by the Nrf2-Keap1-ARE signaling
pathway, whereas the latter includes 21 genes, which are linked to
the activities of DCs and associated with inflammation, danger
signals, and cell migration. Those genes measured in the SENS-IS
group can be triggered by sensitizers but not under the control of
the Nrf2-Keap1-ARE pathway (Cottrez et al., 2015; Cottrez et al.,
2016). There are four chemical concentrations, namely 50, 10, 1,
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and 0.1%, applied onto the artificial skin, followed by collecting
the mRNA from the EpiSkin cells and analyzing the gene
expression using reverse transcriptase polymerase chain
reaction (RT-PCR). When the number of expressed genes is
more than 7 and less than 20 in both groups, the test
chemicals are defined as sensitizers and subsequently
categorized as weak, moderate, strong, or extreme sensitivity
depending on the chemical concentrations that, in fact, is
similar to the classification system adopted by LLNA. The test
chemical concentration will be lowered when there are 20 genes
expressed that are termed overexpression. Moreover, a chemical
is considered as negative in case of failures in all tested
concentrations (Cottrez et al., 2016). Until now, this method is
still under the validation process, which has been announced at
https://tsar.jrc.ec.europa.eu/.

Various research groups have published their assay data using
those above-mentioned methods and the results are summarized
in Table 5, which provides affluence of data source for building in
silico models. Until now, there are still many researchers
endeavoring to improve the accuracy of in vitro assay for
assessing the skin sensitization potential such as finding new
biomarkers for predicting skin sensitization (Hirota and Moro,
2006) or developing a novel assay like Genomic Allergen Rapid
Detection (GARD™) to define the skin sensitization activity by
only one assay (Roberts, 2018). GARD™ depends on the changes
of the gene expression when myeloid cells are exposed to the
chemicals (Johansson et al., 2013; Johansson et al., 2019;
Johansson et al., 2011; Roberts, 2018; Stevenson et al., 2019).
This method was validated by numerous laboratories with an
inter-laboratory reproducibility of 92.0% in 2019 (Johansson
et al., 2019), and has been under the peer-review process for
EURL ECVAM validation, which has been announced at https://
tsar.jrc.ec.europa.eu/. Furthermore, the conformal prediction has
been implemented into GARD™ protocol with an accuracy of
88%. In 2021, Masinja et al., nevertheless, used GARD™ to
predict the skin sensitization potential of agrochemical active
ingredients in total 7/12 GARD™ results concurred with
mammalian data, suggesting that GARD™ still needs to be
improved to validate the skin sensitization potential of not
only cosmetics, but also the other active ingredients (Masinja
et al., 2021). Another way is to modify or to improve the current
non-animal methods to further increase the accuracy. For
instance, the spectro-DPRA method using 5, 5-dithiobis-2-
nitrobenzoic acid, or fluorescamine™ as the detection reagent

was designed to investigate the unreacted peptide in 2014. It was
demonstrated that the accuracy of this method could increase up
to 91.5 and 94.9% when compared with LLNA and human data,
respectively (Cho et al., 2014; Cho et al., 2019).

Most of the non-animal tests such as U-SENS™, h-CLAT, and
KeratinoSens™ are qualitative per se, in which compounds are
divided into skin sensitization positive and negative, viz. a binary
classification fashion (OECD, 2015b; 2016b; 2018c), whereas
DPRA and SENS-IS are basically quantitative, in which the
levels of skin sensitization potential are determined (OECD,
2015a). Additionally, the non-animal tests such as DPRA,
h-CLAT, and KeratinoSen™ are routinely used as the
preliminary screening by Europe, whereas others such as
U-SENS™ and SENS-IS can be implemented to further
characterize the nature of skin sensitization (OECD, 2016b,
2019). The non-animal models for skin sensitization have been
adopted for a long time and the first non-animal DPRA model
has been accepted by OECD since 2015. However, not all
chemicals such as insoluble chemicals, pro-haptens, and
chemicals co-eluting with the model peptide can be assessed
by DPRA that may severely limit their applications. These
chemicals, nevertheless, can be evaluated by in silico models in
the preliminary phase (Urbisch et al., 2016). As such, in silico
models are expected to be a useful method for predicting skin
sensitization of novel chemicals in this aspect.

IN SILICO MODELS

Data Source
Europe has banned animal tests to verify the safety of cosmetic
products such as toxicity in repeated dose systems, skin
sensitization, reproductive toxicity, carcinogenicity, and
toxicokinetics since 2013 (European Commission, 2013a).
Alternatively, various non-animal tests, namely DPRA,
KeratinoSens™, and h-CLAT, have been derived and accepted
by OCED (vide supra). In addition, various skin sensitization data
have been published according to the collection of animal and
non-animal data, as well as chemical structure information are
listed in Table 5. Some online skin sensitization data sources,
which have collected the data and structural alerts, can be used to
build predictive models and are listed in Table 6. Of various skin
sensitization databases, SkinSensDB, which has collected the
animal and non-animal tests and contains 710 unique

TABLE 5 | Non-animal skin sensitization assay types and data sources.

Assay type Data sources

DPRA Bauch et al. (2011), Bauch et al. (2012), Gerberick et al. (2004), Gerberick et al. (2007b), Hoffmann et al. (2018), Jaworska
et al. (2013), Jaworska et al. (2011), Natsch et al. (2013), Nukada et al. (2013), Takenouchi et al. (2015), Urbisch et al. (2015)

h-CLAT Ashikaga et al. (2010), Sakaguchi et al. (2010), Bauch et al. (2011), Nukada et al. (2011), Bauch et al. (2012), Nukada et al.
(2013), Takenouchi et al. (2013), Takenouchi et al. (2015), Urbisch et al. (2015), Hoffmann et al. (2018)

KeratinoSens™ Emter et al. (2010), Ball et al. (2011), Bauch et al. (2011), Bauch et al. (2012), Jaworska et al. (2013), Natsch et al. (2013),
Urbisch et al. (2015), Hoffmann et al. (2018)

SENS-IS Cottrez et al. (2016), Hoffmann et al. (2018)
U-SENSTM Python et al. (2007), Bauch et al. (2011), Bauch et al. (2012), Jaworska et al. (2013), Natsch et al. (2013), Piroird et al. (2015),

Hoffmann et al. (2018)
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chemicals with 2,078, 467, 1,323, and 1,060 assay values for
peptide reactivity (DPRA), keratinocyte activation
(KeratinoSen™), dendritic cell activation (h-CLAT), and
T-cell activation (LLNA-EC3), respectively (Tung et al., 2019;
Wang et al., 2017), is freely accessible. The non-confidential
substance data, which have been submitted to European
chemicals agency (ECHA) under the Registration, Evaluation,
Authorization and Restriction of Chemicals (REACH)
regulation, are publicly available and free of charge. This
dataset contains many types of assays and study categories.
Another available source is Cosmetic ingredient database
(CosIng). This European Commission database includes the
information about cosmetic substances and ingredients
(Table 6). Another source is Chemical Evaluation and Risk
Estimation System (CERES), which is developed by FDA’s
Center for Food Safety and Nutrition. This database contains
toxicity data including the skin sensitization hazard and potency
(Ghosh et al., 2020).Various predictive models and packages to
predict skin sensitization have been published (Wilm et al.,
2018). Some models provide structure alerts based on the
analysis of chemical characteristics that are responsible for
skin sensitization (Sushko et al., 2011). ToxAlerts was
established in 2012 serving as a valuable data source for
model development to predict the chemical toxicity. Initially,
600 structural alerts for carcinogenicity, mutagenicity, skin
sensitization, acute aquatic toxicity, and potential
idiosyncratic drug toxicity were issued (Sushko et al., 2012),
and the number has increased to more than 3,000 structural
alerts to date. The Interagency Coordinating Committee on the
Validation of Alternative Methods (ICCVAM) is a permanent
committee of the National Toxicology Program (NTP) Division,
which is responsible for evaluating the toxic potential,
developing and validating the toxicology methods, collecting
the data to strengthen the scientific base for risk assessment.
ICCVAM has established a database for skin sensitization with
the collection of 1,060 chemicals for the LLNA test and 208
chemicals for the GPMT and Buehler tests (ICCVAM, 2011).
Vitic is a commercial toxicity database and information
management system developed by Lhasa, consisting of more
than 38,000 skin sensitization data for more than 10,000
structures. eChemPortal, which has been developed by
OECD, is a free public source and provides the chemical

characteristics of physical-chemical properties, environmental
fate and behavior, ecotoxicity, and toxicity. The chemical
information can be searched using chemical names and
numbers or GHS classifications.

Commercial Package
Numerous commercially available packages and/or models have
been published and are listed in Table 7. Computer automated
structure evaluation (case) Ultra program is a commercial
package to issue the structure alerts, in which, principally,
molecular structures are divided into various subunits and
those ones responsible for specific activities are identified and
termed biophore (Klopman, 1992). Moreover, different subunits
can give rise to different biophore activities. A subunit is termed
synergistic or biophobic if it could increase or decrease the
activity, respectively (Graham et al., 1996; Chakravarti et al.,
2012). As such, this package can predict the effective level of skin
sensitization for a given compound and has been validated by
predicting various adverse effects of drugs, namely
carcinogenicity, hepatotoxicity, cardiotoxicity, renal toxicity,
and reproductive toxicity. Saiakhov et al. have carried out a
pilot study using case Ultra to analyze other adverse effects,
including skin sensitization (Saiakhov et al., 2013).

A non-sensitizer might be converted into a sensitizer
through a biodegradation metabolism pathway (Jaworska
et al., 2002). CATABOL (http://oasis-lmc.org/products/models/
environmental-fate-and-ecotoxicity/catabol-301c.aspx) is an
online package that can simulate the metabolic pathways of
chemicals by predicting the abiotic molecular transformation
and enzyme-mediated reactions such as reductive, hydrolytic,
oxidative, redox, conjugative reactions, reactions with skin
protein, as well as predicting the chemical transformation
through spontaneous reactions, enzyme-catalyzed metabolism
reactions, and reactions with protein nucleophiles (Jaworska
et al., 2002). The tissue metabolism simulator (TIMES) model
based on the prediction from CATABOL consists of simulators:
1) using the microbial metabolism simulator to generate the
metabolic maps from the training samples; 2) evaluation of
skin sensitization potential in light of the metabolic maps and
structural alerts (Dimitrov et al., 2005). The TIMES model for
skin sensitization (TIMES-SS) package is commercially available
and the information about skin metabolism associated with skin

TABLE 6 | Online skin sensitization databases.

database Website

SkinSensDB http://cwtung.kmu.edu.tw/skinsensdb
Toxalert http://ochem.eu/alerts
National Toxicology Program https://ntp.niehs.nih.gov/whatwestudy/niceatm/test-method-evaluations/immunotoxicity/llna/index.htmlhttps://ntp.niehs.

nih.gov/iccvam/methods/immunotox/niceatm-llnadatabase-23dec2013.xls
Vitic https://www.lhasalimited.org/products/vitic.htm

https://www.lhasalimited.org/products/skin-sensitization-assessment-using-derek-nexus.htm
eChemPortal https://www.echemportal.org/echemportal/index.action
REACH https://iuclid6.echa.europa.eu/reach-study-results
CosIng https://ec.europa.eu/growth/sectors/cosmetics/cosing_en
CERES https://www.accessdata.fda.gov/scripts/fdatrack/view/track_project.cfm?program¼cfsan&id¼CFSANOFAS-Chemical-

Evaluation-and-Risk-Estimation-System
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sensitization is available online (http://oasis-lmc.org/products/
models/metabolism-simulators/skin-metabolism.aspx). The
training samples were excerpted from LLNA, GMPT, and
human datasets (Dimitrov et al., 2005; Mekenyan et al., 2012).
Ivanova et al. expanded the development of the kinetic
component into the TIMES-SS model in 2020. In this model,
they tried to implement the kinetic of biotic transformations to
predict the skin sensitization potential. The initial predictions
were consistent with the experimental data for those tested
compounds (Ivanova et al., 2020).

The skin sensitization activity of a chemical will also depend
on the transformation ability from prohapten into hapten in that
the sensitizers themselves are not electrophilic per se.
Nevertheless, they can undergo enzymatic or oxidative
processes to become electrophilic that, in turn, can facilitate
the interaction with skin protein, producing antigens
consequently (Aptula et al., 2005). Unlike the other packages,
Computer Aided Discovery and Redesign-Skin Sensitization
(CADRE-SS) is focused on such biological transformation and
is comprised of three modules to analyze the reaction in each step:
I) skin permeability; II) haptenation and hapten-activation
mechanisms, and III) conjugation with protein. The
interaction potential between chemicals and skin protein is
analyzed by module II using the Smiles ARbitary Target
Specification (SMARTS) pattern structure, and compounds are
subjected to further analysis by module III once the chemicals are
identified as potential haptens. The key event in this process is the
adduct formation between the chemical and the Keap1 protein,
which contains highly reactive cysteine and lysine amino acids
(Kostal and Voutchkova-Kostal, 2016).

SMARTS patterns have been mined by ToxTree (Enoch et al.,
2008) to identify the potential of skin sensitization. A series of
SMARTS patterns based on the previously identified mechanisms

of action have been identified, namely aromatic nucleophilic
substitution (SNAr), Schiff base formation (SB), Michael-type
addition (MA), aliphatic nucleophilic substitution (SN2), and
acylation (Ac) (Aptula et al., 2005), in which the covalent bond
can be formed between skin protein and sensitizer (Enoch et al.,
2008; Enoch et al., 2011). Totally, 104 structural alerts were issued
in 2011 (Enoch et al., 2011) and the most updated version is
commercially available at https://www.daylight.com/products/
toolkit.html through Daylight Toolkit.

Deductive estimation of risk from existing knowledge
(DEREK) is an expert knowledge system-based commercial
predictive package, in which the structure alerts are proposed
to predict the binding potential between electrophilic chemicals
and skin protein. Initially, only 40 structure-activity rules for skin
sensitization were issued in 1994 (Barratt et al., 1994), and that
number increased up to 70 in 2006 (Langton et al., 2006) from the
GPMT input data. The modified version of Derek Nexus was
released in 2017 using the LLNA EC3 value from over 650
compounds in the Lhasa EC3 dataset (https://www.
lhasalimited.org/products/skin-sensitization-assessment-using-
derek-nexus.htm) instead of GPMT, which was used in the
previous versions. This version features the qualitative
prediction for mammalian skin sensitization and the
quantitative EC3 prediction for skin sensitizers (Canipa et al.,
2017). The skin sensitization structure alerts in Derek Nexus
increased from 73 to 90 between 2014 and 2018 and the
performance was validated against a dataset over 2,500
chemicals with LLNA and/or GPMT data (Chilton et al., 2018).

Models Based on Animal Tests
Computer Assisted Evaluation of Industrial Chemical Substances
According to Regulations (CAESAR) was developed according to
the QSAR validation principles issued by OECD. This model was

TABLE 7 | The commercial package and models based on animal, non-animal tests, and mixed test type.

References Model

Commercial package
Klopman (1992) Case
Jaworska et al. (2002) CATABOL (http://oasis-lmc.org/products/models/environmental-fate-and-ecotoxicity/catabol-301c.aspx)
Dimitrov et al. (2005) TIMES-SS (http://oasis-lmc.org/products/models/metabolism-simulators/skin-metabolism.aspx)
Kostal and Voutchkova-Kostal (2016) CADRE-SS

Models based on animal tests
Enoch et al. (2008) ToxTree
Barratt et al. (1994), Langton et al. (2006) Derek Nexus
Wilm et al. (2018) CAESAR (http://www.caesar-project.eu/index.php?page�results&section�endpoint&ne�2)
Benfenati et al. (2013) VEGA (https://www.vegahub.eu/)
Toropova and Toropov (2017) CORAL (http://www.insilico.eu/coral)

Models based on non-animal tests
Otsubo et al. (2017) binary classifier based on KeratinoSens™ and h-CLAT
Asturiol et al. (2016) qualitative skin sensitization predictive model using DT by combining DPRA, KeratinoSens™, and h-CLAT
Roberts and Patlewicz (2018) Build the model based on DT by combining DPRA, h-CLAT

Models based on mix test type
Tung et al. (2018); Tung et al. (2019) SkinSensPred (https://cwtung.kmu.edu.tw/skinsensdb/predict)
Borba et al. (2020a), Braga et al. (2017) Pred-skin (http://predskin.labmol.com.br/)
Ohtake et al. (2018) model based on in silico Derek Nexus, in chemico DPRA, and in vitro h-CLAT
Zang et al. (2017) DPRA, h-CLAT, KeratinoSens™ results and six physicochemical properties of compounds
Wilm et al. (2020) Skin Doctor CP (https://nerdd.zbh.uni-hamburg.de/skinDoctorII/)
Borba et al. (2020a) https://stoptox.mml.unc.edu/
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built by the EU (Cassano et al., 2010; Wilm et al., 2018) and is
freely available (http://www.caesar-project.eu). CAESAR can be
used to develop QSAR models for five endpoints, namely skin
sensitization, carcinogenicity, mutagenicity, bioconcentration
factor, and developmental toxicity. The CAESAR model for
skin sensitization was derived based on 209 compounds
excerpted from a previous study (Gerberick et al., 2005) to
classify compounds into sensitizer or non-sensitizer (http://www.
caesar-project.eu/index.php?page�results&section�endpoint&ne�2).
Afterward, Virtual models for property Evaluation of chemicals
within a Global Architecture (VEGA) derived from CAESAR
model can predict skin sensitization based on the LLNA data.
This binary classifier, which is freely accessible, can be
downloaded at http://www.vega-qsar.eu (Benfenati et al., 2013)
and the latest version can be found at https://www.vegahub.eu/.
Fitzpatrick et al. compared the performance of VEGA, TIME-SS,
and Derek Nexus in skin sensitization by applying 1,249
substances from the eChemportal skin sensitization dataset
(http://www.echemportal.org/echemportal/index.action) and 515
substances from the Interagency Center for the Evaluation of
Alternative Toxicological Methods (NICEA™) LLNA database
(https://ntp.niehs.nih.gov/pubhealth/evalatm/test-method-evaluations/
immunotoxicity/index.html). The results showed that the accuracy of
any expert models was about 65%, especially with the
substances that were within the application domain of
TIME-SS, the accuracy could be reached to 79 and 82% for
both datasets (Fitzpatrick et al., 2018). This comparison, in
fact, is consistent with the observation made by Teubner et al.,
in which it has been demonstrated that TIME-SS executed
better than the others such as VEGA and DEREK (Teubner
et al., 2013). Another model developed by Istituto di Ricerche
Farmacologiche Mario Negri (IRCCS) and the Joint Research
Center (JRC) is available at https://www.vegahub.eu/. The
model is built based on decision trees using 8 descriptors,
which are listed at https://www.vegahub.eu/vegahub-dwn/
qmrf/QMRF_SKIN_JRC.pdf. The endpoint of this model is
skin sensitization on mice (LLNA). When applied to external
validation, this model can obtain the accuracy, specificity and
sensitivity of 71, 82 and 65%, respectively. All 75 in silico
models imbedded in VEGA have been implemented into the
OECD QSAR Toolbox.

The Correlation and Logic (CORAL) package has been used as
a tool for QSAR analyses (Toropov et al., 2013). Afterward, this
software was used to develop a tool to predict the skin
sensitization (Toropova and Toropov, 2017). Various QSAR
models were built based on 204 compounds with the local
lymph node assay results using the Monte Carlo technique.
The hybrid descriptors calculated via the representation of the
molecular structure by SMILES with molecular graph were used
to generate the models. The model is available at http://www.
insilico.eu/coral.

Very recently, the first ternary predictive model has been
developed by Wilm et al. termed Skin Doctor CP (available at:
https://nerdd.zbh.uni-hamburg.de/skinDoctorII/) based on the
LLNA database. The most distinguishing characteristic of this
model is that compounds are initially categorized into sensitizers
or non-sensitizers by the first classifier and the predicted

sensitizers are further grouped into weak to moderate
sensitizers and strong to extreme sensitizers by a second
classifier. The model showed the accuracies of 0.90 and 0.73 as
well as the efficiencies of 0.42 and 0.90 at the significance levels of
0.10 and 0.30, respectively. However, this ternary classifier did not
achieve good performance since the validity values were 0.70, 0.
58, and 0.63 for non-sensitizers, weak tomoderate sensitizers, and
strong to extreme sensitizers, respectively, at the significance level
of 0.30 (Wilm et al., 2020).

Models Based on Non-animal Tests
Unlike the other predictive models, which rely on a single data
type, some predictors make decisions based on multiple data
types. For instance, Otsubo et al. have built a binary classifier
based on KeratinoSens™ and h-CLAT, and chemicals are
designated as skin sensitizers if they have positive results by
either one of the assays and non-sensitizers otherwise. The
predictions produced the sensitivity values of 93.4 and 94.4%
as compared with the LLNA and human data, respectively
(Otsubo et al., 2017). After collecting data from three non-
animal assays, namely DPRA, KeratinoSens™, and h-CLAT,
this study was further extended to build a majority voting
system. Compounds were defined as sensitizers when at least
two positive responses were obtained from those three assays. The
accuracy obtained from this model was 90% when compared with
human data, whereas that resulted from LLNA alone was merely
about 80% as compared with the human data (Urbisch et al.,
2015). According to this, multiple data type models can execute
better than their single-data-type counterparts.

Asturiol et al. took a different approach to develop a
qualitative skin sensitization predictive model using
decision tree (DT) (Asturiol et al., 2016). The model was
derived by combining 3 non-animal test data types, namely
DPRA, KeratinoSens™, and h-CLAT. The accuracy of the
model was defined by comparing with the LLNA
classification (sensitizer/non-sensitizer). The model showed
93% accuracy, 98% sensitivity, and 85% specificity for 269
chemicals (Asturiol et al., 2016). A different approach was
taken to build various DTs based on non-animal test results, in
which compounds were classified as sensitizers when DPRA
gave rise to positive results. Further evaluation by h-CLAT was
carried out once compounds were considered as negative by
DPRA. Compounds were classified as skin sensitizers if
h-CLAT showed positive results, whereas compounds were
labeled as non-sensitizers otherwise (Roberts and Patlewicz,
2018). Additionally, various models were developed according
to binary combinations of those three non-animal tests,
namely DPRA, h-CLAT, and KeratinoSens™. It was found
that the combination of DPRA and h-CLAT performed best in
distinguishing sensitizers from non-sensitizers. More
importantly, it was observed that all of the models based on
combinations of non-animal tests usually performed better
than their counterparts based on a single test that, actually, is
consistent with the previous observation (vide supra) (Urbisch
et al., 2016; Otsubo et al., 2017), suggesting that predictive
models based on the single non-animal test are not sufficient to
comprehensively render the skin sensitization complicated

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6557719

Ta et al. Review of Skin Sensitization Prediction

111

http://www.caesar-project.eu
http://www.caesar-project.eu/index.php?page=results&section=endpoint&ne=2
http://www.caesar-project.eu/index.php?page=results&section=endpoint&ne=2
http://www.caesar-project.eu/index.php?page=results&section=endpoint&ne=2
http://www.caesar-project.eu/index.php?page=results&section=endpoint&ne=2
http://www.caesar-project.eu/index.php?page=results&section=endpoint&ne=2
http://www.vega-qsar.eu
https://www.vegahub.eu/
http://www.echemportal.org/echemportal/index.action
https://ntp.niehs.nih.gov/pubhealth/evalatm/test-method-evaluations/immunotoxicity/index.html
https://ntp.niehs.nih.gov/pubhealth/evalatm/test-method-evaluations/immunotoxicity/index.html
https://www.vegahub.eu/
https://www.vegahub.eu/vegahub-dwn/qmrf/QMRF_SKIN_JRC.pdf
https://www.vegahub.eu/vegahub-dwn/qmrf/QMRF_SKIN_JRC.pdf
http://www.insilico.eu/coral
http://www.insilico.eu/coral
https://nerdd.zbh.uni-hamburg.de/skinDoctorII/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


process (Adler et al., 2011; Hartung et al., 2011; Wilm et al.,
2018; Madden et al., 2020).

Models Based on Mixed Test Types
Most of the published packages or models are binary classification
systems, viz. sensitizer vs. non-sensitizer, based on one or more
than one non-animal tests. Integrated approaches to testing and
assessment (IATA) has taken a different approach by combining
various animal tests, non-animal tests, and in silico models to
predict the latency of skin sensitization (OECD, 2016a). IATA
includes the models, which are flexible and non-formalized
judgment based, e.g. grouping and read-across or more
structured, rule based approaches such as Integrated Testing
Strategy (ITS) (OECD, 2016a). ITS can combine DPRA,
KeratinoSens™, and h-CLAT (Jaworska et al., 2015; Urbisch
et al., 2015), DPRA, SENS-IS and/or h-CLAT (Clouet et al.,
2017), two of 3 non-animal tests, namely DPRA,
KeratinoSens™, and h-CLAT, to generate the predictive model
(Otsubo et al., 2017) based on in chemico, in vitro, and in silico data
(Jaworska et al., 2011). It has been found that the models based on
this strategy showed better performance. For instance, this
approach was implemented to develop various models based on
the combinations of 2 or 3 non-animal datasets, namely DPRA,
KeratinoSens™, and h-CLAT and the built model with the
selection of 3 non-animal datasets displayed the highest
sensitivity and yet the lowest specificity as compared with its
counterparts with the combination of only 2 of 3 non-animal
datasets (Otsubo et al., 2017). In 2017, Douglas Connect Integrated
Testing Strategy (DC ITS) SkinSens was launched to access the
integrated testing strategy developed by Jaworska (Jaworska et al.,
2013). The latest updated version for DC ITS SkinSens is
SaferSkin™ (https://saferworldbydesign.com/saferskin/).

SkinSensPred, which is a skin sensitization predictive function,
was developed in 2019 based on SkinSensDB, is freely accessed at
https://cwtung.kmu.edu.tw/skinsensdb/predict (Tung et al., 2018;
Tung et al., 2019). This multitask learningmodel is based on three
AOP key events and human skin sensitization test using protein
binding (DPRA), keratinocyte activation, dendritic cell activation
to binarily classify results in the human test. This model can
analyze the application domain (AD) and structure alerts (SA) to
predict the human sensitization potential of a chemical. When
applied to novel chemicals within the defined AD, this model
could reach an accuracy of 84.3% (Tung et al., 2019). In addition,
a majority voting model (2 out of 3) (Urbisch et al., 2015) and a
DT model (Roberts and Patlewicz, 2018) can be implemented as
the read-across predictive methods.

In 2018, Del Bufalo et al. developed an alternative integrated
testing for skin sensitization using the combination of 3 in vitro
methods (DPRA, Keratinosens™, U-SENS™), two in silico tools
(TIMES-SS, TOXTREE) and physicochemical parameters
(volatility, pH). These data were run in 5 different classification
models (Boosting, Naive Bayes, support vector machine (SVM),
Sparse Partial Least Squares Discriminant Analysis, and Expert
Scoring). The validation results were used in the stacking meta-
model to evaluate the skin sensitization potential (Del Bufalo et al.,
2018). The predictions achieved the accuracies of 93 and 91% for
the training set and test set, respectively when compared with

LLNAhazard data. A larger data set was used to validate this model
in 2020 (Tourneix et al., 2020). The Defined Approach (version 5)
was used (Tourneix et al., 2020) to evaluate the skin sensitization
potential of 219 compounds.

Pred-skin, which is accessible at http://predskin.labmol.com.
br/, is a consensus Naïve Bayes model that employs multiple
QSAR models based on various human, LLNA, and non-animal
data to predict skin sensitization. This model exhibited good
performance in predicting human skin sensitization with
sensitivity (94%) and specificity (84%). When applied to 11
new potential sensitizers, which were not included in the
dataset, Pred-skin exerts an efficient approach to identify nine
sensitizers (Borba et al., 2020a; Braga et al., 2017).

Zang et al. have published an in silico model, which was
derived by combining the non-animal data, namely DPRA,
h-CLAT, and KeratinoSens™, and six physicochemical
properties, namely octanol/water partition coefficient, water
solubility, vapor pressure, melting point, boiling point, and
molecular weight, as the descriptors to predict LLNA and
human outcomes (Zang et al., 2017). Compounds were
classified into sensitizers or nonsensitizers in this model, and
the sensitizers were further divided into 1A (strong) or 1B (weak)
sensitizer subcategories based on the GHS. The model achieved
the accuracy of 88% for the prediction of LLNA outcomes and
81% prediction for human test outcomes (Zang et al., 2017).

Ohtake et al. have published a predictive model based on
highly heterogeneous data, namely in silico Derek Nexus, in
chemico DPRA, and in vitro h-CLAT, in which the results of
DPRA and h-CLAT were scaled between 0 and 3, and the
outcomes from Derek Nexus were reduced between 0 and 1,
and the final total score was generated by summing those scores.
A compound is defined as a strong sensitizer when its total score
is larger than 7, and a weak sensitizer when its total score is
between 2 and 6 (Ohtake et al., 2018). The unique characteristic of
this model is the fact that the skin sensitizers are further divided
into the strong and weak ones in this model despite the fact that
this multiple classification system is not the same as the animal or
human test classification. However, only nine isocyanates were
included and the prediction results indicated that this model
underestimated the skin sensitization potential when compared
with LLNA data.

In 2020, Silva et al. used the different combinations of in vitro
(human information), in chemico (DPRA), and/or in silico (the
formation descriptor calculated by the TIMES-SS) data to build
the models, which can predict the skin sensitization potential.
The results showed that the combination of in vitro, in chemico,
and in silico achieved the best prediction results. Moreover, the
models reached an accuracy of 100% in differentiating sensitizers
from non-sensitizers. When the same model was, it exhibited the
accuracies of 98.8 and 97.5% accuracy when applied to the
compounds based on GHS classification (3-level scales) and
human data (6-level scales), respectively (Silva et al., 2020).

Machine Learning-Based Models
Currently, a variety of simulation approach DT, artificial neural
network (ANN), support vector machine (SVM), AdaBoost, the
iterative least squares linear discriminant (TILSQ), logistic
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regression (LR), and K-step yard sampling (KY) method (U.S.
Patent No. 7725413) (Kohtarou, 2010), consensus methods,
Bayesian networks have been adopted to build various skin
sensitization predictive models. The detail of some machine
learning schemes has been described and illustrated by a review
paper of Tarca et al. and the assessment of some defined
approaches in skin sensitization prediction was evaluated by
Kleinstreuer et al. (Tarca et al., 2007; Kleinstreuer et al., 2018).

The SH test is designed to measure changes in cell surface
thiols on hapten-treated cells and used to develop the first version
of ANN-based iSENS to predict skin sensitization with the
combination of h-CLAT data (Suzuki et al., 2009; Hirota et al.,
2013). The second version was released afterward using the
combination of the ARE assay data and n-octanol‒water
partition coefficient (log p) value (Natsch and Emter, 2008;
Tsujita-Inoue et al., 2014). Further extended versions of the
ANN model were based on various combinations of h-CLAT,
DPRA, KeratinoSens™, and SH test (Hirota et al., 2015). It has
been observed that the performance of an ANN model actually
depended on the combination of data types. For instance, the
ANN model based on the combination of h-CLAT and DPRA
showed a better correlation with LLNA than other combinations
such as DPRA and ARE assay or the SH test and ARE assay. The
predictive models based on three descriptors such as the selection
of h-CLAT, DPRA, and ARE assay or h-CLAT, SH test, and ARE
assay produced higher correlation coefficients, viz. r values, and
smaller prediction errors than their two-data-type counterparts
(Hirota et al., 2015).

More recently, Macmillan and Chilton have combined Derek
Nexus and non-animal KeratinoSens™, h-CLAT, DPRA, and
U-SENS™ tests to develop a DT model. The derived DT model
showed great performance with 73 and 76% accuracy of LLNA
and human data, respectively, depending on the GHS
classification (Macmillan and Chilton, 2019). A variety of
machine learning-based schemes, namely ANN, SVM,
AdaBoost, and TILSQ, were employed to build skin
sensitization predictive models based on linear and non-linear
discriminant analyses of 291 samples. It was found that SVM and
AdaBoost models based on 32 descriptors to encode the 2-D and
3-D structural characteristics showed the highest performance
with 100% accuracy of negative and positive (Sato et al., 2009).
This investigation was further extended by including more
samples (593 compounds) and adopting a novel KY scheme
(Sato et al., 2012). Unlike any binary classification models,
compounds were allotted to negative, positive, and gray zones
through multiple steps in this study. Compounds in the gray
zone, which was a confusing area, were repeatedly deposited into
the positive and negative zones until no compound was left, the
strategy was illustrated by Sato et al. in 2012. All 593 compounds
were classified impeccably in 3 steps (Sato et al., 2012).

Strickland et al. have adopted the LR and SVM schemes to
develop predictive models based on non-animal tests, namely
DPRA, h-CLAT, and KeratinoSens™ using 6 physicochemical
properties, namely log p, water solubility, vapor pressure, melting
point, boiling point, and molecular weight. It was found that log p
was the most pivotal factor in determining skin sensitization
among various physicochemical properties that was further

assured by Gleeson et al. (Gleeson and Gleeson, 2020). Of
various combinations of non-animal test data, models that
included the combination of DPRA and h-CLAT produced the
highest accuracy (Strickland et al., 2017). Pre- and pro-hapten
sensitizers, which need to go through chemical transformation
through air exposure (Karlberg et al., 1992; Sköld et al., 2002) or
metabolism pathway (Nilsson et al., 2005; van Eijl et al., 2012)
prior to the sensitization process, hinder the accuracy of current
in vitro assays. Accordingly, a novel tri-culture assay system,
which includes MUTZ-3-derived Langerhans cells, HaCaT
keratinocytes, and primary dermal fibroblasts, and then
measures the secretion levels of cytokines after these cells are
exposed to test compounds, viz. sensitizer or non-sensitizer, has
been proposed. Numerous SVMmodels were developed based on
the stimulation indices (SI) of 27 human cytokines, namely IL-1β,
IL-1ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12, IL-13,
IL-15, IL-17, eotaxin, basic FGF, G-CSF, GM-CSF, IFN-γ, IP-10,
MCAF, MIP-1α, MIP-β, PDGF-BB, RANTES, TNF-α, and VEGF
to identify the most significant cytokines associated with skin
sensitization. It was observed that the SVM model based on the
top three ranking biomarkers, namely IL-8, MIP-1β, and GM-
CSF, in tri-culture assay showed the highest performance with the
prediction accuracy of 91%, and the detection of pre- and pro-
hapten was improved accordingly (Lee et al., 2018).

Matsumura et al. perfomed a study using QSAR-like deep
neural network (DNN) and light gradient boosting machine
(LightGBM) to evaluate the potential of skin sensitization.
Physical and structural properties of chemicals and the skin
sensitizer/non-sensitizers based on the classification of GHS
were used as input variables. The results showed that the dual-
input LightGBM model (74%) and dual-DNN model (72%) were
moderately accurate when compared with the traditional
approaches (Matsumura, 2020).

In addition, other algorithms and methods have been adopted
to improve the classification performance. For instance, Abdallh
et al used binary crow search algorithm (BCSA) that was initially
proposed by Askarzadeh in 2016 (Askarzadeh, 2016) to select the
most relevant descriptors in the model development. The results
gained the classification accuracy for the compound into
sensitizer/non-sensitizer.

FUTURE PERSPECTIVES

The dermatology researched has shifted into a new paradigm
after the introduction of artificial intelligence. Most of the
applications involve in image analysis, but also include the
analyses of the physiochemical properties of substances
(Gomolin et al., 2020). Various applications in toxicity and
environmental hazard endpoints, for instance, indicate that the
great diversity of QSAR models (Chinen and Malloy, 2020). Data
quality plays a critical role in model development and it is almost
impossible to build a sound in silico model based on
contaminated or impure data, especially for the quantitative
predictive models (Cherkasov et al., 2014). The accuracy of a
virtual model depends on the data quality, the lack of instruction
of how to report and publish the toxicogenomic studies can

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 65577111

Ta et al. Review of Skin Sensitization Prediction

113

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


hinder the usage of data in building the computational models
(FitzGerald, 2020). There are some strategies to build an in silico
model. The first strategy is to collect a large number of
experimental data, extended the data coverage, and the use of
big data approach. Another more effective way to build a model
relied on deeply understanding the biological mechanism to
predict the biochemical processes and the bioactivity of the
novel compounds. The model based on mechanism does not
need a large amount of training set, but it needs highly accurate
experimental data (Kostal and Voutchkova-Kostal, 2020).
Accordingly, it is of necessity to implement data curation
prior to model development by removing those assay data
obtained from impurity or mixture to maintain data integrity.

In 2020, Golden et al. carried out an investigation, which
compared the accuracy of eight in silico models (PredSkin,
Toxtree, QSAR Toolbox, Danish QSAR database, CAESAR,
REACHAcross™, TIMES-S and Derek Nexus) against human
data sets. Most of the models showed the accuracies of 70–80% on
human data sets, suggesting that in silico models can be a
convenient and inexpensive tool to define the skin
sensitization in human (Golden et al., 2021). There is no
doubt that an in silico model to predict skin sensitization
based on human data will be more realistic and much needed.
However, the scarcity in consistent human data in the public
domain has created an unsurmountable hurdle for creating a
sound predictive model due to their small amount of available
data and limited structural diversity (Cherkasov et al., 2014). The
relatively ample amount of LLNA data makes it a better
alternative since the LLNA predictions can well correlate with
the human tests in most of the cases and it has been commonly
recognized as the gold standard for the human skin sensitization.
However, the LLNA model is inevitably susceptible to some
chemotypes, suggesting that it is of necessity to develop
different predictive models for different chemotypes to
accommodate the variations in skin sensitization mechanism.
Some problems remain unresolved when the test compounds
have consisted of more than one chemotype or when the test
compounds lie outside of the applicability domain of the derived
model. With the effort to improve the accuracy of skin
sensitization tests, Leontaridou et al. identified the borderline
range (BR) around the classification threshold of DPRA, LuSens,
h-CLAT and LLNA. The substances with the test results fell into
the BR and another available test method was required to depict
the positive/negative outcome (Leontaridou et al., 2017).

The applications of animal tests on cosmetics products have
been prohibited in Europe since 2013 (European Commission,
2013a) and lately, some countries also have accepted the OECD
non-animal method to test the skin sensitization (Strickland et al.,
2019). Nevertheless, animal tests, especially GMPT and LLNA,
are still available and required by numerous countries such as
Canada, China, Brazil, Japan, and the United States (Daniel et al.,
2018). Additionally, the applications of animal tests for pesticides,
plant protection products, pharmaceuticals, household products,
art materials, industrial chemicals, medical devices, and
workplace chemicals are needed and still acceptable in many
industries, even in Europe (Daniel et al., 2018). These data
provide valuable resources for building some in silico models

to assess the covert of skin sensitization. In addition, the skin
sensitization QSAR models can be applied to not only cosmetic
ingredients but also the compound, which can impact the
ecosystems such as dye pollution, the effect of personal care
products on aquatic species, or plasticizers (Arulanandam et al.,
2021; Funar-Timofei and Ilia, 2020; Khan et al., 2020) as well as
the pharmacokinetics profiles of low molecular weight oligo-
hydroxyalkanoates (Roman et al., 2020), suggesting that the skin
sensitization models has a wide range of applications. To date,
most of the published skin sensitization models are qualitative
predictions, viz. binary classification of sensitizers or non-
sensitizers. Nevertheless, it has been observed that a
quaternary predictive model would execute better than its
ternary counterpart, which, in turn, performed better than a
binary one in the case of drug-induced liver injury (DILI)
prediction (Weng and Leong, 2020). Accordingly, it is
plausible to expect a multiple-class qualitative model to predict
skin sensitization can function better than a two-class one.
Predictive models based on a single type of assay data can
only take into account one single pathway, suggesting that no
single non-animal test can comprehensively render the whole
complex skin sensitization process (Adler et al., 2011; Hartung
et al., 2011). Additionally, some cosmetic or commercial products
have currently contained sensitizers (Robinson et al., 2000)
despite the fact that they do not trigger adverse reactions in
the induction and elicitation phases when the applied doses are
low. In addition, the application volume of those cosmetic
products that are in direct and persistent contact with skin,
e.g. cream or foundation, are different from those that can be
washed or rinsed off, e.g. shampoo or body lotion. The differences
in exposure dose between these groups can be up to 30 folds
(Fewings and Menné, 1999; Frosch et al., 1995; Robinson et al.,
2000). Therefore, qualitative in silico or non-animal models have
hindered applications for those weak or moderate sensitizers in
pharmaceuticals or cosmeceuticals markets, more importantly, a
quantitative prediction model can be truly useful. To solve this
problem, the package SpheraCosmolife, which is implemented in
VEGAHUB, can process various ingredients in a product, has
been derived recently. It can predict the mutagenicity,
genotoxicity, and skin sensitization based on the concentration
and the product type, namely lotion, shampoo, shower gel, etc,
recorded in the internal database (Regulation (EC) No. 1223/2009
of the European Parliament and of the Council of 30 November
2009 on cosmetic products). This software is available at https://
www.vegahub.eu/download/sphera-cosmolife-download/and is
implemented in VEGA. However, some challenges still remain
since they cannot predict the skin sensitization caused by metals
(Biswas et al., 2020).

Based on the principles published by the International
Cooperation on Cosmetic Regulation (ICCR), Gilmour et al.
displayed next generation risk assessment (NGRA) framework
for skin sensitizers in 2020, which can be illustrated in Figure 1 of
their publication (Gilmour et al., 2020). According to four
elements of risk assessment, which included consumer
exposure, hazard identification, hazard characterization and
establishment of a dose response, that they presented a
workflow assembled three tires and integrated all relevant
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information using a weight of evidence approach to predict a
chemical to be a skin sensitizer or non-sensitizer (Gilmour et al.,
2020).

The number of in silicomodels to predict skin sensitization has
increased for the past few years. Those models have been built
based on in vivo, in vitro, in chemico, and/or in silico data.
Johnson et al. defined the rules and principles to develop the
effective in silico skin sensitization models to facilitate the
implementation and acceptance of in silico approaches based
on the skin sensitization mechanism and the strengths/
limitations of each experimental methods. The standardization
of this hazard assessment framework has further strengthened the
use and application of in silico tools in agencies and industries
(Johnson et al., 2020).

With the effort to collect the available web portal to predict 6
of acute toxicity tests, namely acute oral toxicity, acute dermal
toxicity, acute inhalation toxicity, skin irritation and corrosion,
eye irritation and corrosion, and skin sensitization), Borba et al.
developed a package called Systemic and Topical chemical
Toxicity (STopTox), which is available at https://stoptox.mml.
unc.edu/ (Borba et al., 2020b).

CONCLUSION

In vitro skin sensitization tests alone cannot replace human and
animal tests because they only focus on one single pathway in
AOP. In silico approach, conversely, has more advantages than
in vitro tests since it can take into account more than one AOP
key event by combining various in chemico, in vitro, and in vivo

data simultaneously. To date, most of the published in silico
models only classify chemicals into sensitizers or non-sensitizer.
This binary classification system has severely limited the
applications of weak or moderate sensitizers in commercial
products. Multiple-class in silico models can be greatly useful
in practical applications as exemplified by the DILI study (vide
supra) and quantitative ones will be even better. With the effort to
develop the quantitative models, some in silico models have been
generated recently, and yet they inevitability suffer from major
limitations, suggesting that these quantitative models still need to
be improved to be more accurate and have a wider range of
applications in evaluating the skin sensitization potential. The
development of robust and accurate in silico models for skin
sensitization prediction is still a long and winding path ahead of
the molecular modeling community.
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CHOP Regulates Endoplasmic
Reticulum Stress-Mediated
Hepatoxicity Induced by
Monocrotaline
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Monocrotaline (MCT), a pyrrolizidine alkaloid, is the major toxin in Crotalaria, which causes
cell apoptosis in humans and animals. It has been reported that the liver is a vulnerable
target of MCT. However, the exact molecular mechanism of the interaction between
endoplasmic reticulum (ER) stress and liver injury induced by MCT is still unclear. In this
study, the cytotoxicity of MCT on primary rat hepatocytes was analyzed by a CCK-8 assay
and Annexin V-FITC/PI assay. Protein expression was detected by western blotting and
immunofluorescence staining. As a result, MCT significantly decreased the cell viability and
mediated the apoptosis of primary rat hepatocytes. Meanwhile, MCT could also induce ER
stress in hepatocytes, indicated by the expression of ER stress-related proteins, including
GRP78, p-IRE1α, ATF6, p-eIF2α, ATF4, and CHOP. Pretreatment with 4-PBA, an inhibitor
of ER stress, or knockdown of CHOP by siRNA could partly enhance cell viability and
relieve the apoptosis. Our findings indicate that ER stress is involved in the hepatotoxicity
induced by MCT, and CHOP plays an important role in this process.

Keywords: monocrotaline, hepatotoxicity, endoplasmic reticulum stress, CHOP, apoptosis

INTRODUCTION

Pyrrolizidine alkaloids (PAs) are a common group of chemical constituents, and more than 660 PAs
and PA N-oxides have been identified. As reported, PAs are distributed in over 6,000 plants from 13
distantly related angiosperm families, and Fabaceae, Compositae, and Boraginaceae are the
dominant species (Xia et al., 2016; Ahmad et al., 2018; Zhu et al., 2018). To date, hepatotoxicity
is a hallmark of PAs and about half of them are poisonous compounds affecting livestock, wildlife,
and humans (Wiedenfeld, 2011; Xia et al., 2016). In fact, to survive, plants use PAs as a chemical
defense to against herbivores (Castells et al., 2017). Therefore, livestock and wildlife over intake of
PA-containing plants is hazardous for their health. Meanwhile, humans could be exposed to PAs
through herbal medicine and contaminated food, such as milk, honey, and tea. So, PAs are already a
threat to public health (Edgar et al., 2015).

Monocrotaline (MCT), a representative PA toxin, is biosynthesized in plants of the genus
Crotalaria, belonging to Fabaceae (Yang et al., 2017a). Numerous MCT poisoning cases have
been reported in livestock and humans (Lyford et al., 1976; Guan, 2006; Pessoa et al., 2013;
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Robinson and Gummow, 2015). The damages from MCT
exhibit acute toxicity and chronic toxicity. In acute cases, the
liver shows hemorrhagic necrosis, veno-occlusion, and hepatic
carcinomas (Edgar et al., 2015). In chronic exposure, MCT
might damage multiple organs, such as the liver, lungs, kidneys,
and brain (Stegelmeier et al., 2016; Yang et al., 2017a). However,
as a vital target of MCT stimulation, the potential mechanism of
action for MCT-induced hepatocyte lesions has not been
completely clarified.

Presently, the important role of the endoplasmic reticulum
(ER) to respond to perturbations of xenobiotics is critical for cell
survival (Iurlaro and Muñoz-Pinedo, 2016). When the
homeostasis balance in the ER is disturbed by various
factors, including alterations in calcium stores, hypoxic
conditions, and disturbances to the redox balance, ER stress
is triggered. In the early stage, cells adapt to this stress by
stopping protein synthesis and promoting ER-associated
degradation (ERAD) to recover the internal environment to
homeostasis. In contrast, if the stimulation exceeds the control
of cell ability, ER stress-triggered cell death could be induced
(Tabas and Ron, 2011). In eukaryotic cells, protein kinase RNA-
like ER kinase (PERK), inositol requiring enzyme-1α (IRE1α),
and activating transcription factor-6α (ATF6α) were divided
from the molecular chaperone GRP78 in ER stress, permitting
transduction of downstream signals and initiating the
expression of CHOP. The overexpression of CHOP plays a
critical role in the process of apoptosis (Rao et al., 2015; Huang
et al., 2021). Meanwhile, more and more researchers are
focusing on the diseases caused by ER stress and suggest that
ER stress could mediate other factors to induce liver injury
(Iracheta-Vellve et al., 2016; Han et al., 2018; Torres et al., 2019).
Therefore, we propose the hypothesis that ER stress can be
considered an underlying mechanism when evaluating the
toxicity of MCT.

While our previous study suggested that MCT could induce
ER stress in rat livers (Guo et al., 2020), it is not known whether
ER stress participates in MCT-induced hepatocyte apoptosis
as well. In this study, we confirmed that ER stress was
involved in MCT-induced hepatotoxicity. Meanwhile, we further

demonstrated that CHOP was a vital factor for apoptosis when
treating MCT.

MATERIALS AND METHODS

Reagent
Monocrotaline (MCT, Figure 1A, purity > 98%, CAS No.: 315-
22-0) was purchased from Sigma Aldrich (United States, Catalog
No.: C2401) and a stock concentration of 50 mM of MCT was
prepared by dissolving in 1 mol/L of HCl and balancing the pH to
7.0–7.4 by adding 5 mmol of NaOH. DMEM medium (Gibco,
United States, Catalog No.:12800017) containing 10% FBS (Zeta
Life, United States, Catalog No.: Z7181FBS) was used for cell
culture. 4-phenylbutyric acid (4-PBA) was purchased from
MedChemExpress Co., Ltd (China, Catalog No.: HY-15654).

Isolation, Culture, and Treatment of Rat
Primary Hepatocytes
Rat primary hepatocytes were isolated using the standard two-
step perfusing procedure according to Slegen (Seglen, 1976).
Briefly, a male Sprague–Dawley rat was obtained from Cheng
Du Dossy Biological Technology Co., Ltd. (Sichuan, China) and
was anesthetized with pentobarbital (100 mg/kg; i.p.), and the
liver was perfused through a needle aligned along the portal vein,
with perfusion solution A (140 mM NaCl, 6.7 mM KCl, 2.5 mM
glucose, 10 mM HEPES, and 0.5 mM EGTA); followed by
perfusion solution B (140 mM NaCl, 6.7 mM KCl, 2.5 mM
glucose, 30 mM HEPES, 5 mM CaCl2), containing 0.5 mg/ml
of collagenase IV (Gibco, CAS No.: 9001-12-1, Catalog No.:
17104-019). Then, the perfused liver was separated and
suspended in DMEM media without FBS. The suspended
hepatocytes were filtered through a 75-μm nylon membrane
and centrifuged (23 × g, 5 min at 4°C) twice. Afterward the
hepatocytes were purified using density gradient centrifugation
(50% Percoll solution, 211 × g for 10 min at 4°C). Then, the
hepatocytes were resuspended in DMEM with 10% FBS. Isolated
hepatocytes were seeded at a density of 1 × 105 cells/100 μL in

FIGURE 1 |MCT decreased the cell viability in primary rat hepatocytes. (A) The chemical structure of MCT. (B) Cell viability was measured by CCK-8 assay. The
hepatocytes were treated with different doses of MCT (100, 200, 300, and 400 μM) for different times (6, 12, 24, 36, and 48 h). The results are represented in the way of
mean ± SD error of three independent experiments. **p < 0.01 and ***p < 0.001 compared to the control of the 300 μMgroup, ##p < 0.01 and ###p < 0.001 compared to
the control of the 400 μM group.
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96-well plates for toxicity assays or 1 × 106 cells/mL in 6-well
plates for a cell viability assay, protein isolation, and
immunofluorescence. All hepatocytes were maintained in a
37°C incubator with 5% CO2. After 24-h culture, hepatocytes
were treated with different concentrations of MCT (100, 200, 300,
and 400 μM) for different times (6, 12, 24, 36, and 48 h) or
pretreated with 0.5 mM of 4-PBA for 4 h or CHOP siRNA/siNC
for 24 h before exposure to MCT.

Cell Viability Assay
Cell Counting Kit-8 (Dojindo, Catalog No.: CK04, Japan) was
performed to quantify cell viability according to the
manufacturer’s instructions. Briefly, the hepatocytes were
cultured in 96-well plates with appropriate treatment. After
treating, the cells were incubated in the DMEM media with
10% CCK-8 reagent at 37°C for another 4 h. Absorbance was
measured at 490 nm with a microplate spectrophotometer
(Epoch Microplate Spectrophotometer, BioTek, United States).

Apoptosis Detection by Annexin V/PI
Double Staining
Cell apoptosis rate was measured with the Annexin V-FITC
Apoptosis Detection Kit (Dojindo Catalog No.: AD10, Japan)
according to the manufacturer’s instructions. Briefly, the
hepatocytes were harvested and washed twice with cold PBS.
Cells were resuspended in the binding buffer, and co-incubated
with 5 μL of Annexin V-FITC and 5 μL of PI for 15 min at room
temperature in the dark. The cells were analyzed by a BD
FACSAria™ III flow cytometer (BD, United States) within 1 h,
and the data were analyzed by Treestar Flowjo software
(United States).

Immunofluorescence Staining of GRP78
and CHOP Proteins
The treated hepatocytes were rinsed three times in PBS and fixed
with 4% paraformaldehyde for 30 min. Then, they were mixed
with 5% goat serum (Catalog No.:C0265, Beyotime Institute of
Biotechnology, China), 0.1% Triton X-100, and GRP78 (1:100,
Catalog No.: CY5166, Abways Technology, China) or CHOP (1:
100, Catalog No.:BM4962, Boster Technology, China) was used to
block cells and hatch the primary antibodies overnight at 4°C. The
next day, cells were incubated with Alexa Fluor 488-conjugated
donkey anti-rabbit secondary antibody (1:500, Catalog No.:
ab150073, Abcam, United Kingdom) and DAPI (2 μg/ml,
Catalog No.: D9542, Sigma, United States) at room
temperature in the dark for 2 h. After rinsing with PBS five
times, the hepatocytes were observed using laser confocal
microscope (Carl Zeiss GmbH, Germany).

Small Interfering RNA Transfection
Hepatocytes were seeded into 6-well plates or 96-well plates in
Dulbecco’s Modified Eagle Medium with 10% FBS. Twenty-four
hours later, they were transfected with 100 nM of CHOP siRNA
or 100 nM of negative control siRNA (siNC) using Advanced
Transfection Reagent (Catalog No.: AD600050, Zeta life, United
States) according to the manufacture’s protocol. The following

CHOP siRNA sequences were used for transfection: 5′-CAG
UAUCUUGAGUCUAAUATT-3′ (sense) and 5′-UAUUAG
ACUCAAGAUACUGTT-3′ (antisense) (General Biosystems,
China). After 24 h transfection, hepatocytes were exposed to
300 μM of MCT for another 36 h, followed by the cell viability
assay, Annexin-V/PI staining, or western blotting.

Western Blot Analysis
Hepatocytes were lysed in ice-cold radioimmunoprecipitation
(RIPA) buffer containing a PMSF (R0010, Solarbio, China) and
the lysates were centrifuged at 12,000 g for 10 min at 4°C to collect
the supernatant. The protein concentrations were determined by
the BCA method (PC0020; Solarbio, China). Each sample was
separated by SDS-PAGE (10–15%) at 100 V for 1.5 h and then
transferred to a polyvinylidene difluoride (PVDF) membrane
(Catalog No. BSP0161, PALL, United States). The membranes
were blocked with 5% non-fat milk in TBS-T for 2 h at room
temperature and incubated with candidate primary antibodies
in diluent overnight at 4°C. Glucose-regulated protein 78
(GRP78, 1:1,000, Catalog No.: CY5166) and phospho-IRE1
(1:1,000, Catalog No.: CY5166) were purchased from Abways
Technology (China), IRE1 (1:1,000, Catalog No.: AI601) and
phospho-eIF2α (1:1,000, Catalog No.: AF1237) were purchased
from Beyotime Institute of Biotechnology (China), ATF 6 (1:
1,000, Catalog No.: D262665) was purchased from Sangon
Biotech (China), ATF4 (1:1,000, Catalog No.: OM108094) was
purchased from OmnimAbs (United States), and CHOP (1:
1,000, Catalog No.:BM4962) was purchased from Boster
Technology (China). Caspase-3 (1:1,000, Catalog No.:
ab32351), caspase-8 (1:1,000, Catalog No.: ab25901), and
eIF2α (1:1,000, Catalog No.: ab115822) were purchased
from Abcam (United States). β-actin (1:5,000, Catalog No.:
4,970) was obtained from Cell Signaling Technology
(United States) to be used as the loading control antibody.
The membranes were probed with goat anti-rabbit IgG-HRP
secondary antibody (1:5,000, Beyotime Institute of Biotechnology,
China).

Statistical Analysis
All the results are presented in the way of the mean ± SD
(vertical error bars) from triplicate experiments. The
differences between groups were analyzed by one-way
ANOVA implemented with GraphPad Prism version 7.0
software (GraphPad, San Diego, CA, United States). P <
0.05 indicated a statistical difference and P < 0.01 indicated
a significant statistical difference.

RESULT

MCT Decreased Cell Viability in Primary Rat
Hepatocytes
The toxic effects of MCT on primary rat hepatocytes were
examined by exposure to 0–400 μM for 6–48 h. A CCK-8
assay was performed to assess the cell viability. MCT has no
effect on the cell viability of primary rat hepatocytes when treated
with different concentrations of MCT (100, 200, 300, and
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400 μM) for 6, 12, and 24 h. However, it reduced the cell viability
of primary rat hepatocytes after 36 h (MCT > 300 μM) and 48 h
(MCT > 200 μM) (Figure 1B). These results indicated that MCT
decreased the cell viability of primary rat hepatocytes based on a
certain time and concentration.

MCT Promoted Apoptosis in Primary Rat
Hepatocytes
To further investigate whether MCT decreases cell survival by
inducing apoptosis, we performed flow cytometry analysis in
primary rat hepatocytes. The result showed that the rate of
apoptosis was remarkably elevated by MCT (Figures 2A,B). In
addition, to observe whether the apoptotic effect of MCT was
activated by a cascade of caspases, the expression of cleaved
caspase-8 and cleaved caspase-3 were detected by western blot.
Consistently, MCT induced primary rat hepatocytes apoptosis
in a dose- and time-dependent manner, as evidenced by
increased expression of cleaved caspase-8 levels and cleaved
caspase-3 (Figures 2C–F). Together, these results indicated that

MCT triggers caspase-dependent apoptosis in primary rat
hepatocytes.

MCTCaused the Activation of the ER Stress
Pathway in Primary Rat Hepatocytes
To evaluate whether MCT activates ER stress in primary rat
hepatocytes, we examined the expression of ER stress pathway-
related proteins by western blot, including GRP78, p-IRE1α,
ATF6, p-eIF2α, ATF4, and CHOP. The results showed that
the expressions of GRP78, p-IRE1α, ATF6, ATF4, and CHOP
at different times (0, 6, 12, 24, 36, and 48 h) increased first and
then decreased with increasing time, and p-eIF2α levels was
consistently increased after exposure to MCT (300 μM)
(Figures 3A–D). In addition, we also detected the expressions
of GRP78, p-IRE1α, ATF6, p-eIF2α, ATF4, and CHOP after
exposure to 0, 200, 300, and 400 μM of MCT for 36 h, which
were upregulated in a dose-dependent manner (Figures 3E–H).
These results indicated that MCT induces ER stress in primary rat
hepatocytes.

FIGURE 2 |MCT induced apoptosis in primary rat hepatocytes via activation of caspase. (A) Representative images of hepatocytes that were treated with different
doses of MCT (200, 300, and 400 μM) for 36 h followed by Annexin-V/PI staining. The percentages of apoptosis cells were measured by flow cytometry. The Q1
quadrant stands for cell death induced by mechanical damage or necrotic cells, the Q2 quadrant stands for late apoptosis cells, the Q3 quadrant stands for early
apoptosis cells, and the Q4 quadrant stands for normal cells. The sum of cell apoptosis included early and late apoptosis cells. (B) The results of quantitative
analyses of apoptosis rate. (C) Representative immunoblot against apoptosis-related proteins from hepatocytes treated with 300 μM of MCT for different times (6, 12,
24, 36, and 48 h). (D) Representative immunoblot against apoptosis-related proteins from hepatocytes treated with different doses of MCT (200, 300, and 400 μM) for
36 h β-actin served as a loading control. (E) Quantitative analysis of protein levels in C. (F) Quantitative analysis of protein levels in D. Data are presented as mean ± SD
error of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to control.
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Inhibition of ER Stress Ameliorated
MCT-Induced Apoptosis in Primary Rat
Hepatocytes
To explore whether ER stress mediated MCT-induced cell
apoptosis, primary rat hepatocytes were treated with MCT in
the presence or absence of 4-PBA (an ER stress inhibitor). We
pretreated the hepatocytes with 0.5 mM of 4-PBA for 4 h and
then exposed them to MCT (300 μM) for 36 h before subsequent
experiments. As show in Figures 4A,B, 4-PBA significantly
reduced the immunofluorescence staining of GRP78 and
CHOP in primary rat hepatocytes. Consistently, western blot
analysis also revealed that the expression of GRP78, p-IRE1α,
ATF6, p-eIF2α, ATF4, and CHOP was markedly decreased in the
4-PBA + MCT-exposed primary rat hepatocytes (Figures 4C–F).
In addition, the result showed that pretreatment with 4-PBA
significantly promoted cell viability (Figure 4G) and attenuated
MCT-induced apoptosis by inhibiting the expression of cleaved
caspase-8 and cleaved caspase-3 (Figures 4H,I), observed by the
CCK-8 assay and western blot analysis, respectively. Annexin
V-FITC/PI double staining also showed that pretreatment with 4-
PBA obviously decreased cell apoptosis rate induced by MCT
(Figures 4J,K). These results suggested that inhibition of ER

stress ameliorated MCT-induced apoptosis in primary rat
hepatocytes.

CHOP Is an Essential Part of the
MCT-Induced Apoptosis in Primary Rat
Hepatocytes
CHOP has been reported to have an important role in regulating
cell apoptosis after ER stress (Hu et al., 2018). To investigate the
role of CHOP in the MCT-induced apoptosis of primary rat
hepatocytes, we pretreated hepatocytes with CHOP siRNA or
siNC for 24 h followed by MCT treatment. The
immunofluorescence staining and western blot showed
respectively that CHOP was knocked down with its siRNA
(Figures 5A–C). As show in Figures 5A,D CCK-8 assay was
performed to show that knockdown of CHOP significantly
promoted cell viability. Meanwhile, knockdown of CHOP
significantly decreased the expression of apoptosis-related
proteins such as cleaved caspase-3 (Figures 5B,C).
Furthermore, the flow cytometry assay revealed that MCT-
induced apoptosis was significantly attenuated in hepatocytes
with downregulated CHOP (Figures 5E,F). Altogether, the data

FIGURE 3 |MCT induced ER stress in primary rat hepatocytes. (A) Representative immunoblot against ER stress-related proteins from hepatocytes treated with
300 μMofMCT for 6, 12, 24, 36, and 48 h. (B–D)Quantitative analysis of protein levels in A. (E)Representative immunoblot ER stress-related apoptosis-related proteins
from hepatocytes treated with different doses of MCT (200, 300, and 400 μM) for 36 h. (F–H) Quantitative analysis of protein levels in E. β-actin served as a loading
control. Data are presented as mean ± SD error of three independent experiments. *p < 0.05, **p < 0.01 compared to control.
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FIGURE 4 | Inhibition of MCT-induced ER stress can partly protect primary rat hepatocytes from apoptosis. After pretreatment with 4-PBA (0.5 mM) for 4 h, the
hepatocytes were treated with or without 300 μM of MCT for another 36 h. (A) Representative immunofluorescence photomicrographs showing the location of GRP78
in hepatocytes from different groups. (B) Representative immunofluorescence photomicrographs showing the location of CHOP in hepatocytes from different groups.
Scale bar � 20 μM. (C)Detection of ER stress-related proteins, including GRP78, IRE1 α, p-IRE1 α, ATF6, eIF2 α, p-eIF2 α, ATF4, and CHOP bywestern blot. (D–F)
Quantitative analysis of protein levels in C. (G) The hepatocytes viability was detected by CCK-8 assay. (H) Representative western blot of cleaved-caspase eight and
cleaved-caspase three in hepatocytes. (I) Quantitative analysis of protein levels in G. (J) Representative apoptosis rate measured by Annexin-V/PI staining. The Q1
quadrant stands for cell death induced by mechanical damage or necrotic cells, the Q2 quadrant stands for late apoptosis cells, the Q3 quadrant stands for early
apoptosis cells, and the Q4 quadrant stands for normal cells. The sum of cell apoptosis included early and late apoptosis cells. (K) The results of quantitative analyses of
apoptosis rate. Data are presented as mean ± SD error of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to control.
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suggested that knockdown of CHOP attenuated apoptosis
induced by MCT.

DISCUSSION

MCT is a major pyrrolizidine alkaloid in Crotalaria sp., and has
well-documented hepatotoxicity both for animals and humans
(Williams and Molyneux, 1987; Huxtable, 1989; Xiang et al.,
2020). The typical symptoms caused by MCT include hepatic
sinusoidal obstruction syndrome (SOS) (Zhang et al., 2017).

However, the underlying mechanisms involved in MCT-
induced hepatotoxicity are not fully understood.

Apoptosis and ER stress are interrelated cellular processes of
programmed cell death (Iurlaro and Muñoz-Pinedo, 2016).
Crosstalk between these two pathways may reveal how MCT
impacts hepatocyte function in pathologic states. As a major
pathological cellular process, MCT-induced apoptosis has been
found in the liver (Nakamura et al., 2012). Meanwhile, our
previous study suggested that MCT could induce ER stress in
liver (Guo et al., 2020). However, the interplay between apoptosis
and ER stress in MCT-induced pathological processes is unclear.

FIGURE 5 |CHOP siRNA partially decreases MCT-induced apoptosis of primary rat hepatocytes. After pretreatment with CHOP siRNA (100 nM) or siNC (100 nM)
for 24 h, the hepatocytes were treated with or without 300 μMofMCT for another 36 h. (A)Representative immunofluorescence photomicrographs showing the location
of CHOP in hepatocytes from different groups. Scale bar � 20 μM. (B)Western blot was used to detect the expression of CHOP and cleaved caspase-3. (C)Quantitative
analysis of protein levels in A. (D) The apoptosis rate of primary rat hepatocytes was detected by Annexin-V/PI staining. The Q1 quadrant stands for cell death
induced by mechanical damage or necrotic cells, the Q2 quadrant stands for late apoptosis cells, the Q3 quadrant stands for early apoptosis cells, and the Q4 quadrant
stands for normal cells. The sum of cell apoptosis included early and late apoptosis cells (E) The percentages of apoptosis cells were measured by flow cytometry. (F)
Hepatocytes viability was detected by CCK-8 assay. Data are presented as mean ± SD error of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001
compared to control.
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Therefore, in this study, we explored the effect of MCT on
hepatocytes and the role of CHOP in apoptosis and ER stress.

MCT needs to be catalyzed by cytochrome P450 (CYP450) to
exert its toxic effect (Fu et al., 2004; Maioli et al., 2011). Since this
step is considered to occur in the liver, it takes a certain time for
MCT to enter the liver and metabolize before it has toxic effects.
In this study, our result showed thatMCT had no effect on the cell
viability of primary rat hepatocytes when treated with different
concentrations of MCT for 6, 12, and 24 h. Previous studies have
shown that the EC50 concentration of MCT was more than
300 μM after exposure to primary rat hepatocyte for 48 h (Gao
et al., 2020). In this study, MCT decreased the cell viability
obviously after 36 h (MCT＞300 μM), but also did not reach
EC50 (Figure 1B). However, the CCK-8 assay performed for the
EC50 concentration of MCT exposure to primary rat hepatocyte
was 298.7 ± 2.4 μM for 48 h. This may be related to the fact that
the primary rat hepatocytes were isolated from different species of
rats, which may affect the activity of P450 enzymes.

Apoptosis is a form of programmed cell death that results in
the orderly and efficient removal of damaged cells in response to
many natural products. Sustained apoptosis causes cell death and
ultimately leads to cell dysfunction (D’arcy, 2019). Previous
studies have shown that some PAs can induce apoptosis in
primary mouse hepatocytes (Yang et al., 2017b) or cell lines,
including human live L-02 cells (Ji et al., 2008), human hepatoma
cells HepG2 (Ebmeyer et al., 2019), and Huh-7 (Liu et al., 2017).
In this study, we tested the toxic effects of MCT with different
concentrations and time on primary rat hepatocytes. MCT was
found to dramatically increase the apoptosis rate of primary rat

hepatocytes in a dose-dependent manner (Figures 2A,B). We
also found that MCT caused apoptosis by initiating the activation
of cleaved caspase-8 and cleaved caspase-3 in a dose- and time-
dependent manner (Figures 2C–F). These results suggested that
MCT induced cytotoxicity by its involvement in the apoptosis
pathway in primary rat hepatocytes.

ER stress is one of the vital mechanisms involved in response
to liver disease (Malhi and Kaufman, 2011). Mild ERs could help
cells to adapt to stress by modifying protein folding, and/or
promoting ER-associated degradation (ERAD) pathways to
remove misfolded proteins. However, sustained ER stress
disorders intracellular homeostasis and activated apoptosis
programs (Wang et al., 2019). Recently, several drugs have
been proven to have cytotoxicity effects through ER stress-
induced apoptosis (Guo et al., 2017; Wang et al., 2019; Wang
and Tang, 2020). When ER homeostasis was disturbed by
exogenously applied chemicals, three sensors (PERK, IRE1,
and ATF6) were activated due to division from GRP78, which
binds to the accumulation of unfolded proteins. IRE1α dimerized
and transautophosphorylated leading to activation of the XBP1
and JNK pathway, which activated apoptosis. PERK
phosphorylated eukaryotic initiation factor 2 alpha (eIF2α),
which increased the translation of transcription factor ATF4,
the upstream factor of CHOP. Activated ATF6 also transactivated
the CHOP gene (Wu et al., 2016). It is well known that CHOP is
associated with apoptosis (Hu et al., 2018). In our research, the
expression of ER stress marker proteins GRP78, p-IRE1α, ATF6,
ATF4, and CHOP increased first and then decreased with
increasing time, and p-eIF2α levels was consistently increased

FIGURE 6 | The signaling pathway involved in MCT-induced apoptosis in primary rat hepatocytes.
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(Figures 3A–D). Similarly, we also examined primary rat
hepatocytes with increasing MCT concentrations, the levels of
GRP78, p-IRE1α, ATF6, p-eIF2α, ATF4, and CHOP were
significantly increased (Figures 3E–H). Taken together, these
results suggested that MCT promotes ER stress in primary rat
hepatocytes.

In order to clarify the relationship between apoptosis and
ER stress, the role of ER stress in MCT-treated cell survival
was further investigated. 4-PBA, a common chemical chaperone,
acts as an inhibitor of ER stress through alleviating the
production of misfolded proteins in the ER (Kolb et al., 2015).
In this study, 4-PBA blocked ER stress confirmed by the
decreased expression of GRP78, p-IRE 1α, ATF6, p-eIF2α,
ATF4, and CHOP (Figures 4A–F). In order to investigate the
interplay between MCT-induced ER stress and apoptosis, we
detected the cell viability, the expression of apoptosis-related
proteins, and apoptosis rate after pre-treating 4-PBA before
exposure to MCT. Our result showed that inhibiting ER stress
by 4-PBA obviously promoted cell viability (Figure 4G).
Meanwhile, 4-PBA attenuated the expression of cleaved
caspase-8 and cleaved caspase-3 (Figures 4H,I) and the
apoptosis rate (Figures 4J,K). Therefore, these results
suggested that ER stress was involved in MCT-induced
apoptosis in primary rat hepatocytes.

CHOP is the most well characterized pro-apoptotic pathway
that activates from the stressed ER (Hu et al., 2018). Though
the exact mechanisms that mediate ER stress-induced apoptosis
have not yet been elucidated, the three stress sensors have
all been involved in apoptosis via activating CHOP (Wu et al.,
2016). As reported, CHOP deficiency alleviated the damage of
acute liver failure (Rao et al., 2015). In this study, we provided solid
evidence that CHOP expression was knocked down by CHOP
siRNA (Figures 5A–C). We also detected the cell viability, the
expression of apoptosis-related proteins, and apoptosis rate of cells
pretreated with CHOP siRNA or siNC for 24 h followed by MCT
treatment. Our results showed that the expression of cleaved
caspase-3 was blocked by knockdown of CHOP (Figures 5B,C).
Meanwhile, CHOP siRNA significantly enhanced hepatocytes
viability (Figure 5D) and decreased the apoptosis rate (Figures
5E,F). These data suggested that CHOP is a key factor in MCT-
induced ER stress in primary rat hepatocytes.

CONCLUSION

MCT can induce cytotoxicity via the ER stress pathway in primary
rat hepatocytes. Moreover, the evidence further indicated that
CHOP played a vital role in MCT-induced apoptosis mediated
by ER stress (Figure 6). We believe that this work may provide
another mechanistic insight for understanding the hepatotoxicity
of MCT.
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Pharmacokinetic Characteristics,
Tissue Bioaccumulation and Toxicity
Profiles of Oral Arsenic Trioxide in
Rats: Implications for the Treatment
and Risk Assessment of Acute
Promyelocytic Leukemia
Wensheng Liu†‡, BinWang ‡, Yilei Zhao, ZhiqiangWu, Andi Dong, Hongzhu Chen, Liwang Lin,
Jing Lu and Xin Hai†*

Department of Pharmacy, The First Affiliated Hospital of Harbin Medical University, Harbin, China

Oral arsenic trioxide (ATO) has demonstrated a favorable clinical efficiency in the treatment
of acute promyelocytic leukemia (APL). However, the pharmacokinetic characteristics,
tissue bioaccumulation, and toxicity profiles of arsenic metabolites in vivo following oral
administration of ATO have not yet been characterized. The present study uses high
performance liquid chromatography-hydride generation-atomic fluorescence
spectrometry (HPLC-HG-AFS) to assess the pharmacokinetics of arsenic metabolites
in rat plasma after oral and intravenous administration of 1 mg kg−1 ATO. In addition, the
bioaccumulation of arsenic metabolites in blood and selected tissues were evaluated after
28 days oral administration of ATO in rats at a dose of 0, 2, 8, and 20mg kg−1 d−1. The
HPLC-HG-AFS analysis was complemented by a biochemical, hematological, and
histopathological evaluation conducted upon completion of ATO treatment.
Pharmacokinetic results showed that arsenite (AsIII) reached a maximum plasma
concentration rapidly after initial dosing, and the absolute bioavailability of AsIII was
81.03%. Toxicological results showed that the levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and white blood cells (WBC) in the
20 mg kg−1 d−1 ATO group were significantly increased compared to the control group
(p < 0.05). The distribution trend of total arsenic in the rat was as follows: whole blood >
kidney > liver > heart. Dimethylated arsenic (DMA) was the predominant bioaccumulative
metabolite in the whole blood, liver, and heart, while monomethylated arsenic (MMA) was
the predominant one in the kidney. Collectively, these results revealed that oral ATO was
rapidly absorbed, well-tolerated, and showed organ-specific and dose-specific
bioaccumulation of arsenic metabolites. The present study provides preliminary
evidence for clinical applications and the long-term safety evaluation of oral ATO in the
treatment of APL.

Keywords: pharmacokinetics, tissue bioaccumulation, arsenic toxicity, acute promyelocytic leukemia, dimethylated
arsenic, monomethylated arsenic, oral arsenic trioxide
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INTRODUCTION

Arsenic trioxide (ATO) is a well-known toxic metalloid that has
been used for treating various diseases such as ulcers, the plague,
and malaria for more than two millennia (Emadi and Gore,
2010). In the 1970s, researchers from Harbin Medical University
(China) found that intravenous (i.v.) ATO has a significant
positive therapeutic effect on acute promyelocytic leukemia
(APL) (Zhang et al., 1996). Currently, i.v. ATO-based
regimens have become the backbone of treatment for newly
diagnosed or relapsed APL and led to 86–100% of patients
achieving complete remission (CR) (Mathews et al., 2010; Lo-
Coco et al., 2013; Burnett et al., 2015). In general, ATO is
administrated by i.v. infusion over 2–3 h in a dose of 10 mg or
0.15 mg kg−1 daily until CR (Mathews et al., 2010; Lo-Coco et al.,
2013; Burnett et al., 2015). However, long-term i.v. ATO is
resource-demanding, inconvenient and costly, which makes i.v.
ATO treatment challenging (Kumana et al., 2020). Oral
administration of ATO appears to be an alternatively
practicable option to the management of APL that has shown
similar efficacy to i.v. ATO (Gill et al., 2018; Kumana et al., 2020;
Ravandi et al., 2020; Sasijareonrat et al., 2020). Regardless of the
route of administration, the risks of ATO treatment raises
concerns, due to potential adverse reactions, e.g., QTc
prolongation, liver injury, leukocytosis, and renal failure (Lo-
Coco et al., 2013; Gill et al., 2018; Sasijareonrat et al., 2020).

Increasing evidence from clinical and laboratory studies
demonstrates that how ATO exerts its pharmacological
activities and initiates the toxicological process mainly depends
on the generation of various active metabolic intermediates
(Khaleghian et al., 2014; Khairul et al., 2017; Lu et al., 2019).
Generally, when i.v. or oral administration, arsenite (AsIII, the
hydrolyzed form of ATO) is subjected to sequential reduction and
oxidative methylation reactions in the blood to form arsenate
(AsV), monomethylated arsenic (MMA), and dimethylated
arsenic (DMA) (Cullen, 2014; Hirano, 2020). Previously, the
methylation metabolism of arsenic was described as a
detoxification process. However, more recent evidence has
established that the intermediate metabolites of arsenic,
trivalent forms of MMA and DMA (MMAIII, DMAIII), are
more toxic than inorganic arsenic (iAs, including AsIII and
AsV) (Khairul et al., 2017; Hirano, 2020). Trivalent arsenicals
show high binding affinity to thiol groups of free cysteine
residues, leading to structural modifications of proteins as well
as enzyme inhibition (Shen et al., 2013; Soria et al., 2017).
Comparatively, the pentavalent forms of MMA and DMA
(MMAV, DMAV) are the predominant arsenic methylated
metabolites in urine, which are considered a tumor promoter
and significantly associated with adverse health effects (Wang
et al., 2013; Kuo et al., 2017). Meanwhile, the plasma arsenic
metabolites are mainly present in a free state and make them
distributed to different organs. In addition, the combination of
arsenic metabolites and proteins in erythrocytes will result in its
accumulation in organs (Shen et al., 2013). Therefore, the tissue
distribution and bioaccumulation of arsenic and its intermediate
metabolites also have a great potential for determining its actions
as “toxicant” (Pei et al., 2019; Yi et al., 2020). However, most

existing studies report on the tissue distribution and
bioaccumulation of total arsenic (TAs) concentration (Fazio
et al., 2019; Wu et al., 2020) and studies focusing on the
pharmacokinetic characteristics, tissue bioaccumulation, and
toxicity profile of iAs and its methylation metabolites (MMA
and DMA) in blood and organs following the oral administration
of ATO are currently limited.

In the present study, high-performance liquid
chromatography-hydride generation-atomic fluorescence
spectrometry (HPLC-HG-AFS) was applied to determine the
content of various arsenic metabolites (AsIII, AsV, MMA,
DMA) in plasma to elucidate the pharmacokinetic
characteristics of oral ATO. Furthermore, the determination of
arsenic metabolite content in tissues, histopathology,
biochemistry, and hematology examination were also
undertaken to elaborate on the potential biological and
toxicological outcomes of arsenic metabolites following orally
administrated ATO in different dose ranges for 28 days. Taken
together, the results reported here could provide novel insights
into developing new ATO formulations optimized for oral
administration and provide a preliminary basis for subsequent
evaluations of the sub-chronic safety and risk assessment of oral
ATO in the treatment of APL.

MATERIALS AND METHODS

Chemicals and Reagents
ATO powder (purity 99.9%) was obtained from Harbin Yida
Pharmaceutical Co., Ltd. (Harbin, China). Standard compounds
of arsenite (AsIII, GBW08666), arsenate (AsV, GBW08667),
monomethylarsonic acid (MMAV, GBW08668), and
dimethylarsinic acid (DMAV, GBW08669) were purchased from
the National Institute of Metrology (Beijing, China). The sodium
acetate (CH3COONa), sodium dihydrogen phosphate (NaH2PO4),
potassium nitrate (KNO3), disodium ethylenediaminetetraacetic
acid (EDTA-2Na), and potassium hydroxide (KOH) were of
guarantee grade and were all purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Perchloric acid
(HClO4, purity: 72%), ammonia (purity: 25%), and potassium
borohydride (KBH4) were supplied by Kermel Chemical Reagent
Co., Ltd. (Tianjin, China). Hydrogen peroxide (H2O2, purity:30%)
was purchased from Jinxi Chemical Plant (Tianjin, China). Ethyl
carbamate was purchased from Guangfu Fine Chemical Research
Institute (Tianjin, China). Nitric acid (HNO3, purity: 70%), and
hydrochloric acid (HCl, purity: 37%)were all purchased from Sigma
(Sigma-Aldrich Chemical Co., United States). The deionized water
was prepared using a Milli-Q water purification system (Thermo
Genpure, United States). The ATO solution (1 mg ml−1) and stock
solution of arsenic standard compounds (1 μg ml−1) were prepared
with fresh deionized water and stored in the dark at 4°C. Saline
solution was obtained from Sanlian Pharmaceutical Co., Ltd.
(Harbin, China).

Experimental Animals
The animal experimental procedures and protocols were
conducted according to the Guide for the Care and Use of
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Laboratory Animals (NIH Publications No. 8023, revised 1978),
and were approved by the Animal Ethics Committee of The First
Affiliated Hospital of Harbin Medical University. Healthy male
and female Sprague-Dawley (SD) rats (5–6 weeks old) were
obtained from the Experimental Animal Center of Harbin
Medical University (Harbin, China, Certificate No. SCXK
(Hei) 2013-001). The animals were acclimated for at least
1 week and fasted overnight with free access to water before
the experiments. At the beginning of the study (i.e., at an age of
6–7 weeks), body weights of about 200 g were determined. During
the experimental period, fixed-formula rat granular food and
water were provided ad libitum, and the environmental
conditions were maintained at 22 ± 3°C and 50 ± 15% relative
humidity, 12 h light/dark cycles, and 12 air change cycles/h.

Pharmacokinetic Study by Single
Administration
ATO powders were dissolved in 0.9% saline solution to obtain
the 1 mg ml−1 stock solution. Ten male SD rats were randomly
and equally divided into intragastric (i.g.) and i.v.
administration ATO group (n � 5, respectively).
Administered dosages for the experimental animals were
estimated based on the body surface area dosage conversion
factors multiplying the dosage used in humans (Nair et al.,
2018). Thus, the selected ATO dose of 1 mg kg−1 is equivalent to
a human therapeutic dose of ATO in APL treatment
(0.15 mg kg−1 d−1) and was administered at a single dose to
each rat with a microinjector or injector.

Blood samples of about 0.5 ml were collected from the tail vein
into heparinized 1.5 ml polythene tubes at 5, 10, 15, 30, and
45 min, 1, 1.5, 2, 4, 6, 8, 12, and 24 h after ATO administration.
Plasma was separated by centrifugation at 19,090 × g for 5 min
(Centrifuge 5430 R, Eppendorf) and stored at −80°C until
analysis.

Toxicity Profiles and Tissue
Bioaccumulation of Total Arsenic and
Arsenic Metabolites Following Oral Arsenic
Trioxide for 28Days
Administration and Sampling
Forty-eight (24 male, 24 female) rats were randomly divided into
four groups (n � 12 for each group), with the same average body
weight and compromising half male and female: 1) control group,
2) dose of 2 mg kg−1 d−1ATO (2 times of the clinical dosage), 3)
dose of 8 mg kg−1 d−1 ATO (8 times of the clinical dosage), and 4)
dose of 20 mg kg−1 d−1 ATO (20 times of the clinical dosage).
Saline solution (control group) or ATO (treated group) was
administered intragastrically once a day for 28 days.
Throughout the study, the changes in clinical presentation and
mortality of rats were monitored daily. Additionally, individual
body weight was recorded every 3 days during the ATO
administration period.

One day after the last administration, the rats were fasted
overnight and anesthetized by intraperitoneal injection with 20%
urethane (5 ml kg−1). Blood samples were collected from the

abdominal aorta into tubes for biochemistry and hematology
analysis. Thereafter, tissue samples were rinsed with 0.9% saline
solution to remove the blood, dried with filter paper, weighed,
and stored at −80°C until subsequent analysis.

Biochemistry and Hematology Examination
Biochemistry and hematology examination were conducted at the
Central Laboratory of The First Affiliated Hospital of Harbin
Medical University, Harbin, China. Total protein (TP), alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
glucose (GLU) measurements in the serum were analyzed
using a Beckman Coulter AU5800 automatic biochemistry
analyzer (Beckman Coulter, Inc., United States). The
hematology examination was assessed using Mindray BC6900
automatic blood cell analyzer (Mindray, Shenzhen, China),
including white blood cells (WBC), red blood cells (RBC),
hemoglobin (HGB), neutrophils absolute value (NeU), and
platelets (PLT).

Histopathological Examination
The rat tissue samples (liver, kidney, heart) were fixed with 4%
paraformaldehyde for 48 h. Tissues were processed for paraffin
wax embedding, sectioned into 4–6 μm slices, and stained with
standard hematoxylin and eosin (H&E). Thereafter, slices of the
tissues were examined with an optical microscope (magnification
×400) (Leica, Germany).

Total Arsenic and Arsenic Metabolites Determination
The extractable arsenic metabolites were separated and measured
using an HPLC-HG-AFS (LC-AFS 6500, Beijing Haiguang
Instrument Co., Ltd., Beijing, China) equipped with a
Hamilton PRP-X100 HPLC column (250 mm × 4.1 mm,
10 μM particle size). The determination of TAs and arsenic
metabolites in tissue and blood samples was performed
according to the methods described by Guo et al. with minor
modifications as described below (Guo et al., 2017).

For determining the bioaccumulation of TAs in the selected
tissues and whole blood, 0.5 g homogenized tissues (T18 digital
ULTRA-TURRAX, IKA, Germany) or 0.1 g blood samples (wet
weight) were digested by adding the mixture of 6 ml 70% HNO3,
2 ml 30% HClO4 and 4 ml ammonium oxalate, respectively
(MARS6 microwave digestion system, CEM Corporation, NC,
United States). Thereafter, 1 ml thiourea-ascorbic acid mixture
(50 g L−1) was added to the digested samples in centrifuge tubes
and diluted with deionized water to reach 50 ml. The obtained
mixture is then analyzed by HG-AFS.

To determine the bioaccumulation of diverse arsenic
metabolites in the selected tissues, whole blood, or plasma
samples, 100 μL homogenate solution of tissues (0.2 g tissues:
3 ml deionized water) or 0.1 g whole blood samples were mixed
with 10 μL 5% ammonia water and 200 μL 30% H2O2 for
digestion overnight at room temperature, respectively. After
that, 50 μL 20% HClO4 was added to the 450 μL of pretreated
tissue, blood samples, or thawed plasma samples, and the proteins
were precipitated by centrifugation at 19,090 × g for 5 min at 4°C.
Finally, 100 μL aliquots of the supernatant were injected into the
HPLC-HG-AFS system.
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Statistical and Data Analysis
All data are presented as mean ± standard error of the mean
(SEM). Statistical analyses and graphical presentations were
performed with GraphPad Prism, Version 8.0.2 (GraphPad
Prism software, San Diego, CA, United States). The
significance of differences was assessed using either an
unpaired t-test or one-way analysis of variance (ANOVA), and
p-values less than 0.05 or 0.01 were considered statistically
significant.

Haiguang HG-AFS Workstation (version 2.0.01) was used for
data acquisition and analysis. Drug and Statistics (DAS) software
(Version 3.0, Shanghai University of Traditional Chinese
Medicine; Shanghai, China), a non-compartmental statistical
model, was used to calculate the pharmacokinetic parameters.
The relative tissue weights were calculated using the following
equation:

Tissue somatic indices% � tissue weight
body weight

× 100.

RESULTS

The flowchart of the pharmacokinetics and toxicology study of
oral ATO are summarized in Figure 1.

Pharmacokinetic Study by Single
Intragastric and Intravenous Administration
of Arsenic Trioxide
Pharmacokinetic Profiles of Arsenic Metabolites in
Plasma
A total of five replicates (corresponding to five rats) were measured
for each time point, and the mean concentration was used to
establish the pharmacokinetic time curves. The plasma
concentration-time curves of the four arsenic metabolites after
i.g. administration of ATO solution are shown in Figure 2. AsIII

was detected at 10 min after i.g. administration and 5 min after i.v.
administration of ATO, which suggests a rapid absorption of AsIII

in the blood. AsV was detected within 8 h for both i.g. and i.v.
administration groups. MMAV appeared at 0.5 h after ATO
administration and with concentration remaining stable at a
relatively low level until at least 12 h. The predominant
metabolite, DMAV, was found at high levels and could be
detected from 0.5 to 24 h after ATO administration.

Pharmacokinetic Parameters of ArsenicMetabolites in
Plasma
The mean pharmacokinetic parameters of plasma arsenic
metabolites based on the non-compartmental model are
summarized in Table 1 for i.g. and i.v. administration of ATO
solution at a single dose of 1 mg kg−1. The maximum plasma

FIGURE 1 | Pharmacokinetics and toxicology study in rats administered with oral ATO.

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6476874

Liu et al. Pharmacokinetics and Toxicology of Oral ATO

134

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


concentrations (Cmax), area under the curve (AUC0−t) values and
time to maximum concentration (Tmax) of As

III were 21.01 ± 0.89
vs. 81.49 ± 14.90 ng ml−1, 45.77 ± 16.91 vs. 56.49 ±
11.14 ng h−1 ml−1, and 0.22 ± 0.08 vs. 0.13 ± 0.01 h,
respectively. The absolute oral bioavailability of AsIII was
81.03%, which was calculated by dividing AUC0-t of
intragastrical administration by AUC0-t of i.v. administration.
Meanwhile, after the i.g. and i.v. administration, AsV was reached
Cmax at 33.93 ± 6.16 vs. 21.15 ± 6.54 ng ml−1, with AUC0−t values
of 56.14 ± 13.36 vs. 35.83 ± 9.62 ng h−1ml−1, respectively. As for
MMAV, the AUC0−t values and Cmax of i.v. and i.g.
administration were the lowest among the measured arsenic
metabolites. Moreover, The Cmax of DMAV after i.v.
administration was similar to the i.g. counterparts. The mean
residence time (MRT) of DMAV was longer than AsIII, AsV,

MMAV with measurements of 11.41 ± 0.83, 5.21 ± 3.68, 1.51 ±
0.26, and 3.89 ± 0.39 h, respectively.

Toxicity Profiles and Tissue
Bioaccumulation of Total Arsenic and
Arsenic Metabolites Following Oral Arsenic
Trioxide For 28Days
Clinical Observation
Rats were monitored daily for any behavioral or clinical signs of
toxicity. The rats in the control group and ATO groups at doses of
2 and 8 mg kg−1 d−1 appeared healthy for the duration of the
study with no observed changes in mental state, behavior, or
defecation. However, the rats in the 20 mg kg−1 d−1 ATO group
exhibited slow action, rough and dull fur starting from the

FIGURE 2 | Mean plasma concentration-time curves of rats AsIII, AsV, MMAV, and DMAV after intragastric (A–D) and intravenous (E–H) administration to a single
dose (1 mg kg−1). Data were shown as mean ± SEM. (n � 5 for each group).

TABLE 1 | Pharmacokinetic parameters of arsenic metabolites after a single intragastrical (i.g.) and intravenous (i.v.) administration of 1 mg kg−1 ATO in rats.

AsIII AsV MMA DMA

i.g. i.v. i.g. i.v. i.g. i.v. i.g. i.v.

Cmax (ng ml−1) 21.01 ± 0.89 81.49 ± 14.90 33.93 ± 6.16 21.15 ± 6.54 6.40 ± 0.93 3.85 ± 0.43 264.89 ± 78.59 203.74 ± 52.87
Tmax (h) 0.22 ± 0.08 0.13 ± 0.01 0.60 ± 0.06 0.28 ± 0.06 2.60 ± 0.86 2.50 ± 0.89 9.10 ± 4.08 4.60 ± 1.87
t1/2α (h) 0.39 ± 0.10 0.14 ± 0.03 0.44 ± 0.05 0.49 ± 0.05 — — — —

MRT (h) 5.21 ± 3.68 1.42 ± 0.45 1.51 ± 0.26 5.78 ± 3.66 3.89 ± 0.39 3.53 ± 0.73 11.41 ± 0.83 10.26 ± 0.43
CL (L h−1 kg−1) 35.14 ± 12.38 13.32 ± 3.08 23.83 ± 5.46 37.77 ± 8.17 — — — —

AUC0-t (ng h−1 ml−1) 45.77 ± 16.91 56.49 ± 11.14 56.14 ± 13.36 35.83 ± 9.62 28.96 ± 6.35 17.27 ± 6.55 2,303.78 ± 444.81 2013.48 ± 752.57
AUC0-∞

(ng h−1 ml−1)
48.52 ± 16.55 77.69 ± 22.97 57.07 ± 13.43 39.40 ± 8.83 36.15 ± 5.85 40.63 ± 12.71 3,391.61 ± 852.02 3,115.26 ± 1,222.93

F (%) 81.03

Data were presented as mean ± SEM, n � 5. Cmax, maximum concentration in plasma; Tmax, time to reach the Cmax; t1/2α, terminal elimination half-life; MRT, mean residence time; CL,
clearance rates.; AUC, area under the curve; F, absolute bioavailability.
—: indicates the concentrations of metabolites were below the limit of detection and cannot be further calculated.
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14th day, which was aggravated continuously until the end of the
study. None of the rats died during the experiment.

Body Weight and Tissue Somatic Indices
As shown in Figure 3, the mean body weight was increased
steadily in ATO treated groups (2 and 8 mg kg−1 d−1)
compared with the control group, and no significant
changes were noted (p > 0.05). However, the body weight of
the rats in the 20 mg kg−1 d−1 group was significantly lower

than that of the control group (p < 0.01). As presented in
Table 2, the relative tissue somatic indices for the liver, kidney,
and heart showed a slight decrease in the 2 and 8 mg kg−1 d−1

groups compared with the control groups (p > 0.05).
Specifically, the relative heart, kidney, and liver somatic
indices of male rats in the 20 mg kg−1 d−1 group were
increased significantly compared to the control group (p <
0.05), but no significant changes were observed in the
20 mg kg−1 d−1 female group.

FIGURE 3 |Mean body weight of male rats (A) and female rats (B) following intragastric administration of ATO for 28 days, respectively (mean ± SEM, n � 6 for each
group). ** indicates statistically different from the control group (0 mg kg−1 d−1) at the 0.01 level.

TABLE 2 | Tissue somatic indices of rats following oral administration of ATO for 28 days.

Tissue Male Female

0 mg kg−1 d−1 2 mg kg−1 d−1 8 mg kg−1 d−1 20 mg kg−1 d−1 0 mg kg−1 d−1 2 mg kg−1 d−1 8 mg kg−1 d−1 20 mg kg−1 d−1

Liver 3.61 ± 0.20 3.73 ± 0.23 3.55 ± 0.23 4.73 ± 0.24a 4.03 ± 0.12 4.17 ± 0.29 3.91 ± 0.12 5.12 ± 0.23b

Kidney 0.41 ± 0.02 0.37 ± 0.02 0.37 ± 0.02 0.53 ± 0.03b 0.41 ± 0.01 0.39 ± 0.01 0.38 ± 0.01 0.44 ± 0.02
Heart 0.38 ± 0.01 0.38 ± 0.01 0.36 ± 0.01 0.48 ± 0.02b 0.43 ± 0.01 0.42 ± 0.02 0.39 ± 0.01 0.44 ± 0.02

Data were expressed as mean ± SEM, n � 6.
aIndicates a statistical difference compared to the 0 mg kg−1 d−1 group at the 0.05 level.
bIndicates a statistical difference compared to the 0 mg kg−1 d−1 group at the 0.01 level.

TABLE 3 | Hematology and serum biochemical values of rats following oral administration of ATO for 28 days.

Items Male Female

0 mg kg−1 d−1 2 mg kg−1 d−1 8 mg kg−1 d−1 20 mg kg−1 d−1 0 mg kg−1 d−1 2 mg kg−1 d−1 8 mg kg−1 d−1 20 mg kg−1 d−1

TP (g L−1) 53.63 ± 1.75 51.15 ± 1.50 58.68 ± 2.90 56.05 ± 1.18 52.28 ± 2.33 54.37 ± 1.54 59.83 ± 2.73 53.8 ± 0.91
ALT (U L−1) 43.5 ± 1.43 59.33 ± 2.90a 72.17 ± 3.91a 50.17 ± 0.87a 56.83 ± 2.46 61 ± 1.95 69.17 ± 1.66a 52.67 ± 10.04
AST (U L−1) 115.17 ± 4.04 136 ± 7.28b 164 ± 5.87a 139.83 ± 9.57b 116.33 ± 3.30 131.5 ± 7.27 166 ± 7.45a 148 ± 30.00
GLU
(mmol L−1)

8.22 ± 0.95 ND ND 14.38 ± 1.10a 5.70 ± 0.27 ND ND 9.37 ± 0.64a

WBC (109 L−1) 14.26 ± 1.65 13.88 ± 1.27 18.8 ± 1.45 26.55 ± 1.06a 12.26 ± 0.49 16.8 ± 1.23a 27.68 ± 3.94a 16.08 ± 1.16b

RBC (1012 L−1) 6.02 ± 0.17 6.74 ± 0.145b 7.70 ± 0.50b 8.01 ± 0.079a 6.01 ± 0.36 6.48 ± 0.37 6.32 ± 0.36 6.84 ± 0.27
NeU (109 L−1) 3.03 ± 0.42 2.00 ± 0.10b 4.28 ± 0.47 9.69 ± 1.70a 2.86 ± 0.21 2.41 ± 0.25 3.83 ± 0.57 6.15 ± 1.31b

HGB (g L−1) 115.5 ± 4.40 136.67 ± 4.28a 145.67 ± 6.47a 151.17 ± 1.42a 110.5 ± 6.91 128.5 ± 5.16 120.33 ± 6.40 131 ± 5.35b

PLT (109 L−1) 584.67 ± 11.46 583.5 ± 16.49 517.33 ± 13.10a 815.83 ± 55.18a 550.17 ± 19.24 537.67 ± 12.55 459.67 ± 18.75a 823.5 ± 66.81a

Data were expressed as mean ± SEM, n � 6. TP, total protein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GLU, glucose; WBC, white blood cells; RBC, red blood
cells; NeU, neutrophils absolute value; HGB, hemoglobin; PLT, platelet; ND, indicates the data were not detected.
aIndicates a statistical difference compared to the 0 mg kg−1 d−1 group at the 0.01 level.
bIndicates a statistical difference compared to the 0 mg kg−1 d−1 group at the 0.05 level.
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Biochemistry and Hematology Examination
The measured values for biochemistry and hematology
examination performed after 28 days of treatment with oral
ATO at doses of 2, 8, and 20 mg kg−1 d−1 are presented in
Table 3. Total protein (TP) remained at the control level for
both male and female rats at the three doses tested. A
significant increase of ALT, AST, and HGB in comparison
to the control group was observed for male rats at the three
ATO doses tested but for the female rats, it was only
significantly increased at the 8 mg kg−1 d−1 ATO dose for
ALT and AST and 20 mg kg−1 d−1 ATO dose for HGB (p <
0.05). Both male and female rats presented a significant
increase in GLU concentration compared to the control
group for the 20 mg kg−1 d−1 ATO dose (p < 0.01). A
significant elevation in WBC levels was observed for the
female group at the three ATO tested but only at
20 mg kg−1 d−1 ATO for the male group (p < 0.05). RBC
count remained stable in the female rats for the three ATO
doses but was significantly higher than the control level in the
male rats at the three ATO doses tested (p < 0.05). NeU count
levels decreased only in male rats at the 2 mg kg−1 d−1 ATO
dose but increased in both male and female rats at the
20 mg kg−1 d−1 ATO dose. The PLT levels followed the same
pattern in both male and female rats with a significant decrease
observed for the 2 mg kg−1 d−1 ATO dose and a significant
increase observed for the 20 mg kg−1 d−1 ATO dose (p < 0.01).

Histopathological Evaluation
Histopathological examination was performed to determine the
extent of organ toxicity as a consequence of the ATO treatment.
Representative histopathology images of the organs (liver, kidney,
and heart) are illustrated in Figure 4. No obvious changes have
been found in the morphological characteristics of the organs in
the control group, which showed obvious cell nuclei, sinusoid,
and delimited cytoplasm (Figures 4Ai–Ci). In contrast, the rats
treated with 2 and 8 mg kg−1 d−1 ATO presented slight
histopathological changes of organs characterized by
occasional vacuolization and focal necrosis of the liver as well
as hydropic degeneration of some renal tubules, (Figures
4Aii,iii,Bii,iii). Meanwhile, the histopathological changes of
liver and kidney tissue samples in 20 mg kg−1 d−1 showed a
large number of apoptotic hepatocytes, congestion of the liver
tissue, and severe deformation of renal tubular epithelial cells
(Figures 4Aiv,Biv). Furthermore, occasional mild inflammatory
infiltration was observed in the heart tissue of the 2, 8, and
20mg kg−1 d−1 ATO group, but there was no significant difference in
the degree of infiltration among the three groups (Figures 4Cii–iv).

Total Arsenic and Arsenic Metabolites Determination
in Organ Samples
The tissue bioaccumulation profiles of TAs in rats after
intragastric administration of different doses of ATO for
28 days are charted in Figure 5. The concentration of TAs in

FIGURE 4 |Representative histopathology slices of rats liver (A), kidney (B), heart (C) following the intragastric administration of ATO for 28 days (i) 0 mg kg−1 d−1,
control group; (ii) 2 mg kg−1 d−1 group; (iii) 8 mg kg−1 d−1 group; (iv) 20 mg kg−1 d−1 group (H&E Stain, magnification ×400).

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6476877

Liu et al. Pharmacokinetics and Toxicology of Oral ATO

137

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


whole blood, liver, kidney, and heart tissue of rats treated with 2,
8, and 20 mg kg−1 d−1 was significantly higher than that of the
control group (p < 0.01). The bioaccumulation level of TAs
exhibited an obvious dose-dependent increase which is
positively correlated with the dose of ATO administrated.

Additionally, as shown in Figure 6, the bioaccumulation of
TAs in the different treated groups of tissues was arranged
consistently as follows: whole blood > kidney > liver > heart.
Results showed that with the increase of ATO dose from 2 to
20 mg kg−1 d−1, the proportion of TAs in whole blood decreased

FIGURE 5 | Total arsenic concentration in rat tissues following 28 days intragastric administration of different doses of ATO. Total arsenic concentration in the blood
(A), liver (B), kidney (C), heart (D). Asterisks indicate statistical differences compared to the control group (0 mg kg−1 d−1) at p < 0.05 (*); p < 0.01 (**); p < 0.001 (***). ###:
statistical difference compared to the 8 mg kg−1 d−1 group (p < 0.001).

FIGURE 6 | The distribution of total arsenic in whole blood and tissue samples after intragastric administration of ATO for 28 days.

Frontiers in Pharmacology | www.frontiersin.org May 2021 | Volume 12 | Article 6476878

Liu et al. Pharmacokinetics and Toxicology of Oral ATO

138

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


from 65.95 to 46.87%, while that in liver and kidney increased
from 3.59 to 11.49%, and 26.32–38.63%, respectively. However,
the content of TAs in heart tissue remained at a stable and
relatively low level with a proportion maintained at 2–4%.

Moreover, four metabolites of AsIII, AsV, MMA, DMA were
detected in the liver, kidney, and heart tissues, while only DMA
was detected in whole blood (Table 4). The concentration of
arsenic metabolites in liver tissue was DMA > iAs > MMA. The
proportion of DMA relative to the arsenic metabolites decreased
from 95.08% for the 2 mg kg−1 d−1 dose and 95.04% for the
8 mg kg−1 d−1 dose to 68.55% for the 20 mg kg−1 d−1 dose,
while the proportion of iAs increased from 3.74% for the
2 mg kg−1 d−1 dose and 3.88% for the 8 mg kg−1 d−1 dose to
27.72% for the 20 mg kg−1 d−1 dose. In particular, DMA was
the predominant metabolite in the kidney for the 2 mg kg−1 d−1

ATO group with a proportion of 74.93% among arsenic
metabolites followed by MMA at a proportion of 23.63%.
However, at the dose of 8 and 20 mg kg−1 d−1, MMA was the
predominant metabolite in the kidney, and the proportion of
MMA increased to 60.36 and 72.70%, while DMA was decreased
to 37.21 and 24.68%, respectively. Furthermore, the arsenic
metabolite proportion in the rat heart tissue was similar for
the three doses tested with ATO, the DMA was the
predominant metabolite and at a proportion of more than
97%, while MMA and iAs remained at low levels.

DISCUSSION

Oral ATO is highly efficient for APL treatment (Gill et al., 2018;
Kumana et al., 2020; Ravandi et al., 2020). Unlike the
conventional all-trans retinoic acid and chemotherapeutic
drugs, ATO not only can induce CR consistently though as a

single agent but also showed promising anticancer activities on
other malignancies (Emadi and Gore, 2010; Mathews et al., 2010;
Khairul et al., 2017). However, long-term and high-dose
medication of ATO will inevitably cause bioaccumulation of
arsenic metabolites, which are associated with adverse effects
(Wang et al., 2013; Xiang et al., 2019). Previous studies have
suggested that appropriate dosage can reduce the incidence of
potential adverse effects (Lo-Coco et al., 2013; Gill et al., 2018;
Kumana et al., 2020), and proposed several possible mechanisms
of organ toxicity, including the promotion of oxidative damage,
disturbance of ion channel balance, alteration of DNA
methylation, and so on (Alamolhodaei et al., 2015; Hu et al.,
2018; Chang and Singh, 2019). However, the dosage of the organ
toxicity induced by oral ATO as well as the toxicologic and
therapeutic potential of different arsenic metabolites in the
treatment of APL and other cancers have not yet been fully
clarified. In this context, the results of the present study is the first
time to illuminate the pharmacokinetic characteristics, tissue
bioaccumulation, and subchronic toxicity profile of arsenic
metabolites following successive oral ATO administration.

Pharmacokinetics is an important drug safety evaluation
method that has been applied in human health risk
assessment (Walker, 2004). A previous study only focused on
the pharmacokinetic profiles and bioavailability of TAs in APL
patients treated with oral ATO but its main pharmacologically
active metabolite of ATO is AsIII (Firkin, 2012). It is known that
AsIII undergoes a series of redox methylation reactions in vivo to
form AsV, and diverse methylated metabolites (Cullen, 2014).
Meanwhile, given the fact that the different arsenic metabolites
have unique therapeutic or toxicologic potentials (Khaleghian
et al., 2014; Khairul et al., 2017; Hirano, 2020). Thus, there has
been growing recognition that elucidates the pharmacokinetics of
diverse plasma arsenic metabolites level was more critical for the

TABLE 4 | Tissue and blood arsenic metabolites concentration following oral administration of ATO for 28 days.

Samples Dose
(mg kg−1

d−1)

iAs MMA DMA

Male Female Male Female Male Female

Liver 0 70.61 ± 22.90 34.39 ± 7.56 — — 217.35 ± 119.83 337.67 ± 27.18
2 645.71 ± 64.30 324.78 ± 139.45 172.72 ± 1.30 83.11 ± 4.15 10,422.87 ± 403.15 14,256.67 ± 261.09b

8 489.18 ± 55.81 487.35 ± 20.21 136.40 ± 6.01 — 15,508.59 ± 530.18 8,380.42 ± 128.61a

20 4,211.67 ± 33.33 15,460.67 ± 177.78a 1,400.67 ± 21.87 1,278.67 ± 47.26 26,270.00 ± 602.50 23,574.00 ± 1,284.21
Kidney 0 58.17 ± 18.56 — 57.95 ± 31.48 — 793.34 ± 54.42 225.34 ± 10.83a

2 124.07 ± 8.09 270.27 ± 69.73 5,283.73 ± 156.08 1,108.85 ± 137.82a 10,609.93 ± 360.73 9,662.85 ± 568.05
8 984.42 ± 244.90 477.48 ± 229.07 18,151.13 ± 484.70 18,179.78 ± 121.44 10,731.26 ± 277.41 11,666.54 ± 200.98
20 687.33 ± 297.71 3,417.00 ± 330.58b 32,502.33 ± 1873.04 38,486.00 ± 1874.27 16,867.33 ± 143.06 21,718.67 ± 546.80b

Heart 0 — — — — 155.51 ± 15.82 211.62 ± 46.44
2 60.80 ± 20.66 56.16 ± 18.72 53.20 ± 19.25 59.68 ± 21.89 5,352.48 ± 172.13 5,822.19 ± 215.41
8 32.14 ± 3.71 39.04 ± 12.79 24.54 ± 8.22 29.53 ± 19.29 5,438.74 ± 709.09 5,139.04 ± 308.69
20 153.88 ± 23.29 165.91 ± 24.62 52.66 ± 7.03 74.27 ± 3.35 9,099.41 ± 265.57 8,867.07 ± 655.51

Whole
Blood

0 — — — — 5,374.33 ± 2,256.84 7,699.00 ± 776.59
2 — — — — 81,583.33 ± 22,153.67 88,383.33 ± 27,105.19
8 — — — — 112,652.00 ± 3,955.00 110,768.00 ± 9,395.68
20 — — — — 144,592.47 ± 11,027.18 142,092.57 ± 7,269.17

Data were expressed as mean ± SEM, n � 6.
—: Indicates the concentration of arsenic metabolites was below the limit of detection.
aIndicates a statistical difference compared to the 0 mg kg−1 d−1 group at the 0.01 level.
bIndicates a statistical difference compared to the 0 mg kg−1 d−1 group at the 0.01 level.
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treatment and risk assessment of ATO treatment (Shi et al., 2019;
Ravandi et al., 2020). Furthermore, oral and i.v. administration of
ATO are two different drug delivery patterns that may generate
different proportions and concentrations of arsenic metabolites
in vivo, resulting in toxicity differences.

In the present study, the pharmacokinetic parameters and
profiles of AsIII, AsV, MMAV, and DMAV in plasma of male SD
rats after i.g. and i.v. administration of 1 mg kg−1 ATO are
presented in Figure 2 and Table 1, respectively. As shown in
Figure 2, the time of the first detection and Tmax of As

III in plasma
after i.g. and i.v. administration was 10 vs. 5 min, 0.22 ± 0.08 h vs.
0.13 ± 0.01 h, respectively. The absolute oral bioavailability of
AsIII was approximately equal to 81.03%, which demonstrated the
fact that orally administered ATO was well absorbed (Ravandi
et al., 2020), and the results were higher than the results of the
previous study (81.03 vs. 60.9%) (Shi et al., 2019). It is noteworthy
that the Cmax of i.g. and i.v. administration of AsIII was 21.01 ±
0.89 vs. 81.49 ± 14.90 ng ml−1, respectively. Considering that a
previous study proposed that instantaneous high concentration
of ingested arsenic can cause QTc interval prolongation (Siu et al.,
2006) to some extent, it seems that oral ATO administration
could potentially reduce the incidence of adverse cardiac events.
Thus, oral ATO appears to be safer than i.v. administration ATO
in addition to its similar therapeutic effect. Furthermore, it was
also observed that AsIII was rapidly oxidized to AsV, which was
first detected at 10 min and reached a Cmax of 33.93 ±
6.16 ng ml−1 at 0.60 ± 0.06 h. In addition, MMAV as an
intermediate metabolite appeared at 0.5–8 h and remained at a
stable and relatively low level. As for the predominant metabolite,
the elimination of DMAV from plasma was lower than the AsIII,
with observable levels present at 24 h (Figure 2 and Table 1). As
shown in Figure 2, the plasma DMAV unexpectedly showed a
bimodal phenomenon, we speculated that it may be attributed to
the enterohepatic cycle of DMA or a certain difference in arsenic
methylation metabolism among experimental rats (Kala et al.,
2000).

Recently, mounting evidence supports the view that
methylation metabolism plays a pivotal role in arsenic toxicity
(Wang et al., 2013; Khairul et al., 2017; Kuo et al., 2017; Hirano,
2020). Thus, understanding the tissue bioaccumulation and
toxicity profile of arsenic metabolites in animals is a
preliminary step towards illuminating the possible toxicities in
human organs for sub-chronic oral ATO treatment. In the
present study, HPLC-HG-AFS was applied to determine the
levels of TAs, iAs and the methylated metabolites in the
blood, liver, kidney, and heart of rats, at the same time,
histopathology, biochemistry, and hematology examinations
were also carried out to elaborate on the potentially biological
or toxicological outcomes of orally administrated ATO at 0, 2, 8,
and 20 mg kg−1 d−1 for 28 days.

As indicated in previous epidemiological studies, the
relationship between arsenic exposure and metabolic
abnormalities remains obscure (Farkhondeh et al., 2019). In
the present study, the rat mean body weight increased steadily
in 2 and 8 mg kg−1 d−1 ATO groups compared with the control
group (p > 0.05). Specifically, the body weight of the
20 mg kg−1 d−1 group was significantly lower than that of the

control group, as observed after the second week of
administration (p < 0.01) (Figure 3). Meanwhile, the rats in
the 20 mg kg−1 d−1 ATO group were showed slow action, rough,
dull fur, and a significant increase of GLU in both male and
female group compared to the 0, 2, and 8 mg·kg−1·d−1 ATO group
(p < 0.01) (Table 3). Our findings are consistent with the previous
viewpoint that arsenic exposure could exert negative effects on
body weight at a high dose level and increase the risk of diabetes
(Farkhondeh et al., 2019; Lucio et al., 2020). Furthermore, the
levels of ALT, AST, WBC, NeU, and PLT showed an obvious
upward trend that correlated with the increase of the ATO dose
(Table 3) (p < 0.01). This suggests that oral ATOmay lead to liver
injury at a high dose level, which is consistent with observations
from previous clinical studies (Kumana et al., 2020; Ravandi et al.,
2020; Gill et al., 2018; Sasijareonrat et al., 2020). There was a
significant difference between the male and female rats in terms
of changes in biochemistry and hematology values, which may be
attributed to sex differences in the arsenic methylation capacity
(Tables 3, 4) (Torres-Sánchez et al., 2016). Therefore, even
though oral ATO has been shown to be highly effective and
well-tolerated in low-risk APL patients, our results suggest that
periodical monitoring of hematological and biochemical
parameters is still recommended.

On the other hand, it is generally believed that prolonged and
excessive exposure to ATO may cause the bioaccumulation of
arsenic compounds in vital organs with ensuing toxic effects
(Wang et al., 2013; Xiang et al., 2019). After the oral ATO for
28 days, the liver, kidney, heart somatic indices of male rats in the
20 mg kg−1 d−1 group increased significantly compared to the 0, 2,
and 8 mg kg−1 d−1 groups (p < 0.05), while there were no
significant changes in the heart and kidney somatic indices of
female rats (Table 2). We assumed that the increase of the tissue
index may be associate with the inflammatory response caused by
the bioaccumulation of specific arsenic metabolites or tissue
edema induced by high-dose arsenic exposure (Figure 4) (Li
et al., 2017). The TAs levels in the whole blood and all tested
organs had significant increases with the elevation of doses of
ATO and showed a significant dose-dependent manner (p < 0.01)
(Figure 5).

As shown in Figure 6, the bioaccumulation of TAs in different
treated groups of tissues was arranged consistently as follows:
whole blood > kidney > liver > heart. This result differs from that
of a previous study, which could be attributed to the differences in
the experimental animal species, ATO dose, drug pretreatment
methods, or sample analysis methods (Kenyon et al., 2008). As
shown in Table 4, DMA is the only detected arsenic metabolite in
whole blood, and while there are four metabolites measurable in
liver, kidney, and heart tissues (AsIII, AsV, MMA, DMA).
Specifically, the DMA was the predominant metabolite in the
kidney at the dose of 2 mg kg−1 d−1 ATO group, while MMA was
the predominant metabolite in the kidney at the dose of 8 and
20 mg kg−1 d−1 ATO group, which showed a similar distribution
tendency compared to previous studies (Kenyon et al., 2008; Yi
et al., 2020). Possible explanations are the induction of specific
binding transporter proteins and failure of a normal efflux
mechanism, such as the lack of multidrug resistance gene
protein, P-glycoprotein, and aquaglyceroporin-9 (Kenyon
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et al., 2008; Carbrey et al., 2009). The concentration of arsenic
metabolites in the heart and liver tissue was DMA > iAs >MMA
(Table 4). Although arsenic metabolites also bioaccumulated in
the hearts of rats treated with 2, 8, and 20 mg kg−1 d−1 ATO, no
significant cardiac pathological damage was observed
(Figure 4C). These results further confirm that oral ATO is
well tolerated and has low cardiac toxicity (Siu et al., 2006; Gill
et al., 2018; Ravandi et al., 2020).

Increasing evidence indicates that the liver is not only the
primary site for arsenic methylation but also a potential target of
arsenic toxicity (Lu et al., 2019; Wang et al., 2013; Hu et al., 2018).
Except for elevations of ALT and AST, two markers of liver
injury, the histopathologic examination in the present study
showed the occurrence of congestion and focal necrosis in
liver tissue at the moderate-high dose level of ATO exposure
(Figure 4A). As shown in Table 4, DMA was the predominant
metabolite in liver tissue regardless of the oral dose of ATO
administered (account for more than 68%), which was consistent
with results from our clinical studies, and further confirms
previous studies suggesting that a high level of DMA is an
important predisposing factor for liver injury in ATO
treatment (Wang et al., 2013; Lu et al., 2019). Moreover, the
proportion of DMA in metabolites decreased from 95.08 to
68.55% with the increase of the dose, while the proportion of
iAs increased from 3.74 to 27.72%. This could potentially be a
consequence of the inhibition of methyltransferase by excessive
arsenic impairing the capacity of arsenic methylation metabolism
(Marafante and Vahter, 1984).

Although the 28 days repeated oral toxicity examination in the
present study provides preliminary evidence for the assessment of
the toxicity caused by repeated administration in a short period
and the determination of the maximum dosage, there are certain
differences between rodent animals and humans, and the
extrapolation of experimental results to humans still has
limitations. On the other hand, some differences in the
metabolism of arsenic exist between rats and mice, and the
pattern of tissue distribution in the mouse is more similar to
that in humans (Vahter et al., 1984). Thus, the tissue distribution
of arsenic metabolites in mice should be further investigated to
elucidate the health risk of arsenic bioaccumulation during the
APL patients treated with ATO. The analytical methods applied
in this study are also not sufficient in distinguishing the oxidation
state of the arsenic methylated metabolites (MMAIII, MMAV,
DMAIII, and DMAV), due to the highly reactive and rapid
conversion of MMAIII and DMAIII. The existing analytic
method is difficult to determine the trivalent methylated
metabolites effectively in the blood and tissues. Whenever
possible, distinguishing the bioaccumulation of specific
trivalent and pentavalent arsenic metabolites in blood and
tissues is highly desirable for elucidating the toxicologic and

therapeutic mechanisms of ATO in the treatment of APL and
other malignant tumors.

CONCLUSION

Taken together, the results reported in the present study
demonstrated that the bioaccumulation of arsenic and its
methylated metabolites was organ-specific and dose-specific.
On the other hand, it also suggests that the oral
administration of ATO was well absorbed and tolerated.
Although there are species differences between rats and
humans, the results reported here provide a preliminary basis
for sub-chronic safety and risk assessment of the oral ATO in
APL treatment.
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Chlorogenic Acid Ameliorates
Damage Induced by
Fluorene-9-Bisphenol in Porcine
Sertoli Cells
Shaoxuan Zhang†, Boxing Sun†, Dali Wang, Ying Liu, Jing Li, Jiajia Qi, Yonghong Zhang,
Chunyan Bai and Shuang Liang*

Department of Animals Sciences, College of Animal Sciences, Jilin University, Changchun, China

4,4′-(9-Fluorenylidene) diphenol (BPFL, also known as BHPF and fluorene-9-bisphenol) is
a novel bisphenol A substitute that is used in the plastics industry as an organic synthesis
intermediate and is a potential endocrine disruptor. However, the deleterious effects of
BPFL on porcine Sertoli cells (SCs) and the possible underlying mechanisms are still
unclear. Chlorogenic acid (CA) is a free radical scavenger in the cellular antioxidant system
that prevents oxidative damage and apoptosis. In the present research, we found that
BPFL induced impairments in porcine SCs in a dose-dependent manner and that CA
protected porcine SCs against BPFL exposure-induced impairments. Cell viability,
proliferation and apoptosis assay results revealed that BPFL exposure could inhibit
porcine SC proliferation and induce apoptosis, while CA supplementation ameliorated
the effects of BPFL. Further analysis revealed that BPFL exposure induced oxidative
stress, mitochondrial membrane potential dysfunction and DNA damage accumulation.
Transcriptome analysis and further real-time quantitative PCR and Western blot results
showed that BPFL exposure induced endoplasmic reticulum stress and apoptosis.
Supplementation with CA dramatically ameliorated these phenotypes in BPFL-exposed
porcine SCs. Overall, the present research reveals the possible underlying mechanisms by
which BPFL exposure induced impairments and CA supplementation protected against
these impairments in porcine SCs.

Keywords: chlorogenic acid, BPFL, porcine sertoli cells, ameliorates, impairments

INTRODUCTION

Sertoli cells (SCs), which are sustentacular cells in the mammalian testicular seminiferous tubule,
play critical roles in the maintenance and regulation of spermatogenesis and provide a favorable
microenvironment for sperm development (Griswold, 1998). Germ cells at different stages in the
process from spermatogonial cells to sperm cells, such as primary spermatocytes and secondary
spermatocytes, are embedded in the surface of the SCs and receive physical support from the SCs
(França et al., 2016; Griswold, 2018). Some of the nutritional factors needed for germ cell
development, such as androgen binding protein (ABP) and inhibin (INH), are synthesized and
secreted by SCs (Hai et al., 2014). SCs are also involved in the formation of the blood–testis barrier
(BTB), which can prevent some substances from entering the spermatogenic epithelium to form and
maintain a microenvironment conducive to spermatogenesis and prevent spermatogenic antigens
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from escaping into the spermatogenic tubules and causing
autoimmune reactions (Smith and Walker, 2014; O’Hara and
Smith, 2015). Studies in different models of SC damage, such as
male Fischer rats and mice, suggest that spermatogenesis is
vulnerable to disruption when SCs are damaged and that
targeting key SC functions can lead to rapid and massive germ
cell death (Richburg and Boekelheide, 1996; Hasegawa et al.,
1997). In addition, each SC can support only a limited number of
germ cells; that is, the number of SCs largely determines the
number of spermatozoa produced (Sharpe et al., 2003;
Crisóstomo et al., 2018). Thus, SCs cultured in vitro are often
used as a cell model for studying the testicular toxicity of drugs
and compounds (Alves et al., 2014; Zhao et al., 2021).

Endocrine disruptor compounds (EDCs) are exogenous
ligands that are capable of binding to cellular receptors or
serum transport proteins and inducing estrogenic and/or anti-
androgenic responses, interfering with the endocrine system (Liu
et al., 2013; Skah et al., 2017). Bisphenols are common EDCs that
are frequently encountered in daily life, including in food and
water containers, plastics, feedbags, and beverage cans
(Dvorakova et al., 2018). Bisphenols such as bisphenol A, E,
and S have been reported in recent years to have adverse effects on
male animals’ reproductive development and function because of
their ubiquitous nature (Shi et al., 2019). BPFL (C25H18O2), also
known as BHPF, is a kind of bisphenol used in the plastics
industry that has estrogen-like activity and antiandrogen effects,
similar to BPA and BPE (den Braver-Sewradj et al., 2020). At
present, research on the reproductive toxicity of BPFL is mainly
focused on oocytes or embryos from pigs, mice, and zebrafish (Jia
et al., 2019; Jiao et al., 2019; Jiao et al., 2020). In addition, a recent
study of humans who spend considerable time in dense industrial
areas showed that their mean serum concentration of BPFL was
0.578 ng/ml and that serum BPFL was significantly correlated
with the levels of the oxidative stress indices MDA and 8-OHdG.
Another important finding was that the concentrations of BPFL
were higher in males than in females (Gao et al., 2021), which
suggests that the effect of BPFL needs to be given more attention.
Although the adverse effects of BPFL on the reproductive system
of female mammals and the underlying mechanism are well
documented, its relationship with the reproductive system of
male mammals has not yet been extensively examined.

Chlorogenic acid (CA) is a quinic acid conjugate of caffeic acid
and is mainly extracted from plants such as honeysuckle,
strawberry, and coffee (Gonthier et al., 2006; Naveed et al.,
2018). This phytochemical constituent has a variety of
biological functions, such as antioxidant activity, as well as
reactive oxygen species (ROS) and free radical scavenging
capacity (Priftis et al., 2018). CA was shown to regulate redox
balance and inhibit mitochondrial damage by modulating Sirt1 in
paraquat-treated lung epithelial cells (Kong et al., 2019). A recent
study found that CA limits apoptosis by reducing ROS
production and increasing intracellular glutathione levels in
HepG2 cells under oxidative stress (Granado-Serrano et al.,
2007). Namula et al. (2018) suggested that CA
supplementation improved certain sperm parameters,
including viability, plasma membrane integrity, and motility,
during boar sperm freezing. Nguyen et al. (2019) found that

CA supplementation during in vitro maturation could protect
porcine oocytes from DNA damage induced by oxidative stress
and improve their subsequent developmental competence after
fertilization.

Herein, we hypothesized that BPFL exposure would have
detrimental effects on porcine SCs and that CA
supplementation would ameliorate the detrimental effects of
BPFL. We adopted a porcine SC line as the model in which to
explore these effects. Our results suggested that BPFL has adverse
effects in porcine SCs, leading to oxidative stress, mitochondria-
ER dysfunction, DNA damage and apoptosis, and that CA
supplementation has potential protective effects against the
impairments induced by BPFL exposure.

MATERIALS AND METHODS

Chemicals and Reagents
BPFL (399981, purity >97%) and chlorogenic acid (C3878, purity
≥97%) were purchased from Sigma-Aldrich Chemical Company
(United States). BPFL was dissolved in an appropriate amount of
dimethyl sulfoxide (DMSO, 67–68–5, purity ≥99.5%), and the
final concentration of DMSO was equal to that of the control
treatment (0.1%). Then, cell culture medium was used to dilute
BPFL to the desired concentrations before cell treatment. CA was
dissolved in fetal bovine serum (FBS)-free cell culture medium.
The main antibodies used were as follows: anti-CHOP rabbit pAb
(1:1,000, WL00880, Wanleibio), anti-GRP78/BiP rabbit pAb (1:
2,000, WL03157, Wanleibio), anti-PERK rabbit pAb (1:1,500,
WL03378, Wanleibio), anti-caspase3/cleaved-caspase3 rabbit
pAb (1:500, WL02117, Wanleibio), LC3A/B (D3U4C) rabbit
mAb (1:1,000, 12741, Cell Signaling Technology), β-tubulin
polyclonal antibody conjugate (1:5,000, 10094-1-AP,
Proteintech), and goat anti-rabbit IgG (H + L) HRP conjugate
(1:20,000, SA00001-2, Proteintech).

Cell Culture and Cell Viability and
Medication
The swine testicular (ST) cell line (ATCC® CRL-1746), which has
been reported as a collection of immature SCs, was purchased
from ATCC (Ma et al., 2016). SCs were cultured at 37°C in a 5%
CO2 atmosphere using DMEM (BISH1711, Biological Industries)
with 10% fetal bovine serum (S711-001S, Lonsera). For the cell
viability assay, when cells reached ∼60% confluence, the cell
medium was replaced with fresh medium, and SCs were
exposed to BPFL at different concentrations (25, 50, 75, or
100 μM), with or without CA (50, 100, 150, 200 μM). Then,
100 μl fresh medium and 10 μl CCK-8 detecting solution (CK04,
Solarbio) were added to each well of a 96-well plate and incubated
for 1 h at 37°C. Then, the optical density was measured by a
microplate reader (Bio-Rad, United States) with absorbance at
450 nm. For further experiments, including cell proliferation
assays, flow cytometry, real-time quantitative polymerase chain
reaction (RT-qPCR), Western blot analyses and so on, SCs were
plated at a concentration of ∼106/well into six-well cell culture
plates (3516, Corning). When SCs reached 70-80% confluence,
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the medium was replaced with fresh drug-containing medium,
and the appropriate assay was performed.

Cell Proliferation Assay
The proliferation of porcine SCs was assayed by a BeyoClick™
EdU-555 cell proliferation assay kit (C0075S, Beyotime). Briefly,
the original cell medium was used to dilute 1 μl EDU to prepare
EDU working fluid, the remaining cell medium was discarded,
and 1 ml of fresh medium was added again. Then, the newly
prepared EDU working solution was added, and the cells were
incubated for 2 h at 37°C in the dark. After that, the SCs were fixed
with 4% paraformaldehyde for 15 min, and after washing three
times, the SCs were permeabilized with 0.3% Triton X-100 for
15 min. Then, the SCs were washed twice and incubated with
0.5 ml click additive solution in the dark for 30 min. Finally, the
SCs were counterstained with 1 × Hoechst 33342 (10 μM) in the
dark for 10 min, washed three times and imaged by fluorescence
microscopy (TS2-S-SM, Nikon). The images were analyzed by
NIH ImageJ software (National Institutes of Health, Bethesda,
MD, Unites States).

Flow Cytometry for Cell Apoptosis
Detection
Porcine SC apoptosis was detected by flow cytometry using a
FITC Annexin V Apoptosis Detection Kit (556547, BD
Biosciences). After treatment, the cells were washed with PBS
(SH30256.01B, HyClone), harvested using TrypLE Express
(Gibco, Invitrogen) and centrifuged at 800 g for 6 min. Then,
the cells were resuspended in 1 × binding buffer at a
concentration of 1 × 106 cells/ml, and 100 µL of the
suspension (1 × 105 cells) was transferred to a culture tube.
The solution was stained with 5 µL of FITC Annexin V and
5 µL PI for 15 min at RT in the dark. After incubation, 400 µL of
1 × binding buffer was added to each tube and gently mixed with
the cell suspension. The cells were analyzed by flow cytometry
(FACSCalibur, BD Biosciences) within 1 h.

Transcriptome Sequencing (RNA-Seq)
RNA-seq, which captures all mRNAs transcribed in a specific
tissue or cell at a certain period, was performed with the Illumina
sequencing platform. After SCs were exposed to 0.1% DMSO
(control group) or 50 μMBPFL (BPFL group) for 48 h, total RNA
was extracted from the control group and BPFL group. RNA
quality, including integrity and total volume, was measured using
an Agilent 2100 Bioanalyzer. Library preparation for
transcriptome sequencing used the NEBNext® Ultra™ RNA
Library Prep Kit for Illumina®. After library quality inspection,
Illumina sequencing was conducted by pooling different libraries
according to the effective concentration and the demands of the
target offline data volume. The basic principle of the sequencing
method is sequencing-by-synthesis. Clustering of the index-
coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina)
according to the manufacturer’s instructions. After cluster
generation, the library preparations were sequenced on an
Illumina NovaSeq platform, and 150 bp paired-end reads were

generated. After that, the Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway terms
assigned to the reads were compared with those of the whole
transcriptome, which constituted the functional enrichment
analysis.

Detection of Intracellular Reactive Oxygen
Species Levels
The generation of intracellular ROS was detected by a Reactive
Oxygen Species Assay Kit (WLA070a, Wanleibio), a DCFH-DA
probe. ROS in the cell can oxidize nonfluorescent DCFH to
produce the strong green fluorescent substance DCF, and the
resulting fluorescence intensity is proportional to the level of
intracellular ROS. Briefly, 1 ml PBS was used to dilute 1 μl DCFH-
DA to prepare the EdU working solution. The cells in the six-well
plate were treated with the indicated compounds for 48 h. For the
observation of intracellular ROS by fluorescence microscopy, the
cells were washed twice, DCFH-DA working solution was added,
and then the cells were incubated at 37°C for 30 min, washed with
PBS twice and observed. For the detection of the fluorescence
intensity of ROS, cells were harvested using TrypLE Express
(12604, Gibco), and then the cells were centrifuged at 1,000 g for
6 min. After that, the cells were resuspended and diluted to a
suitable density using DCFH-DAworking solution, transferred to
an opaque 96-well plate and incubated for 30 min. Fluorescence
intensity was detected by using a SpectraMax Paradigm
(SpectraMax M5 Microplate Reader, Molecular Devices), and
the results were expressed as fluorescence intensity/mg protein.
The whole operation was performed in the dark.

Detection of Total Superoxide Dismutase
Activity
After incubation with BPFL (50 μM) or BPFL with CA (150 μM)
for 48 h, porcine SCs were harvested and washed with precooled
PBS, homogenized with precooled PBS and centrifuged to obtain
supernatant. Then, the enzyme activity of SOD was detected by
the Total Superoxide dismutase Assay Kit with WST-8 according
to the manufacturer’s instructions (S0101S, Beyotime). The
absorbance was assessed at 450 nm using a microplate reader.

Detection of DNA Damage by Comet Assay
DNA damage in individual cells was measured by the comet assay
or single-cell gel electrophoresis assay (STA-350, Cell Biolabs).
Briefly, porcine SCs were digested by trypsin, washed twice with
ice-cold PBS, and then resuspended at 1 × 105 cells/ml in ice-cold
PBS. Then, comet agarose was pipetted onto the OxiselectTM

comet slide to form a base layer; cells were mixed with Oxiselect
comet agarose at 37°C, and then the mixture was pipetted on top
of the base layer. The slide was soaked in prechilled lysis buffer for
1 h at 4°C in the dark, and after lysis, the slides were treated with
alkaline electrophoresis solution for 30 min and electrophoresed
for 15 min under alkaline conditions at 4°C. Porcine SCs were
stained with propidium iodide (ST511, Beyotime) for 15 min in
the dark, and slides were viewed by epifluorescence microscopy
(TS2-S-SM, Nikon). DNA damage was quantified by measuring
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the displacement between the genetic material of the nucleus
(“comet head”) and the resulting “tail”. Tail moment was the
parameter selected to analyze the comet assay results in this study
and was measured by Open Comet in ImageJ software.

Mitochondrial Membrane Potential Assay
The cellular Mitochondrial Membrane Potential (MMP) was
measured using the MMP assay kit with JC-1 (C2006,
Beyotime). The proportion of mitochondrial depolarization is
often measured by the relative ratio of red (JC-1 J-aggregates) to
green (JC-1 monomer) fluorescence. Briefly, cells were incubated
in JC-1 working solution at 37°C for 20 min. After incubation, the
cells were washed three times with PBS. The red and green
fluorescence signals were captured using a fluorescence
microscope. The image fluorescence intensity was analyzed
using NIH ImageJ software.

RNA Extraction, Reverse Transcription and
RT-qPCR
Total RNA was extracted from porcine SCs using the RNAprep
Pure Cell/Bacteria Kit (DP430, TIANGEN) according to the
manufacturer’s instructions. The quality and concentration of
the RNA were detected with a spectrophotometer
(NANODROP 2000; Thermo Scientific). Next, cDNA was
synthesized by reverse transcription using the
PrimeScriptTM RT Reagent Kit with gDNA Eraser (RR047A,
Takara) according to the manufacturer’s instructions. RT-
qPCR was performed on an Eppendorf AG-5341 instrument
(Eppendorf, Germany) using SYBR Green Master Mix
(04913914001, Roche). The primers used for RT-qPCR were
designed using Primer Premier 5.0 software. The qRT-PCR
primers of each gene are shown in Table 1. The relative mRNA
expression levels were determined using the 2−△△Ct method
and normalized to TBP.

Western Blotting Analysis
Total protein was extracted from porcine SCs using RIPA lysis
buffer (AR0102, Boster) with a broad-spectrum protease
inhibitor mixture (AR1182, Boster) according to the
manufacturer’s instructions. Then, the protein concentration
of each group was measured by a BCA Protein Assay Kit
(S7705, TIANGEN) according to the manufacturer’s

instructions, and 30–40 µg of total protein was separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene difluoride
(PVDF) membrane. Blocking buffer (WLA066a, Wanleibio)
was used to block the transferred membranes, and the
membranes were incubated overnight with primary antibodies.
After washing three times with Tris-buffered saline with Tween
20 (TBST), the PVDFmembranes were incubated with secondary
antibodies. The immunoblots were developed using
SuperSignal™ West Pico PLUS Chemiluminescent Substrate
(34580, Thermo), and the signal intensities were captured by a
Tanon 5200 chemiluminescence/fluorescence image analysis
system. Protein levels were quantified using ImageJ software.

Statistical Analysis
Results are expressed as means ± S.E.M. Comparative analysis
among the means was performed by one-way ANOVA. Statistical
analysis was carried out by SPSS 19.0 software. Each experiment
was performed in triplicate. Ns (p > 0.05) indicates no significant
difference from the control (0.1% DMSO); *(p < 0.05) indicates a
difference from the control; and **(p < 0.01) indicates a
significant difference from the control.

RESULTS

BPFL Induces Dose-Dependent Decline in
Cell Viability
We first examined the effect of BPFL on SC viability. SCs were
treated with BPFL at various concentrations (0–100 μM) for
24 and 48 h, as shown in Figures 1A,B. BPFL exposure
reduced cell viability in a dose-dependent manner.
Compared with the control group (0.1% DMSO, group:
Control), the 50 μM BPFL group had nonsignificantly
decreased cell viability at 24 h and significantly reduced
cell viability at 48 h, whereas the viability in the 75 and
100 μM BPFL groups was dramatically decreased at both
24 and 48 h, with almost no cellular activity. Therefore, we
chose 50 μM BPFL (group: BPFL) as the dose and 48 h as the
treatment time. Then, CA supplementation was performed to
investigate its effects on SC viability following BPFL
exposure. As shown in Figure 1C, compared with the
50 μM BPFL group, 50 and 100 μM CA could restore some
cell viability but not significantly, 150 μM CA significantly
improved cell viability, and the effect of 200 μM CA on cell
viability was not different from that of the control group.
Based on these results, 50 μM BPFL and 150 μM CA (group:
BPFL + CA) were used for subsequent experiments.

Effects of Chlorogenic Acid on Cell
Proliferation and Apoptosis in
BPFL-Exposed Sertoli Cells
The thymine deoxyriboside analog EdU (5-ethynyl-2′-
deoxyuridine) was incorporated in the DNA synthesis process
and labeled by Alexa Fluor-555 through a click reaction to detect
cell proliferation. As shown in Figures 2A,B, the proliferation of

TABLE 1 | Primers used for RT-qPCR analysis.

Symbol Primer Primer Sequence (59–39) Gene ID (NCBI)

TBP F-primer GCGATTTGCTGCTGTAATCA 110259740
R-primer CCCCACCATGTTCTGAATCT

Bax F-primer GCCGAAATGTTTGCTGACG 396633
R-primer CAGCCGATCTCAAGGAAG

Bcl-2 F-primer CAAGCCTTCAACCATTATCTCAGT 100049703
R-primer GGGGGGTAAAGAAAACAGCAT

Caspase 8 F-primer CCTGGTATATCCAATCACTGTGC 595105
R-primer CTCAGGGTGAAAGTAGGTTGTGG

100518913Caspase 9 F-primer AACTTCTGCCATGAGTCGGG
R-primer CCAAAGCCTGGACCATTTGC
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FIGURE 1 | Chlorogenic acid (CA) ameliorates the BPFL exposure-induced decrease in cell viability in porcine Sertoli cells (SCs). (A, B) Porcine SCs were exposed
to 0–100 μM for 24 and 48 h at 37°C, and cell viability was detected by CCK-8 assay respectively. (C) The viability of porcine SCs after 48 h of treatment with BPFL
(50 μM) with/without CA (0–200 μM). (**p < 0.01) indicates a significant difference from the control (0.1% DMSO).

FIGURE 2 | CA ameliorates BPFL exposure-induced proliferation arrest and apoptosis in porcine SCs. (A) Micrographs showing the incorporation of EDU in
porcine SCs treated with BPFL and CA after 48 h. The proliferating cells fluoresce in red. The nuclei (Hoechst) are shown in blue. (B)Quantitative analysis of proliferation
level was calculated by the percentage of red cells versus blue cells. (C) Cell apoptosis was detected by flow cytometry with Annexin V-FITC/PI double staining. (D)
Analysis of the percentage of apoptotic cells after different treatments is shown in a histogram. (**p < 0.01) indicates a significant difference from the control (0.1%
DMSO).
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FIGURE 3 | RNA-seq analysis of the effects of BPFL exposure on SCs. (A) The number of genes differentially expressed after BPFL treatment. (B) Volcano plot
analysis of genes differentially expressed after BPFL treatment. (C)GeneOntology enrichment analysis of the differential gene expression after BPFL treatment. (D)Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of genes downregulated after BPFL treatment. (E) KEGG enrichment analysis of genes upregulated
after BPFL treatment.
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SCs was significantly decreased after 50 μM BPFL exposure, and
150 μMCA supplementation rescued the BPFL-induced decrease
in the proliferation capacity of SCs. Compared with the control
group, after exposure to 50 μM BPFL, the apoptosis rate of SCs
was increased significantly (p < 0.01). In the BPFL + CA group,
cells were exposed to 50 μM BPFL and 150 μM CA. As shown in
Figure 2D, CA significantly attenuated BPFL-induced apoptosis.
The results suggested that BPFL inhibited cell proliferation and
induced cell apoptosis and that CA protected SCs from BPFL
exposure.

RNA-Seq Analysis of the Functional Effects
of BPFL Exposure on Sertoli Cells
To explore the functional mechanism of BPFL toxicity on SCs,
the difference in general gene expression after BPFL treatment
by RNA-seq was analyzed. As shown in Figure 3A, after 48 h of
culture, transcriptome analysis found 8,720 genes with
significantly changed expression due to BPFL treatment
compared with the control group. Among these changed
genes, 4,305 genes were downregulated, and 4,415 genes
were upregulated (Figures 3A,B). Ten genes (five
upregulated and five downregulated) that were differentially
expressed after sequencing according to the PADJ value
(adjusted p-value) were selected for fluorescence
quantitative PCR to verify the accuracy of the sequencing
results (Supplementary Figure S1). The number of
differentially expressed genes assigned given GO terms,
including biological processes, cellular components and
molecular function, was analyzed. As shown in the
histogram, BPFL mainly influenced the function of the
electron transport chain (GO: 0022900), intracellular
organelle part (GO: 0044446), and oxidoreductase activity
(GO: 0016491) (Figure 3C). The results of KEGG pathway
functional enrichment showed that genes downregulated in
SCs upon BPFL exposure were mainly concentrated in the cell
cycle (ssc04110) pathway (Figure 3D), whereas the
upregulated genes were mainly enriched in protein
processing in the endoplasmic reticulum (ssc04141) and
peroxisome (ssc04146) and in apoptosis (ssc04210)
(Figure 3E). These results provide reference information
enabling us to understand the possible pathway through
which BPFL induces cytotoxicity in SCs.

Effects of Chlorogenic Acid on Oxidative
Stress and DNA Damage in BPFL-Exposed
Porcine Testicular SCs
The level of intracellular ROS was detected to reflect the degree of
cellular oxidative stress. Typical fluorescent images are shown in
Figure 4A. Compared with the control, treatment with BPFL
(50 μM) was associated with a high fluorescence intensity, and
CA rescued the ROS increase induced by BPFL. The data analysis
was consistent with the results observed from the images
(Figure 4B). To further determine the effects of BPFL and CA
on oxidative stress, the total SOD (superoxide dismutase) activity
was tested after cells were treated for 48 h. The results are shown
in Figure 4C. The addition of CA ameliorated the decrease in
SOD activity in the BPFL group, and SOD activity was not
significantly different between the BPFL + CA group and the
control group.

ROS can cause oxidative damage and attack DNA, which
causes DNA damage (Meira et al., 2008). The degree of DNA
damage was further evaluated by alkaline comet assay, in which
damaged cellular DNA yielded a “comet tail” shape. Figure 4D
shows the damaged DNA separated from intact DNA in the BPFL
group. In Figures 4E,F, tail moment and tail DNA% were
calculated as parameters to measure DNA damage. The two

FIGURE 4 | CA ameliorates BPFL exposure-induced oxidative stress
and DNA damage in porcine SCs. (A) Fluorescence photomicrographs of
reactive oxygen species in cultured SCs after BPFL and CA treatment for 48 h.
(B) Analysis of the relative reactive oxygen species levels in different
treatment groups. (C) SOD activity of SCs after treatment. (D) Representative
images of DNA damage in porcine SCs after single-cell gel electrophoresis
assay. (E, F) The tail moment values and the tail DNA% of the comet tails were
analyzed by ImageJ. (*p < 0.05) indicates a difference from the control (0.1%
DMSO); (**p < 0.01) indicates a significant difference from the control (0.1%
DMSO).
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results also showed that the BPFL group had severe DNA damage
and that CA supplementation significantly decreased the DNA
damage levels caused by BPFL These results indicated that BPFL
caused DNA damage by inducing ROS production and that CA
effectively prevented this damage.

Effects of BPFL on MMP, Endoplasmic
Reticulum Stress of Sertoli Cells
ROS accumulation can affect cell apoptosis by depolarizing
the mitochondrial membrane (Meng et al., 2021). We
evaluated the change in mitochondrial membrane potential
by observing the change in JC-1 fluorescence color. As shown
in Figure 5A, cells in the BPFL group underwent more JC-1

fluorescence transition from red to green. Figure 5B also
confirmed that the ratio of red fluorescence to green
fluorescence in the BPFL group was significantly lower
than that in the control group and that CA could inhibit
the decrease caused by BPFL.

The results of the KEGG pathway enrichment analysis
mentioned above indicated that many differentially expressed
genes in the control group and the BPFL group were enriched in
protein processing in endoplasmic reticulum pathways
(Figure 3E). Therefore, we speculated that BPFL might cause
endoplasmic reticulum stress (ERS). To test our hypothesis, the
expression levels of ERS-related proteins GRP78 (78 kDa glucose
regulated protein/BiP), CHOP (C/EBP-homologous protein),
and PERK (protein kinase R-like ER kinase) in different

FIGURE 5 | CA ameliorates BPFL exposure-induced mitochondrial dysfunction, ERS, apoptosis and autophagy in porcine SCs. (A) Fluorescence
photomicrographs of JC-1 aggregates (green) and JC-1 monomers (red) of cultured SCs after BPFL and CA treatment for 48 h. (B) Analysis of the proportion of
mitochondrial depolarization in different treatment groups. (C)Western blotting was used to detect the protein expression levels in each treatment group. (D) Histogram
showing the relative expression of several proteins in each group compared to the reference proteins in the control group. (E)Relative mRNA expression of genes in
different treatment groups. ns indicates no difference from the control (0.1% DMSO); (*p < 0.05) indicates a difference from the control; and (**p < 0.01) indicates a
significant difference from the control.
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treatment groups were detected by Western blot. Compared with
that in the control group, the protein expression of GRP78,
CHOP, and PERK was increased significantly in the BPFL
group, and the protein expression of GRP78 and CHOP was
not significantly changed in the BPFL + CA group. Compared
with those in the BPFL group, the protein expression levels of
GRP78 and CHOP were significantly decreased after CA
supplementation, while PERK expression was not significantly
changed. These results provide some basis for us to speculate that
BPFL induces apoptosis through ERS.

Autophagy is an important mechanism for the
maintenance of cell homeostasis, and the expression level
of the autophagy marker LC3 (light chain 3) was detected to
preliminarily explore the role of autophagy in the process of
BPFL-induced apoptosis. As shown in Figures 5C,D,
compared with that in the control group, LC3 expression
showed an upward trend in the BPFL group, but no
statistically significant difference was reached, while LC3
expression was significantly decreased in the BPFL + CA
group. Compared with that in the BPFL + CA group, LC3
expression was significantly decreased in the BPFL + CA
group. The results suggested that autophagy may be involved
in the mitigation of BPFL-induced apoptosis by CA. In
addition, we detected the expression of CASP3 (caspase 3)
at the protein level and the expression of BAX (BCL2-
associated X protein), BCL2 (B cell lymphoma 2), CASP8
(caspase 8), and CASP9 (caspase 9) at the mRNA level to
verify the effects of BPFL and CA on apoptosis in different
respects. Compared with that in the control group, the
protein expression of CASP3 (caspase 3) was increased
significantly in the BPFL group and decreased in the BPFL
+ CA group. The ratio of the mRNA expression of the
proapoptotic gene BAX and the antiapoptotic gene BCL2
was increased significantly after BPFL treatment. There
was no significant difference in CASP8 expression among
all groups, whereas there were significant differences in the
mRNA expression of CASP9 among all groups.

DISCUSSION

In the present research, we used a porcine SC line as a model to
investigate the protective effect of CA on porcine SCs after BPFL
exposure and the potential underlying mechanism. We found
that CA supplementation could alleviate the impairments of
porcine SCs induced by BPFL exposure due to its antioxidant
and antiapoptotic properties. The potential pathways by which
CA ameliorates BPFL exposure-induced impairments in porcine
SCs are summarized in Figure 6.

The effective concentration of the drug may vary in different
experimental animals or cell types. Jiao et al. (2019) found that a
concentration of 50 μM had no significant effect on meiosis in
mouse oocytes; however, 100 or 150 μM BPFL, also known as
BHPF, significantly hindered the breakdown of germinal vesicles,
leading to the failure of the first polar body extrusion. Mi et al.
(2019) reported that 0.1 and 10 nm BPFL had little effect on
zebrafish embryonic development, whereas 1000 nM BPFL
delayed the development and increased the mortality of
zebrafish embryos. In the present study, the viability of
porcine SCs was significantly inhibited by 50 μM BPFL, and
more serious toxicity was observed at 75 and 100 μM BPFL;
therefore, we chose 50 μM for subsequent experiments.

In these subsequent experiments, we found that BPFL
exposure inhibits proliferation and induces apoptosis, thus
impairing the in vitro cultured SCs. Previous studies have
shown that porcine oocytes exposed to BPFL undergo early
apoptosis, indicating that BPFL hinders oocyte maturation and
reduces oocyte quality by inducing early apoptosis (Jia et al., 2019;
Jiao et al., 2020). Our results also showed that BPFL induced
apoptosis, suggesting that BPFL may have a negative effect on
male fertility, raising our interest in further exploration. Then,
RNA-seq was used to further explore the potential mechanisms of
BPFL cytotoxicity. The RNA-seq analysis results showed that
BPFL altered the expression of more than 8,000 genes in porcine
SCs after BPFL exposure, reflecting that BPFL had extensive
influence on transcription and translation in porcine SCs. Among
the results of RNA-seq, it was shown that a large number of genes
are enriched in the peroxisome (ssc04146) pathway (Figure 3D);
moreover, the KEGG pathways enriched among differentially
expressed genes included many metabolic pathways, such as
carbon metabolism (ssc01200), amino sugar and nucleotide
sugar metabolism (ssc00520) and choline metabolism in
cancer (ssc05231), which showed that BPFL exposure may
affect mitochondrial function (Valcarcel-Jimenez et al., 2017;
van der Bliek et al., 2017). This may be because peroxisomes
are essential organelles that play a crucial role in redox signaling
and lipid homeostasis and many crucial metabolic processes such
as free radical detoxification (Rottensteiner and Theodoulou,
2006). In the present study, by detecting the ROS content, we
found that the content of ROS was increased after BPFL exposure.
Our findings were consistent with those of Jia et al. (2019), who
found that BPFL-exposed oocytes accumulate excess ROS and
undergo oxidative stress, apoptosis, and ultimately an inability to
mature.

Cellular antioxidant defenses molecules, such as the enzyme
scavengers SOD (CuZnSOD, MnSOD, EC-SOD; recombinant or

FIGURE 6 | Schematic diagram illustrating the effect of CA in
ameliorating BPFL exposure-induced impairments in porcine SCs. BPFL
exposure impaired porcine SCs by inducing oxidative stress, mitochondrial
function, DNA damage, ERS and apoptosis. CA supplementation
ameliorated the impairments induced by BPFL exposure in porcine SCs.
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purified), function to eliminate excess ROS and maintain cell
homeostasis (Halliwell, 2011). On this basis, we detected the
activity of SOD. We found that after SC exposure to BPFL, the
SOD activity was also decreased. Similar results were found in the
brain tissues of male Sprague-Dawley rats exposed to quinolinic
acid (1.5 mmol/kg/day) for 28 days (Loganathan and
Thayumanavan, 2018) and in BJAB cells exposed to triclosan
(25–75 μM) for 24 h (Alfhili et al., 2021). ROS are recognized as
mediators of DNA damage (Moloney and Cotter, 2018; Srinivas
et al., 2019). It has been reported that ROS can induce DNA
damage directly by oxidizing nucleoside bases (formation of 8-
oxoguanine), and if this damage is not repaired, G-T or G-A
transversions will occur (Salehi et al., 2018). Oxidative stress can
be caused by the overproduction of ROS, which can oxidize DNA
and lead to DNA damage and eventually trigger cell apoptosis
(Yen and Klionsky, 2008). This may be one of the pathways by
which BPFL induces apoptosis in the present study.

Endogenous ROS are mainly produced by mitochondria,
NADPH oxidase, peroxisomes and the endoplasmic reticulum
(Meitzler et al., 2014). When cells are subjected to exogenous
stressors, such as drug treatment or environmental
contamination, they produce ROS through the above
organelles or enzymes (Ziech et al., 2011; Meitzler et al.,
2014). Mitochondria are the main sites of ROS production
and the main organelles attacked by ROS (Chen et al., 2003;
Grivennikova and Vinogradov, 2006). In this study, we found
that BPFL induced an increase in ROS content increased and a
decrease in mitochondrial membrane potential. In addition, the
upregulated expression ratio of BAX to BCL2 and the upregulated
expression levels of CASP3 and CASP9 in this study are also
consistent with the mitochondrial pathway of apoptosis activated
by ROS described in a previous study by Redza-Dutordoir et al.
(2016). Other mechanisms that may be involved in this process,
such as the release of calcium homeostasis and the activation of
JNK pathways (Putcha et al., 2003; Orrenius et al., 2015), are also
worth further exploration in subsequent studies. According to the
results of our study, we hypothesized that BPFL induces oxidative
stress and mitochondrial damage, which is one of the causes of
apoptosis in SCs.

In addition to the previously mentioned mitochondrial
pathways, oxidative stress also induces cell surface death
receptor pathways and endoplasmic reticulum pathways,
leading to downstream caspase activation and ultimately to
cell apoptosis (Jin and El-Deiry, 2005). In the present study,
we used RNA-seq to identify the differential expression of several
genes associated with protein processing in the endoplasmic
reticulum (ssc04141) during BPFL-induced SC damage. The
phenomenon of endoplasmic reticulum homeostasis being
disrupted by adverse environmental stimuli or drug treatment
and resulting in the accumulation of luminal misfolded and
unfolded proteins in the ER is known as ERS (Haynes et al.,
2004). The unfolded protein response (UPR) protects cells from
short-term or mild ERS-induced damage (Simard et al., 2016),
which is mediated by an endoplasmic reticulum chaperone
(GRP78) and three ERS receptor proteins (PERK, ATF6, and
IRE) (Scheuner et al., 2001). Some reports have shown that
oxidative stress can cause ERS (Haynes et al., 2004). On the

other hand, ERS can also cause ROS production (Malhotra and
Kaufman, 2007). When severe or prolonged ERS fails to restore
the stability of the internal environment in a timely manner,
downstream apoptotic signaling molecules such as CHOP can
be activated to clear damaged cells (Rutkowski et al., 2006).
There is evidence that the accumulation of CHOP can promote
apoptosis by inhibiting several antiapoptotic proteins in the
BCL2 family. ERS induced by persistent oxidative stress leads to
the activation of CHOP and further production of additional
ROS (Zeeshan et al., 2016), which is a vicious cycle. In our study,
the upregulated expression levels of PERK and GRP78 proteins
confirmed that BPFL induced ERS, and the upregulation of
CHOP expression indicated that BPFL could induce ERS-
mediated apoptosis, which is consistent with the observation
by Yang et al. (2015) that NaF induces apoptosis through ERS
mediated by ROS in rat SCs.

Autophagy is another mode of cell death that is mediated by
oxidative stress. Some external stimuli that cause apoptosis can
also lead to autophagy (Maiuri et al., 2007). It has also been
reported that autophagy is usually an adaptive pathway to
promote cell survival under stress conditions or as a defense
mechanism against different environmental stresses (Chiarelli
et al., 2016). According to the different degradation pathways,
there are three types of autophagy, namely, macroautophagy,
microautophagy and chaperone-mediated autophagy
(Mizushima, 2007). Although their mechanisms differ, they
are all related to lysosomal degradation. “Autophagy” usually
refers to macroautophagy, which is the most studied kind of
autophagy at present (Mizushima, 2007). In macroautophagy,
cells form autophagosomes by wrapping proteins, organelles and
other components that need to be degraded in a bilayer
membrane structure; these autophagosomes fuse with
lysosomes to form autophagy lysosomes, in which the internal
components of autophagosomes are degraded (Mizushima,
2007). Microtubule-associated protein light chain 3 (LC3) was
the first identified autophagosome-labeling protein. It exists in
two forms, LC3-I and LC3-II, and has been used as a specific
marker for autophagy activity monitoring (Kabeya et al., 2000;
Mizushima et al., 2008). In this study, as increased oxidative stress
was observed in BPFL-treated SCs, we argued that BPFL may
induce an autophagic mode of cell death, but no significant
increase in LC3 expression was observed in the 50 μM-treated
cells compared to the control group, indicating that the effect of
BPFL on autophagy of SCs was weak. This was similar to the
results obtained when endosulfan was added to Sertoli germ cells
(Rastogi et al., 2014). In contrast to the results in this study, BPFL
was found to induce increased expression of the autophagosome-
forming protein LC3B in oocytes, which leads to the failure of
in vitro maturation of oocytes (Jia et al., 2019; Jiao et al., 2019).
The effect of BPFL on autophagy may be due to the cell type or
other potential molecular mechanisms, which will be studied in
the future.

CA is a kind of polyphenolic substance that can be extracted
from many plant species (Naveed et al., 2018). CA scavenges free
radicals in vitro and prevents the spread of the oxidation process,
and it is an effective scavenger of ROS (Priftis et al., 2018). For
instance, the addition of CA to rat pheochromocytoma cells
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protected the cells from H2O2-mediated oxidative damage (Yao
et al., 2019). The results of this study showed that CA can reduce
BPFL-induced ROS production in SCs and mitigate BPFL-
induced apoptosis through ROS-mediated mitochondrial and
endoplasmic reticulum pathways. In this process, the
antioxidant effect and cell protection effect of CA in SCs were
similar to those of paraquat in A549 cells (Kong et al., 2019),
dexamethasone in osteoblastic cells (Han et al., 2019), and 6-
hydroxydopamine in SH-SY5Y cells (Shan et al., 2019). In this
experiment, the function of CA was consistent with that of CA in
improving Cd-induced kidney and liver injury, such as,
increasing SOD and CAT activities and improving the balance
of redox reactions (Ding et al., 2021).

CONCLUSION

In conclusion, these results suggest that BPFL exposure induces
ROS production, causes mitochondrial function damage and
ERS, and causes caspase activation, which eventually leads to
cell apoptosis. In addition, because of its antioxidant properties,
CA could reduce the accumulation of ROS induced by BPFL and
ultimately reduce the impairments of SC exposure to BPFL. In the
future, animal experiments should be conducted to confirm the
effect of CA supplementation on ameliorating BPFL exposure-
induced impairments in porcine testicular SCs and reduce the
limitations of cell tests.
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Alpha-Lipoic Acid Protects
Co-Exposure to Lead and Zinc Oxide
Nanoparticles Induced Neuro,
Immuno and Male Reproductive
Toxicity in Rats
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We evaluated the neuro-, immuno-, and male reproductive toxicity of zinc oxide
nanoparticles (ZnO NPs) alone and in combination with lead acetate. We also studied
the therapeutic role of α-lipoic acid postexposure. Lead (10 mg/kg, body weight), ZnO NPs
(100 mg/kg, bwt) alone, and their combination were administered orally in Wistar rats for
28 days, followed by the administration of α-lipoic acid (15 mg/kg, bwt) for the next
15 days. Our results demonstrated protective effects of α-lipoic acid on lead and ZnO
NP–induced biochemical alterations in neurological, immunological, andmale reproductive
organs in rats. The altered levels of blood δ-aminolevulinic acid dehydratase (ALAD),
immunoglobulins (IgA, IgG, IgM, and IgE), interleukins (IL-1β, IL-4, and IL-6), caspase-3,
and tumor necrosis factor (TNF-α) were attenuated by lipoic acid treatment. Lead and ZnO
NP–induced oxidative stress was decreased by lipoic acid treatment, while a moderate
recovery in the normal histoarchitecture of the brain section (cortex and hippocampus) and
testes further confirmed the neuro- and male reproductive toxicity of lead and ZnO NPs.
We also observed a significant decrease in the blood metal content in the animals treated
with lipoic acid compared to the lead-administered group, indicating the moderate
chelating property of lipoic acid. It may thus be concluded that lipoic acid might be a
promising protective agent against lead and ZnO NP–induced alterations in the
neurological, immunological, and reproductive parameters.
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reproductive toxicity
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INTRODUCTION

Lead is a widespread highly toxic heavy metal. It is ubiquitous in
the environment and generated in various human activities such
as mining, burning fossil fuels, paints, printing, gasoline, water
pipes, car batteries, cosmetic products, shielding for X-ray
machines, and toys. (Mahmood et al., 2012). Its continuous
use in various products leads to its accumulation in the
environment and serious health hazards as it does not degrade
into the environment and remains absorbed into the soil. Lead
has neurotoxic and immunotoxic potential in addition to its
effects on other organ systems depending upon the dose, route,
duration of exposure, etc.

Zinc oxide nanoparticles (ZnO NPs), on the other hand, are
widely used in biological applications over other metal oxide
nanoparticles due to their excellent biocompatibility, cheapness,
and low toxicity (Zhang et al., 2013). Various reports have shown
the anticancer, antibacterial, antidiabetic, and anti-inflammatory
activities of zinc oxide nanoparticles. These particles are widely
used in sunscreens, cosmetics, and bottle coating due to their
ultraviolet blocking features (Klaine et al., 2008). However, the
toxicity of these particles has also been reported as they can
penetrate the individual cells and their nuclei (Wang et al., 2008).
The toxic effects of these particles depend upon the size, dosage,
duration of exposure, etc. (Keerthana and Kumar, 2020).

Chelation is the most effective strategy currently available to
manage the toxicity of metals; however, some important issues
need to be raised, such as high therapeutic costs, toxicity, and
patient’s quality of life. Thus, there is a need for alternative
strategies against metal-induced toxicity (Flora et al., 2008).

Alpha-lipoic acid (ALA), also known as thioctic acid and 1,2-
dithiolane-3-pentanoic acid, is a hydrophilic and hydrophobic
natural compound widely distributed in cellular membranes and
cytoplasm in plants and animals. Its natural occurrence in the
human diet is insufficient; therefore, the human body synthesizes
it naturally in the liver, heart, and testis to form the required ALA
(Jan et al., 2015). It also protects the cellular membranes by
interacting with vitamin C and glutathione, which subsequently
recycles vitamin E (Laher, 2011). Additionally, it also has a metal-
chelating ability besides its role as a potent antioxidant (Kurutas,
2016). It involves the energy metabolism of proteins,
carbohydrates, and fats. Physiologically, it disposes of blood
glucose and converts energy into ATP (Wesselink et al., 2019).
It is a naturally occurring cofactor for the mitochondrial enzymes
pyruvate dehydrogenase and α-ketoglutarate dehydrogenase
(Kohlmeier, 2003). It has been used as a dietary supplement,
multivitamin formula, antiaging supplement, and even as a pet
feed. Its therapeutic potential has been investigated and supports
its use in diseases like diabetic polyneuropathies, vascular disease,
hypertension, inflammation, diabetes, cardiovascular diseases,
neurodegenerative diseases, autoimmune diseases, cancer, and
AIDS (Shay et al., 2009; Fenga et al., 2017). The literature also
suggests the potential use of ALA against metal-induced toxicity.
To the best of our knowledge, there is no report available
regarding the beneficial effects of ALA against conditions
where humans or animals are coexposed to lead and ZnO NPs
and the associated neurological, immunological, and male

reproductive disorders. In the present study, we thus explored
the effect of alpha-lipoic acid in rats exposed to ZnO NPs and
lead, alone and in combination.

MATERIALS AND METHODS

Drugs and Chemicals
Zinc oxide nanopowder (∼70 nm particle size), lead (II) acetate
trihydrate (99.999% trace metals basis), Freund’s adjuvant
(complete), and (±)-α-A-lipoic acid were purchased from
Sigma-Aldrich (St. Louis, Missouri, United States). All ELISA
kits were purchased from ELK (Wuhan) Biotechnology Co., Ltd.,
Hubei, P.R.C. Zinc oxide nanoparticles were purchased from
Sigma-Aldrich Chemicals Co., St. Louis (United States).

Characterization of Zinc Oxide
Nanoparticles by Transmission Electron
Microscopy (TEM), Dynamic Light
Scattering, and Zeta Potential
Measurement
The size and morphology of purchased nanoparticles (NPs) were
determined using a TEM (Jel JEM 1400, Jeol Ltd., Tokyo, Japan)
at the CSIR-Central Drug Research Institute, Lucknow, India.
One drop of the ZnO NPs was taken and put onto the carbon-
coated copper grid and left for 10 min. The excess amount of
sample was removed carefully and then negative staining was
done using 2% phosphotungstic acid (PTA). The samples were
air-dried for 15 min and viewed under the TEM. The average
particle size and size distribution of the ZnO nanoparticles were
determined using a Nanosize 90 ZS (Malvern Instruments,
United Kingdom) at the National Institute of Pharmaceutical
Education and Research (NIPER), Raebareli, Lucknow, India.
The measurements were carried out using a disposable cuvette
and keeping the temperature at 25°C throughout the experiment.
The prepared nanoparticles were diluted with triple distilled
water and measured using a Zetasizer.

Animals
Male Wistar rats (100–120 g) were purchased from the Animal
House Facility of the CSIR-Central Drug Research Institute,
Lucknow, India. These animals were kept in a quarantine area
of our institute’s animal house facility for a week with free access
to drinking water and animal feed (standard Chao pellets from
ATNT, Germany). The animals were acclimatized for 7 days
before their use in experiments, and free access to the
standard diet and water continued throughout the study. After
the acclimatization, the animals were randomized and housed in
an air-conditioned room (room temperature of 25 ± 2°C),
30–70% relative humidity with an alternate 12-h light/dark
cycle. All the experimental protocols included in this study
were duly approved by the Institutional Animal Ethics
Committee (IAEC) of the National Institute of Pharmaceutical
Education and Research, Raebareli (Reg. No-IAEC/29/Aug
2019), and the animals were taken care of according to the
guidelines provided by the Committee for the Purpose of
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Control and Supervision of Experiments on Animals (CPCSEA),
Ministry of Fisheries, Animal Husbandry, and Dairying,
Government of India. All behavioral experiments were
performed at the same time daily.

Experimental Protocol
The animals were divided equally into four groups, and their
dosage regimens were as follows:

Group I: normal control;
Group II: ZnO NP (100 mg/kg/b.w., p. o.);
Group III: lead acetate (10 mg/kg/b.w., p. o.);
Group IV: lead acetate and ZnO NP (as described in Group II

and III).
After 28 days of exposure, all the animals (except the control

group) were further subdivided, each containing six rats
(Figure 1B). One group served as an α-lipoic acid treatment
group, and the other was a recovery group. Treatment with
α-lipoic acid continued for 15 days at a dose of 5 mg/kg/b.w.,
p. o. The details of the experimental design of the study have been

presented in Figure 1. The dosage was selected for the groups as
reported in the literature and based on LD50 (Gurer et al., 1999).
Delayed type hypersensitivity response (Abass et al., 2017) and
neurobehavioral parameters were performed after completion of
the treatment.

On the last date of sacrifice, animals were deprived of food and
fasted overnight. The rats were sacrificed by cervical dislocation,
and blood was collected through a retro-orbital puncture,
transferred in heparinized tubes, and used for the estimation
of serum immunoglobulins (IgA, IgG, IgM, and IgE) and blood
metal estimation. The heparinized blood was centrifuged for
15 min at 2500 rpm to collect serum which was used for the
estimation of immunoglobulins. The brain, male reproductive
organs, and spleen were excised from the body and rinsed in ice-
cold saline, and organ weights were recorded according to the
calculated body-to-organ ratio after wiping with blotting paper.
The brain, spleen, and male reproductive organs were used as
target organs for evaluating neurotoxicity, immunotoxicity, and
male reproductive toxicity, respectively.

FIGURE 1 | Schematic representation of work plan. (A) Experimental design. (B) Animal groupings.
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The 10% (w/v) homogenates of the brain, spleen, and testes
were prepared, followed by centrifugation at 10,000 g for 15 min,
and the supernatant was collected and used for the estimation of
various biochemical parameters.

Neurobehavioral Evaluations
Assessment of Spontaneous Locomotor Activity
Spontaneous locomotor activity in the treated rats was evaluated
using an Optovarimex-4 (Columbus Instruments, Columbus,
Ohio, United States) with a slight modification in the method
described by Bernal-Morales and colleagues (Bernal-Morales
et al., 2017). It consists of a large square-shaped glass chamber
with photocells that send continuous unseen infrared light beams
horizontally and vertically. The automatic recording was done
when the animals interrupted this light beam due to its
movement. The experiments were performed for a total of
10 min wherein the resting time and distance traveled by the
animal were recorded.

Elevated Plus Maze
It consists of a total of four arms (two open and two closed), with
walls approximately 15 cm high and an open roof. A camera (HD

Logitech C525) was set on the apex of the maze. The rats were
carried into the procedure room in the home cages with maintained
dark conditions. The animals were kept to the spontaneous
exploration of the maze for 5 min by placing them into the
center facing an open arm. The software ANY Maze was used to
record the retention time and number of open arm entries of the
animals. The apparatus was cleaned every time with 70% ethanol to
remove any olfactory stimulus (Walf and Frye, 2007).

Learning andMemory in the Passive Shock Avoidance
Paradigm
Lead-induced memory impairment was assessed using a
passive shock avoidance test apparatus (PACS-30;
Columbus Instruments, United States) that consists of two
vertical compartments (23 cm3 × 24 cm3 × 24 cm3), with
light and dark illumination separated by a guillotine door.
On the 1st day, the animals were acclimatized with the
compartments for 10 min to make animals familiar with
the light and dark compartments. On the 2nd day, the rats
were placed in a light compartment for 30 s of exploration
time and the door was elevated and the time taken for the
animal to go into the dark compartment was recorded for the

FIGURE 2 | Characterization of zinc oxide nanoparticles. (A) Transmission electron microscopy of zinc oxide nanoparticles; (B) the hydrodynamic size of NPs
determined by dynamic light scattering (DLS) studies; and (C) zeta potential.
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FIGURE 3 | Locomotor activity in rats using the Optovarimax apparatus. All the values are expressed asmean ± SEM (n�5). *p < 0.05 vs. control; @p < 0.05 vs. lead.

FIGURE 4 | Latency of transfer to the dark compartment (A). Number of entries in the closed arm (B). All the values are expressed asmean ± SEM (n � 5). *p < 0.05,
**p < 0.01 vs. control; @p < 0.05 vs. lead; #p < 0.05 vs. ZnO NPs.

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 6262385

Deore et al. Lipoic Acid Protects Lead–ZnO Toxicity

161

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


next 5 min. An inescapable shock of 0.3 mA was given at the
entry of the animal in the dark compartment. The memory of
the shock given was retained by the animal, which was
confirmed by conducting the same experiment but
without shock and recording the latency time of the rat to
go to the dark compartment. The trials were performed for
the next 2 days, and shock was not provided during the
acquisition phase (Leger et al., 2013).

Sperm Parameters
The sperm motility, sperm count, sperm morphology, and sperm
mitochondrial membrane potential were measured as
described below.

Sperm Count and Motility
The sperm counts were measured as described by Babaknejad et al.
(2018). The counting of the sperms was done under an optical
microscope using a Neubauer hemocytometer. The sperm counts
were expressed as (×106 cells/ml of sperm) (Babaknejad et al., 2018).

The sperm motility was determined as described by Seed et al.
(1996). The number of motile and immotile sperms was counted
after mixing sperm samples with sodium citrate dehydrate, and
the data were expressed as (%) (Seed et al., 1996).

Sperm Morphology
The sperm morphology was assessed using eosin stain as per the
method described by Babaknejad et al. (2018). The sperm samples

FIGURE5 | Effect on the weight of (A) testes, (B) epididymis, (C) sperm count, (D) spermmotility, (E) a number of live sperms (%), and (F) a number of dead sperms
(mean ± SEM). Statistical significance is represented as ****p <0.0001 as compared with control and #p <0.05, ###p <0.001 as compared with zinc oxide nanoparticles
alone group.
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FIGURE 6 | Brain biochemical parameters and AChE activity. (A) SOD activity; (B)GSH activity; (C) catalase activity; (D) ROS level; (E) TBARS level; and (F) AChE
activity. All the values are expressed asmean ± SEM (n � 4). The statistical significance was considered at p < 0.05, and statistical analysis was performed using one-way
ANOVA, followed by Tukey’s test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control; @@p < 0.01 vs. lead; #p < 0.05, ##p < 0.01 vs. ZnO NPs. SOD: superoxide dismutase;
GSH: glutathione; ROS: reactive oxygen species; TBARS: thiobarbituric acid reactive substances; AChE: acetylcholinesterase; SEM: standard error of mean; and
ANOVA: analysis of variance.
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were mixed with eosin stain (kept for incubation) and spread out on
a microscopic slide. The smears were prepared and observed under
the microscope to visualize morphological changes.

Sperm Mitochondrial Membrane Potential (MMP)
The MMP in sperm samples was determined using JC-1 stain
(lipophilic, cationic fluorescent dye). Briefly, 50 μl of epididymal
sperm sample was mixed with JC-1 stain (1 μl), followed by
incubation for 30 min. The smears were prepared and observed
under an epifluorescence microscope. The yellow to orange
fluorescence indicated active mitochondria, whereas green
fluorescence indicated inactive mitochondria (Guvvala et al.,
2017).

Biochemical Variables
The various biochemical parameters were measured in the brain,
spleen, and testes tissue samples as described below:

Superoxide Dismutase
The activity of superoxide dismutase (SOD) was measured as
described by Kakkar et al. (1984) The reaction mixture consisted
of 1.2 ml of sodium pyrophosphate, 0.3 ml of PMS, 0.3 ml of
NBT, 0.2 ml of supernatant, 0.8 ml of distilled water, and 0.2 ml of
NADH. The blank was prepared by adding distilled water in place
of the sample. Both mixtures were incubated at 37°C for 90 s, and

NADH was added at the last to initiate the reaction. The reaction
was stopped by the addition of 1 ml acetic acid, and the mixture
was cooled (for 10 min) at room temperature (Kakkar et al.,
1984).

Reduced Glutathione
Glutathione (GSH) concentration was determined in the brain,
spleen, and testes, as described by Gupta and Flora, (2005). Other
proteins in the tissue homogenate were precipitated by adding an
equal volume of 5% sulphosalicylic acid vortexed and kept in a
resting position on an ice bath for 30 min. The supernatant from
the centrifuged content was used for measuring GSH using
Ellman’s reagent 5, 5-dithiobis (2-nitrobenzoic acid) (DTNB)
solution. Results were expressed in μMGSH/mg protein (Ellman,
1961).

Catalase Activity
The catalase activity was determined according to the method
described previously by Sinha (1972). The reaction mixture was
prepared by incubating tissue homogenates with 0.5 ml of H2O2

(0.2 M) at 37°C for exactly 90 s in the presence of 0.01 M
phosphate buffer (pH 7.4). The H2O2-initiated reaction was
seized by adding 5% dichromate solution. All samples
containing this mixture were incubated at 100°C for 15 min in
a boiling water bath. Catalase activity was shown by the amount

FIGURE 7 | Spleen biochemical parameters. (A) SOD activity; (B) GSH activity; (C) catalase activity; (D) ROS level; and (E) TBARS level. All the values are
expressed as mean ± SEM (n � 4). The statistical significance was considered at p < 0.05, and statistical analysis was performed using one-way ANOVA, followed by
Tukey’s test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; @@p < 0.01, @@@p < 0.001 vs. lead; #p < 0.05 vs. ZnO NPs; %p < 0.05, %%p < 0.01 vs. PB + ZnO NPs.

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 6262388

Deore et al. Lipoic Acid Protects Lead–ZnO Toxicity

164

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


of H2O2 consumed, which was recorded by measuring the
absorbance at 570 nm.

Thiobarbituric Acid Reactive Substances (TBARS)
Thiobarbituric acid is a measure of lipid peroxidation in tissue
samples, which was performed as per the protocols suggested by
Ohkawa et al. (1979). 100 μl tissue homogenate was mixed with
750 μl of 0.65% thiobarbituric acid, 100 μl sodium dodecyl sulfate
(SDS), and 750 μl acetic acid. The reaction mixture for all samples
was incubated in a boiling water bath, which formed a red
complex of thiobarbituric acid–malondialdehyde (MDA) after
15 min, and the absorbance was recorded at 535 nm.

Reactive Oxygen Species
The measurement of reactive oxygen species (ROS) in tissue
samples was carried out as per the protocols of Socci et al. (1999).
10 μl of the supernatant from the tissue homogenate was diluted
with 985 μl phosphate buffer with the addition of 5 μl DCFDA
and incubated at 37°C for 30 min. A fluorescence plate reader was
used to read the fluorescence intensity at 485 nm excitation and
529 nm emissions.

AChE Activity
Brain AChE activity was performed as per the protocols
suggested by Mishra and Goel (2013). Briefly, 10 μl of
brain homogenate was mixed with 95 μl phosphate buffer,
which was then added to a reaction mixture of 4.75 ml
phosphate buffer (pH 7.4), 0.315 ml DTNB, and 0.125 ml
acetylthiocholine iodide (ATCI) of 104 μl in 96-well plates
and shaken properly (Mishra and Goel, 2013).

Blood δ-aminolevulinic Acid Dehydratase
The activity of blood δ-aminolevulinic acid dehydratase (ALAD) was
assayed according to the procedure of Flora et al. (2012). The assay
consisted of 120 μl of heparinized blood and 540 μl of distilled water.
After 10min of incubation at 37°C for complete hemolysis, 420 μl of
standard δ-aminolevulinic acid was added to the tubes and incubated
for 60min at 37°C. The reaction was stopped after 1 h by adding
420 μl of trichloroacetic acid. To the supernatant, an equal volume of
Ehrlich’s reagent was added, and the absorbance was recorded at
555 nm after 5min (Flora et al., 2012).

Protein Level
The protein level in the tissue samples was measured using
Lowry’s method (Lowry et al., 1951). Supernatants (5 μl) of
the tissue homogenates were incubated with solution D (2%
sod. carbonate, 0.4% sod. hydroxide, 2% sod. tartrate, and 1%
copper sulfate) for 10 min at 37°C. The resulting solution was
treated with Folin’s reagent in a 1:1 ratio for 30 min at 37°C. The
absorbance was measured at 660 nm along with a standard
prepared with a known concentration of BSA.

Immunological Variables
The delayed-type hypersensitivity reaction in rats was determined
as footpad swelling. Pre-exposed rats were sensitized with 100 μl of
bovine serum albumin (1 mg/ml) in Freund’s complete adjuvant
(BSA-FCA) subcutaneously at the base of the tail. Rats from the
normal control groupwere also sensitized as described above. Later,
after 7 days, the challenge involved 25 μl of a 2% (w/v) solution of
BSA injected at the left footpad. The right footpad was injected with
saline. On day 8 (24 h later), both footpads were swollen, which was
measured using a vernier caliper (Scienceware® vernier caliper,
direct-reading type). The data were represented as the mean
difference in swelling (in mm) between footpads (Flora and
Kumar, 1996).

Measurement of Tissue Caspase-3, Cytokine Profiles,
and Serum Immunoglobulins
The secretory levels of cytokines IL-4, IL-6, IL-1β, and TNF-α in
the rat’s brain and spleen were quantitatively determined using

FIGURE 8 | Effect of lipoic acid on lead- and zinc oxide nanoparticles–altered
sperm morphology. The normal morphology of sperms was shown in figures
(A–F). The morphological abnormalities were indicated by arrows (G).
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ELISA kits (ELK Biotechnology, BOSTER, Wuhan, China)
according to the manufacturer’s instructions (Catalog no. IgE:
ELK2594, IgM: ELK1349, caspase-3: ELK1528, IgA: ELK2596,
IgG: ELK1393, IL-4: ELK1154, IL-1β: ELK1272, IL-6: ELK1158,
and TNF-α: ELK1396). Immunoglobulins IgM, IgG, IgA, and IgE
were also determined using ELISA commercial kits (ELK
Biotechnology, BOSTER, Wuhan, China) in rat serum
samples. The results were compared with the results obtained
in the calibration curve (R2 > 0.998).

Elemental Analysis
Measurement of blood metal ion concentration (lead and zinc)
was done using inductively coupled plasma mass spectrometry
(ICP-MS). The blood metal digestion procedure involves
overnight incubation of blood with 3 ml of nitric acid and
0.2 ml perchloric acid in a 3:1 ratio. Later, it was heated
repetitively by adding this acid mixture until we got a white
solid mass. The solid mass was dissolved in warm 0.5% nitric acid
and was filtered using the Whatman filter paper. Triple distilled
water was used throughout, and the final volume of the filtrate
was made up to 10 ml (Patwa et al., 2020).

Histopathological Analysis
The dissected testis and brain tissues were washed in chilled PBS
and then fixed in a 10% buffer formalin solution. The
hippocampus and cortex were separated from the whole brain
samples. The fixed tissue samples were processed in different
grades of alcohol and xylene and were embedded in paraffin
blocks. Sections (5 μm) were cut from paraffin blocks using a
microtome, stained with hematoxylin and eosin (H&E), and
mounted with DPX. Slides were observed under a light
microscope to examine gross cellular damage and histological

alterations. The hippocampus was observed for different areas
such as CA1, CA2, CA3, and DG regions (Shaibah et al., 2016)
(Navaie et al., 2018).

Statistical Analysis
The statistical analysis was done using GraphPad Prism version
6.0. The results were presented as mean ± standard error of mean
(SEM). All statistical comparisons were performed by using
means of one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison post hoc tests, and p-value less than
0.05 was considered to be significant.

RESULTS

Characterization of Zinc Oxide
Nanoparticles by Transmission Electron
Microscopy (TEM), Dynamic Light
Scattering, and Zeta Potential
Measurement
The particle size, size distribution, and zeta potential
measurements of the ZnO NPs were conducted using a
Zetasizer as shown in Figure 2. The size and shape of the
zinc oxide nanoparticles were analyzed by transmission
electron microscopy (TEM). Figure 2A demonstrates that
zinc oxide is spherical and monodispersed in nature, with
an average particle size of around 60 nm. The average
hydrodynamic diameter of ZnO NPs was around 60–70 nm
(Figure 2B). The ZnO NPs exhibited a negative charge, that is,
−27.2, which was confirmed by the zeta potential results of the
ZnO NPs (Figure 2C).

FIGURE 9 | (A) Blood delta-aminolevulinic acid dehydratase activity. (B) Rat paw thickness (in mm). All the values are expressed as mean ± SEM (n � 5). The
statistical significance was considered at p < 0.05, and statistical analysis was performed using one-way ANOVA, followed by Tukey’s test. *p < 0.05, **p < 0.01, ***p <
0.001 vs. control; @p < 0.05, @@p < 0.01 vs. lead; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. ZnO NPs.
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Effects on Neurobehavioral Parameters
Spontaneous Locomotor Activity
The spontaneous activity and exploration were evaluated in the
open-field test. The data for spontaneous locomotor activity
suggested that the locomotor activity of α-lipoic acid–treated
rats was increased in comparison to other groups (Figure 3).

Effect on Transfer Latency in the Passive Shock
Avoidance Test
Lead alone and in combination with ZnO NPs–treated group
animals exhibited a significant difference in the memory
performance compared to the control. The passive avoidance
test showed the latency time taken to go into the compartment
where the shock was given in a habituation phase (Figure 4A).

Elevated Plus-Maze (EPM) Assessment
EPM results demonstrate that lead-treated rats showed more
number of entries in a closed arm. The numbers of entries in a
closed arm were indicative of fear and anxiety in the animals.
The results were not significant, but compared to α-lipoic
treatment, it showed a high number of entries in a closed
arm (Figure 4B).

Effects on Reproductive Parameters
Testes and Epididymis Weight
There was no significant change in testes weight in all groups of
animals, except in the zinc oxide nanoparticle and lipoic acid groups
(Figure 5A). The weight of the epididymis was significantly
decreased in the zinc oxide nanoparticle group compared to the

FIGURE 10 | Testes biochemical parameters. (A) SOD, (B) catalase, (C) GSH, and (D) GPx. The data are presented as mean ± SEM. Statistical significance is
represented as *p <0.05, as compared to the control group and @p <0.05, as compared to the combination group.
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control. The lipoic acid treatment increased epididymis weight,
which was decreased by zinc oxide nanoparticles (Figure 5B).

Sperm Analysis
The sperms were analyzed for sperm count, motility,
morphology, and mitochondrial membrane potential (MMP)
to check the effect of lipoic acid against lead-altered and ZnO
NP–altered male reproductive parameters.

Sperm Count and Motility
The sperm count and sperm motility were significantly
decreased in the zinc oxide nanoparticle group compared to
the control. However, there was a nonsignificant decrease in
the lead alone and lead plus zinc oxide nanoparticle groups.

The decreased sperm counts and motility by zinc oxide
nanoparticles were significantly increased by lipoic acid
treatment (Figures 5C,D).

Sperm Morphology
The normal sperm morphology was observed in all the groups of
animals, except the zinc oxide nanoparticle group (Figures
6A–G). The altered morphology by zinc oxide nanoparticles
was normalized after lipoic acid treatment (Figure 6D).

Sperm Mitochondrial Membrane Potential
The percentage of live sperms were significantly decreased, whereas
the percentage of dead sperms were significantly increased in the zinc
oxide nanoparticle group compared to the control group. The MMP

FIGURE 11 | Levels of immunoglobulins in rat serum. (A) IgA; (B) IgE; (C) IgM; and (D) IgG. All the values are expressed as mean ± SEM (n � 4). The statistical
significance was considered at p < 0.05, and statistical analysis was performed using one-way ANOVA, followed by Tukey’s test. *p < 0.05, **p < 0.01, ***p < 0.001 vs.
control; @@p < 0.0, @@@p < 0.01 vs. lead; #p < 0.05, ##p < 0.01 vs. ZnO NPs; %p < 0.05, %%p < 0.01 vs. PB + ZnO NPs. Ig: immunoglobulin.

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 62623812

Deore et al. Lipoic Acid Protects Lead–ZnO Toxicity

168

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


in the lead alone group and the combination with zinc oxide
nanoparticle group showed depletion in a nonsignificant manner
(Figures 5E,F). Treatment with lipoic acid resulted in a
nonsignificant increase in the percentage of live sperm and a
decrease in the percentage of dead sperms as compared to the
zinc oxide nanoparticle group (Figure 5).

Effects on Hematopoietic Variables and
Blood Oxidative Stress
Variable Indicative of Alterations in Heme Synthesis
Lead inhibited blood ALAD activity, the enzyme involved in
the heme biosynthesis pathway, in a dose-dependent manner.
We also observed a significant fall in blood ALAD activity in
the lead-, ZnO NP–, and Pb + ZnO NP–treated groups
(Figure 7A). A moderate beneficial effect of LA was noted
in the inhibited activity of blood ALAD activity in these
groups.

Oxidative Stress Parameters in the Brain
GSH, SOD, and catalase are indicative of antioxidant status.
There was a significant decrease in GSH activity in the lead-

and ZnONP–treated groups alone and in combination which was
attenuated by α-lipoic acid treatment (Figure 8). There was a
significant decrease in SOD activity in the lead- and ZnO
NP–treated groups (Figure 8A). There was a significant
increase in the ROS level in the lead- and ZnO NP–treated
groups alone and in combination which was attenuated by
α-lipoic acid treatment (Figure 8D). There was a significant
increase in the TBARS level in the lead group, which was
restored after α-lipoic acid treatment (Figure 8E). The AChE
activity showed a significant increase in the combination group
when treated with α-lipoic acid compared to the ZnO NP group
(Figure 8F).

Oxidative Stress Parameters in the Spleen
There was a significant decrease in GSH, SOD, and catalase
activity in the lead- and ZnO NP–treated groups, which was
attenuated by α-lipoic acid treatment (Figures 9A–C). A
significant increase in lead- and ZnO NP–treated groups alone
and in combination was attenuated by α-lipoic acid treatment
(Figure 9D). There was also a significant increase in the TBARS
level in lead and ZnO NP–exposed groups compared to the
control (Figure 9E).

FIGURE 12 | Rat brain caspase-3 and cytokine levels. (A) CASP3; (B) TNFa; (C) IL-6; (D) IL-4; and (E) IL-1b. All the values are expressed as mean ± SEM (n � 4).
The statistical significance was considered at p < 0.05 and statistical analysis was performed using one-way ANOVA, followed by Tukey’s test. *p < 0.05, **p < 0.01, ***p <
0.001 vs. control; @p < 0.05, @@p < 0.01,@@@p < 0.001 vs. lead; #p < 0.05, ##p < 0.01,###p < 0.001 vs. ZnO NPs; %%%p < 0.001 vs. lead+ ZnO NPs. CASP: caspase;
TNF: tumor necrosis factor alpha; IL: interleukin; SEM: standard error of mean; and ANOVA: analysis of variance.
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Oxidative Stress Parameters in Testes
There was a nonsignificant change in the level of ROS in all
groups of animals as shown in Figure 10A. However, the level of
MDA increased significantly in the ZnO NP group compared to
the control. The increased level of MDA was significantly
decreased by lipoic acid treatment (Figure 10B).

The activity of catalase and the GSH level were significantly
decreased in the zinc oxide nanoparticle group compared to the
control group (Figures 10B,C). However, SOD and GPx activities
in all the groups did not change significantly (Figures 10A,D).
Treatment with lipoic acid increased the level of antioxidant
enzymes (Figure 10).

Effects on Immunological Variables
Cell-mediated immune function was assessed using delayed-
type hypersensitivity response. There was a significant
increase in the lead- and ZnO NP–treated groups alone
and in combination which was attenuated by α-lipoic acid
treatment (Figure 7B).

Effects on Serum Immunoglobulins
There was a significant increase in IgA (p < 0.05), IgE, and IgM
(p < 0.001) levels in lead- and ZnO NP–treated groups,

respectively (Figures 11A-C). IgG levels were significantly
increased in the lead- and ZnO NP–treated groups alone and
in combination which was attenuated by α-lipoic acid treatment
(Figure 11D).

Cytokines and Caspase-3 in the Brain
There was a significant increase in caspase-3, TNF, IL-1, and IL-6 in
lead- and ZnO NP–treated groups alone and in combination, which
was attenuated by α-lipoic acid treatment (Figure 12 resp.) All
α-lipoic acid–treated groups showed significant reversal. There was a
significant decrease in the IL-4 level in the lead- and ZnO
NP–treated groups alone and in combination which was
attenuated by α-lipoic acid treatment (Figure 12).

Cytokines and Caspase-3 in the Spleen
The rat spleen showed a significant increase in caspase-3, TNF,
IL-1, and IL-6 in lead- and ZnO NP–treated groups alone and in
combination which was significantly protected by α-lipoic acid
treatment (Figure 13 resp.) All α-lipoic acid–treated groups
showed significant recovery. There was a significant decrease
in the IL-4 level in lead- and ZnONP–treated groups both during
individual exposure and in combination, which was significantly
protected by α-lipoic acid treatment (Figure 13).

FIGURE 13 | Rat spleen caspase-3 and cytokine levels: (A) CASP3; (B) TNFa; (C) IL-6; (D) IL-4; and (E) IL-1b. All the values are expressed as mean ± SEM (n � 4).
The statistical significance was considered at p < 0.05, and statistical analysis was performed using one-way ANOVA, followed by Tukey’s test. *p < 0.05, **p < 0.01,
***p < 0.001 vs. control; @p < 0.05, @@p < 0.01, @@@p < 0.001 vs. lead; #p < 0.05, ##p < 0.01,###p < 0.001 vs. ZnO NPs; %p < 0.05, %%%p < 0.001 vs. PB + ZnO NPs.
CASP: caspase; tNF: Tumor necrosis factor alpha; IL: interleukin; SEM: standard error of mean; and ANOVA: analysis of variance.
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Metal Levels in Blood
A significant increase in the level of lead concentration in lead
acetate–treated groups was significantly reduced on α-lipoic acid
treatment (Table 2). A significant decrease and an increase in zinc
levels were observed in the lead- and zinc oxide–treated groups,
respectively (Table 2).

Histopathological Observations
Histological sections of the rat cerebral cortex and
hippocampus stained with hematoxylin and eosin were
observed below a light microscope. Brain sections of control
animals showed normal histological architecture, whereas the
lead- and ZnO NPs–treated groups showed hyperchromatic
cells and pyknosis (Figure 14). Comparison of α-lipoic
acid–treated groups with their respective controls showed
its protective effect. The hippocampus was observed for cell
density in the CA1, CA2, CA3, and DG (Dentus gyrus)
subfields. Both the lead- and ZnO NP–treated groups
showed altered cell density, which was not found in α-lipoic
acid–treated groups (Figure 15). The histopathological studies
of testis samples (control, Pb-LA, Zn-LA, and Pb + Zn-LA
groups) revealed a normal testicular shape and morphology
with spermatogenic cells (Figure 16). The alterations in the
seminiferous tubules such as reductions in the number of germ
cells in spermatogenesis, degeneration, vacuolization, and
large lumen of seminiferous epithelium were observed in
the lead alone (Figure 16B), zinc oxide nanoparticles alone
(Figure 16D), and in combination groups (Figure 16G). The
lipoic acid treatment attenuated the lead- and zinc oxide
nanoparticles–induced structural changes in the testes
(Figures 16C,F,H).

DISCUSSION

It has been reported that excess exposure to ZnO NPs and lead
results in multi-organ dysfunction. However, the effects of these
metals in combination have rarely been studied and are largely
unclear. Since the toxic effects of combined exposure remain a

mystery, the treatment approaches also remain unclear. The
present study highlights the role of lipoic acid against combined
lead and ZnO NP exposure along with its effect on individual
exposure to these toxicants in male Wistar rats.

The nervous system is one of the most sensitive systems
against metal-induced toxicity. The impairment of learning
and memory in lead-exposed animals has been widely studied
and reported (Jan et al., 2015). The mechanism involved includes
permeability of the blood–brain barrier (BBB), ability to replace
calcium, and damage to brain areas involving the cerebral cortex,
hippocampus, and cerebellum. (Sanders et al., 2009). Lead also
interferes with the release of neurotransmitters, disrupting
GABAergic function and dopaminergic and cholinergic
systems along with inhibiting NMDA-ion channels during the
neonatal period (Sharma et al., 2015). Earlier studies have
reported the inhibition of acetylcholinesterase activity on lead
and ZnO NP exposure (Nehru and Sidhu, 2002; Reddy et al.,
2003). The levels were particularly observed in brain areas like the
cortex, hippocampus, and cerebellum, mainly responsible for
memory function. We also observed a decreased level of brain
AChE in lead- and ZnO NP–exposed groups. Further, treatment
with lipoic acid restored these effects to a moderate level. Lead has
a binding affinity toward sulfur and oxygen atoms in proteins,
leading to oxidative stress (Jan et al., 2015; Kurutas, 2016). Zinc
oxide nanoparticles, on the other hand, are known to play a
largely protective role but exhibit toxicity depending upon the
dosage, duration of exposure, etc. We noted the beneficial effects
of alpha-lipoic acid treatment on lead and ZnO NP–induced
behavioral alteration in rats.

The immune system is one of the complex systems of the body,
which protects us against a variety of pathogens. When a person
encounters a pathogen, the body’s immune system develops
immunity particularly against the pathogen in addition to the
other protection mechanisms. The specific immune system
employs two classes of cells: B cells and T cells. B cells are
precursors of antibody-secreting plasma cells which play a role
in humoral immunity and produce five major classes of
immunoglobulin molecules. Meanwhile, T cells involved in the
cell-mediated immunity include an array of subtypes of cells that

FIGURE 14 | Photographs of histological sections of the cerebral cortex of rats showing (A) hyperchromatic cells (arrow-head) and (B) pyknosis (arrow).
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mediates immunoregulatory functions by mechanisms such as
producing lymphokines and direct destruction of antigen-
bearing cells (on Descotes, 2006). Cytokines perform
pleiotropic functions to mediate and regulate the immune
response and are thus recognized as biomarkers of
immunotoxicity (Elsabahy and Wooley, 2013). Lead affects
the immune functions by altering the cytokine production,
which is involved in the inflammatory processes (Kurutas,
2016). Furthermore, the inflammatory and other immune
pathologies altered by lead contribute toward other CNS-
related pathologies, particularly, psychiatric disorders. The
role of neurodegeneration in neurological disorders like
Alzheimer’s disease (AD), Parkinson’s disease (PD), or
multiple sclerosis (MS) and their association with the
immune system are still under investigation. The activated
immune system disturbs pro-inflammatory and anti-

inflammatory responses, both centrally and peripherally. A
peripheral immune mediator such as cytokines enters the
CNS via the BBB and causes chronic neuro-inflammation
and damages after sustained release (Amor et al., 2010). The
toxic effects of lead on the immune system are variable (Fenga
et al., 2017). Treatment with alpha-lipoic acid decreased both
lead- and ZnO NPs–altered inflammatory markers in rats in
our study.

Blood lead levels (BLLs) and δ-aminolevulinic acid dehydratase
(ALAD) activity are considered as the early and specific biomarkers
of lead exposure and toxicity, respectively. Delta-aminolevulinic
acid dehydratase (δ-ALAD) is a cytosolic enzyme that catalyzes
the formation of porphobilinogen from δ-aminolevulinic acid
(ALA), and a significant alteration in the heme synthesis occurs
on exposure to lead by the downregulation of the delta-
aminolevulinic acid dehydratase (ALAD) enzyme (La-Llave-

FIGURE 15 | Photomicrographs of the hippocampus of experimental animals. Lead- and ZnO NP–treated groups showing altered cell density in the CA1, CA2,
CA3, and DG regions.
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León et al., 2017). We also observed significant inhibition of
blood δ-ALAD in lead and ZnO NP groups and a positive
response after treatment with α-lipoic acid. Lead concentration
too showed a significant response but only a moderate decrease
in the animals treated with α-lipoic acid. On the other hand,
blood zinc levels significantly decreased in animals coexposed to
lead and ZnO NP. This could be due to the mimicking property
of zinc, the overutilization of zinc by the enzymes, and the fact
that zinc and lead fight for the same binding site in vivo. The
antagonistic effects of zinc against lead are well known (El-
Gazzar et al., 1978).

Male fertility is one of the major problems over the past few
decades. Recently, we also reported testicular toxicity in rats after
chronic exposure to multi-metals (Gupta et al., 2021). Various reports
have indicated toxic effects of lead and zinc oxide nanoparticles on
reproductive organs in experimental animals depending upon dose
and duration (Lee et al., 2016; Abbasalipourkabir et al., 2015; Batra
et al., 1998). They reported that sperm counts and motility were
significantly decreased after zinc oxide nanoparticle exposure. This
might be due to zinc oxide nanoparticle–induced oxidative stress.
Toxic effects of zinc oxide nanoparticles and lead on the testis and
epididymis have been reported earlier (Abbasalipourkabir et al., 2015;
Talebi et al., 2013; Hari Priya and Reddy, 2012). Lipoic acid attenuated
zinc oxide nanoparticle–altered sperm count and motility.
Mitochondrial membrane potential (MMP) is an essential
component in the process of energy storage during oxidative

phosphorylation and helps in the movement of the sperm. The
zinc oxide nanoparticle exposure resulted in a decreased MMP.
Treatment with lipoic acid does not have any effect on the ZnO
NP–decreased MMP in the testes of rats.

Oxidative stress has been known to play a significant role inmetal-
induced toxic effects. The imbalance between the free radicals and
antioxidants such as superoxide dismutase (SOD), catalase (CAT),
and glutathione peroxidase (GPX) may lead to oxidative stress and
finally organ toxicity (Ho et al., 2013; Ighodaro and Akinloye, 2018).
Free radicals or reactive species through oxidative stress have been
implicated in the incidence and progression of several health
conditions such as atherosclerosis, diabetes, cancer,
neurodegenerative disorders, cardiovascular disorders, and other
chronic conditions (Sanders et al., 2009). We also observed an
increase in oxidative stress in the nervous, immune, and male
reproductive systems of lead- and ZnO NP–exposed group of
animals. Treatment with alpha-lipoic acid reduced lead- and ZnO
NPs–induced oxidative stress, suggesting its antioxidant potential.

In order to further understand the other mechanisms involved in
the toxicity of lead and ZnONPs, we measured the levels of caspase-3
which are involved in the apoptosis process. Caspase-3 is activated
both in response to extrinsic and intrinsic cell death pathways. Our
results demonstrated that in the lead-administered group, a significant
increase in the levels of caspase-3 in both spleen and brain tissues was
noted which signifies the cell death mechanism (Porter and Jänicke,
1999). However, the relative organweight index showed no significant

FIGURE 16 | Photographs of the testes of experimental animals. (A)Control group showing normal seminiferous tubules (Sts) lined by stratified germinal epithelium
(as presented by black arrow). (B) Lead-treated group showing separated germinal epithelium from their basement membrane (black arrow). (C) lipoic acid–treated lead
group showing a regular basal lamina (black arrow). (D) Zinc oxide nanoparticle group showing degeneration of germinal epithelium (black arrow) and vacuolations (red
arrow). (E) Zinc oxide nanoparticle group showing the large diameter of lumen (black arrow). (F) Lipoic acid–treated zinc oxide nanoparticle group showing a regular
basal lamina and germinal epithelium layer (black arrow). (G) Lead and zinc oxide nanoparticle groups showing irregular basal lamina (black arrow). (H) Lipoic
acid–treated lead and zinc oxide nanoparticle groups showing a regular basal lamina, germinal epithelium layer, and sperms in the lumen (black arrows).
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differences between the groups (Table 1). The metal concentration
data suggested (Table 2) that the blood lead and zinc levels were
increased significantly in lead and zinc exposed groups, while
protection was noted in blood upon administration of α-lipoic acid
on lead levels, which decreases significantly, hence it is in syncwith our
blood ALAD data that shows a chelating property of α-lipoic acid.

Histological studies are useful for examining the microscopic
anatomy of biological tissues. Following earlier reports, our
investigation also showed that exposure to lead- and ZnO
NP–induced histological changes in organs. The cognitive
function can again be assessed by histopathological examination
based on the facts that lead was already known to target the
hippocampus and that lead inhibits NMDAR function.
Histopathological examination revealed alteration in the
hippocampus and the cortex structure. In Figure 15, the CA2
and CA3 regions showed disturbed cellular density in both lead-
treated and ZnO nanoparticle–treated groups whereas α-lipoic
acid–treated groups did not exhibit evident disturbed cellular
density. The lead-exposed group of animals did not show
alteration of biochemical and hematological parameters; however,
histological alterations in the testis were observed. The
histopathological damage caused by the administration of lead is
already reported (Kumar and Devi, 2019). Talebi et al. (2013) have
reported the cytotoxic effect of zinc oxide nanoparticles in testicular
cells. The lipoic acid treatment has shown an attenuating effect on
the lead- and zinc oxide nanoparticles–induced histological
alterations. Rafiee et al. (2019) have reported the protective effect
of lipoic acid in the reproductive organs of experimental animals.

The mechanisms involved in the protective effects against lead
and zinc oxide nanoparticles can be postulated depending on the
previous studies. ALA improves the redox state of the plasma and
shows a protective effect on oxidative stress–induced apoptosis
(Serhiyenko et al., 2018). One study of α-LA against hydrogen
peroxide–induced toxicity in human lymphocytes showed it to be
an ideal compound that has profound protective effects on
oxidation, inflammation, and apoptosis (Rahimifard et al., 2015).
Earlier studies on the beneficial role of alpha-lipoic acid against
metals/metalloids such as arsenic, cadmium, mercury, and gold have

shown the role of upregulated Nrf2 and GPx1 and downregulated
Keap1 (Grunert, 1960; Saleh et al., 2017). The prophylactic role of
α-lipoic acid against the toxic effect of zinc oxide nanoparticle (ZnO
NP)–induced metabolic disorder, inflammation, and DNA damage
in rat livers has been reported. Here, ALA ameliorated metabolic
and immune disorders related to liver damage and modulated the
previously measured parameters (Al-Rasheed et al., 2014). ALA
was used as both antioxidant and chelating agent against lead-
induced bone marrow toxicity because of its ability to scavenge
free radicals and regenerate other antioxidants like SOD, GST,
GPx, and CAT from their radical or inactive forms, and it has
lead-chelating activity (Haleagrahara et al., 2011).

There has been a lot of cross talk between the peripheral and CNS
immune components (Liu et al., 2020). The clearance system existed
in the CNS prevents the accumulation of toxic peptides, and this is
regulated by innate immune cells (Ordovas-Montanes et al., 2015).
The interplay between central and peripheral immune systems works
synergistically and involves inflammation and related pathologies (Su
and Federoff, 2014). Thus, in our study, we reported the effect on both
the nervous and immune systems. Further studies are required to
prove the mechanisms involved in this cross talk.

CONCLUSION

The present study reports the promising role of alpha-lipoic acid
against lead-induced and ZnO NP–induced alerted immunological,
neurological, and reproductive parameters in experimental rats. The
therapeutic role of alpha-lipoic acid may be attributed to its
multifaceted activities such as chelation, antioxidative, anti-
inflammatory, and antiapoptotic activities. The exact molecular
mechanism needs to be further investigated.
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TABLE 1 | Relative organ weight ratio and body weight in treated rats.

Con Pb Pb ± LA ZnO NPs ZnO NPs ± LA Pb ± ZnO NPs Pb ± ZnO NPs ± LA

Body weight (g) 271 ± 10.8 290.6 ± 5.28 306 ± 18.0 286.1 ± 7.73 303 ± 12.9 288.6 ± 18.1 312.6 ± 8.7
Spleen weight (g) 1.015 ± 0.17 1.127 ± 0.09 0.995 ± 0.04 1.000 ± 0.04 0.821 ± 0.03 1.11 ± 0.13 1.097 ± 0.08
Relative spleen weight (%) 0.367 ± 0.03 0.388 ± 0.03 0.328 ± 0.02 0.349 ± 0.01 0.272 ± 0.01 0.384 ± 0.03 0.352 ± 0.03
Brain weight (g) 1.709 ± 0.14 1.846 ± 0.03 1.875 ± 0.038 1.848 ± 0.049 1.757 ± 0.058 1.782 ± 0.084 1.768 ± 0.072

Abbreviations: Wt, weight; g, gram. All the values are expressed as mean ± SEM (n � 4). There was no statistical significance among the groups. Relative organ weight � weight of the
organ/body weight*100.

TABLE 2 | Blood metal level (µg/ml blood) in rats. (A) Lead. (B) Zinc. All the values are expressed as mean ± SEM (n � 5). The statistical significance was considered at p <
0.05, and statistical analysis was performed using one-way ANOVA, followed by Tukey’s test. *p < 0.05, p < 0.05 vs. lead; cp < 0.001 vs. ZnO NPs; bp < 0.01 vs. Pb +
ZnO NPs.

Control Pb Pb + LA ZnO NPs ZnO NPs + LA Pb + ZnO NPs Pb + ZnO NPs
+ LA

A. Lead 0.09 ± 0.002 0.45 ± 0.02* 0.34 ± 0.002a 0.11 ± 0.002 0.09 ± 0.002 0.035 ± 0.0024 0.027 ± 0.0027
B. Zinc 0.8 ± 0.03 0.53 ± 0.03* 0.55 ± 0.0033 0.71 ± 0.003c 1.51 ± 0.003c 1.52 ± 0.0031c 1.49 ± 0.003c
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Toxicological Assessment of
Bromochlorophene: Single and
Repeated-Dose 28-Day Oral Toxicity,
Genotoxicity, and Dermal Application
in Sprague–Dawley Rats
Hansol Won†, Da Hye Jeong†, Hyo-Sook Shin, Jin Hee Lee, Jeong Pyo Lee, Jun-Young Yang,
Kikyung Jung, Jayoung Jeong and Jae Ho Oh*

Division of Toxicological Research, National Institute of Food and Drug Safety Evaluation, Ministry of Food and Drug Safety,
Osong, South Korea

Bromochlorophene (BCP) has shown good properties in sterilization and antibacterial
activity and is widely used as a household chemical. We evaluated the genotoxicity, single
and repeated-dose 28-day oral toxicity, and dermal application of a BCP suspension in
Sprague–Dawley (SD) rats. For the single-dose toxicity study, a dose of 25–1,000mg per
kg of bodyweight (mg/kg b.w.) of BCP was given once orally to SD rats. Mortality and
clinical signs were observed and recorded for the first 30 min after treatment, at 4 h post-
administration, and then at least once daily for 14 days after administration. For the
repeated-dose 28-day toxicity study, the high dose was set at 1,000mg/kg b.w. and the
middle, middle-low, and low dose were set to 500, 250, and 125mg/kg, respectively.
Hematology and biochemistry parameters were examined. Gross pathologic and
histopathologic examinations were performed on selected tissues from all animals. A
bacterial reverse mutation assay, in vitro chromosomal aberration assay, and in vivo
micronucleus assay were performed to assess genotoxicity-dermal application exposure
assessment of BCP in rats. A high oral approximate lethal dose (ALD) of 1,000 mg/kg was
observed in the single-dose toxicity test. During the repeated-dose 28-day time period,
most animal deaths after administration occurred during the first 3 weeks. The
1,000 mg/kg b.w. oral dose caused the death of six male rats (6/7) and four female
rats (4/7). At 500 mg/kg b.w., the female rats showed mortality (1/7). For the biochemistry
assays, cholesterol was increased significantly compared to vehicle in both sexes in the
250 and 500mg/kg groups. Histopathological changes with treatment-related findings
were observed in the pancreas in female rats treated with a high dose of BCP compared
with the vehicle group. BCP showed no genotoxic effect. These data suggested that the
ALD of BCP, estimated as a non-genotoxic substance, was over 1,000mg/kg b.w. in the
single-dose toxicity study, and the NOAEL of BCP was considered to be 250mg/kg b.w.
for male and female rats after repeated oral administration for 28 days under the present
study conditions.

Keywords: bromochlorophene, repeated-dose 28-day oral toxicity study, genotoxicity, preservative, NOAEL
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INTRODUCTION

Lots of household chemicals are used these days. As quality of life
has become more critical, it has become desirable to prevent
toxicity. Therefore, life-friendly materials and consumer products
are increasingly being consumed, which has also led to an
increase in the number of toxicity study cases (Bilal and Iqbal,
2019; Shahi et al., 2019).

To provide information on chemical safety, the Organization
for Economic Cooperation and Development (OECD) and the
European Chemicals Agency (ECHA) established “the Global
Portal to Information on Chemical Substances” (eChemPortal,
2020), a web-based service offering information on chemical
properties such as toxicity, exposure, and use (Müller-Ruch
et al., 2020). However, some chemicals have no proper
toxicological information, even though they have been
registered or permitted as a legal substance by authorities.

2-bromo-6-[(3-bromo-5-chloro-2-hydroxyphenyl) methyl]-
4-chlorophenol (BCP), a hydrophobic chemical, is used as an
anti-microbial agent in household chemicals like cosmetic
emulsion, toothpaste, and deodorants (Moran et al., 2005;
Stibany et al., 2017) BCP is a registered preservative at
concentrations of up to 0.1% in cosmetic products in many
countries, including Korea [MFDS (The Ministry of Food and
Drug Safety), 2017a]. The various physicochemical characteristics
of preservatives are the major determinants of their toxic
potential (Lee et al., 2019; Won et al., 2020). The major
exposure pathways of preservative are ingestion, inhalation,
and absorption into the skin. Exposure of preservatives via the
oral route has been closely related to the toxic response of tissues
and kidney malfunction as well as cardiovascular,
gastrointestinal, and hematologic effects (Tade et al., 2018; Lee
and Park, 2019).

Several previous studies have focused on the effect of BCP
when used for antimicrobial agents, which is known to be a
potential plaque inhibitory agent and an effective bactericide.
Toothpaste containing BCP has an anti-plaque effect to reduce
dental caries in both humans and animals (Moran et al., 2005;
Sadeghi and Assar, 2009).

Although BCP is an ingredient of many household products
used in everyday life, research is insufficient. The BCP substance
is not listed in the Superfund Amendments and Reauthorization
Act (SARA) (SARA, 2017), Proposition 65 (OEHHA, 2020), and
Carcinogenic categories (NIOSH, 2007; IARC, 2020).

Our investigation aimed to produce toxicity test information
necessary for the evaluation of risk assessment. In our study, BCP
risk was indicated by a single-dose oral toxicity study, a 28-day
repeated-dose oral toxicity study, and genotoxicity study.

MATERIALS AND METHODS

Test Substance
Bromochlorophene (2-bromo-6-[(3-bromo-5-chloro-2-
hydroxyphenyl) methyl]-4-chlorophenol); C13H8Br2Cl2O2,
molecular weight 426.9 g/mol, CAS: 15,435-29-7) was obtained
from ALFA chemistry (purity 99%, China) and used as received

unless otherwise noted. BCP for oral administration or treatment
was formulated in 4% ethanol (Manzo et al., 2012; Thackaberry,
2013).

Animals
Specific pathogen-free Sprague-Dawley rats [Crl: CD (SD)] were
purchased from Koatech Inc., Republic of Korea. The animals
were acclimated for 7 days after arrival at the laboratory animal
facility of the National Institute of Food and Drug Safety
Evaluation of the Ministry of Food and Drug Safety (Osong,
Korea). The studies were approved by the Institutional Animal
Care and Use Committee (IACUC) (2019, approval no. MFDS-
19-002). The animals were housed at a temperature of 22 ± 3°C
and relative humidity of 50 ± 20%. The animal rooms were
maintained under a 12-h light-dark cycle and 10–20 air changes
per hour. The toxicity test was performed strictly using “Toxicity
Test Standards for Drugs” from the Korean Ministry of Food and
Drug Safety (MFDS (The Ministry of Food and Drug Safety),
2017b). It is also referred to as the OECD Guideline No. 407
(OECD, 2008).

Single Toxicity Experiment
Six-week-old male and female SD rats (n � 5–7 per sex and
group) were orally treated with BCP. The vehicle group received
4% ethanol solution in the same volume, while the treated group
received BCP at a dosage of 1,000, 700, 250, 80, and 25 mg/kg
b.w./day. After 7-day acclimatization, rats were treated once.
General clinic observations began 4 h after the rats received
the drugs, and then this regime continued every 8 h for at
least 7 days.

Repeated-Dose 28-day Toxicity Experiment
Eighty-four rats (6 weeks old) were randomly assigned into four
groups (Siven male and seven female rats in each group). The
obtained median approximate lethal dose (ALD) of BCP was
1,000 mg/kg b.w./day in rats. The four groups were divided
into: high dose (1,000 mg/kg b.w./day), medium dose
(500mg/kg b.w./day and 250 mg/kg b.w./day), low dose
(125mg/kg b.w./day), vehicle control (4% ethanol solution in
same volume), and control (not treat). Rats were administered
once daily by gavage with BCP suspension at four doses as above
(1,000, 500, 250, and 125 mg/kg b.w./day) at 9:00–10:00 a.m.
throughout the experiment for 28 continuous days. The
investigators held the animal with the left hand and the syringe
with the right hand. Then, they kept the head and neck of the rat in
a straight line, thereby enabling easy access to the mouth. In
Baoding rats, the head must be fixed to avoid the head twisting
at will and affecting the operation of gavage. The intragastric needle
entered from the angulus oris of the animal tomake themouth and
esophagus align. When the intragastric needle reached a depth of
approximately 5 cm, the experimenters gently pushed the syringe
slowly to administer the dose. If there was no excessive struggle, the
drug was injected slowly. If the resistance was small, the full dose
could be administered. In the case of rat struggle, the intragastric
needle was pulled out, reserved and operated again. The animals’
general clinic observations, body weight, morbidity, and mortality
were recorded daily during administration. Additionally,
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measurements of food consumption and water intake were
recorded weekly.

Hematology
Blood samples were collected and placed into tubes containing
EDTA-K2 for the hematological analyses. At the end of the drug
administration period, the hematological index of rats was analyzed.
Standard hematological and biochemistry tests were used to
determine the hematological parameters, enzymes, substrates,
and products of metabolism. The indicators were white blood
cell (WBC), red blood cell (RBC), platelet (PLT), neutrophil
(NEUT), lymphocyte (LYM), monocyte (MONO), eosinophil
(EOS), basophil (BASO), and reticulocyte (Retic) counts;
hemoglobin (HGB), hematocrit (HCT), mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH), and
mean corpuscular hemoglobin concentration (MCHC).

Serum Biochemistry
Blood samples were collected, centrifuged at 3,000 rpm for
10 min at 4°C, and stored at −20°C. At the end of the drug
administration period, the biochemical blood index of rats in each

group was analyzed. The primary biochemical indicators were
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), gamma-glutamyl
transferase (GGT), blood urea nitrogen (BUN), creatinine
(CREA), total protein (TP), albumin (ALB), cholesterol
(T-CHOL), glucose (GLU), triglyceride (TG), total bilirubin
(T-BIL), direct bilirubin (D-BIL), lactate dehydrogenase
(LDH), creatine kinase (CK), uric acid (UA), calcium (Ca),
phosphorus (IP), high-density lipoprotein (HDL), and low-
density lipoprotein (LDL).

Necropsy
At the end of the 28-day toxicity test, SD rats were fasted
overnight and underwent general anesthesia with CO2.
Necropsies were conducted carefully on all the rats, which
either died or survived during experiments. Tissues like liver,
spleen, heart, kidney (both), adrenal gland, lung, brain, pituitary
gland, thymus, urinary bladder, stomach, intestine, testis, ovary,
epididymis, uterus, prostate, seminal vesicle, trachea, esophagus,
thyroid gland, salivary gland, skin, femur, and Harderian gland
nerves were examined for the macroscopic morphology, and then

TABLE 1 | The mortality of rats during the single-dose toxicity study.

Sex Group/dose (mg/kg) Number dosed Body weight (mean ± SD) Mortality (dead/total)

Day 0 Day 7 Day 14

Male 1 (N.C.) 5 165.53 ± 5.10 224.06 ± 5.75 278.63 ± 8.57 0% (0/5)
2 (0) 7 165.71 ± 6.34 222.58 ± 9.65 275.34 ± 14.40 0% (0/7)
3 (25) 7 165.35 ± 5.64 221.33 ± 8.56 276.09 ± 13.06 0% (0/7)
4 (80) 7 165.89 ± 5.24 222.27 ± 6.91 272.71 ± 15.62 0% (0/7)
5 (250) 7 165.59 ± 5.84 223.09 ± 9.58 275.77 ± 10.92 0% (0/7)
6 (700) 7 165.82 ± 5.17 223.38 ± 5.67 272.62 ± 10.95 0% (0/7)
7 (1,000) 7 165.53 ± 6.25 219.89 ± 12.40 278.39 ± 16.28 0% (0/7)

Female 1 (N.C.) 5 128.25 ± 5.23 155.36 ± 9.48 177.57 ± 12.19 0% (0/5)
2 (0) 7 130.73 ± 6.79 160.55 ± 10.46 184.34 ± 12.21 0% (0/7)
3 (25) 7 130.68 ± 4.14 163.87 ± 6.42 187.61 ± 9.87 0% (0/7)
4 (80) 7 130.48 ± 3.59 156.18 ± 9.76 186.56 ± 9.92 0% (0/7)
5 (250) 7 130.48 ± 3.61 158.68 ± 5.00 180.40 ± 5.33 0% (0/7)
6 (700) 7 130.35 ± 3.63 153.56 ± 10.11 185.31 ± 3.92 0% (0/7)
7 (1,000) 7 130.12 ± 5.81 157.27 ± 6.37 177.76 ± 7.76 0% (0/7)

CON, control; VEH, vehicle administered 4% ethanol; data are expressed as means ± SD (n � 5–7/group).
Statistics: One-way analysis of variance (ANOVA test) followed by the Dunnett’s test.

TABLE 2 | The death of rats during the 28-day dose toxicity study.

Group Number dosed Dosage (mg/kg) Mortality rates (%) Died (n) Survived (n)

Male
1 7 0 0 0 7
2 7 125 0 0 7
3 7 250 0 0 7
4 7 500 0 0 7
5 7 1,000 85 6 1

Female
1 7 0 0 0 7
2 7 125 0 0 7
3 7 250 0 0 7
4 7 500 17 1 6
5 7 1,000 57 4 3
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removed quickly, washed in saline, weighed, and kept in 10%
neutral buffered formalin (#0151S, BBC Biochemical, Seattle,
WA). In addition, the relative weight of each organ (viscera/
body ratio) was calculated based on the animal’s body weight
according to the following formula: organ weight/body weight on
sacrifice day × 100.

Histopathology
Tissues were fixed in a 10% formalin solution (# 0151S, BBC
Biochemical, Seattle, WA) containing neutral phosphate-buffered
saline, trimmed, processed, and embedded in paraffin, and
sectioned at 4-μm thickness; sections were stained with
hematoxylin and eosin (H&E) according to routine

FIGURE 1 | Body weight [mean ± Sprague-Dawley (SD)] of male and female rats treated with 0, 125, 250, 500, and 1,000 mg/kg/day in the 28-day repeated-dose
oral toxicity study of Bromochlorophene (BCP). *Significantly different from the vehicle control at p < 0.05.

FIGURE 2 | Effect of BCP on the weekly food and water consumption after oral administration in male and female rats for 28 days. A, weekly food consumption. B,
weekly water consumption. Data are expressed as the mean ± SD.
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histological techniques. The histopathological changes were then
evaluated using light microscopy (Leica DM 3000, Wetzlar,
Germany).

Genotoxicity
Bacterial Reverse Mutation Test
The mutagenic potential of BCP was evaluated by a bacterial
reverse mutation assay, according to OECD TG471 (OECD, 2020
[22]). The four histidine auxotroph strains of Salmonella
typhimurium TA100, TA1535, TA98, and TA1537, along with
a tryptophan auxotroph strain of Escherichia coli, WP2 uvrA
(pKM101), were used for bacterial reverse mutation testing
(Green and Muriel, 1976; Maron and Ames, 1983 [23, 24]).
To induce a metabolic activation system, S9 fraction
(Molecular toxicology Inc., Lot No. 4230), a mitochondrial
fraction of liver homogenated in SD rats, was added with

Cofactor-1 (Genogen Co. Ltd, Lot No. 2009608 Ⅰ). The test
strains were exposed to the test article using the pre-
incubation method. Based on the results of a range-finding
test conducted on the test article, dose ranges were determined
using the five test strains in both the presence and absence of the
metabolic activation system with two plates per dose. In this
study, the highest dose was set at 5,000 μg/plate for all test strains,
and six-serial diluted concentrations (5,000, 1,250, 313, 78.1, 19.5,
and 4.88 μg/plate) were tested in the main study. The colonies
were counted using an automated colony counter.

In vitro Chromosomal Aberration Test
The in vitro chromosomal aberration test was performed
according to OECD TG473 (OECD, 2016a). Chinese hamster
lung cells (CHL/IU) were obtained from the American Type
Culture Collection (ATCC, United States). The cells were

TABLE 3 | Toxicity of BCP on percentage of relative organ weight in male and female rats.

Organ
(g/100 g body weight)

Groups (mg/kg/day)

0 125 250 500 1,000

Male
Liver 2.92 ± 0.21 2.97 ± 0.19 3.26 ± 0.20a 3.46 ± 0.29a 3.31 ± 0.00
Kidney-R 0.36 ± 0.02 0.36 ± 0.02 0.38 ± 0.02 0.38 ± 0.04 0.33 ± 0.00
Kidney-L 0.35 ± 0.03 0.36 ± 0.03 0.38 ± 0.02 0.37 ± 0.04 0.34 ± 0.00
Adrenal gland-R (mg) 7.85 ± 0.73 7.91 ± 1.03 8.61 ± 0.33 8.66 ± 1.31 8.99 ± 0.00
Adrenal gland-L (mg) 8.09 ± 1.13 7.78 ± 1.10 8.46 ± 0.82 8.91 ± 1.54 8.69 ± 0.00
Heart 0.42 ± 0.04 0.39 ± 0.03 0.40 ± 0.03 0.39 ± 0.03 0.37 ± 0.00
Lung 0.48 ± 0.04 0.48 ± 0.04 0.49 ± 0.03 0.49 ± 0.04 0.45 ± 0.00
Brain 0.57 ± 0.03 0.56 ± 0.02 0.56 ± 0.03 0.56 ± 0.04 0.59 ± 0.00
Pituitary gland 3.27 ± 0.22 3.37 ± 0.59 3.53 ± 0.73 2.98 ± 0.31 2.75 ± 0.00
Spleen 0.22 ± 0.02 0.23 ± 0.02 0.23 ± 0.04 0.23 ± 0.02 0.18 ± 0.00
Thymus 0.17 ± 0.02 0.17 ± 0.02 0.15 ± 0.02 0.15 ± 0.02 0.11 ± 0.00
Testis-R 0.56 ± 0.05 0.55 ± 0.03 0.59 ± 0.05 0.58 ± 0.05 0.61 ± 0.00
Testis-L 0.55 ± 0.05 0.55 ± 0.03 0.58 ± 0.06 0.58 ± 0.05 0.61 ± 0.00
Epididymides-R 0.15 ± 0.01 0.14 ± 0.01 0.16 ± 0.02 0.15 ± 0.02 0.15 ± 0.00
Epididymides-L 0.15 ± 0.01 0.14 ± 0.01 0.15 ± 0.02 0.15 ± 0.01 0.15 ± 0.00
Prostate 0.15 ± 0.07 0.13 ± 0.03 0.14 ± 0.02 0.12 ± 0.01 0.09 ± 0.00
Seminal vesicle 0.46 ± 0.05 0.41 ± 0.05 0.43 ± 0.05 0.41 ± 0.08 0.42 ± 0.00
Salivary gland 0.20 ± 0.01 0.20 ± 0.02 0.20 ± 0.01 0.19 ± 0.02 0.19 ± 0.00
Thyroid gland-R (mg) 3.52 ± 0.47 3.88 ± 0.42 3.23 ± 0.38 3.34 ± 0.67 2.26 ± 0.00
Thyroid gland-L (mg) 3.33 ± 0.97 3.08 ± 0.40 3.12 ± 0.64 3.22 ± 0.87 2.52 ± 0.00

Female
Liver 2.67 ± 0.11 2.91 ± 0.14a 3.03 ± 0.16a 3.46 ± 0.15a 3.74 ± 0.15a

Kidney-R 0.35 ± 0.02 0.37 ± 0.02 0.37 ± 0.02 0.40 ± 0.03a 0.40 ± 0.01a

Kidney-L 0.36 ± 0.02 0.36 ± 0.02 0.37 ± 0.02 0.41 ± 0.03a 0.40 ± 0.01a

Adrenal gland-R (mg) 14.98 ± 1.27 15.75 ± 1.70 14.37 ± 1.79 15.20 ± 1.29 14.99 ± 2.00
Adrenal gland-L (mg) 15.26 ± 2.60 14.71 ± 1.10 14.65 ± 3.22 14.87 ± 0.87 15.47 ± 0.97
Heart 0.42 ± 0.02 0.43 ± 0.03 0.41 ± 0.02 0.43 ± 0.03 0.42 ± 0.03
Lung 0.56 ± 0.03 0.57 ± 0.05 0.58 ± 0.02 0.55 ± 0.03 0.55 ± 0.02
Brain 0.80 ± 0.04 0.82 ± 0.05 0.85 ± 0.05 0.81 ± 0.03 0.80 ± 0.02
Pituitary gland 5.17 ± 1.57 5.35 ± 0.85 4.85 ± 0.38 4.89 ± 0.62 4.60 ± 0.72
Spleen 0.27 ± 0.02 0.28 ± 0.03 0.28 ± 0.01 0.29 ± 0.05 0.25 ± 0.02
Thymus 0.17 ± 0.02 0.16 ± 0.02 0.18 ± 0.03 0.15 ± 0.04 0.15 ± 0.01
Ovary-R 22.22 ± 3.68 22.28 ± 3.16 23.86 ± 5.54 22.56 ± 4.04 28.50 ± 10.81
Ovary-L 22.82 ± 1.64 22.23 ± 3.35 24.51 ± 4.55 22.61 ± 4.97 28.93 ± 9.99
Uterus 0.20 ± 0.02 0.32 ± 0.25 0.22 ± 0.07 0.29 ± 0.16 0.22 ± 0.04
Salivary gland 0.21 ± 0.02 0.21 ± 0.01 0.22 ± 0.01 0.21 ± 0.02 0.23 ± 0.03
Thyroid gland-R (mg) 4.16 ± 1.01 3.96 ± 1.02 4.54 ± 1.23 4.12 ± 0.91 3.60 ± 0.70
Thyroid gland-L (mg) 4.08 ± 0.74 4.73 ± 2.20 4.68 ± 1.00 3.50 ± 0.69 3.03 ± 0.73

R, right; L, left. Data are expressed as means ± SD (n � 7/group).
aSignificantly different from vehicle control group (p < 0.05).
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maintained with Eagle’s minimum essential medium supplied
with 10% fetal bovine serum. The cells were cultured at 37 ± 1°C
and 5% CO2-95% air using a humidified incubator and cell
culture flasks (culture surface 75 cm2). The cytotoxicity dose
ranges of this study were determined by calculating the
relative population of doubling (RPD) in substance-treated
cultures observed in a dose range-finding test. The RPD value
was determined using the following formula.

RPD (%) � (No. of population doublings in treated cultures)
(No. of population doublings in control cultures)
× 100

population doubling � [log (post-treatment cell number/Initial
cell number)]/log 2

According to the RPD results of the dose range-finding test, the
highest dose was chosen to produce <50% in this test. The assay
consisted of short-term (6 h) and continuous (24 h) treatments.
Approximately 22 h after the start of the treatment, colcemid was
added to each culture at a final concentration of 0.2 μg/ml. The
slides of CHL cells were prepared following the hypotonic-
methanol-glacial acetic acid-flame drying Giemsa schedule for

metaphase plate analysis. More than 300 metaphases were
selected and analyzed for each treatment group under ×1,000
magnification using a light microscope. When a significant
difference was confirmed after statistical analyses to determine
chromosomal aberrations, it was positive.

In vivo Mammalian Erythrocyte Micronucleus Test
Male 6-week-old CrljOri: CD1(ICR) mice were purchased from
Samtako Laboratory Animal, Inc. (Gyeonggi-do, Korea) and were
used for experiments at 8 weeks of age after acclimatization for
1 week. The animals were housed in polycarbonate cages. An
ambient temperature of 22 ± 3°C, a relative humidity of 50 ± 10%,
and a photoperiod of 12 h were maintained throughout the study.
All animals used in this study were cared for in accordance with
the principles outlined in the “Guide for the Care and Use of
Laboratory Animals,” a NIH publication. ICR mice were divided
into five groups (n � 5) on the basis of their body weights. BCP
and negative control was orally administered twice every 24 h to
mice at doses of 0, 62.5, 125, and 250 mg/kg. Mitomycin C
(MMC) (Lot no. SLBX4310, Sigma-Aldrich), positive control,
was administered once intraperitoneally at 2 mg/kg 24 h before
sacrifice. The bone marrow cells were then centrifuged at 4°C and

TABLE 4 | Hematological parameter of BCP in male and female rats.

Parameter Groups (mg/kg/day)

0 125 250 500 1,000

Male
WBC (× 103 cells/μl) 7.2 ± 1.5 9.2 ± 1.3 7.3 ± 2.5 8.7 ± 2.5 6.6 ± 0.0
RBC (× 106 cells/μl) 7.9 ± 0.4 8.3 ± 0.3 8.1 ± 0.2 8.3 ± 0.3a 9.1 ± 0.0
HGB (g/dL) 14.9 ± 0.8 16.0 ± 0.5a 15.3 ± 0.4 16.0 ± 0.5a 17.5 ± 0.0
HCT (%) 46.5 ± 2.7 49.4 ± 1.2a 47.8 ± 1.3 49.9 ± 1.5a 54.9 ± 0.0
MCV (fL) 58.8 ± 1.6 59.7 ± 1.1 59.0 ± 1.2 59.8 ± 0.5 60.4 ± 0.0
MCH (pg) 18.8 ± 0.8 19.3 ± 0.3 18.9 ± 0.4 19.2 ± 0.3 19.3 ± 0.0
MCHC (g/dL) 32.0 ± 1.0 32.3 ± 0.4 32.1 ± 0.4 32.1 ± 0.3 31.9 ± 0.0
PLT (x 103 cells/μl) 1,044.6 ± 58.8 1,009.3 ± 39.7 901.9 ± 376.8 931.3 ± 120.4 727.0 ± 0.0
NEUT (% of WBC) 10.4 ± 1.1 9.2 ± 2.9 11.2 ± 3.4 10.1 ± 2.3 5.8 ± 0.0
LYM (% of WBC) 83.9 ± 1.5 85.1 ± 2.8 83.4 ± 3.9 84.0 ± 2.6 90.5 ± 0.0
MONO (% of WBC) 3.4 ± 1.0 3.5 ± 0.6 3.1 ± 0.9 3.2 ± 0.9 1.9 ± 0.0
EOS (% of WBC) 0.7 ± 0.2 0.5 ± 0.1 0.6 ± 0.4 0.6 ± 0.2 0.2 ± 0.0
BASO (% of WBC) 0.5 ± 0.1 0.7 ± 0.2 0.7 ± 0.2 0.7 ± 0.2 0.6 ± 0.0
Retic (%) 2.5 ± 0.3 2.7 ± 0.4 2.6 ± 0.3 2.4 ± 0.4 1.9 ± 0.0

Female
WBC (x 103 cells/μl) 5.8 ± 1.3 6.6 ± 2.3 4.7 ± 1.6 4.6 ± 0.8 4.7 ± 1.1
RBC (× 106 cells/μl) 8.0 ± 0.2 8.0 ± 0.5 7.8 ± 0.2 7.8 ± 0.4 7.7 ± 0.4
HGB (g/dL) 15.1 ± 0.3 15.2 ± 0.8 14.8 ± 0.5 15.1 ± 0.6 15.1 ± 0.7
HCT (%) 45.5 ± 1.1 45.9 ± 2.8 44.6 ± 1.7 45.8 ± 1.9 46.9 ± 1.7
MCV (fL) 57.3 ± 1.3 57.4 ± 1.8 57.2 ± 1.3 58.9 ± 1.3 60.9 ± 1.2a

MCH (pg) 19.0 ± 0.3 19.0 ± 0.6 19.0 ± 0.3 19.4 ± 0.7 19.6 ± 0.3
MCHC (g/dl) 33.2 ± 0.5 33.1 ± 0.5 33.2 ± 0.4 32.9 ± 0.5 32.2 ± 0.3a

PLT (× 103 cells/μl) 1,101.4 ± 68.8 1,048.7 ± 59.8 1,056.0 ± 88.7 1,093.8 ± 447.1 1,012.3 ± 16.3
NEUT (% of WBC) 12.4 ± 4.1 20.2 ± 25.6 10.5 ± 3.5 12.5 ± 8.5 17.9 ± 5.3
LYM (% of WBC) 82.8 ± 4.0 72.7 ± 28.9 85.1 ± 3.2 82.8 ± 9.7 78.9 ± 5.7
MONO (% of WBC) 2.5 ± 0.7 4.9 ± 4.4 2.3 ± 0.2 2.7 ± 1.2 1.8 ± 0.6
EOS (% of WBC) 0.9 ± 0.4 0.9 ± 0.8 0.8 ± 0.3 0.6 ± 0.2 0.4 ± 0.1
BASO (% of WBC) 0.5 ± 0.1 0.5 ± 0.2 0.5 ± 0.1 0.6 ± 0.2 0.5 ± 0.3
Retic (%) 2.3 ± 0.4 2.3 ± 0.8 1.9 ± 0.3 2.2 ± 0.5 2.8 ± 0.4

WBC, white blood cell count; RBC, red blood cell count; HCB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean
corpuscular hemoglobin concentration; PLT, platelet count; NEUT, neutrophil; LYM, lymphocyte; MONO, monocyte; EOS, eosinophil; BASO, basophil; Retic, reticulocyte. Data are
expressed as means ± SD (n � 7/group).
aSignificantly different from vehicle control group (p < 0.05).
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1,000 rpm for 5 min and smeared on a clean slide glass. Smeared
slides were air-dried, fixed in methanol, and then stained with 3%
Giemsa solution for 30 min. Additionally, the stained slides were
observed under the fluorescence microscope at 600x ∼ ×1,000
magnification (B × 51, Olympus, Japan). The number of
polychromatic erythrocytes (PCEs), micronucleated
polychromatic erythrocytes (MNPCEs), and normochromic
erythrocytes (NCEs) among the red blood cells (RBCs, PGE +
NCE) were counted. A total of 4,000 PCEs were scored per animal
by the same observer for determining the frequencies of
micronucleated polychromatic erythrocytes (MNPCEs). PCE/
(PCE + NCE) ratio was calculated by counting 500 cells. This
animal study was conducted in accordance with OECD guideline
for testing chemicals No. 474 (OECD, 2016b) and approval of the

Institute Animal Care and Use Committees of Hoseo University
[Approval No.: HSIACUC-20-061(1)].

Dermal Application Study
A percutaneous absorption study was conducted in rats in
accordance with the OECD guidelines for an in vivo skin
absorption test (OECD, 2004). Approximately 12 h prior to
experimentation, rats were anaesthetized by isoflurane, and the
dorsal skin covering an area of 6 × 6 cm2 was shaved with an
electric clipper (Electric clipper Model 808, Daito Electric co.,
Osaka, Japan). The shaved skin surface was gently wiped with
acetone to remove sebum. After overnight fasting, each
formulation was applied to the shaved dorsal skin of rats
covering an area of 4 × 4 cm2 (n � 5 per each formulation).

TABLE 5 | Clinical biochemistry parameter of BCP in male and female rats.

Parameter
Groups (mg/kg/day)

0 125 250 500 1,000

Male
ALT (U/L) 37.7 ± 2.3 38.7 ± 12.9 60.6 ± 21.1* 47.6 ± 11.5 50.0 ± 0.0
AST (U/L) 96.0 ± 18.7 113.4 ± 14.5 119.6 ± 43.8 88.9 ± 15.9 117.0 ± 0.0
ALP (U/L) 164.4 ± 27.4 159.1 ± 20.0 152.9 ± 13.0 138.3 ± 14.8 138.3 ± 14.8
GGT (U/L) 3.2 ± 1.1 2.8 ± 0.8 2.7 ± 0.6 3.8 ± 0.4 4.0 ± 0.0
BUN (mg/dL) 17.0 ± 2.5 20.2 ± 3.3 19.4 ± 3.8 20.2 ± 2.3 25.0 ± 0.0
CREA (mg/dL) 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.7 ± 0.1 0.6 ± 0.0
TP (g/L) 5.6 ± 0.2 5.8 ± 0.2 5.9 ± 0.3* 5.8 ± 0.3 5.9 ± 0.0
ALB (g/dL) 3.2 ± 0.1 3.3 ± 0.1 3.4 ± 0.1 3.3 ± 0.2 3.3 ± 0.0
T-CHO (mg/dL) 74.1 ± 10.2 75.3 ± 13.7 99.7 ± 13.5* 99.7 ± 21.0* 120.0 ± 0.0
GLU (mg/dL) 166.9 ± 49.9 141.7 ± 10.9 153.9 ± 25.6 162.4 ± 24.9 235.0 ± 0.0
TG (mmol/L) 56.4 ± 24.9 46.3 ± 11.8 54.9 ± 16.1 53.7 ± 14.7 46.0 ± 0.0
T-BIL (mg/dL) 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.0
D-BIL (mg/dL) 0.7 ± 0.0 0.7 ± 0.0 0.6 ± 0.4 0.2 ± 0.4* 0.0 ± 0.0
LDH (U/L) 1,379.4 ± 725.3 1,460.6 ± 580.4 1,184.3 ± 781.7 1,045.1 ± 560.0 1870.0 ± 0.0
CK (U/L) 563.6 ± 316.5 820.0 ± 296.0 414.9 ± 171.6 398.1 ± 152.5 1,030.0 ± 0.0
UA (mg/dL) 1.6 ± 0.4 1.4 ± 0.2 1.5 ± 0.3 1.3 ± 0.3 1.1 ± 0.0
CA (mg/dL) 9.6 ± 0.6 9.8 ± 0.4 9.8 ± 0.2 9.9 ± 0.4 9.4 ± 0.0
IP (mg/dL) 9.2 ± 0.8 9.2 ± 0.6 9.0 ± 1.0 9.4 ± 0.8 8.1 ± 0.0
HDL (mg/dL) 64.3 ± 9.9 66.1 ± 9.2 82.9 ± 12.0* 83.3 ± 18.3* 105.0 ± 0.0
LDL (mg/dL) 15.1 ± 5.0 16.4 ± 6.9 21.9 ± 3.5 22.4 ± 7.0 24.0 ± 0.0

Female
ALT (U/L) 41.3 ± 12.2 34.0 ± 4.5 32.0 ± 7.3 63.5 ± 75.6 59.7 ± 10.0
AST (U/L) 104.1 ± 33.1 86.6 ± 15.6 84.7 ± 14.2 142.0 ± 117.2 109.0 ± 24.3
ALP (U/L) 115.3 ± 17.3 114.0 ± 26.5 94.4 ± 15.7 120.5 ± 16.9 140.7 ± 42.8
GGT (U/L) 2.4 ± 1.3 1.0 ± 1.0* 4.4 ± 0.8* 4.7 ± 0.8* 4.0 ± 1.0
BUN (mg/dL) 17.7 ± 3.1 16.7 ± 2.5 20.2 ± 3.8 24.0 ± 5.7* 25.6 ± 6.4*
CREA (mg/dL) 0.6 ± 0.0 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1
TP (g/L) 5.7 ± 0.2 5.7 ± 0.2 6.0 ± 0.1* 6.0 ± 0.2* 6.3 ± 0.2*
ALB (g/dL) 3.3 ± 0.1 3.3 ± 0.1 3.4 ± 0.1 3.4 ± 0.2 3.5 ± 0.1 *
T-CHO (mg/dL) 87.7 ± 13.0 110.3 ± 9.3* 107.4 ± 13.1* 131.8 ± 18.2* 155.7 ± 8.5*
GLU (mg/dL) 129.9 ± 9.0 136.9 ± 27.4 151.0 ± 24.5 156.7 ± 10.0 136.7 ± 15.0
TG (mmol/L) 37.4 ± 13.4 56.9 ± 24.2 90.6 ± 27.9* 83.3 ± 53.6* 91.3 ± 13.6
T-BIL (mg/dL) 0.2 ± 0.0 0.2 ± 0.0 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1
D-BIL (mg/dL) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
LDH (U/L) 1,147.7 ± 382.2 1,192.7 ± 232.6 1,115.6 ± 547.6 1,360.3 ± 731.7 1,260.7 ± 448.2
CK (U/L) 293.6 ± 76.5 267.7 ± 100.3 279.1 ± 64.7 313.5 ± 136.3 350.0 ± 142.3
UA (mg/dL) 1.3 ± 0.4 1.3 ± 0.2 1.2 ± 0.3 1.3 ± 0.5 1.3 ± 0.2
CA (mg/dL) 9.5 ± 0.3 9.7 ± 0.4 9.6 ± 0.4 9.7 ± 0.6 10.1 ± 0.2
IP (mg/dL) 7.7 ± 1.4 7.7 ± 1.1 6.9 ± 0.6 8.6 ± 0.9 8.8 ± 0.9
HDL (mg/dL) 75.6 ± 9.0 88.7 ± 2.6* 86.0 ± 7.9 105.7 ± 11.7* 120.7 ± 13.5*
LDL (mg/dL) 12.6 ± 4.4 15.0 ± 3.0 16.1 ± 4.6 20.5 ± 4.4* 23.3 ± 4.2*

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; GGT, gamma-glutamyl transferase; BUN, blood urea nitrogen; CREA, creatinine; TP, total protein;
ALB, albumin; T-CHOL, cholesterol; GLU, glucose; TG, triglyceride; T-BIL, total bilirubin; D-BIL, direct bilirubin; LDH, lactate dehydrogenase; CK, creatine kinase; UA, uric acid; CA, calcium; IP,
phosphorus; HDL, high density lipoprotein; LDL, low density lipoprotein. Data are expressed as means ± SD (n � 7/group). *Significantly different from vehicle control group (p < 0.05).
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The applied amount of each formulation was 1% of BCP, and the
applied BCP dose was 0.262 mg/kg. At 12 h after topical
application, the applied area was softly rinsed off with acetone
to remove the remaining formulation on the skin. Blood samples
(0.2 ml each) were collected from the jugular vein at 15, 30min,
and 1, 1.5, 2, 4, 6, 8, 10, 12, 24, 36, and 48 h after topical application.
Plasma samples were harvested by centrifugation at 4,000 g for
10 min and stored at −70°C until analysis. These parameters
included terminal half-life (t1/2), the area under the plasma
concentration-time curve from time zero to the last observation
time point (AUCall) and to infinity (AUCinf), apparent clearance
(CL/F), apparent volume of distribution (Vz/F), and mean
residence time (MRT). Maximum plasma concentration (Cmax)
and time to reach Cmax (Tmax) were obtained directly from the
observed data. The topical bioavailability (F) was calculated as F
(%) � 100 (AUCtopical × Dose i.v.)/(AUCi.v.xDosetopical).

Statistical Analysis
In the toxicity study, data were expressed as mean value and
standard deviations (mean ± SD). Statistical analyses containing
body weight, food consumption, water intake, organ weight,
blood biochemical, and biochemistry data were performed by
one-way analysis of variance (ANOVA) followed by post hoc
Dunnett’s multiple comparison test using GraphPad Prism 5.0
(GraphPad Prism, San Diego, United States). A value of p < 0.05
was considered significant. The dermal application was normally
distributed and analyzed using the Student’s t-test and one-way
analysis of variance (ANOVA). Fisher’s exact test was used for the
chromosome aberration test to compare the frequency of
aberrant cells between negative control vs treated groups or
negative control vs positive control. For the frequencies of
micronuclei, the Kastenbaum and Bowman test was used.

RESULTS

Single Toxicity
There were no unscheduled deaths. There were no test article-
related clinical signs or body weight changes. BCP at a dose of
1,000 mg/kg had no adverse effect on the behavioral responses of

the tested rats after 14 days of observation. Physical observations
indicated no signs of changes in the skin, fur, eyes mucous
membrane, behavior patterns, tremors, salivation, and diarrhea
of the rats. There was nomortality observed at the tested dose, nor
was weight loss seen in the rats (Table 1). Thus, the ALD of BCP
was higher than 1,000 mg/kg in male and female rats (Table 1).

Repeated-Dose 28-Day Toxicity
Clinical Signs, Necropsy Findings, and Food and
Water Consumption
Daily oral administration of BCP for 28 days did not induce any
obvious symptom of toxicity in rats of both sexes, including the
highest dose tested at 1,000mg/kg body weight. Most of the animal
deaths after administration were observed during the first 3 weeks.
The mortality rates were 85% (male) and 57% (female) at
1,000mg/kg (Table 2). Body weight changes were observed
during the study period in male treated groups when compared
with the vehicle group (Figure 1). No significant differences in body
weight were observed among the groups of female rats (p > 0.05).
Decreased body weight occurred within 2 weeks after BCP
administration in a male rat in the 1,000mg/kg group. However,
statistical results are not available as this occurred in one male rat.
Food consumption was increased significantly in males in the 125,
250, and 500mg/kg groups compared to the vehicle group. Food
consumption was decreased in female rats from the 125mg/kg and
250mg/kg groups at 2 weeks, increased in the 500mg/kg group at
3–4 weeks, and increased in the 1,000mg/kg group at 2–4 weeks in
comparison with the vehicle group. Water consumption was
increased significantly in males in the 250 and 500mg/kg groups
compared to the vehicle group from1 to 4 weeks after administration.
Female rats in the 500 and 1,000mg/kg groups consumedmorewater
than the control group at 2–4 weeks (Figure 2).

Relative Organ Weights of Male and Female
Rats
Relative Organ Weights
There were generally no significant differences observed in the
relative organ weights in this study (Table 3). However,
significant differences (p < 0.05) were seen in the liver in the

FIGURE 3 |Histopathological changes of female SD rats in the 28-day oral administration toxicity test. (A)Normal microscopic structure of the pancreas of a female
SD rat (x100). (B) Acinar cell atrophy (star) and ductular hyperplasia (arrows) in the pancreas of a female SD rat administered 1,000 mg/kg of Bromochlorophene (x100).
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male and female treated groups compared with the vehicle group.
The relative weight of both kidneys in females in the 500 and
1,000 mg/kg groups were significantly increased (p < 0.05).

Hematology and Serum Biochemistry
The adverse effects of 28-day repeated administration of BCP on
hematological and serum biochemistry are presented in Tables 4,

5. In the case of males, hemoglobin (HGB) and hematocrit (HCT)
were increased (p < 0.05) in the 125 mg/kg group compared to the
vehicle group. Red blood cells (RBC), HGB, and HCT were
significantly (p < 0.05) increased in the 500 mg/kg group
compared to the vehicle group. In the 1,000 mg/kg group of
females, MCV was significantly (p < 0.05) increased, and MCHC
was decreased compared to the vehicle group.

TABLE 6 | Bacterial reverse mutation test.

Strain Treated item Revertant colonies/plate (Mean ± SD)

Dose (μg/plate) Without S9-mix Dose (μg/plate) With S9-mix

TA98 BCP 0 24 ± 1.7 0 38 ± 3.1
2.44 24 ± 3.5 2.44 38 ± 5.5
4.88 27 ± 6.4 4.88 42 ± 1.2
9.77 25 ± 2.1 9.77 42 ± 4.7
19.5 32 ± 4.0 19.5 41 ± 5.0
39.1 21 ± 3.2 39.1 32 ± 7.6
78.1 0 ± 0.0 78.1 30 ± 5.6

Mutagenicity Negative Negative
TA100 BCP 0 123 ± 13.7 0 119 ± 8.7

2.44 112 ± 7.0 9.77 123 ± 10.1
4.88 118.15.6 19.5 134 ± 1.5
9.77 122 ± 16.5 39.1 134 ± 4.2
19.5 120 ± 16.5 78.1 119 ± 10.1
39.1 72 ± 12.7 156 52 ± 8.7
78.1 35 ± 5.7 313 19 ± 1.5

Mutagenicity Negative Negative
TA1535 BCP 0 10 ± 1.2 0 11 ± 1.7

2.44 11 ± 1.7 9.77 12 ± 0.6
4.88 12 ± 3.8 19.5 11 ± 2.9
9.77 10 ± 1.5 39.1 11 ± 3.5
19.5 8 ± 1.5 78.1 10 ± 1.7
39.1 4 ± 0.6 156 3 ± 1.0
78.1 2 ± 0.6 313 0 ± 0.0

Mutagenicity Negative Negative
TA1537 BCP 0 9 ± 2.5 0 13 ± 2.5

0.61 8 ± 1.0 0.61 13 ± 3.5
1.22 9 ± 2.0 1.22 20 ± 2.5
2.44 9 ± 2.5 2.44 15 ± 1.0
4.88 2.3 4.88 17 ± 1.2
9.77 10 ± 2.5 9.77 16 ± 2.3
19.5 5 ± 1.0 19.5 13 ± 3.5

Mutagenicity Negative Negative
WP2uvrA BCP 0 35 ± 3.5 0 47 ± 3.8

2.44 33 ± 1.0 9.77 43 ± 4.2
4.88 41 ± 3.8 19.5 52 ± 4.6
9.77 37 ± 2.9 39.1 48 ± 5.9
19.5 38 ± 3.6 78.1 42 ± 5.6
39.1 30 ± 3.1 156 31 ± 5.9
78.1 20 ± 2.6 313 31 ± 7.9

Mutagenicity Negative Negative
Positive control
TA98 2-NF 0.5 188 ± 12.1
TA100 SA 1.5 648 ± 24.8
TA1535 SA 1.5 456 ± 47.7
TA1537 9-AA 80.0 287 ± 3.8
WP2uvrA 4-NQO 0.5 238 ± 30.2
TA98 B[a]P 1.0 318 ± 20.8
TA100 2-AA 1.0 99 ± 35.9
TA1535 2-AA 2.0 330 ± 4.4
TA1537 2-AA 2.0 224 ± 16.7
WP2uvrA 2-AA 10.0 557 ± 49.8

BCP, Bromochlorophene; 2-NF, 2-Nitrofluorene; SA, sodium azide; 9-AA, 9-Amino acridine; 4-NQO, 4-Nitroquinoline-1-oxide(4-NQO); B[a]P, benzo[a]pyrene; 2-AA, 2-
Aminoanthrancene; SD, standard deviation.
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TABLE 7 | In vitro chromosome aberration test.

Treated
item

Dose
(μg/mL)

RPD(%) No. of structural aberrant cells No. of numerical aberrant cells Othersa)

ctb csb cte cse frg gap Total (%) end pol Total
(%)

ctg csg gap- gap+

6 h Trt-18 h Rc (-S9)
DMSO 0.0 100 1 1 0 0 0 0 0 2 (0.7) 2 (0.7) 0 0 0 (0.0) 0
BCP 2.5 98.0 Not observed

5.0 76.1 0 0 1 0 0 0 0 1 (0.3) 1 (0.3) 0 0 0 (0.0) 0
10.0 69.3 0 0 3 0 0 0 0 3 (1.0) 3 (1.0) 0 1 1 (0.3) 0
20.0 53.1 0 0 1 0 0 0 0 1 (0.3) 1 (0.3) 0 0 0 (0.0) 0
40.0 36.4 Not observed

MMC 0.1 58.7 8 0 67 1 0 0 0 a71 (23.7) 71 (23.7) 0 0 0 (0.0) 0
6 h Trt-18 h Rc (+S9) 0
DMSO 0.0 100 0 0 2 0 0 0 0 2 (0.7) 2 (0.7) 0 0 0 (0.0) 0
BCP 5.0 94.6 Not observed

10.0 93.8 0 0 0 0 0 0 0 0 (0.0) 0 (0.0) 0 1 1 (0.3) 0
20.0 84.7 0 0 1 0 0 0 0 1 (0.3) 1 (0.3) 0 0 0 (0.0) 0
40.0 75.7 0 0 0 0 0 0 0 0 (0.0) 0 (0.0) 0 2 2 (0.7) 0
80.0 31.0 Not observed

B[a]P 20 51.7 6 0 59 1 0 0 0 a63 (21.0) 63 (21.0) 0 1 1 (0.3) 0
24 h Trt-0 h Rc (-S9)
DMSO 0 100 1 0 1 1 0 0 0 3 (1.0) 3 (1.0) 0 0 0 (0.0) 0
BCP 1.25 95.2 Not observed

2.50 97.0 2 0 0 0 0 0 0 2 (0.7) 2 (0.7) 0 0 0 (0.0) 0
5.00 87.4 0 0 0 1 0 0 0 1 (0.3) 1 (0.3) 0 1 1 (0.3) 0
10.0 47.9 1 0 0 0 0 0 0 1 (0.3) 1 (0.3) 0 0 0 (0.0) 0
20.0 33.6 Not observed

MMC 0.1 52.6 8 0 103 0 0 0 0 a108 (36.0) 108 (36.0) 0 0 0 (0.0) 0

BCP, Bromochlorophene; DMSO, dimethyl sulfoxide; ctg, chromatid gap; csg, chromosome gap; ctb, chromatid break; cte, chromatid exchange; csb, chromosome break; cse, chromosome exchange; frg, fragmentation; end,
endoreduplication; pol, polyploidy; MMC, mitomycin C; B[a]P, benzo[a]pyrene; RPD, relative population doubling; Trt-Rec time, treatment-recovery times; gap-, total number of cells with structural aberrations excluding gap; gap+, total
number of cells with structural aberrations including gap. a), Others were excluded from the number of cells with chromosomal aberrations.
aSignificant difference from negative control by Fisher’s exact test; p < 0.01.

Frontiers
in

P
harm

acology
|w

w
w
.frontiersin.org

July
2021

|V
olum

e
12

|A
rticle

690141

W
on

et
al.

B
C
P
ToxicologicalA

ssessm
ent

186

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Cholesterol was increased (p < 0.05) in both sexes in the
250 mg/kg and 500 mg/kg groups compared to the vehicle group.
In the case of females, GGT, BUN, TG, HDL, and LDL levels were
significantly (p < 0.05) increased in the treated group (Table 5).
Although there were significant differences in treated rats (male;
ALT, TP, D-BIL, female; TP, ALB) compared to the vehicle
group, the data value was within the reference range (Lee
et al., 2012 [28]). The kidney function parameters (urea,
creatinine, and uric acid) did not reveal any relevant changes
following BCP administration. No statistically significant
differences in liver function parameters (ALT, AST, ALP) were
noted (Table 5).

Histopathology
Macroscopic examination of the vital organs of treated animals
revealed abnormalities in the color or texture when compared
with the organs of the control group. The light microscopy
examinations of the pancreas of the BCP treated group and
the vehicle group rats are shown in Figure 3.
Histopathological examination of the vehicle group and BCP
treated rats showed abnormal structure and presence of any gross
pathological lesion in organs. Acinar cell atrophy and ductular
hyperplasia in the pancreas were clearly observed in the
1,000 mg/kg b.w. group (Figure 3).

Genotoxicity
Bacterial Reverse Mutation Test
An Ames assay evaluated the mutagenicity of BCP, and no
toxicity was observed (Table 6). Compared with the vehicle
control, the number of reverted mutant colonies did not
exceed two at all doses of each strain regardless of
metabolic activity. Therefore, BCP was evaluated as a
harmful substance that did not induce a return mutation
under this test condition.

In vitro Mammalian Chromosomal Aberration Test
Results of the in vitro chromosomal aberration assay are shown in
Table 7. There was no statistically significant increase in the
frequencies of aberrant metaphases with structural aberrations at
any test article dose compared with the concurrent negative
control. The positive control articles induced clear positive
responses (p < 0.01).

In vivo Mammalian Erythrocyte Micronucleus Test
There were no animals with any clinical signs or unscheduled
deaths. The frequency of MNPCE was not increased at all dose
levels of BCP, while MMC induced a clear increase in the
frequency of MNPCE (p < 0.01). The ratios of PCE/(PCE +
NCE) were not significantly different at all dose levels of BCP
(Table 8).

Dermal Application Study
The plasma concentration-time profiles of BCP after topical
dermal application in rats are shown in Figure 4. Upon
topical application, BCP was quantifiable in the plasma
samples (30 min–1.5 h). After the initiation of topical

TABLE 8 | In vivo micronucleus test.

Body weight (h after dosing)

Treated item Dose (mg/kg) 0 24 MNPCE/4000 PCE PCE/(PCE+NCE)

BCP 0 33.86 ± 1.37 34.20 ± 1.37 0.02 ± 0.03 30.36 ± 2.75
62.5 33.68 ± 1.17 33.63 ± 1.16 0.02 ± 0.03 29.32 ± 4.19
125 33.85 ± 1.19 33.59 ± 1.23 0.05 ± 0.02 33.96 ± 3.19
250 33.84 ± 1.32 33.65 ± 1.28 0.05 ± 0.02 32.1 ± 2.38

Positive control
MMC 2 33.69 ± 1.53 33.65 ± 1.56 6.74 ± 0.85a 25.48 ± 3.37

BCP, Bromoclorophene; MMC, mitomycin C; PCE, polychromatic erythrocyte; NCE, normochromatic erythrocyte; MNPCE, PCE with one or more micronuclei.
aSignificant difference from vehicle control group at p < 0.01.

FIGURE 4 | Average plasma concentration-time profiles of BCP vs. time
obtained after topical application of hydrogel containing 0.1% of BCP in rats
(n � 5).

TABLE 9 | Kinetic parameters of BCP in rats after topical dermal application.

Parameters TD

T1/2 (h) 10.35 ± 2.07
Tmax (h) 10.80 ± 1.79
Cmax (ng/ml) 23.82 ± 5.29
AUCall (ng h/ml) 470.09 ± 104.51
AUCinf (ng h/ml) 494.59 ± 103.00
Vz/F (L/kg) 8.32 ± 2.75
CL/F (ml/min/kg) 9.10 ± 1.61
MRT (h) 18.31 ± 1.96
F (%) 29.25 ± 6.09
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application, plasma concentrations reached Cmax within 8–12 h.
The non-compartmental pharmacokinetic parameters of BCP are
summarized in Table 9. After applying the hydrogel formulation,
the elimination half-life (t1/2) was 10.35 ± 2.07 h, and topical
bioavailability was 29.25 ± 6.09%. As a result, the half-life of the
disappearance rate of BCP was significantly longer.

DISCUSSION

The usage of chemical products increases every year, and new
chemical substances are distributed through household
products. In addition to the rapid development of chemical
products, interest in the safety of these household products is
also increasing (Bolinius et al., 2018). According to the
notification, these substances including solvent cleaner,
rinsing products, sterilizing preservatives, sunscreen, blind
spot substances, and non-intended exposure substances are
stipulated in “Regulations of Safety Standards for Cosmetics”
and “Standards and Specification for Hygiene Products” by
the Ministry of Food and Drug Safety (MFDS) in Korea
(MFDS (The Ministry of Food and Drug Safety), 2017a;
MFDS, 2019).

Based on the solubility test results, BCP was suspended at a
concentration of 1,000 mg/ml and was tested at a concentration
of 1,000 mg/ml as the highest dose in the study of single-dose
toxicity. There was no significant effect on pathological and
clinical changes observed between the vehicle and all
treatment groups. Therefore, the investigators concluded that
the ALD of orally ingested BCP was higher than 1,000 mg/kg b.w.
in SD rats. According to Loomis and Hayes (Wallace Hayes et al.,
2020), substances with an LD50 between 5,000 and 15,000 mg/kg
b.w. are considered as harmless.

Furthermore, the investigators tested three battery tests for
BCP, which were the mammalian chromosomal aberration test,
bacterial reverse mutation test, and mammalian erythrocyte
micronucleus test, to check in vivo and in vitro genotoxicity,
respectively (Azqueta and Dusinska, 2015; Marques et al., 2015;
Madia et al., 2020). BCP showed negative results in all three
genotoxicity studies. In these respects, the investigators
concluded that BCP is a non-genotoxic substance.

In the study of toxicokinetics, the delay in the half-life of BCP
during dermal application administration is presumed to be due
to flip-flop pharmacokinetics, where the elimination rate constant
is faster than the absorption rate constant. This is a common
phenomenon of the drug concentration–time mechanism (Yáñez
et al., 2011), which appears because the absorption rate of BCP
exposed to the skin is slower than the rate of disappearance of
treatment. The prolonged half-life of BCP dermal application
exposure means that it can accumulate in the body at a higher
concentration than other routes.

In the repeated-dose 28-day oral toxicity test, there was a
significant difference in action metamorphosis between the
vehicle and treatment groups. In BCP-treated rats, blood fat-
related indicators T-CHO and TG were increased. Also, acinar
cell atrophy and ductular hyperplasia in the pancreas were
clearly observed in 1,000 mg/kg b.w.-treated female rats and

acinar cell atrophy was dose-dependently observed in 500 and
1,000 mg/kg b.w.-treated female rats. The marked difference
was seen in pancreas lesions associated with increased T-CHO
and TG, which histological investigations in the existing study
have supported. Hormones play a leading part in regulating
blood cholesterol levels in relation to promoting metabolism in
the body. It is well known that lipases promote lipolysis, reduce
blood cholesterol and triglycerides, and maintain a normal
blood lipid profile (Grandjean et al., 2000; Lee and Jun 2009;
Larsson et al., 2014). Moreover, pancreatic juice contains at
least three lipolytic enzymes: the well-known lipase,
cholesterol ester hydrolase, and phospholipase (Wang et al.,
2019). Therefore, abnormalities in the secretion of lipolytic
enzymes increase blood lipid-related indicators and affect
pancreatic lesions. The pancreas is an essential organ in
nutrient metabolism, and malnutrition is closely related to
pancreatic disorder. Patients with pancreatic deficiency show a
disordered pattern of fat mass and lean body mass (Haaber
et al., 2000). According to Henrik et al., 34% of patients with
moderate to serious weight loss were found to have reduced
lean body mass. Thus, this phenomenon may lead to decreased
pancreatic functional ability (Rasmussen et al., 2013). Thus,
food and water consumption increased, but there was no
difference in the rate of weight gain, which can be
explained as an abnormality in pancreatic function. The
mortality rate was 85% at a 1,000 mg/kg b.w. dose in male
rats. However, in other groups, no association was found
between hematological changes (ALT, TP, T-CHO, D-BIL,
HDL) and histological changes, and no histopathological
changes were observed in 500 mg/kg-treated male rats.
Overall, we can assume that the NOAEL is 250 mg/kg b.w.
for 28 days for both female and male rats. Future investigations
require a review of lipase measurement and male and female
hormone metabolism.

CONCLUSION

In summary, the authors conducted a toxicity test regarding
genotoxicity, dermal application, and general oral toxicity. These
toxicity study data revealed that T-CHO and TG affect the
pancreas as targets of repeated-dose oral toxicity. Thus,
NOAEL in this study is 250 mg/kg b.w. for female and male
rats based on the increased CHO, TG, and observed pancreas
lesions. The following outcomes indicated that this study might
be utilized as a platform for scientific evidence by amassing
toxicity information and producing toxicity data of the single
or repeated-dose toxicity of BCP on household chemicals.
Because there was no information of toxicity on BCP in
humans, further study will be required for ensure its safe
application in household products.
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Chronic Cadmium Exposure Alters
Cardiac Matrix Metalloproteinases in
the Heart of Sprague-Dawley Rat
Sandra Concepcion Das1,2, Kavitha Varadharajan1, Muralitharan Shanmugakonar1 and
Hamda A. Al-Naemi1,2*

1Laboratory Animal Research Center, Qatar University, Doha, Qatar, 2Department of Biological and Environmental Sciences,
Qatar University, Doha, Qatar

The aim of this study was to evaluate the role of chronic cadmium exposure in modulating
cardiac matrix metalloproteinases (MMPs) in the heart of rats. Adult male Sprague-Dawley
rats were exposed to 15 ppm CdCl2 in drinking water for 10 weeks followed by withdrawal
of cadmium treatment for 4 weeks. Following the completion of the treatment, gene
expression of inflammatory mediators (IL-1β, IL-6, IL-10, TNF-α and NF-κB), protein
expression of MMP-2, MMP-9 and their respective inhibitors- TIMP-1 and TIMP-2, and
gelatinolytic activity of MMP-2 and MMP-9 were determined. At the protein level, cadmium
incites a differential effect on the expression and activity of gelatinases and their
endogenous inhibitors in an exposure-dependent manner. Results also show that the
administered cadmium dose elicits an inflammatory response until week 10 that slightly
diminishes after 4 weeks. This study provides evidence of cadmium-induced imbalance in
the MMP-TIMP system in the cardiac tissue. This imbalance may be mediated by
cadmium-induced inflammation that could contribute to various cardiovascular
pathologies.

Keywords: cadmium, cardiac, inflammatory cytokines, MMP, TIMP

INTRODUCTION

Since the discovery of cadmium in 1817 (National Center for Biotechnology Information, 2020), this
element and its compounds has gained increasing industrial utility. However, despite its importance
in industrial applications, cadmium has been identified as one among 126 priority pollutants (US
Environmental Protection Agency (EPA), 2014), a Class I carcinogen (International Agency for
Research on Cancer, 2012) and is considered a pollutant of the environment and toxicant for health
(Nordic Council of Ministers, 2003; Faroon et al., 2012). The use of cadmium has been limited by
international legislation. However, individuals may experience occupational or environmental
exposure to cadmium through different route that might have implications on public health. For
the non-smoking population, the major source of exposure is by ingestion of cadmium contaminated
food and water (Faroon et al., 2012). As a subsequence of cadmium uptake into the organism,
cadmium is widely transported and distributed to various tissues via the blood circulation. Hence, the
ensuing toxic impact of cadmium causes adverse impacts on the various organs of the body.

Even at low doses, cadmium has been reported to impart its toxic effects on other organ systems
including the nervous system (Méndez-Armenta and Ríos, 2007; Branca et al., 2018), immune system
(Kulas et al., 2019; Mirkov et al., 2021), reproductive system (Thompson and Bannigan, 2008; de
Angelis et al., 2017) and the cardiovascular system (Tinkov et al., 2018). With regards to the
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cardiovascular system, there is an increasing amount of
epidemiological evidence showing that cadmium has an
impact on cardiovascular health (Lee et al., 2011; Fagerberg
et al., 2015; Deering et al., 2018; Gao et al., 2018; Noor et al.,
2018). Studies have also reported the deposition and
accumulation of cadmium in the heart and arterial tissue in
both humans (Egger et al., 2019) as well as animal models (Erdem
et al., 2016; Young et al., 2019). Histopathological studies of
cardiovascular tissues after cadmium exposure have reported
alteration of tissue structure and integrity, fibrosis and
depletion of collagen fiber (Veličkov et al., 2013; Sangartit
et al., 2014; Saleh and Awadin, 2017; Bhattacharjee et al.,
2019). It was reported that the heart tissue accumulated the
lowest amount of cadmium after the liver and kidney (Erdem
et al., 2016). However, from the previously cited studies, it can be
inferred that even at low concentrations of cadmium, there are
biochemical and molecular alterations in the heart. It is not well
understood yet how cadmium imposes varying degrees of effects
on the heart tissue that leads to cardiovascular injury. From a
mechanistic perspective, the detrimental remodeling reported in
cardiac tissue after cadmium exposure may be attributed to the
dysfunction of the expression or activity of matrix
metalloproteinases and their corresponding inhibitors.

In the context of cardiovascular dysfunction, a hallmark of
chronic cadmium exposure is the induction of fibrosis
(Bhattacharjee et al., 2019). Critical to the process of fibrosis is
the balance between matrix metalloproteinases (MMPs) and
tissue inhibitors of metalloproteinases (TIMPs) (Liu et al.,
2006; Azevedo et al., 2014). MMPs orchestrate and modulate
several facets of inflammation such as integrity of tissue barriers,
recruitment of inflammatory cells and release of cytokines (Szabo
et al., 2004; Nissinen and Kähäri, 2014). From the numerous
MMPs characterized and identified, gelatinases (MMP-2 and
MMP-9) play a role in remodeling of the cardiac
infrastructure. They have been reported to play a role in
inflammation-induced imbalance of extracellular matrix
turnover in the heart (Pytliak et al., 2017). It has been
demonstrated that non-toxic cadmium stimulates MMP-9 and
MMP-2 expression in the cardiovascular system inducing
vascular inflammation and promoting atherosclerosis
(Knoflach et al., 2011). The mechanism by which cadmium-
induced inflammation mediates the imbalance of MMPs leading
to cardiac fibrosis has not been completely elucidated.

Therefore, this study aims to evaluate the role of cadmium in
modulating cardiac MMPs in the heart of rats after cadmium
exposure.

MATERIALS AND METHODS

Study Design
All experimental procedures performed are in accordance with
the National Institute of Health Guide for the Care and Use of
Laboratory Animals (NIH Publications No.8023, revised 1978)
and were approved by the Institutional Animal Care and Use
Committee of Qatar University (Approval # QU-IACUC 038/
2017). The samples obtained in this study were acquired from the

animals employed in a previous study from our research group
(Al-Naemi and Das, 2020).

Briefly, adult (8 weeks old) male Sprague-Dawley rats were
obtained from Laboratory Animal Research Center, Qatar
University and housed in individually ventilated cages
(IVC) under standard conditions (room temperature:
18–22°C, relative humidity: 40–60% and 12 h light: 12 h
dark cycle). Animals were randomly assigned to one of two
regimes for 14 weeks- 1) control group or 2) cadmium
treatment (Cd-treated) (Figure 1). The control group
received drinking water for 14 weeks. The Cd-treated group
received 15 ppm (15 mg/kg body weight) as CdCl2 (BDH,
Qatar) in drinking water for 10 weeks followed by 4 weeks
of normal drinking water. The administered cadmium
exposure dose was selected based on previous literature
reporting that a dose of 15 ppm of CdCl2 is a non-
carcinogenic dose (Alvarez et al., 2004) leading to a
circulating serum concentration of 5 ppb-the toxic limit in
humans by the WHO (Ferramola et al., 2011; Ferramola et al.,
2012). The calculated human equivalent dose (HED) (Reagan-
Shaw et al., 2008; Ghosh and Indra, 2018) for the selected
animal dose (15 mg/kg body weight/day) is 2.4 mg/kg which is
similar to the reported intake (2.86–11.71 mg/kg body weight/
day) in epidemiological studies (Bernhoft, 2013;
Chunhabundit, 2016).

Animals received ad libitum access to standard rodent chow
and drinking water during the experiment. Animals were
sacrificed at weeks 5, 10 and 14 under anaesthesia with
sodium thiopentone (40 mg/kg body weight, intraperitoneally).
Heart tissue was dissected, cleaned from residual blood,
immersed in liquid nitrogen, and preserved in the tissue
archive at −80°C until further analysis.

Preparation of Tissue Homogenates
Frozen heart samples were weighed to approximately 20–30 mg
and homogenized by sonication at 40% amplitude in pulses of 5 s.
Heart tissue was homogenized in radioimmunoprecipitation
assay (RIPA) cell lysis buffer to extract total proteins in
combination with cocktail protease inhibitor and TRIzol
reagent to extract RNA.

Protein Extraction and Quantification
Sonicated heart tissue samples were lysed for crude protein by
incubating in RIPA cell lysis buffer (ThermoFisher-Scientific,
United States; 78440) containing cocktail protease inhibitor
(ThermoFisher-Scientific, United States; 87786). Protein
extraction for MMP activity assay included EDTA in the
cell lysis buffer. Cellular debris was pelleted by
centrifugation for 10,000 rpm, 10 min at 4°C. The
supernatant containing total crude protein concentration
was estimated using Quick Start™ Bradford Protein assay
(Bio-rad, United States; 5000205) as per instructions in the
user’s manual provided (Bradford, 1976).

Western Blot Analysis
The protein expression of gelatinases i.e., MMP-2 & MMP-9
(Sigma-Aldrich, United States; MAB3308, MAB3309) and their
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respective inhibitors-TIMP-1 & TIMP-2 (Sigma-Aldrich,
United States; MAB3310; Abcam, United States; ab61224) in
response to cadmium treatment were analyzed by Western
blotting. Equal amounts of crude protein was loaded and
resolved by reducing SDS-PAGE. Separated proteins were
electroblotted to polyvinylidene difluoride (PVDF) membrane
(GE Healthcare Limited, Buckinghamshire). Electroblots were
washed with TBST (20 mMTris-buffered saline and 0.1% Tween-
20), blocked and probed with primary antibodies for the targets
overnight at 4°C. Detection was done using compatible secondary
HRP-conjugated antibodies (Abcam, United States; ab205718,
ab205719) and incubated in ECL solution for a minute.
Immunoreactive bands were visualized using ECL
(ThermoFisher-Scientific, United States; 32209) under
SynGene Gel documentation system. Protein expressions was
evaluated by densitometric analysis using Image studio Lite (Ver
5.2) and normalized against the corresponding expression of
GAPDH. Analysis was presented as a fold change compared
to the respective controls.

Zymography
Gelatinolytic activity of MMP-9 and MMP-2 was determined by
gelatin zymography. Equal amounts of crude protein (40 µg) were
mixed with sample loading buffer [0.25 M Tris (pH 6.8), 30%
glycerol, 1% SDS and 0.02% bromophenol blue] and were loaded
into a 9% acrylamide:bis-arcylamide gel containing 0.1% gelatin
(Sigma-Aldrich, United States; G9391) as substrate. Non-

reducing electrophoresis was done. After electrophoresis, the
gel was washed twice in renaturing buffer containing 2.5%
Triton X-100 at 37°C and incubated in developing buffer
[50 mM Tris-HCl (pH 7.8), 0.2 M NaCl, 5 mM CaCl2 and
0.02% Triton X-100] at 37°C until a clear lysis zone is
observed. The gel was quick stained in 0.10% Coomassie
brilliant blue R250 for 5 min and destained till contrast
between the lysis bands and blue gel background was visible.
The zymographs were documented using the SynGel
Documentation system. The proteolytic activity was analyzed
using ImageJ and presented as a fold change compared to the
control.

RNA Extraction and Quantification
Total RNA was isolated from frozen heart samples using TRIzol
reagent (Invitrogen, United States) according to the
manufacturer’s instructions as previously described (Rio et al.,
2010). Total RNA concentration and quality was determined
using Nanophotometer (IMPLEN) at 260/280 nm as described
previously (Koetsier and Cantor, 2019).

Gene Expression Analysis
The cardiac mRNA expression levels of specific inflammatory
mediators in response to cadmium treatment was analyzed using
real-time polymerase chain reaction (RT-PCR). Extracted total
RNA was reverse transcribed to cDNA using High-Capacity
cDNA reverse transcriptase kit (Applied Biosystems, Lithuania;

FIGURE 1 | Scheme illustrating the timeline of the study design(Created using Biorender).
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4374966) as per instructed in user’s manual. Total cDNA was
diluted by 4-fold in RNase-free water. The gene expression assay
was performed using Quant Studio 6 Flex Real Time PCR system
(Applied Biosystems). Amplification plots were obtained for each
target using specific primers for IL-1β, IL-6, IL-10, TNF-α, NF-κB
and GAPDH individually (TaqMan Gene expression assay,
ThermoFisher-Scientific, United States; Rn00580432_m1,
Rn01483988_g1, Rn01410330_m1, Rn01475473_m1,
Rn01525859_g1, Rn01775763_g1, respectively). Quantification
was done by the ΔΔCt method wherein results were compared
against both calibrator (control group) and normalizer
(endogenous, GAPDH) to obtain the ΔΔCt value (Pfaffl,
2004). This value was used to determine the fold difference in
expression.

Statistical Analysis
The results were presented as mean ± S.E.M and analyzed by two-
way ANOVA followed by Tukey’s post-hoc test using GraphPad
Prism (ver.8.4) for Windows (GraphPad Software, San Diego,
California, United States). p-value < 0.05 was considered as
statistically significant.

RESULTS

Level of Protein Expression of Matrix
Metalloproteinases in Heart Tissue
To evaluate the level of expression of MMPs, 40 µg of crude
protein was separated in 9% SDS-PAGE. Protein expression was
evaluated by probing electroblots specific for MMP-2 and MMP-
9. By western blotting, only MMP-2 was detectable at
approximately 64 kDa. It was observed that MMP-2 increased
by more than 2-fold at week 5, slightly decreased at week 10 and
reaches a maximum fold change of more than 4-fold at week 14
(Figure 2). In comparison to the respective control groups, the
changes were not statistically significant at each time point.

Level of Protein Expression of TIMPs in
Heart Tissue
Protein expression of TIMPs was assessed by separating 50 µg of
crude protein in 12% SDS-PAGE and probing immunoblots
against TIMP-1 and TIMP-2. The expression of TIMP-1
showed limited changes at the level of the protein in
comparison to the control group (Figure 3A). Less than 1.5-
fold change was observed at week 5, which was sustained at the
same level till week 10 and mildly decreases to be similar to the
level of expression of the control group at week 14. A contrasting
pattern is observed for the expression of TIMP-2 (Figure 3B).
The expression of TIMP-2 increased by 2-fold at week 5 reaching
a maximum fold change of more than 4 times at week 10 and
decreases by about 3-fold at week 14. The changes shown in
Figure 3 were not statistically significant.

Gelatinolytic Activity of Matrix
Metalloproteinases in Heart Tissue
Activity of MMPs were evaluated by gelatine zymography
indicated by visualization of bands of lysis corresponding to
the molecular weight of MMP-2 and MMP-9. After 24 h
incubation, activity corresponding to the proenzyme form of
MMP-2 at 72 kDa was observed. Densitometric analysis of the
detected area of lysis shows that the activity of pro-MMP-2 does
not increase by more than 1-fold at all time points in comparison
to their respective control group (Figure 4).

On extension of the incubation period to more than 60 h, the
activity of proenzyme form of MMP-9 and both proenzyme and
active enzyme form of MMP-2 was detected (Figure 5).
Quantification of the activity for each of the enzyme forms
was done by densitometric analysis. At week 5, the activity of
pro-MMP-9 increased by 2-fold to reach a maximum increase of
more than 6-fold at week 10 and decreased to 1-fold at week 14 in
comparison to their respective control samples (Figure 6A). The
increase in gelatinolytic activity from week 5 to week 10 was
found to be statistically significant (p < 0.05). Also, the decrease in
activity from week 10 to week 14 was found to be statistically
significant (p < 0.01). In regard to proenzyme MMP-2
(Figure 6B), the activity of Cd-treated group at week 5 and
week 14 shows similar activity to their respective control group.
However, at week 10, a slight increase in activity is observed in the
Cd-treated group. With respect to the activity of active form of
MMP-2 (Figure 6C), there is a 0.5-fold decrease at week 5 that
slightly increases at week 10 and reaches a maximum of 1.5-fold
increase at week 14. The fold change observed at week 5 was
found to be statistically significant in comparison to the control
group while the differences observed between week 5 and week 14
was also found to be statistically significant (p < 0.05).

Level of Gene Expression of Inflammatory
Mediators in Heart Tissue
In order to evaluate the inflammatory status of the heart under
cadmium treatment over time, the levels of mRNA expression of
IL-1β, IL-6, IL-10, NF-κB and TNF-α were assessed and

FIGURE 2 | Effect of Cd-treatment on expression of MMP-2 in heart
tissue of male Sprague-Dawley rats. Protein expression data were normalized
against the expression of GAPDH and expressed as mean ± S.E.M of fold-
changes compared to the control (n � 8).
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represented as a fold change (Figure 7 (A-E)). At week 5, it is
observed that IL-1β and IL-10 are upregulated by 1.5-fold and
more than 3-fold, respectively. In the same time point, both NF-
κB and TNF-α are slightly downregulated by less than 1-fold
(Figures 6D, 7C). In contrast to week 5, it is observed that at
week 10, the pro-inflammatory mediators- IL-6, IL-1β, NF-κB
and TNF-α are significantly upregulated (Figures 7A–D).
Following through to week 14, it was observed that three out
of the five mediators i.e., IL-1β, IL-10 and NF-κB have
significantly downregulated while the others (IL-6 and TNF-
α) have a sustained expression by 2-fold and 1-fold, respectively.
It must be noted that maximum fold change was observed at
week 10 for all mediators except anti-inflammatory cytokine,
IL-10.

DISCUSSION

Cadmium is an environmental priority pollutant with reported
associated repercussions on various organ systems including the
cardiovascular system. Recent studies have reported the relevance
of cadmium as a novel and independent risk factor for

pathologies of the cardiovascular system (Messner and
Bernhard, 2010; Tellez-Plaza et al., 2013; Solenkova et al.,
2014; Santos-Gallego and Jialal, 2016; Lamas et al., 2021). A
common pathology reported in the previous studies is loss of
structural integrity of the cardiac tissue observed by formation of
irregular branching pattern, complexed matrix network, fibrosis
and focal areas of necrosis (Sangartit et al., 2014; Saleh and
Awadin, 2017; Bhattacharjee et al., 2019). These studies
demonstrated that cadmium mediates the tissue damage of the
cardiovascular system by inducing oxidative stress. However,
another pathway is the simultaneous implication of
inflammation with oxidative stress during cadmium exposure
(Liu et al., 2015; Kukongviriyapan et al., 2016; Tucovic et al., 2018;
Koopsamy Naidoo et al., 2019). Previous work has linked
cadmium-induced oxidative stress with cardiovascular
pathologies in both humans and animals (Lee et al., 2006;
Ferramola et al., 2011; Ferramola et al., 2012; Liang et al.,
2019). A prior study using similar experimental conditions of
15 ppm for 8 weeks has reported the histopathological alterations
in the heart of male Wistar rats in correlation with circulating
inflammatory markers (Yazihan et al., 2011a). Another group
using the same dose and duration reported ultrastructural
degenerative changes in the cardiac tissue (Ozturk et al.,
2009). The study by Saleh and Awadin (2017) observed
fibrosis of the heart tissue of male albino rats under similar
dose and duration. Collectively these data showed evidence of
histopathological changes to the cardiac tissue after cadmium
exposure. To our knowledge, there is limited available data on the
level of MMP expression so the current study takes a focused
molecular approach to understand the effect of chronic cadmium
exposure that might contribute in the functionality of the
cardiac MMPs.

Matrix metalloproteinases (MMPs) play a vital role in both
extracellular matrix turnover and inflammatory response in
normal physiology. A dysfunction in their expression and
activity, specifically gelatinases has been widely implicated in
various cardiovascular pathologies (Peterson, 2000; Spinale, 2007;
Wang and Khalil, 2018). The current study evaluated both the
expression as well the activity of MMP-2 andMMP-9 in the heart
tissue under cadmium stress whereas majority of published

FIGURE 3 | Effect of Cd-treatment on expression of TIMP in heart tissue of male Sprague-Dawley rats. Protein expression data of (A) TIMP-1 and (B)TIMP-2 were
normalized against the expression of GAPDH and expressed as mean ± S.E.M of fold-changes compared to the control (n � 8).

FIGURE 4 | Gelatinolytic activity of pro-MMP-2 after 24 h. Data is
expressed as mean ± S.E.M of fold-changes compared to the control (n � 8).
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studies exploring the impact of heavy metal exposure on MMP
was evaluated by gelatinolytic zymography. It is worth
highlighting that although the protein expression of MMP-9
may be undetectable, this does not imply the absence or lack
of activity of the protein as shown in this study. Despite the non-
detectable MMP-9 protein by immunoblotting, enzymatic
activity of MMP-9 was observed after 60+ h of incubation
only. This supports the idea that the protein expression levels
of MMP-9 may be very low under this experimental setup
however, the protein still retains its activity. MMP-9 is an
inducible protein that is synthesized by inflammatory cells
when stimulated by the release of IL-1β, IL-6 or TNF-α
(Rutschow et al., 2006; Hu et al., 2007). Furthermore, an
in vitro study in cardiac fibroblasts demonstrated that IL-1β
and TNF-α increased the total activity of MMP-2 and MMP-9
suggesting that the increase in activity may be partly attributed to
the increase in the transcription of gelatinases (Siwik et al., 2000).
Similarly, in the present study, the results corresponding to the
increase in activity of latent MMP-2 and MMP-9 at week 10 also
corresponds in parallel to the upregulation in the gene expression
of pro-inflammatory cytokines. This substantiates the hypothesis
that cadmium incites an inflammatory response that stimulates
the activity of pro-MMPs in the cardiac tissue. With regard to

MMP-2 activity, the pro-enzyme form seems to have minimal
variation over time. Contrastingly, the activity of active form of
MMP-2 was observed to gradually increase over time in the
cadmium treated group. These observations suggest that
cadmium interferes with the activity of MMP-2 such that even
though the pro-enzyme form may be available, there may be an
interference in the activation of the pro-enzyme form to active
form due to the cadmium treatment. Taken together, it seems that
chronic dose of cadmium exposure modulates both expression
and activity of MMP-2 and MMP-9 in the heart. However,
differences in expression and activity of gelatinases following
cadmium exposure may be attributed to the dose, duration, route
of exposure and biological set up. Further research into MMP-9 is
required to confirm modulation in protein expression in
the heart.

One of the strategies to regulate and modulate the expression
ofMMPs is bymeans of TIMPs. The inhibitory relationship of the
TIMPs on their preferential MMPs was clearly reflected in the
protein expression levels of TIMP-1 and TIMP-2. Furthermore,
the expression of TIMP-2 can be inversely correlated with the
expression of MMP-2 wherein an elevation in the expression of
TIMP-2 decreased the expression of MMP-2. These results
demonstrate the effect of cadmium on the expression of

FIGURE 6 |Gelatinolytic activity of MMP-2 and MMP-9 after incubation (A) pro-MMP-9 after 60+ h (B) pro-MMP-2 after 60+ h and (C) active MMP-2 after 60+ h is
expressed as mean ± S.E.M of fold-changes compared to the control (n � 8). **p < 0.01,*p < 0.05.

FIGURE 5 | Representative image showing gelatinolytic activity of MMP after 60+ h incubation. Labels show the activity of pro-MMP-9 at 95 kDa, pro-MMP-2 at
72 kDa and active MMP-2 at approximately 65 kDa. The activity of active MMP-9 (82 kDa) was not visible after 60+ h.
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TIMPs and hence the inhibition of MMPs. An in vitro study on
cadmium treated U-937 cells showed that cadmium doses
(1.0–50.0 µM) did not have any effect of TIMP-1 levels
however there was an alteration in the MMP-9/TIMP-1
expression at the level of the gene albeit not statistically
significant (Yaghooti et al., 2012). The study concluded that
cadmium disrupts MMP-9/TIMP-1 balance to favour
proteolysis. Consistent with previous studies (Fiévez et al.,
2009; Yaghooti et al., 2012), cadmium exposure modulates
MMPs expression and activity by disrupting the balance
between MMP and TIMPs. Apart from these findings, it
cannot be overlooked that MMPs are zinc-dependent
endopeptidases and there also lies the possibility that
cadmium may play a role in deactivating the gelatinases by
mimicking the divalent zinc in these enzymes, also known as
molecular mimicry (Bridges and Zalups, 2005; Chmielowska-Bąk
et al., 2013). This remains to be confirmed by further research.

It is well-documented that IL-1β, IL-6 and TNF-α cause
inflammation, therefore changes in gene expression of these
cytokines are indicative of inflammation (Ptaschinski and
Lukacs, 2018; Das and Al-Naemi, 2019). In the current study,
the gene expression of targeted inflammatory mediators (IL-1β,
IL-6, IL-10 and TNF-α) in the heart tissue of rats across three time
points after cadmium treatment showed an exposure-dependent
variation in their expression. After 5 weeks of cadmium exposure,
cardiac tissue showed an upregulation of IL-1β and IL-10 and
downregulation of NF-κB and TNF-α. At week 10, all the targets
are upregulated while discontinuation of cadmium treatment for
4 weeks resulted in downregulation of the targets except IL-6 and

TNF-α remaining upregulated. NF-κB is a vital player as a
transcription factor in inflammation with a role in the
regulation of several genes including cytokines (Kumar et al.,
2004; Lawrence, 2009). Gordon et al. (2011) hypothesized that
NF-κB regulates three genetic programs namely, hypertrophy,
cytoprotection and chronic cytotoxicity brought on by prolonged
inflammatory response. Chronic activation of the NF-κB
signalling strongly drives the chemokine production by
propagation of the pro-inflammatory cascade leading to a
prolonged inflammatory state (Gordon et al., 2011; Ptaschinski
and Lukacs, 2018). An in vitro study in ECV304 cells suggested
that NF-κB was activated by the cadmium treatment via
phosphorylation and degradation of the NF-κB inhibitor, IκBα
(Lian et al., 2015). In the same study, cadmium consistently
increased the transcriptional activity of NF-κB in a dose-
dependent manner. Contradictory to previous studies our
results showed that the expression of NF-κB in the cardiac
tissue seems to vary by different folds. This suggests that the
cumulative concentration of cadmium circulating within the
system may not have reached a threshold to trigger the
upregulation of NF-κB until at week 10. In the canonical
signalling pathway of NF-κB, TNF-α is a widely studied ligand
that activates NF-κB (Gordon et al., 2011).

TNF-α plays a pro-inflammatory role in local and systemic
inflammation when secreted by activated macrophages in
response to injury to amplify and prolong the inflammatory
response (Tracey, 2002). A study reported a significant release
of TNF-α in the heart of male rats treated at a dose of 5 mg/kg b.w.
for 4 weeks (Nazimabashir et al., 2015). Another study reported

FIGURE 7 | Levels of mRNA expression of inflammatory mediators in heart tissue of Cd-treated male Sprague-Dawley rats using real time-PCR (A) IL-1β (B) IL-6
(C) NF-κB (D) TNF-α (E) IL-10. Expression data are represented as mean ± S.E.M of relative mRNA expression compared to the control (n � 8). ***p < 0.001, **p < 0.01.
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that elevated levels of TNF-α in the heart of cadmium treated rats
mediated a malfunction of the organ (Chen et al., 2003). In the
current study, it was observed that TNF-α expression occurs in
parallel to the expression of NF-κB until week 10 after which the
expression of TNF-α opposes the expression of NF-κB. One of the
main mechanisms of terminating the signal of NF-κB is by
downregulation via a feedback loop involving TNF-α (Hayden
and Ghosh, 2014). The downregulation of NF-κB and
upregulation of TNF-α after recovery period (week 10–14)
may be explained by this mechanism.

Extensive research exploring the impact of cadmium along the
inflammation axis have reported the production and
upregulation of IL-6, TNF-α and IL-1β both in vivo and
in vitro (Djokic et al., 2015; Ninkov et al., 2015; Tucovic et al.,
2018). In this study, the pro-inflammatory impact of the
cadmium treatment was also observed as an upregulation in
pro-inflammatory cytokines- IL-6 and IL-1β. Interestingly, the
upregulation of anti-inflammatory cytokine, IL-10 was also
observed till week 10 suggesting an activated mechanism to
establish a balance in the inflammatory response. IL-6 is a key
pro-inflammatory cytokine that mediates the transition from
acute to chronic inflammation (Låg et al., 2010). For the
current study, it must also be highlighted that after the
recovery period (week 10–14), the sustained upregulation of
IL-6 was observed. This suggests that an inflammatory signal
remains stimulated despite the withdrawal of cadmium exposure
for 4 weeks. However, it is also feasible that the circulating
cadmium from the treatment or the presence of cadmium in
the cardiac tissue (unpublished data) may in part play a role in
provoking the inflammatory signal to still have an impact on the
inflammatory status of the heart tissue. The results of this study
are in agreement with other studies established in other biological
model that reported differential effects of cadmium treatment on
the expression of inflammatory cytokines in vivo and in vitro
(Djokic et al., 2014; Djokic et al., 2015; Milnerowicz et al., 2015).
Recent reviews have shown that the effects of cadmium may
occur in an organ-specific manner by causing an imbalance in the
pro-inflammatory/anti-inflammatory cascade as per the dose,
exposure duration and biological model (Das and Al-Naemi,
2019; Hossein-Khannazer et al., 2020).

The present study did not include the role of chronic cadmium
exposure on the kidneys and its relation to the described cardiac
dysfunction has not been examined. On the other hand, several
prior studies have reported that cadmium at the same dose has
resulted in renal and cardiac injuries (Kacar Kocak et al., 2009;
Yazihan et al., 2011b; Erdem et al., 2016). The authors reported
hypertension associated with renal injury which may be mediated
by oxidative stress, deteriorating bioelements like zinc, inducing
apoptosis and inflammation. Our group previously reported the
non-occurrence of hypertension with an overall depression in
mean arterial pressure (Al-Naemi and Das, 2020). Considering
the testing conditions that aimed to examine the direct effect of
chronic cadmium exposure to the heart tissue while including an
unsupplemented recovery period which has not been examined in
previous studies, the involvement of inflammation and underlying
mechanism needs further investigation. This would not only help
in understanding the mechanisms underlying cardiovascular

injury related to cadmium exposure but also in developing
specific therapeutic strategies.

CONCLUSION

The findings of this study provides considerable insight in
understanding that despite the withdrawal of cadmium
exposure, the impact of the exposure still persists in the heart.
It must be noted that to the best of our knowledge, this study is the
first to evaluate the impact of cadmium exposure on the heart after
withdrawal of the treatment. This study shows that cadmium alters
the expression and activity of gelatinases in the heart. Also,
cadmium significantly stimulates an inflammatory response by
the upregulation in the expression of pro-inflammatory cytokines
that is still slightly sustained after withdrawal of the treatment. The
sustained expression of cytokines can be attributed to the feedback
regulation of MMPs to counter-regulate the inflammatory
response and promote resolution (Fingleton, 2017). Alterations
to the expression and activity of gelatinases impacts the heart ECM
turnover to thereby modify the structure and function of the heart.
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Swainsonine Triggers Paraptosis via
ER Stress and MAPK Signaling
Pathway in Rat Primary Renal Tubular
Epithelial Cells
Shuai Wang1,2†, Yazhou Guo1,2†, Chen Yang1,2, Ruijie Huang1,2, Yuting Wen1,2,
Chunyan Zhang1,2, Chenchen Wu*,1,2 and Baoyu Zhao*,1,2

1College of Veterinary Medicine, Northwest A&F University, Yangling, China, 2Institute of Poisonous Plants in Western China,
Northwest A&F University, Yangling, China

Swainsonine (SW), an indolizidine alkaloid extracted from locoweeds, was shown toxic
effects in multiple studies, but the underlying action mechanism remains unclear. SW is
known to cause autophagy and apoptosis, but there has been no report on paraptosis
mediated cell death. Here, we showed that SW induced rat primary renal tubular epithelial
cells (RTECs) death accompanied by vacuolation in vitro. The fluorescence with the
endoplasmic reticulum (ER)-Tracker Red and transmission electron microscopy (TEM)
results indicated that the vacuoles were of ER origin, typical of paraptosis. The level of ER
stress markers, such as polyubiquitinated proteins, Bip, CHOP and cytoplasmic
concentration of Ca2+ have drastically increased. Interestingly, autophagy inhibitor
could not interrupt but enhanced the induction of cytoplasmic vacuolization.
Furthermore, MAPK pathways were activated by SW and inhibitors of ERK and JNK
pathways could prevent the formation of cytoplasmic vacuolization. In this study, we
confirmed that SW induced cell paraptosis through ER stress and MAPK signaling
pathway, thus further laying a theoretical foundation for the study of SW toxicity
mechanism.

Keywords: swainsonine, paraptosis, vacuolation, er stress, MAPK

INTRODUCTION

Swainsonine (SW), an indolizidine alkaloid, is the principal toxic component of locoweeds (its name
originated from Spanish “loco” meaning crazy), and is produced by fungi living within locoweeds
(Cook et al., 2017). Currently, locoweed has been found throughout the world and has become the
major toxic plant affecting the livestock production in pastureland (Lu et al., 2014). Locoweed
poisoning causes huge economical loss annually which severely hampered the development of the
grassland (Daniel et al., 2009; Wei et al., 2015; Pfister et al., 2016).

The research shows that swainsonine can cause injury of multiple tissues/organs of grazing
livestock, and the extensive vacuolar degeneration is major pathological manifestation. However, the
underlying mechanisms involved in SW-induced animal poisoning remain poorly understood.
Recent studies indicate that SW induces a variety of cell apoptosis, such as rat cardiomyocytes Zheng
et al. (2018), cerebral cortical neurons Lu et al. (2015), and caprine luteal cells (Li et al., 2015). In
addition, our earlier study also showed that SW can activate autophagy in rat primary renal tubular
epithelial cells (RTECs) (Wang et al., 2019). Although it has been confirmed that SW can cause the
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accumulation of complex carbohydrates and glycoproteins in
cells due to its toxic effects, thereby inducing apoptosis and
autophagy, there may be other toxic mechanisms.

Paraptosis is a type of programmed cell death displaying
cytoplasmic vacuolation, usually consisting in mitochondrial
and/or ER swelling. It was first described by (Sperandio et al.,
2000). Previous studies show that paraptosis requires protein
synthesis and can be blocked by the translation inhibitor
cycloheximide (CHX)(Sperandio et al., 2004). Unlike
apoptosis, paraptosis does not require activation of caspases or
formation of apoptotic bodies (Fontana et al., 2020).

Although the mechanisms of paraptosis, particularly the
mechanisms responsible for triggering dilation of
mitochondria or the ER, have not yet been entirely clear,
paraptosis is usually accompanied by an alteration of Ca2+

Yoon et al. (2012) and redox homeostasis Yoon et al. (2010),
as well as by proteostasis disruption Seo et al. (2019) and ER stress
(Fabrizio et al., 2019; Zhang et al., 2020; Nedungadi et al., 2021).
Ultimately, unfolded/misfolded proteins accumulate in the ER
lumen, leading to the activation of pro-death processes. However,
these features are not always present in cells undergoing
paraptosis (Fontana et al., 2020).

In this study, we investigated the possible involvement of non-
canonical programmed cell deaths (i.e. paraptosis) in the toxic
effects of SW. Our data revealed that paraptosis caused by SWwas
a cell death pathway different from apoptotic and autophagic. In
summary, we report for the first time that SW can inhibit
proteasome function and induce ER stress, leading to ER
dilation and the subsequent cell paraptosis. In addition, JNK
and ERK pathways play an important role in the cytoplasmic
vacuolization induced by SW.

MATERIALS AND METHODS

Materials
SW (Figure 1) was isolated from Oxytropis kansuensis Bunge (a
locoweed widely distributed in western China) and identified by
interpretation of spectral data (MS, 1H NMR, 13C NMR, 2D

NMR) as described previously (Lu et al., 2012). Its purity was
98.17%. Bafilomycin A1 (Baf A1) (HY-100558), Rapamycin
(Rapa) (HY-10219), U0126 (HY-12031), SP600125 (HY-
12041) and 4-Phenylbutyric acid (4-PBA) (HY-A0281) were
obtained from MCE, United States p-PERK (#3179, Rabbit,
anti-rat), ATF6 (#65880, Rabbit, anti-rat), p38 (#8690, Rabbit,
anti-rat), and p-p38 (#4092, Rabbit, anti-rat) antibodies were
purchased from Cell Signaling Technology, United States.
Caspase Inhibitor z-VAD-fmk, CHX, ER-Tracker Red, Fluo-4
AM, eIF2α(AF6771, Rabbit, anti-rat) and p-eIF2α(AF1237,
Rabbit, anti-rat) were purchased from Beyotime (Shanghai,
China). Bip (CY5166, Rabbit, anti-rat), Alix (CY7215, Rabbit,
anti-rat), p-IRE1 (CY5605, Rabbit, anti-rat), JNK(CY5623,
Rabbit, anti-rat), p-JNK (CY5541, Rabbit, anti-rat), Ubiquitin
(CY5520, Rabbit, anti-rat) and β-actin (AB0035, Rabbit, anti-rat)
antibodies were purchased from Abways (Shanghai, China).
PERK (A01992-2, Rabbit, anti-rat), CHOP (BM4962, Rabbit,
anti-rat), IRE1 (A00683-1, Rabbit, anti-rat), ERK (BM4326,
Rabbit, anti-rat), p-ERK (BM4156, Rabbit, anti-rat) and Goat
Anti-Rabbit IgG (BA1054) was purchased from BOSTER
(Wuhan, China). Live and DeadTM Viability/Cytotoxicity
Assay Kit was purchased from US Everbright® Inc. (Suzhou,
China).

Cell Culture and Drug Treatment
Renal tubular epithelial cells (RTECs) were prepared as
previously described Rudolfs and Lawrence (1996), Liu et al.
(2016) from SD rats. RTECs were maintained in DMEM
(Gibco) supplemented with 10% fetal bovine serum (FBS)
(Gibco) and 100 U/mL penicillin/streptomycin (Sigma) at
37 C and 5% CO2.

The cells were cultured in a medium with SW (0–400 μg/ml)
for 24 h or retreated with Baf A1 (10 nM), Rapa (50 nM), z-VAD-
fmk (2 μM), 4-PBA (1 mM), SP600125(20 μM), U0126 (15 μM)
or CHX (2 μM) for 2–4 h and then cultured in medium for 24 h.
After reaching 70–80% confluence, the cells were harvested for
the subsequent biochemistry analysis.

Measurement of Cellular Viability
For measurement of cellular viability, cells were cultured in 12-
well plates and treated with SW. According to the instructions of
Live and DeadTM Viability/Cytotoxicity Assay Kit, 2 μM calcein-
acetoxymethyl ester (calcein-AM), a green fluorescent indicator
of the intracellular esterase activity of cells, and 4 μM propidium
(PI), a red fluorescent indicator of membrane damaged/dead
cells, we added to each well, and the plates were incubated for
30 min in 5% CO2 at 37°C. The calcein-positive live cells and PI-
positive dead cells were visualized using a fluorescence
microscope (OLYMPUS-IX71, Japan) and counted.

ER Localization With ER-Tracker
ER staining was performed according to the instructions of ER-
Tracker Red kit. After treatment, RTECs were washed twice with
PBS and then incubated in pre-warmed ER-tracker dye solution
(1 mM) for approximately 30 min at 37°C. The cells were then
observed using a fluorescence microscope (OLYMPUS-IX71,
Japan).

FIGURE 1 | The chemical structure of swainsonine.
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FIGURE 2 | SW induced cytoplasmic vacuolization and inhibited cell viability in RTECs (A,B) Phase-contrast images of RTECs following incubation with SW at the
indicated concentrations for 24 h. Morphometric analysis of vacuoles was performed with three different areas and the percentage of SW-induced vacuolated cells was
calculated (C,D) RTECs were treated with the indicated concentrations of SW for 24 h and cellular viability was measured using Live and DeadTM Viability/Cytotoxicity
Assay Kit. Analyze the number of living (green spots) and dead cells (red spots) in three different areas of control and SW-treated cells and the ratios were
calculated.
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Analysis of Ca2+ Accumulation Using
Fluoresce Microscopy
Fluo-4 AM is cleaved into Fluo-4 by esterases in cells and Fluo-4
combines with Ca2+ to produce stronger fluorescence. To
measure cytosolic Ca2+ levels, cells were grown on 6-well
plates and treated with SW. Then, Fluo-4 AM was added to
the medium at a final concentration of 1 µM. After a 30 min
incubation at 37°C, cells were washed with PBS, and visualized by
fluorescence microscopy (OLYMPUS-IX71, Japan).

Western Blotting
After treatment, RTECs were harvested and washed with ice-cold
PBS. Total protein was then extracted from the cells using ice-
cold RIPA lysis buffer (Solarbio, Beijing, China) containing 1 mM
PMSF. Protein concentrations were calculated using BCA assay
kits (Solarbio, Beijing, China), and 20 μg of protein was subjected
to 12% SDS-PAGE and transferred to PVDF membranes

(Millipore, United States). The membranes were blocked with
5% nonfat milk powder at room temperature for 2 h, and
immunoblotting was performed with primary antibodies at
4°C overnight, followed by HRP-conjugated secondary
antibody at room temperature for 2 h. Following each step, the
membranes were washed five times with TBS-T for 5 min. All
antibodies (including Bip, CHOP, Alix, PERK, IRE1, and JNK
etc.) were diluted at 1:5,000, according to the protocols. The
proteins were visualized using enhanced chemiluminescence
(Peiqing, JS-1070EV, China).

Transmission Electron Microscopy (TEM)
Observation
In vitro experiments, after treatment, RTECs were washed three
times with PBS, and fixed with 4% glutaraldehyde and postfixed
with 1% OsO4 in 0.1 M cacodylate buffer containing 0.1% CaCl2
for 2 h at 4°C. The samples were then stained with 1% Millipore-

FIGURE 3 | SW induced cytoplasmic vacuolization which is independent of autophagy and apopotosis. Inverted microscopic images of RTECs treated with SW
(400 μg/ml) in the presence of autophagic activators like Rapa, autophagic inhibitors like Baf A1, and apoptosis inhibitors like z-VAD-fmk for 24 h. Morphometric analysis
of vacuoles was performed with three different areas and the percentage of SW-induced vacuolated cells was calculated.
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filtered uranyl acetate, dehydrated in increasing concentrations of
ethanol, infiltrated, and embedded. After polymerization of the
resin at 60°C for 48 h, ultrathin sections were cut with an ultracut
microtome. Sections were stained with 4% uranyl acetate and lead
citrate, and images were obtained using a transmission electron
microscope (HITACHI, HT7800, Japan).

Statistical Analysis
All results were expressed as the mean ± standard deviation
(S.D.). Data were obtained from three independent experiments.
All statistical analyses were conducted by GraphPad Prism 5
software (San Diego, CA). Data were analyzed using paired
t-tests. Significant differences: * equals p < 0.05; ** equals p < 0.01.

RESULTS

SW Induced Cytoplasmic Vacuolization and
Cell Death in RTECs
The cytotoxic effects of SW was evaluated in RTECs. The RTECs
were cultured with various doses of SW (0, 25, 50, 100, 200, and
400 μg/ml) for 24 h. Microscopic observation showed that SW
treatment induced extensive cytoplasmic vacuolation in RTECs.
A significantly higher quantity of cytoplasmic vacuolated cells
was observed when cells were treated with 400 μg/ml SW

compared to that of control cells or cells that were treated
with lower doses of SW (Figure 2A, B).

After 24 h treatment, some of the cells became detached from the
culture platewith intracellular vacuole surrounding the cell nucleus. To
detect the effect of SW on cell survival rate, the RTECs were then
treated with SW (0, 25, 50, 100, 200 and 400 μg/ml) for 24 h, and cell
viability was then determined using Live and DeadTM Viability/
Cytotoxicity Assay Kit. We found that exposure to SW obviously
decreased the viability of RTECs in a dose-dependentmanner (Figures
2C, D), suggesting that SW has cytotoxic activity against RTECs.

SW-Induced Cytoplasmic Vacuolation Is
Independent of Apoptosis and Autophagy
We have previously confirmed that SW can induce apoptosis and
autophagy, but which cell death pathway is related to SW-
induced cytoplasmic vacuolation is still unclear.

We pre-treated the cells with autophagic inhibitor like Baf A1
and autophagy activator like Rapa and found that the treated cells
continued to vacuolate even in the presence of the inhibitor or
activator (Figure 3). It is noteworthy that the combination of
both SW and autophagic inhibitor (Baf A1) lead to increase in cell
death when compared to death by SW alone (Supplementary
Figure S1) suggesting that the blockage of autophagy resulted in
increased mortality rate of cells treated with SW.

FIGURE 4 | Fluorescence staining and ultrastructure of SW-induced cytoplasmic vacuolation (A) The cytoplasmic vacuolation induced by SW in RTECs was observed
by fluorescence staining with ER-tracker (B) RTEC cells were treated with SW for 24 h and electron microscopy was performed. Arrows indicate the dilated ER.
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To further assess the possible involvement of apoptosis, we
pre-treated the cells with the pan-caspase inhibitor, z-VAD-fmk.
However, we found that pretreatment with z-VAD-fmk did not
affect the vacuolation or cell death of SW-treated cells (Figure 3
and Supplementary Figures S1, S2). Collectively, these results
showed that an alternative cell death mode might be involved in
the cytotoxic effects induced by SW.

SW Caused ER Stress-dependent
Paraptosis of RTECs
Cytoplasmic vacuolation arising from ER dilation and/or swelling
of mitochondria is one of the major hallmarks of paraptosis
(Yoon et al., 2012; Bury et al., 2013). To further evaluate the cell
death mode induced by SW in RTECs, we examined the origins of
the SW-induced vacuoles.

The fluorescence microscopy of cells loaded with the ER
tracker Red showed that the membranes of large vacuoles
were stained with the ER tracker (Figure 4A). In addition, it

is seen from the TEM data that, during the incubation of cells in
the presence of SW, mitochondria almost do not change in size
and are not colocalized with vacuoles. However, the TEM images
with 24 h of treatment with SW clearly depicts large empty
vacuoles appeared to be very close to ER (Figure 4B), stating
that the cytoplasmic vacuoles originated from endoplasmic
reticulum.

We next examined whether SW-induced cell death in RTECs
shared other features of paraptosis. Although the molecular basis
of paraptosis still remains to be clarified, it is known to require de
novo protein synthesis. Accordingly, we tested the effect of
pretreatment with the protein synthesis blocker, CHX, and
found that it very effectively blocked SW-induced vacuolation
in RTECs (Figure 5A+B). However, the co-treatment of SW and
CHX aggravated cell death (Supplementary Figure S3), which
may be due to the hindrance of protein synthesis aggravating the
toxic effects of SW. In addition, the levels of Alix, an inhibitor of
paraptosis, were downregulated by SW in RTECs (Figure 5C, D).
These results indicated that SW induced paraptosis in RTECs.

FIGURE 5 | SW induced paraptosis in RTECs (A,B) RTECs were pretreated with CHX for 4 h and further treated with 400 μg/ml SW for 24 h. Inverted microscopic
images of RTECs treated with SW (400 μg/ml) in the presence of CHX. Morphometric analysis of vacuoles was performed with three different areas and the percentage
of SW-induced vacuolated cells was calculated (C,D) Alix expression level was evaluated by Western blot analysis in RTECs treated with SW at the indicated
concentrations for 24 h. Three independent experiments were performed. Statistically significance was indicated: *p < 0.05, **p < 0.01 compared with control.
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The dilation of ER suggested the presence of ER stress in
RTECs with SW treatment, and paraptosis mediated cell death is
often associated with ER stress (Lee et al., 2016). Furthermore,
proteasome inhibition has been shown to induce the
accumulation of misfolded proteins in the ER lumen and to
impose ER stress (Nawrocki, 2005). Recent studies have shown
that the occurrence of apoptosis is related to proteasome
inhibition. Thus we checked for the protein expression levels
of the ER stress markers like Bip and Chop in RTECs following
treatment with SW (Tabas and Ron, 2011; Tang et al., 2012). We
found that there was a notable increase in the expression of these
markers in a dose dependent manner (Figures 6A–C). Western
blot analysis using an anti-ubiquitin antibody demonstrated
progressive accumulation of polyubiquitinated proteins also in
SW-treated cells (Figure 6D, E).

It is known that one of the factors inducing the ER stress is the
disturbance of the homeostasis of intracellular Ca2+ (Carreras-
Sureda et al., 2017). Ca2+ is released into the cytoplasm when the
ER structure is abnormal. As shown in Figure 7A, stronger
fluorescence intensity was observed in SW-treated cells,
indicating that SW treatment increased intracellular Ca2+

concentration.
Also, we determined the changes in protein expression of three

other ER transmembrane sensors, IRE1, PERK and ATF6 Wang
and Kaufman (2014), and our results showed that the expression
of p-PERK, p-IRE1, and ATF6 increased in RTECs when the cells
were treated with SW (Figures 7B–F).

It is worth noting that pre-treatment of RTECs with the ER
stress inhibitor 4-PBA markedly suppressed SW-induced
cytoplasmic vacuolation and cell death (Figure 8), supporting

FIGURE 6 | SW increases the expression of proteins involved in ER stress in RTECs. RTECs were exposed to 0–400 μg/ml SW for 24 h, and western blotting
showing the expression of Bip, CHOP (A–C) and polyubiquitinated proteins (D + E) in cells. Three independent experiments were performed. Statistically significance
was indicated: *p < 0.05, **p < 0.01 compared with control.
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FIGURE 7 | SW increases Ca2+ concentration and activates pathways related to ER stress in RTECs. RTECs treated with various doses of SW for 24 h (A) SW
treatment caused an increase in Ca2+ concentrations in RTECs compared with untreated cells (B)PERK, eIF2α, IRE1, ATF6 expression levels were evaluated byWestern
blot analysis (C–F) These column charts show the ratio of p-PERK/PERK, p-eIF2α/eIF2α, p-IRE1/IRE1, ATF6/β-actin. Three independent experiments were performed.
Statistically significance was indicated: *p < 0.05, **p < 0.01 compared with control.
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the relationship between vacuoles and ER stress. In conclusion,
ER stress plays an important role in SW induced paraptosis.

MAPK Activation Mediates Paraptosis
Induced by SW
According to existing knowledge, the MAPK signal
transduction pathways have been identified to be involved in

the process of paraptosis induction (Wang et al., 2012; Li et al.,
2020). To understand the detailed mechanism by which SW
treatment induces paraptosis in RTECs, we analyzed the signal
activation of the p38/Erk/JNK MAPK pathway in cells treated
with SW.

Western blot analysis revealed that treatment with SW
upregulated the phosphorylation levels of ERK and JNK in
RTECs compared to those of the control cells. At the same

FIGURE 8 | Effects of 4-PBA on SW-induced cytoplasmic vacuolization and cell death. RTECs were pretreated with 4-PBA at the indicated concentrations for 4 h
and further treated with 400 μg/ml SW for 24 h (A,B)Western blotting was used to analyze the Bip protein level changes in the presence of 4-PBA. Three independent
experiments were performed. *p < 0.05, **p < 0.01 (C,D) Inverted microscopic images of RTECs treated with SW (400 μg/ml) in the presence of 4-PBA. Morphometric
analysis of vacuoles was performed with three different areas and the percentage of SW-induced vacuolated cells was calculated (E,F) Cellular viability was
assessed using Live and DeadTM Viability/Cytotoxicity Assay Kit. Analyze the number of living (green spots) and dead cells (red spots) in three different areas of control
and SW-treated cells and the ratios were calculated.
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time, SW did not cause significant change in total levels of ERK
and JNK. However, p38 activity was not affected after treatment
of RTECs with SW (Figure 9).

Then we used specific inhibitors of MAPK pathways to check
the effect of MAPK inhibition on cytoplasmic vacuolization
induced by SW. Pretreatment of RTECs with either U0126, a
ERK inhibitor, or SP600125, a JNK inhibitor, partially but
significantly attenuated SW-induced vacuolation (Figure 10),
but not markedly reduce cell death (Supplementary Figure
S4). These results indicated that ERK and JNK pathways were
involved in the cytoplasmic vacuolization induced by SW.

DISCUSSION

SW is a kind of indolizidine alkaloid, which was first isolated from
the plant Swainsona canescens (Dawn et al., 1984; Gardner et al.,
2001; Colodel et al., 2002; Haraguchi et al., 2003). Consumption of
SW-containing locoweeds by livestock can cause animal poisoning,
and the extensive vacuolar degeneration is major pathological

manifestation. It is known that SW can induce apoptosis and
autophagy. However, a drug can cause more than one kind of
programmed cell death at the same time. For example, Iturin A-like
lipopeptides induces paraptosis, accompanied by autophagy and
apoptosis in cancer cells (Zhao et al., 2018).

Paraptosis is a kind of recently defined programmed cell death
which differ from the classical apoptosis by lacking caspase activation,
the formation of apoptotic bodies. The presence of cytoplasmic
vacuolation arising either from swelling of mitochondria or ER
dilation a significant feature of paraptosis. Although the
mechanism of paraptosis still remains to be clarified, it is known
to be associated with ER stress, disturbances in the Ca2+ distribution
in cells Yoon et al. (2014b), Dong et al. (2017) and the perturbation of
cellular proteostasis via proteasomal inhibition (Yoon et al., 2010;
Yoon et al., 2014a; Mnich et al., 2015; Dongjoo et al., 2016). Also,
evidence shows that activation of MAPK pathway and disruption of
sulfur homeostasis may lead to the induction of paraptosis (Yoon
et al., 2010; Chen et al., 2018; Dongrong et al., 2019).

Here we reported that SW was able to induce extensive
cytoplasmic vacuolation mediated cell death in RTECs. In

FIGURE 9 | SW increases the expression of proteins involved in the MAPK cascade in RTECs (A) The proteins levels changes of ERK, JNK and p38 were analyzed
by the Western blotting analysis of cells treated with a range of concentration of the SW for 24 h (B–D) These column charts show the ratio of p-ERK/ERK, p-JNK/JNK,
p-p38/p38. Three independent experiments were performed. Statistically significance was indicated: *p < 0.05, **p < 0.01 compared with control.
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FIGURE 10 | Effects of MAPK pathway inhibitors on SW-induced cytoplasmic vacuolization. RTECs were pretreated with SP600125 or U0126 at the indicated
concentrations for 4 h and further treated with 400 μg/ml SW for 24 h (A–D)Western blotting was used to analyze the p-JNK and p-ERK protein level changes. Three
independent experiments were performed. *p < 0.05, **p < 0.01 (E,F) Inverted microscopic images of RTECs treated with SW (400 μg/ml) in the presence of SP600125
or U0126. Morphometric analysis of vacuoles was performed with three different areas and the percentage of SW-induced vacuolated cells was calculated.
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order to investigate whether SW-induced vacuolar degeneration
is related to autophagy and apoptosis, we used Rapa (an
autophagy activator), Baf A1 (a late-phase autophagy
inhibitor) and z-VAD-fmk (an apoptosis inhibitor). However,
the tested reagents did not significantly affect the SW-induced cell
death and vacuolation of RTECs. Furthermore, autophagy
inhibitors did not prevent but, on the contrary, enhanced the
formation of cytoplasmic vacuolization induced by SW,
suggesting that cytoplasmic vacuolation was due to other cell
death modes.

To check whether the cytoplasmic vacuolization was resulted
from paraptosis, we examined its relationship with ER structure.
The results of fluorescence staining and transmission electron
microscopy showed that the vacuoles originated from ER.
Incubation of cells with the protein synthesis inhibitor CHX
decreased cytoplasm vacuolization. In addition, SW reduced the
expression of Alix in RTECs. These results suggested that the

cytoplasmic vacuolization induced by SW was related to
paraptosis.

We next discussed the mechanism of SW-induced paraptosis.
When ER stress occurs, the expression of Bip increases and three
stress receptors (PERK, IRE1 and ATF6) are activated. And, the
transcription factor CHOP plays a key role in the ER stress-
related apoptosis pathway (He and Klionsky, 2009; Mnich et al.,
2015). We found an increase in ER stress markers like Bip,
CHOP, p-PERK, p-IRE1 and ATF6 at protein level in SW
treated RTECs.

ER is considered to be the major store house of Ca2+ and Ca2+

is a unique secondary messenger which plays an important role in
the proper folding of proteins in the cells. One of the factors
known to cause ER stress is the disorder of intracellular Ca2+

homeostasis. We observed an increase in the cytosolic
concentration of Ca2+ in SW treated cells which further
indicates the presence of ER stress.

FIGURE 11 | The overall mechanism of SW induced cell paraptosis.
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In addition, we also checked the effect of SW on the proteasome in
RTECs. The ubiquitin proteasome system (UPS) is a central
component of the cellular protein degradation machinery. It can
prevent the accumulation of misfolded or deleterious proteins in the
cell and performs essential functions in homeostasis. Many newly
synthesized error proteins are degraded by proteasome (Schubert et al.,
2000). SW treatment induced accumulation of ubiquitinated protein
which indicated that it had inhibitive effect on proteasome function.

Previously, Mimnaugh (2006) proposed that a proteasome-
inhibition-triggered overload of misfolded proteins in the ER
lumen could exert an osmotic force that draws water from the
cytoplasm and induced extensive ER-derived vacuolization. And,
the application of the ER stress inhibitor 4-PBA, which affects the
protein folding and traffic Zhang et al. (2013), Kolb et al. (2015),
alleviated SW-induced vacuolation and slightly inhibited the
cytotoxic effect. Thus, we believe that ER stress has a key role
in SW-induced cytotoxicity.

In our research, though SW activated MAPK pathways,
including p38, ERK and JNK, paraptosis induced by SW was
only dependent on JNK and ERK pathways. Because our results
showed that U0126 and SP600125 reduced the number of
vacuolated cells underwent SW treatment.

In summary, paraptosis induced by SW contributed to
cytotoxicity of SW might be based on its capability to activate
several pathways such as proteasome inhibition, ER stress and
MAPK passway. Based on the results obtained, the following
mechanism of the cytotoxic action of SW can be proposed
(Figure 11): SW cause ER stress, an increase in the
intracellular Ca2+ concentration, and damage to proteasomal.
Consequently, the accumulation of misfolded proteins in ER
results in a drastic extension of the ER cisterns and an
extensive cytoplasmic vacuolization, the disturbance of the
allocation of organelles by giant vacuoles, which leads to the
initiation of cell death caused by paraptosis. Moreover, JNK and
ERK pathways play an important role in this mode of cell death.
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Realgar has been used as a type of mineral drug that contains arsenic for thousands of
years. Previous studies have shown that Realgar-induced acute kidney injury is associated
with abnormal metabolism, but the underlyingmechanism is poorly understood. The aim of
this study is to investigate the metabolic changes in serum and kidney tissues of mice
exposed to Realgar by using a metabolomic approach and explore the molecular
mechanisms of acute kidney injury induced by Realgar. Forty mice were randomly
divided into four groups: Control group, 0.5-, 1.0, and 2.0 g/kg Realgar group. After
1 week, the body weight and kidney weight of the mice were measured. The serum and
kidney samples were used for LC-MS spectroscopic metabolic profiling. Principal
component analysis (PCA), correlation analysis, and pathway analysis were used to
detect the nephrotoxic effects of Realgar. Body weight decreased significantly in the
2.0 g/kg group, and the kidney weight index also showed a dose-dependent increase in
Realgar. The PCA score plot showed the serum and kidney tissue metabolic profile of mice
exposed to 2.0 g/kg Realgar separated from the control group, while the lower-doses of
0.5 g/kg and 1.0 g/kg Realgar shown a similar view to the Control group. Thirty-three
metabolites and seventeen metabolites were screened and identified in the serum and
kidney of mice in a dose-dependent manner. respectively. Correlation analysis showed a
strong correlation among these metabolites. Amino acid metabolism, lipid metabolism,
glutathione metabolism, and purine metabolism pathways were found to be mainly
associated with Realgar nephrotoxicity. This work illustrated the metabolic alterations
in Realgar-induced nephrotoxic mice through a metabolomic approach.

Keywords: realgar, acute kidney injury, metabolomics, serum, kidney, LC-MS

INTRODUCTION

Arsenic has long been known as a toxic compound and environmental carcinogen, which exposure
causes oxidative stress, apoptosis, chromosomal abnormalities, and DNA damage (Zhou and Xi,
2018; Palma-Lara et al., 2020). However, Arsenic has shown amazing therapeutic value in the
treatment of hematopoietic malignancies (Zhu et al., 2019). Arsenic trioxide, as an arsenic-
containing compound, has shown good remission in the treatment of acute promyelocytic
leukemia (APL) (Min et al., 2020). Arsenic trioxide shows great toxic effects and causes serious
adverse reactions especially in the case of long-term use (Wang et al., 2020).
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Realgar, a traditional Chinese mineral medicine containing
more than 90% tetraarsenic tetrasulfide (As4S4), has been widely
used to treat infection, fever, and convulsion (Liu et al., 2018).
Recently, Realgar has similar efficacy to arsenic trioxide in the
treatment of APL and has fewer side effects (Wu et al., 2011).
However, arsenic contained in Realgar is still a potentially toxic
substance. Realgar and its compounds can cause adverse
reactions or chronic arsenic poisoning when used chronically,
in excess, and irregularly (Yi et al., 2018; Zheng et al., 2019). Some
studies suggested that exposure to Realgar can lead to arsenic and
various arsenical metabolites accumulation in the kidneys, which
is a target organ for its metabolism and excretion (Wu et al.,
2019). Thus, the metabolism of arsenic in Realgar-induced
toxicity plays a leading role. Our previous work also revealed
that Realgar can cause acute kidney injury and it is mainly related
to the metabolic pathways (Zhang et al., 2021). Main recent
studies concentrated on the determination of arsenic levels in
blood, urine, and tissues (Wu et al., 2019; Yi et al., 2020).
However, the metabolism changes of Realgar are still unclear.

Metabolomics is a systemic approach by applying modern
advanced mass spectrometry techniques to identify and quantify
mainly endogenous metabolites (around smaller than 1,000 Da)
of complex systems. This consists of the holistic thinking of
TCMs and metabolomics techniques are extremely suitable for
evaluating the toxicity of traditional Chinese medicines and
exploring the mechanisms (Wang et al., 2011). Recently,
studies on the toxicological effects of Realgar or Realgar-
containing medicines have been reported, and have mainly
focused on hepatotoxicity (Zhang et al., 2017) and
neurotoxicity (Zhang et al., 2019). However, less metabolic
analysis of nephrotoxicity has been reported.

In this study, the nephrotoxic mechanism of Realgar was
investigated by an untargeted metabolomic approach to
analyze serum and kidney samples collected from control mice
and mice treated with different doses of Realgar, which is
expected to deepen the understanding of metabolic changes
after exposure to Realgar.

MATERIALS AND METHODS

Materials and Reagents
Realgar was provided and identified by the Shanghai Institute for
Food and Drug Control (Shanghai, China) with 73.7% total
arsenitc determined by Atomic Absorption Spectroscopy.
Sodium carboxymethycellulose (CMC-Na) was purchased from
Sinopharm (Beijiing, China). Mass spectrometry reagents
including methanol, acetonitrile and formic acid were
purchased from Sigma Chemical Co. (St. Louis, MO,
United States).

Animals and Treatment
Male 6-week-old ICR mice weighing about 18–20 g were
provided by the Experimental Animal Center of Shanghai
Institute for Food and Drug Control (SCXK 2018-0006,
Shanghai, China). Mice were maintained at temperature
(20–25°C) and 40–60% relative humidity for a 12-h light/dark

cycle. They were fed freely water and diet, after 1 week of
acclimatization, the mice were randomly divided into four
groups for the treatment of 0.5% CMC-Na (Control group),
Realgar suspended in 0.5% CMC-Na (0.5, 1.0, and 2.0 g/kg),
respectively. The doses of Realar were referred to the basis of
previously published literature (Miao et al., 2011; Xia et al., 2018).
The detailed experiment procedure was shown in Figure 1. The
body weight was measured every 2 days. After 1 week, blood
samples were collected from the retro-orbital sinus of mice, and
serum was collected after centrifugation. The mice were
anesthetized, and the kidneys were collected immediately on
ice and stored at −80°C for metabolomic analysis. The
experimental protocol was performed according to the Animal
experiment guidelines and approved by the animal Ethics
Committee of Shanghai Institute for Food and Drug Control
(IACUC-SIFDC20111).

Sample Preparation
Serum samples were collected after following oral feeding Realgar
for 30 min, then 50 μL of serum was mixed with 200 μL pre-
cooled methanol and vortex mixed for 10 min. The mixture was
then centrifuged at 14,000 rpm for 15 min at 4°C, and the
supernatant is dried with nitrogen and reconstituted with 20%
methanol. The supernatant was centrifuged at 14,000 rpm for
15 min at 4°C and used to analyze by LC-MS. A mixture of equal
quantities was extracted from all samples and used as quality
control (QC) sample for the LC-MS analysis.

The kidney tissues were dried by lyophilization and ground
into powder. The powder (10 mg) was homogenized with pre-
cooled 80% methanol (300 µL), mixed by vortexing, and
subjected to sonication for 10 min on iced water (×3). The
homogenate was then incubated at −20°C for 30 min and

FIGURE 1 | Experimental procedure of ICR mice exposed to Realgar.
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centrifuged at 14,000 rpm for 20 min at 4°C. The supernatant is
dried with nitrogen and reconstituted with 80% methanol and
centrifuged at 14,000 rpm at 4°C for 15 min. The supernatant was
added to the sample bottle for detection. A mixture of equal
quantities was extracted from all samples and used as QC sample
for the LC-MS analysis.

LC-MS Data Analysis
Kidneymetabolic profiling adopted an UltiMate 3,000 ultra-high-
performance LC system (Thermo Fisher Scientific) ACQUITY
UPLC® BEH C18 column (2.1 × 100 mm, 1.7 µm; Waters Corp.),
coupled with Orbitrap Fusion Lumos high-resolution mass
spectrometer (Thermo Fisher Scientific, USA). The mobile
phase consisted of solvent A (0.1% formic acid in water) and
solvent B (acetonitrile) with running a gradient elution: 5% phase
B for 4 min; 5–70% phase B for 7 min, 70–95% phase B for
15 min, 95% for 17 min, 95–5% phase B for 20 min at the flow
rate of 0.2 ml/min. The injection volume was 5 μL. The MS signal
acquisition was performed in positive and negative ion scanning
modes respectively. One primary mass spectrometry scan
resolution is 15,000 and secondary mass spectrometry scans
resolution is 6,000, and both the first and secondary scanning
ranges were 105 m/z—1,050 m/z. A QC sample was acquired for
every six analytical samples to evaluate the stability of the
analytical system and assess the reliability of the results.

Data Analysis
All data were presented as the mean ± SEM. The comparisons
between two groups were performed with an unpaired two-tailed
Student’s t-test using SPSS 23.0. The comparisons between
several groups were performed with a one-way analysis of
variance (ANOVA) using SPSS 23.0. Value of p < 0.05 was
considered significant differences. The mass spectrometry-
generated metabolomics data is in RAW file format. The
quantitative analysis of the compound was conducted using
Compound Discoverer Software 3.2 (Thermo Fisher Scientific,
USA). The data was subject to principle components analysis
(PCA) and orthogonal partial least squares discriminant analysis
(OPLS-DA) using SIMCA-P version 14.1 software. The
metabolites with VIP >1 and p < 0.05 were considered as
potential biomarkers, and the online databases HMDB (http://
www.hmdb.ca) were used to identify the compounds by matching
the mass spectrum. Pathway enrichment was acquired according
to the MetaboAnalyst 5.0 (http://www.metaboanalyst.ca/) and
the Kyoto Encyclopedia of Genes and Genomes (KEGG, https://
www.kegg.jp/) database.

RESULT

Weight Change and Kidney Weight Index
The body mass and kidney index of mice are shown in Table 1.
Realgar at the dose of 2.0 g/kg had an effect on the decreased body
weight (p < 0.05) and increased kidney weight index (p > 0.05).

Realgar Altered Serum and Kidney
Metabolic Profile
The PCA score plots shown good system stability of the analyses
since the QC samples were tightly clustered in the serum and
kidney samples (Figure 2), and all of the samples were within the
confidence interval and the PCA showed no abnormal samples.
Two principal components were obtained in positive and
negative modes respectively. A slight separation for both
serum and kidney samples was presented between the Control
group and the Realgar groups (especially 2.0 g/kg Realgar group)
in the PCA score plot, which may be due to large differences
between samples.

Discovery and Identification of Potential
Biomarkers
The 2.0 g/kg dose group revealed a significant change of
metabolites in comparison to the control group, so the OPLS-
DAwas used tomonitor the changes of metabolites in the 2.0 g/kg
dose group and the control group (Figure 3). R2X (cum) and Q2
(cum) parameters showed the model good fitting and prediction
ability, and the separation between the control group and the
2.0 g/kg dose group was significant in the OPLS-DA score plot,
indicating that the metabolite content of the 2.0 g/kg dose group
of Realgar was different from that of the control group.
Permutation tests with 200 iterations showed that the model
was not over-fitted (Figure 3). As a visualization method, the
S-plot was also used to select potential biomarkers (Figure 3).
The importance of variables to classification was measured by
the variable importance in the projection (VIP) value, and the
variables were further screened according to VIP.

The potential biomarkers then were screened based on the
strict criteria: 1) the variables with VIP value more than the one is
an important screening parameter; 2) the p value less than 0.05 is
considered as a significant difference in the candidate metabolite
between the Control group and Realgar groups; 3) online
databases HMDB (http://www.hmdb.ca) was searched to
characterize differential metabolites by matching the mass

TABLE 1 | Effect of Realgar on body weight and kidney index of control and experimental animals.

Group Body weight Kidney weight (g) Kidney
weight index (%)Initial (g) Final (g)

Control 21.06 ± 0.71 21.87 ± 1.60 0.36 ± 0.05 1.63 ± 0.28
0.5 g/kg Realgar 21.22 ± 0.92 20.89 ± 0.94 0.35 ± 0.05 1.66 ± 0.21
1.0 g/kg Realgar 21.47 ± 0.58 21.7 ± 0.92 0.36 ± 0.04 1.68 ± 0.19
2.0 g/kg Realgar 21.33 ± 0.69 20.00 ± 1.12* 0.35 ± 0.05 1.74 ± 0.25

Values were measured as mean ± SEM (n � 10). Compared with the control group, *p < 0.05.
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spectrum; and 4) an error of less than 5 ppm. Following the above
criteria, then thirty-three metabolites from serum samples and
twenty-three from kidney samples were identified considered as
potential biomarkers (Supplementary Tables 1, 2). In order to
find the metabolites most related to Realgar-acute kidney injury,
Spearman’s rank correlation analysis was performed using SPSS
23.0 software between the relative intensity (total area
normalization) of metabolites and Realgar dose. Thirty-three
metabolites from serum samples and seventeen from kidney
samples were screened (Tables 2, 3 and Supplementary
Tables 3, 4). To further understand metabolic differences
among the Control group and treatment groups at different
doses of Realgar, the metabolites were visualized in a
clustering heatmap (Figure 4). The trend of metabolites in the
Control group and 2.0 g/kg Realgar group could be easily
observed from the heatmap in the mice serum, and similar
results were observed in kidney tissues.

Correlation Analysis
To further understand the relationships between metabolites,
Pearson’s correlation analysis was performed and shown in
Figure 5. Most of the metabolites in the mice had a strong
correlation, and they may have similar metabolic pathways and
related biological effects. For example, metabolites between
amino acid and bile acid components showed a high positive

correlation in the serum samples, and there was a high positive
correlation between the lipid components in the kidney samples.

Metabolic Pathway Analysis
To further clarify the possible metabolic pathways that were
affected by Realgar, the metabolites in serum and kidney
tissues were integrated and imported into Metaboanalyst 5.0
for pathway analysis, and the pathway was filtered by the
parameter Impact >0. As shown in Figure 6 and
Supplementary Tables 5, 6, ten metabolic pathways were
highlighted from serum samples focusing on including Amino
acid metabolism, Glutathione metabolism, and Purine
metabolism, and seven metabolic pathways were highlighted
from kidney samples focusing on including Amino acid
metabolism, Lipid metabolism, Glutathione metabolism, and
Purine metabolism.

DISCUSSION

The traditional toxicity evaluations showed that Realgar
treatments elicited nephrotoxicity, as characterized by elevated
blood urea nitrogen, creatinine levels in serum, and kidney
histopathologic alterations. These have been confirmed in our
previous studies, and Realgar at a high dose induced more severe

FIGURE 2 | Scoring plots of PCA analysis [(A and B) of the positive and negative ion modes of serum samples, respectively; (C and D) of the positive and negative
ion modes of the kidney samples, respectively] models with the statistical parameters as follows: (A) R2X � 0.495, Q2 � 0.138; (B) R2X � 0.388, R2Y � 0.841, Q2 �
0.530; (C) R2X � 0.525, Q2 � 0.207; (D) R2X � 0.391, R2Y � 0.867, Q2 � 0.552.
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acute kidney injury than exposure to a low dose (Zhang et al.,
2021). In this study, a significant reduction in body weight were
observed in the 2.0 g/kg Realgar group, which may be due to
persistent non-remission of Realgar-acute kidney injury,
increased toxin levels, and inadequate intake of ingested
nutrients. Moreover, our previous study also found that
metabolic disruption was observed in the kidney of mice
exposed to Realgar for 1 week (Zhang et al., 2021). Therefore,
a metabolomic approach was used to further investigate the
mechanism of acute nephrotoxicity of Realgar-induced acute
nephrotoxicity in mice.

High-resolution mass spectrometry combined with
metabolomics was used to analyze metabolite alterations in
serum and kidney of Realgar mice. Thirty-three endogenous
metabolites in serum and seventeen endogenous metabolites in
the kidney were selected as toxic biomarkers, which are mainly
involved in amino acid metabolism, Lipid metabolism,
Glutathione metabolism, and Purine metabolism. Amino acid
metabolism, Glautathione metabolism, and Purine metabolism
were the same metabolic pathways between serum and kidney,
and Lipid metabolism might be partly attributed to oxidative
stress caused by Realgar. Therefore, these four pathways were of
great attention to us. The mechanism of toxicity was proposed by
analyzing their formation and transformation in the pathway
(Figure 7).

Amino Acid Metabolism
Taurine hasmany different biological functions, bile acid binding,
antioxidant, etc., which are important for organism health and

disease. Taurine has been reported to have a protective effect
against drug-induced nephrotoxicity (Aslanturk and
Uzunhisarcikli, 2020). In Realgar-induced hepatotoxicity,
the level of taurine was decreased (Huo et al., 2016). In
this study, taurine levels were decreased in both serum and
kidney of mice. Therefore, taurine may be an important
potential marker associated with Realgar-induced
nephrotoxicity.

Histidine, Citrulline, Ornithine were only detected in serum
samples, and the disruption of amino acid metabolism was
observed mainly in serum samples. Histidine is one of the 22
proteinogenic amino acids and can be catabolized to glutamate,
which has antioxidant properties (Brosnan and Brosnan, 2020).
In this study, Histidine and the catabolic product urocanic acid
were increased, indicating that the oxidative response has been
activated in mice. Notably, increased level of Histidine in the
blood is also a major manifestation of congenital disorders of
Histidine metabolism, including histidinemia, maple syrup urine
disease, propionic acidemia, and tyrosinemia I (Moro et al.,
2020). Ammonia accumulation occurs when amino acid
metabolism is disturbed and the urea cycle converts ammonia
to urea, which is excreted in the urine. Citrulline, Ornithine, and
Arginine play a key role in the urea cycle (Morris, 2002). The
increased levels of Citrulline and Ornithine in serum after
exposure to Realgar implied an acceleration of the urea cycle.
The decreased level of arginine was observed and may reduce the
production of glutamate. In addition, increased serum levels of
bile acids may be associated with deranged amino acid
metabolism.

FIGURE 3 |OPLS-DA analysis [(A and B) of the positive and negative ion modes of serum samples, respectively; (C and D) of the positive and negative ion modes
of the kidney samples, respectively], Permutation test results [(E and F) of the positive and negative ion modes of serum samples, respectively; (G and H) of the positive
and negative ion modes of the kidney samples, respectively], and S-plot (I and J of the positive and negative ion modes of serum samples, respectively; (K and L) of the
positive and negative ion modes of the kidney samples, respectively). The models with the statistical parameters as follows: (A) R2X � 0.768, R2Y � 1, Q2 � 0.884;
(B) R2X � 0.434, R2Y � 0.973, Q2 � 0.834; (C)R2X � 0.897, R2Y � 1, Q2 � 0.814; (D)R2X � 0.654, R2Y � 0.999, Q2 � 0.904; (I)R2 inter � 0.999, Q2 inter � 0.0432; (J)
R2 inter � 0.828, Q2 inter � −0.494; (K) R2 inter � 0.1, Q2 inter � 0.0944; (L) R2 inter � 0.99, Q2 inter � −0.167.
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Lipid Metabolism
Some reports have shown that Realgar can cause the disorders of
lipids metabolism in rats and mice (Zhang et al., 2019; Zhang
et al., 2017), Pearson’s correlation analysis from kidney samples

also indicated that the perturbation of lipids metabolismmay play
an important role in the nephrotoxicity induced by Realgar. In
this study, the increased levels of lysophosphatidylcholine (LPC)
and lysophosphatidyl ethanolamine (LPE) were detected in

TABLE 2 | Thirty-three potential biomarkers in serum samples of mice.

No Compound name Ion m/z tR/min Adduct ESI mode

B01 Ornithine 133.09679 1.151 M + H +
B02 L-Citrulline 176.10292 1.209 M + H +
B03 L-Histidine 156.07591 1.185 M + H +
B04 L-Arginine 175.11879 1.308 M + H +
B05 (±)-2,2′-Iminobispropanoic acid 162.07614 1.632 M + H +
B06 D-Alanyl-D-alanine 161.09172 1.626 M + H +
B07 Acetyl-β-methylcholine 160.13289 1.634 M + H +
B08 L-(-)-Methionine 150.05814 1.641 M + H +
B09 Cytosine 112.05037 1.638 M + H +
B10 Imidazolelactic acid 157.06061 1.657 M + H +
B11 3-Methylglutaconic acid 145.04926 1.638 M + H +
B12 Urocanic acid 139.04988 1.639 M + H +
B13 Proline betaine 144.10184 1.633 M + H +
B14 Bilirubin glucuronide 761.30304 9.135 M + H +
B15 Taurine 124.00729 1.297 M-H -
B16 Rhamnose 163.06111 1.421 M-H -
B17 D-Xylulose 149.04559 1.417 M-H -
B18 Aminoadipic acid 160.06155 1.43 M-H -
B19 D-Proline 114.0559 1.441 M-H -
B20 Ophthalmic acid 288.12036 1.566 M-H -
B21 Pyroglutamic acid 128.03526 1.627 M-H -
B22 5-Oxoproline 128.035 2.25 M-H -
B23 Glutaric acid 131.03458 4.891 M-H -
B24 Indole-3-carboxaldehyde 144.04536 8.675 M-H -
B25 Taurocholic acid 514.28357 8.837 M-H -
B26 Sulfolithocholylglycine 512.26813 9.012 M-H -
B27 Glycochenodeoxycholate-3-sulfate 528.26221 9.067 M-H -
B28 Taurochenodesoxycholic acid 498.28876 9.102 M-H -
B29 7-Sulfocholic acid 487.23755 9.166 M-H -
B30 5b-Cyprinol sulfate 531.29938 9.105 M-H -
B31 LysoPE (0:0/20:3 (11Z,14Z,17Z)) 502.29297 10.829 M-H -
B32 LysoPE (18:1 (9Z)/0:0) 478.29337 11.188 M-H -
B33 LysoPE (16:0/0:0) 452.27777 11.957 M-H -

TABLE 3 | Seventeen potential biomarkers in kidney samples of mice.

No Compound name Ion m/z tR/min Adduct ESI mode

K01 Taurine 126.02162 1.673 M + H +
K02 3-Methylcrotonylglycine 158.08072 1.939 M + H +
K03 Acetylcholine 148.09688 1.924 M + H +
K04 LysoPE (0:0/20:5 (5Z,8Z,11Z,14Z,17Z)) 500.2767 11.074 M + H +
K05 LysoPC(20:3 (5Z,8Z,11Z)/0:0) 546.35529 12.511 M + H +
K06 Glycerol 3-phosphate 171.0062 1.32 M-H -
K07 Galactitol 181.07175 1.274 M-H -
K08 3-Sulfinoalanine 152.00211 1.377 M-H -
K09 Homocysteinesulfinic acid 166.01773 1.45 M-H -
K10 2-Oxoglutaramate 144.03000 1.555 M-H -
K11 5-Acetamidovalerate 158.08205 1.559 M-H -
K12 Inosine 267.07327 1.52 M-H -
K13 5-Oxoproline 128.035 2.426 M-H -
K14 Hexanoylglycine 126.09225 8.822 M-H -
K15 Glycocholic acid 464.3017 9.378 M-H -
K16 LysoPE (20:5 (5Z,8Z,11Z,14Z,17Z)/0:0) 498.2629 10.719 M-H -
K17 LysoPE (20:3 (5Z,8Z,11Z)/0:0) 502.29373 12.095 M-H -
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kidney tissue aqueous extracts after Realgar treatment. PC, PE,
LPC, and LPE are the main phospholipid components to
constitute the cell membrane structure and can mutually
transform (Fujita et al., 2014; Canning et al., 2016). LPC is an

important fragment of ox-LDL, notably, ox-LDL is an indicator of
lipid oxidation that induces ROS formation and causes oxidative
damage to cells (Bao et al., 2018). Furthermore, LPC can directly
increase Ca2+ concentration and induce ROS production to

FIGURE 4 | Heatmap of potential biomarkers of (A) serum and (B) kidney (n � 6). Rows represent the relative intensities of metabolites, where red represents high
relative abundance metabolites and blue represents low relative abundance metabolites. Columns represent individual serum or kidney samples.

FIGURE 5 | Pearson’s correlations of marker metabolites detected by LC/MS in mice (A) serum and (B) kidney. Red color indicates positive correlation between
compounds and blue color indicates negative correlation between compounds; and the darker the color, the stronger the correlation.
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initially induce oxidative stress (Jung et al., 2017). Arsenic has
also been shown to induce cellular autophagy, and PE is involved
in the synthetic conversion of the key protein LC3 to LC3-II (Wei

et al., 2019; You et al., 2019). However, the levels of LPE in serum
were unstable, whichmay be due to serummetabolites come from
multiple organs.

FIGURE 6 | Weighted analysis of the metabolic pathways based on the potential biomarkers in (A) serum and (B) kidney samples.

FIGURE 7 | The integrated metabolic pathway related to Realgar-induced acute kidney injury. Upward arrows indicate elevated levels after exposure to Realgar,
and conversely, downward arrows indicate decreased levels after exposure to Realgar.
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Glutathione Metabolism
Glutathione (GSH), an important intracellular regulatory
metabolite, is involved in several reaction systems, especially in
defense against oxidative stress. In our study, pathway analysis
showed that metabolites in serum and metabolites in the kidney
simultaneously regulate glutathione metabolism. As shown in
Figure 7, several metabolites (such as Ornithine, Arginine, 2-
Oxoglutaramate, and 5-Oxoproline) are closely associated with
glutathione metabolism, suggesting that Realgar induced
glutathione metabolic processes in mice kidney tissue, which is
consistent with the literature (Zhou et al., 2017). There may be an
exchange of substances between serum metabolites and renal
metabolites, with amino acids in serum providing the basic
substances involved in glutathione metabolism, such as
glutamate, which are metabolized by the kidneys and returned
to serum. Furthermore, arsenic has been shown to cause toxicity
mainly by binding to sulfhydryl-containing proteins (Mandal,
2017). The GSH molecule is characterized by an active sulfhydryl
group, and also activates sulfhydryl (SH) enzyme-coenzyme
activity, which can participate in heavy metal toxicity reactions
(Chen et al., 2021).

Purine Metabolism
Histidine metabolic disruption has been observed in this study,
and its metabolite AICAR activates the purine metabolic process
(Daignan-Fornier and Pinson, 2012). Most of the purine
compounds are oxidized to uric acid, which is excreted in the
urine, and the level of blood uric acid is closely related to kidney
damage. However, in this study, changes in uric acid levels were
not detected in either serum or kidney.

This study provided more comprehensive information about
the toxicity of Realgar through testing both serum and renal
metabolic profiling. However, limitations of this study need to be
further addressed. Firstly, serum metabolites come from multiple
organs, such as kidney, liver, intestine and so on. Therefore, this
result is not specific for reflecting the nephrotoxicity of Realgar.
This is one of the tasks that our research group is currently
preparing to carry out. Secondly, some metabolites may be not
associated with Realgar, but due to acute kidney injury. Acute
kidney injury animal model will be established to screen out
specific metabolites by comparing Realgar-induced acute kidney
injury with other causes-induced acute kidney injury. In addition,
we are also trying to find clinical samples of acute kidney injury
patients.

CONCLUSION

This work aimed to study Realgar-induced acute kidney injury
through using a high-resolution mass spectrometry technology
combined with a metabolomics approach. LC-MS analysis of

mice serum and kidney highlighted some disturbances in the
endogenous metabolite profile, which may be related to
disturbances in the biochemical pathways of acute kidney
injury induced by Realgar. In the study, amino acid
metabolism is most affected by Realgar. Lipid metabolism,
Glutathione metabolism, and Purine metabolism were also
affected by Realgar. The high-resolution mass spectrometry
combined with metabolomics can capture and explore the
metabolic alterations induced by traditional Chinese medicines
in toxicological effects and can be used to further investigate the
toxicity mechanisms of traditional Chinese medicines.
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Non-Lethal Concentration of MeHg
CausesMarked Responses in the DNA
Repair, Integrity, and Replication
Pathways in the Exposed Human
Salivary Gland Cell Line
Lygia Sega Nogueira1, Carolina P. Vasconcelos2, Jessica Rodrigues Plaça3,
Geovanni Pereira Mitre4, Leonardo Oliveira Bittencourt 1, Maria Sueli da Silva Kataoka4,
Edivaldo H. C. de Oliveira2 and Rafael Rodrigues Lima1*

1Laboratory of Functional and Structural Biology, Federal University of Pará, Belém, Brazil, 2Laboratory of Cell Culture and
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In Brazilian northern Amazon, communities are potentially exposed and vulnerable to
methylmercury (MeHg) toxicity through the vast ingestion of fish. In vivo and in vitro studies
demonstrated that the salivary glands as a susceptible organ to this potent environmental
pollutant, reporting alterations on physiological, biochemical, and proteomic parameters.
However, the alterations caused by MeHg on the gene expression of the exposed human
salivary gland cells are still unknown. Therefore, the goal was to perform the transcriptome
profile of the human salivary gland cell line after exposure to MeHg, using the microarray
technique and posterior bioinformatics analysis. The cell exposure was performed using
2.5 µMMeHg. A previously published study demonstrated that this concentration belongs
to a range of concentrations that caused biochemical and metabolic alterations in this
linage. As a result, the MeHg exposure did not cause lethality in the human salivary gland
cells line but was able to alter the expression of 155 genes. Downregulated genes (15) are
entirety relating to the cell metabolism impairment, and according to KEGG analysis, they
belong to the glycosphingolipid (GSL) biosynthesis pathway. On the other hand, most of
the 140 upregulated genes were related to cell-cycle progression, DNA repair, and
replication pathway, or cellular defenses through the GSH basal metabolism. These
genomic changes revealed the effort to the cell to maintain physiological and genomic
stability to avoid cell death, being in accordance with the nonlethality in the toxicity test.
Last, the results support in-depth studies on nonlethal MeHg concentrations for
biomarkers identification that interpret transcriptomics data in toxicological tests
serving as an early alert of physiological changes in vitro biological models.
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INTRODUCTION

Methylmercury (MeHg) is an organic form of mercury considered
a potent environmental pollutant (Clarkson, 2002). In Brazilian
northern Amazon, the artisanal small-scale goldmining (ASGM) is
the main source of anthropogenic mercury emissions and
contamination (Hacon et al., 2020). Communities whose diet
involves vast ingestion of fish are potentially exposed and
vulnerable to MeHg toxicity, which endangers the food security
and livelihoods of traditional communities (Crespo-López et al.,
2009; Crespo-Lopez et al., 2016; Hacon et al., 2020). Contaminated
seafood is widely absorbed in the gastrointestinal tract and
ubiquitously distributed to the body with an extensive effect in
several organ systems (Kershaw et al., 1980). The central nervous
system (CNS) is considered the principal target of MeHg due to the
high affinity of this metal to the brain (Antunes Dos Santos et al.,
2016); however, in vivo and in vitro studies have demonstrated that
the salivary glands and cells from the oral cavity are also susceptible
to MeHg toxicity (Bittencourt et al., 2017; Farias-Junior et al., 2017;
Nogueira et al., 2019; Nascimento et al., 2020; Nogueira et al., 2021).

The salivary glands are essential for oral cavity health, playing
the direct impact on the salivary production and also an important
role as a diagnostic window into human disease (Saitou et al., 2020).
The sub-chronic (35 days) and chronic (60 days) exposure of rats to
MeHg-generated oxidative imbalance in the parotid and
submandibular glands, by the depression of total antioxidant
capacity and increased lipid peroxidation (Bittencourt et al.,
2017; Farias-Junior et al., 2017). Besides that, the MeHg was able
to induce changes in the proteomic profile with impairments on
structural components of the cytoskeleton, metabolic pathways, and
oxidative parameters (Bittencourt et al., 2017).

Through in vitro experiments, the human salivary gland cell line
exposed to MeHg had compromised their metabolism and
oxidative balance (Nogueira et al., 2021). A low dose of MeHg
(0.25 µM) induced an increase in metabolism. A low dose of MeHg
(0.25 µM) induced an increase in metabolism. This concentration
represents the LC50 previously calculated in the toxicity tests
performed with the human salivary gland cell line, and also
represents the Hg accumulated in the parotid and
submandibular glands of rats exposed chronically in vivo
(Bittencourt et al., 2017; Nogueira et al., 2021). However, the
in vitro exposure to a concentration 10-fold higher (2.5 mM)
caused depression of cell metabolic status, generating an
oxidative stress status by the depression of the GSH:GSSG rate
and a significant increase of lipid peroxidation and protein carbonyl
(Nogueira et al., 2021). Interestingly, although it is known that one
of the exposure toMeHg causes DNA strand breaks (Crespo-López
et al., 2007; Crespo-López et al., 2009; Antunes Dos Santos et al.,
2018), this effect has not been observed in the exposed human
salivary gland cell line to 2.5 µM MeHg.

To deepen the understanding of the mechanisms related to
exposure of human salivary gland cells line to MeHg, the present
study aimed to investigate the transcriptome profile of these cells
after exposure to a nonlethal concentration of MeHg. The
methodology performed was the microarray, which allowed the
description in a genome-wide level of alterations in 26.000 genes
through a full range of RNA molecules expressed by the cells.

MATERIAL AND METHODS

Cell Culture
The human salivary glands cells line, obtained from
nonneoplastic cells isolated from the submandibular salivary
gland and cultured in a Dulbecco’s modified Eagle’s medium
(DMEM) and Ham’s F-12 nutrient medium (1:1), supplemented
with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and
100 μg/ml streptomycin, incubated at 37°C in a 5% CO2

environment. The medium was changed every 48 h. When
cells became fully confluent, they were detached from the flask
using 0.25% trypsin solution, and seeded into new flasks.

MeHg Exposure
Cells were seeded in a concentration of 1 × 104 cells/well in a 96-
well/plate and cultured in a fresh culture medium for 24 h. After
this, the medium was replaced by the exposure solution
containing MeHg with no FBS supplementation, plus a control
treatment (no metal addition). We used a concentration of
2.5 µM MeHg, which represents 10-fold higher the mercury
accumulation found in the parotid and submandibular glands
of rats chronically in vivo exposed to this compound (∼0.06 ppm;
Bittencourt et al., 2017). At the end of the exposure time (24 h),
the medium was removed, and the cells were washed with the
EDTA solution (10 mM) to remove possible loosely bound
mercury of the cell surface. Following that, cells were detached
using trypsin and centrifuged (1000 g, 3 min) to proceed with the
further analysis. Figure 1 represents a general research design and
scheme of this study.

Cell Viability
Percentage of viable cells from the total number of exposed cells
was determined using the trypan Blue (0.04%) exclusion assay.
The exclusion test is based on dye permeability in compromised
cell membranes due the cell death. If cells have their metabolic
integrity maintained, the dye is not permeable to their
membrane. In this study, after 2.5 µM MeHg exposure, the

FIGURE 1 | Schematic representation of the research methodology.
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exposed cells were re-suspended in a fresh culture medium, and
5 µL of this homogenate was added into 5 µL of trypan blue
solution. Following that, the cells were counted under a light
microscope using the Neubauer chamber (×200 magnifications).
The results were expressed in percentage (%).

Gene Expression
RNA Extraction
The human salivary gland cell lines were exposed as described
above. At the end of 24 h, the cells were detached, and the pellet
resulted from centrifugation had their mRNA extraction
performed according to the SV total RNA isolation system kit
assay from Promega®. Cells were homogenized in RNA lysis
buffer contained beta-mercaptoethanol and transferred into a
new tube containing RNA dilution buffer. After being
centrifuged, samples were transferred into a clean tube, and
95% ethanol was added. Next step, samples were transferred
into a spin column and three steps of centrifugation (1 min)
occurred. First, using the RNA wash solution, next DNAse stop
solution, and finally RNA wash solution. The RNA extracted was
eluted into an elution tube using 15 µL of nuclease-free water. The
RNA quantification was performed using TapeStation 4200
(Agilent Technologies), and the A260/280 ration was analyzed
by a Nanodrop ND-1000 UV-VIS 3.2.1 version. The purified
RNA was stored at −80°C to further gene expression assay.

Gene Expression Analysis–Microarray
The microarray analysis was performed according to the “One-
color microarrays-based gene expression analysis” (Agilent

technologies, EUA) protocol. This protocol was applied in
nonexposed (control) and 2.5 µM MeHg exposed cells. Briefly,
the obtained RNA was used as a template to synthesize the first
cDNA, using a reverse transcription assisted by T7 RNA
polymerase. A cRNA was transcripted from the second cDNA
strand. Following that, the 3-cyanine was incorportated in the
cRNA, and purified with the aid of the RNeasy mini spin kit assay.
At the end, the cRNAwas quantified by spectrophotometry, when
the A260/280 ration and concentration were also analyzed
(Nanodrop ND-1000 UV-VIS 3.2.1 version). For the
hybridization, fragmentation mix was added to the RNA, and
incubated at 60°C for 30 min 25 µL of 2x-RPM hybridization
buffer were added to each sample, at 4°C. Finally, 40 µL of
each sample was added to the hybridization slide, and left in
the hybridization oven for 17 h, 10 rpm and 65°C. After that,
the slides were washed and scanned immediately on the
microarray Scanner (Agilent, G4900DA). Data were extracted
from the raw microarray image file using the software Feature
Extraction v10.10 and analyzed by GeneSpring GX (Version 11.0)
software.

Bioinformatic Analyses
Differentially expressed genes were identified based on an absolute
log2 fold change level >1 and the p-value adjusted by FDR <0.05.
Quality control, quantile normalization, and batch effects removal
were performed using the limma package. The over-representation
analysis for differently expressed genes of gene ontology (GO) terms
or KEGG pathways were also performed using the limma package.

FIGURE 3 | Differentially expressed genes in exposed human salivary
gland cells line to 2.5 µM of MeHg vs. nonexposed cells (MeHg vs. Control) is
demonstrated through the heat map. The dendrograms represent hierarchical
cluster relationship between genes (left side) and among samples
(upper), based on Pearson’s correlation; log2FC > 1 or < −1. log2fold change
>1.5 or < −1.5; adj.; cutoff adj. p-value: < 0.01.

FIGURE 2 | Global profile of gene expression of the exposed human
salivary gland cells line to 2.5 µM of MeHg vs. nonexposed cells. The blue dots
in the volcano plot represent downregulated genes, and red dots represent
upregulated genes. Data were expressed as log2FC > 1 or < −1 and
analyzed by t-Student test, adopting adj. p < 0.01 (n � 5/each group).
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Over-represented p-values were adjusted by the Bonferroni method,
and only adjusted p-values < 0.05 were considered.

RESULTS

Cytotoxicity
The cell viability of the human salivary gland cell line exposed to
2.5 µM MeHg indicated a value of 87.5 ± 3.8%, while the
nonexposed cells a value of 93.5 ± 0.4% (control). According
to the statistical analysis, there are no differences between groups,
showing a nonlethal MeHg concentration for the exposed salivary
gland cell line at least for the 24 h tested.

Modulation of Transcriptomic Profile by
MeHg Exposure
The whole transcriptome profile of the exposed human
salivary gland cell line showed modulation of 155 genes, in

which 140 were found upregulated and 15 downregulated, as
observed in Figures 2 and 3 (log2fold change >1 or < −1; adj.
p-value < 0.01). In Table 1, we highlighted the top 10 ranked
genes with the highest (upregulated), and lowest
(downregulated) fold changes. Figure 2 represents the
distribution of differentially expressed genes in a
volcano plot.

The genes modulated are involved in 14 different pathways, as
observed in Figure 4. The genes are involved in pathways as Cell
cycle, Oocyte meiosis, Progesterone-mediated oocyte maturation,
Cellular senescence, Human T-cell leukemia virus one infection,
and other nine pathways.

Analysis of Gene Ontology of the HSG Cells
Transcriptome After the MeHg Exposure
The genes with expression significantly altered are involved in
672 different biological processes (p < 0.05). Among them, we
highlighted 10 processes, as Biological Process, Biological
Regulation, Regulation of Biological Processes, Nitrogen

TABLE 1 | Top 10 genes upregulated and top 10 downregulated in the exposed human salivary gland cells line to 2.5 µM of MeHg vs. nonexposed cells (MeHg vs. Control).

Gene name logFC Adjusted p val

KRT34 2.08 0.007
Keratin 34
CDC45 1.81 0.007
Cell division control protein 45 Homolog
WDR62 1.67 0.005
Microcephaly, primary autosomal recessive 2
POLQ 1.62 0.004
DNA polymerase theta
CHAC2 1.59 0.0003
Glutathione-specific gamma-glutamylcyclotransferase 2
FAM111B 1.57 0.007
Cancer-associated nucleoprotein
ERCC6L 1.56 0.004
DNA excision repair protein ERCC-6-like
SPC25 1.54 0.008
Kinetochore protein Spc25
ZWINT 1.53 0.009
ZW10-interacting kinetochore protein
NETO2 1.53 0.003
Neuropilin and tolloid-like 2
C22orf43 −1.17 0.002
Chromosome 22 open reading frame 43
PBXIP1 −1.18 0.0006
Pre-B-Cell leukemia transcription factor-interacting protein 1
VSX1 −1.20 0.001
Transcription factor VSX1
BHLHE23 −1.21 0.002
Basic helix-loop-helix family member E23
KLHL24 −1.21 0.002
Kelch like family member 24
C9orf62 −1.29 0.001
Chromosome 9 open reading frame 62
ISLR −1.37 0.003
Immunoglobulin superfamily containing leucine rich repeat
LOC100507759 −1.50 0.0006
NKX2-5 −2.15 0.001
NK2 Homeobox 5
C10orf10 −2.15 0.002
DEPP1 autophagy regulator
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Compound Metabolic Process, Cellular Metabolic Process, and
others five processes as shown in (Figure 5).

DISCUSSION

The human salivary gland cell line exposed to the nonlethal
concentration of 2.5 µM MeHg revealed upregulated genes
associated with pathways related to genomic stability such as
DNA repair and replication, cell-cycle progression and cellular
defenses (Table 2), while all downregulated genes were linked to
the metabolic process. All these gene profile changes fully explain
the metabolic and oxidative impairment in these cells exposed to
MeHg (Nogueira et al., 2021), and suggest mechanisms related to
the integrity of DNA through activation of DNA repair, integrity,
and replication pathways.

According to the enrichment of gene pathways and ontologies,
all the 15 downregulated genes in human salivary gland cells
exposed to MeHg are related to glycosphingolipid (GSLs)
biosynthesis—ganglio series pathway. The GSLs are
amphipathic molecules consisting of a ceramide lipid moiety
linked to a glycan chain, in which gangliosides participate in
many metabolic processes including growth, differentiation,
migration, and apoptosis through modulating both cell
signaling processes and cell-to-cell and cell-to-matrix
interactions (Lopez and Schnaar, 2009), besides the immune
system, cancer progression, and nervous system (Daniotti and
Iglesias-Bartolomé, 2011). Alterations in energy availability
trigger cell-cycle checkpoints, suggesting a bidirectional
connection between cell division and general metabolism. In
the exposed cells, cellular senescence pathway had a high
number of altered genes. This pathway is important to limit

FIGURE 4 | Molecular interaction, networks, and respective number of differentially expressed genes found in the transcriptomic analysis in the exposed human
salivary gland cells line to 2.5 µM of MeHg vs. nonexposed cells (MeHg vs. Control) represented by KEGG pathways.

FIGURE 5 | Top-ranking of biological processes based on Gene Ontology annotation (p < 0.05) related to differentially expressed genes in the exposed human
salivary gland cells line to 2.5 µM of MeHg vs. nonexposed cells (MeHg vs. control).
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the replication the replication in damaged cells (Van Nguyen
et al., 2007; Herranz and Gil, 2018).

The second most downregulated gene was DEPP1, an
autophagy regulator. The autophagy process reduces oxidative
damage through self-degenerative mechanisms to remove
misfolded proteins and damaged organelle, such as
mitochondria (Salcher et al., 2017). Thus, the downregulation
of DEPP1 may have collaborated to the oxidative imbalance
detected in human salivary gland cells line after 2.5 µM MeHg
exposure, occurring through the depletion of GSH:GSSG, and
increasing of lipid peroxidation and protein carbonyl levels but
no damage on DNA (Nogueira et al., 2021).

Although the human salivary gland cell lines had a significant
decrease of GSH:GSSG ration after 2.5 µMMeHg exposure, there is
an evidence of maintenance of basal glutathione. This is observed
through the upregulated genes in the enrichment of gene pathways
glutathione (GSH), the major thiol antioxidant, represents the key
molecular targets involved in MeHg toxicity, responsible for
detoxification, and/or metabolism of a significant number of
potentially harmful molecules (Dringen et al., 2015). A
recognized gene for maintaining GSH basal levels was
upregulated in the exposed cells: ChaC glutathione specific
gamma-glutamylcyclotransferase 2 (ChaC2). ChaC family
proteins consist of two different branches represented by ChaC1
and ChaC2. While ChaC1 evolves high catalytic efficiency for
carrying out an acute glutathione turnover under stress conditions
(Kaur et al., 2017), the ChaC2 proteins are responsible for the
continuous, but the basal, slow turnover of cytosolic glutathione,
representing an additional pathway in the glutathione degradation
(Kaur et al., 2017).

The absence of DNA alterations in exposed cells was elucidated
by the transcriptome analysis performed here, revealing

upregulated genes associated with pathways directly responsible
for maintaining the DNA repair, integrity, and replication. The
pathways were nucleotide excision repair, mismatch repair,
homologous recombination, and DNA replication. Nucleotide
excision repair removes bulky DNA lesions coordinated with
other aspects of cell metabolism (Schärer, 2013), while the
mismatch repair is a highly conserved biological pathway that
plays a crucial role in maintaining genomic stability (Li, 2008). The
homologous recombination repairs DNA double-stranded breaks
(DSBs) and interstrand crosslinks (ICLs) damages, providing
massive support for DNA replication in the recovery of stalled
or broken replication forks, contributing to the tolerance of DNA
damage (Li and Heyer, 2008). One of the important genes
identified as upregulated in the exposed cells was the
polymerase theta (POLQ). This gene is a widely conserved
DNA polymerase and mediates a double-strand break (DSB)
repair pathway (Feng et al., 2019).

Based on the KEGG pathway, the higher number of altered
genes belongs to the cell cycle pathway. The cell cycle comprises a
reproducible sequence of events, DNA replication (S phase), and
mitosis (M phase) separated temporally by gaps in the G1 and G2
phases. The most overexpressed gene related to cell cycle arrest in
the exposed cells was the cell division cycle 45 (CDC45). The
CDC45 gene plays a critical role in DNA replication, assembling
the replicative helicase Cdc45-MCM2-7-GINS (CMG), which
forms in early S-phase (Speck, 2016). The arresting cell cycle
progression responds to the cellular perception of extrinsic
factors, such as oxidative stress (Van Nguyen et al., 2007;
Herranz and Gil, 2018; Zhao et al., 2020), and is only released
followed by complete DNA repair. Otherwise, cells with
nonrepairable DNA damage undergo apoptosis (Martin et al.,
2010). However, in the exposed human salivary gland cell line,
it is possible to observe the upregulation of a gene associated to the
apoptosis suppressor, the DNA damage-induced apoptosis
suppressor (C11orf82). This gene also named DNA damage-
induced apoptosis suppressor (DDIAS), negatively regulates any
process of intrinsic apoptotic signaling pathways that shows in
response to DNA damage.

Studies suggest that MeHg-induced cell cycle arrest occurs via
both p53-dependent and p53-independent pathway manners, but
cell death is highly dependent on p53 (Gribble et al., 2005). In
exposed stem cells, lethal concentrations of MeHg (20–40 µM)
plus an elevated nonlethal concentration (15 µM) actively
regulated the p53 pathways (Waldmann et al., 2017). In this
present study, although the p53 pathway was active in the
exposed human salivary gland cell line, no change in the p53
gene expression profile was observed. However, although
Waldman and coauthors (2017) associated p53 to apoptotic
response, the p53 pathway is related to DNA repair,
maintaining the dynamic equilibrium between cell growth and
arrest in response to factors including DNA damage (Mandinova
and Lee, 2011), mechanisms that directly agree with the results
from exposed salivary gland cell line to MeHg.

The FoxO signaling pathway was also demonstrated after the
enrichment of gene pathways and ontologies analysis. This pathway
belongs to a family of transcription factors that are activated by
oxidative stress signals and regulate cell proliferation and resistance

TABLE 2 | Enrichment of pathways and ontologies in upregulated or
downregulated in the exposed group of human salivary gland cells line to
MeHg.

Pathway N NE P.DE

KEGG Pathways_dowregulated genes (MeHg vs. control)
Glycosphingolipid biosynthesis-ganglio series 15 1 0.012

KEGG Pathways_upregulated genes (MeHg vs. Control)

Cell cycle 124 16 3.77−18

Progesterone-mediated oocyte maturation 99 8 8.34−08

Oocyte meiosis 128 8 6.14−07

DNA replication 36 5 1.80−06

Cellular senescence 156 7 2.94−05

p53 signaling pathway 73 4 0.0008
Nucleotide excision repair 47 3 0.002
FoxO signaling pathway 131 4 0.006
Mismatch repair 23 2 0.007
Human T-cell leukemia virus 1 infection 219 5 0.008
Platinum drug resistance 73 3 0.008
Homologous recombination 41 2 0.023
Caffeine metabolism 5 1 0.028
Viral carcinogenesis 204 4 0.030
Fanconi anemia pathway 54 2 0.039
Pyrimidine metabolism 57 2 0.043
Glutathione metabolism 57 2 0.043
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to oxidative stress (Webb and Brunet, 2014). Among the
overexpressed genes in the exposed salivary gland cell line, we
can point out the forkhead box M. This gene belongs to FoxO
signaling pathway and is responsible for protecting cells from the
adverse effects of oxidative stress by upregulating the expression of
scavenger enzymes. Besides that, this gene participates in the
homologous recombination repair of DNA double-strand breaks,
preventing polyploidy and aneuploidy (Wierstra, 2013).

Last, one of the main goals after analyzing the overall genes in
a biological model is to identify possible candidates of
cytotoxicity biomarkers that will better interpret
transcriptomics data. A study published by Waldmann and
coauthors (2017) identified genes in the stem cells related to
lethal concentrations after two different compounds exposure,
the MeHg and valproic acid. Comparing to our data, only one
similar gene was found altered in the human salivary cells line
after exposure to the MeHg, the gene Serpin family F Member 1
(SERPIN1). However, differently from Waldmann’s study, the
SERPIN1 gene was downregulated in the present study. This
absence of cytotoxic biomarker similarities was already expected
since the MeHg concentration used here was nonlethal for cells,
validating the Waldmann and coauthors cytotoxicity
biomarkers list (2017).

Taking together, the results from the transcriptome profile
and our previous study revealed physiological and genomic
alterations caused by 2.5 µM MeHg in the human salivary
gland cell line. Although nonlethal, this concentration was
able to generate oxidative stress and induce different
strategies to repair and maintain viable cells. The stress
generated by the extrinsic factor (MeHg) triggers changes
in gene pathways, directly and indirectly, related to DNA
integrity and biochemical responses, such as GSH
metabolism. Last, the absence of a common signature of
gene expression changes for lethal concentrations of MeHg
supports profound studies on gene identifications in
nonlethal concentrations xenobiotics.
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Mogroside V Alleviates OocyteMeiotic
Defects and Quality Deterioration in
Benzo(a)pyrene-Exposed Mice
Lumin Sui 1, Ke Yan1, Huiting Zhang1, Junyu Nie1, Xiaogan Yang1, Chang-Long Xu2* and
Xingwei Liang1*

1State Key Laboratory for Conservation and Utilization of Subtropical Agro-bioresources, College of Animal Science and
Technology, Guangxi University, Nanning, China, 2Reproductive Medical Center Nanning Second People’s Hospital, Nanning,
China

Accumulating evidence has demonstrated that benzo(a)pyrene (BaP) exposure adversely
affects female reproduction, especially oocyte meiotic maturation and subsequent embryo
development. Although we previously found that mogroside V (MV), a major bioactive
component of S. grosvenorii, can protect oocytes from quality deterioration caused by
certain stresses, whether MV can alleviate BaP exposure-mediated oocyte meiotic defects
remains unknown. In this study, female mice were exposed to BaP and treated
concomitantly with MV by gavage. We found that BaP exposure reduced the oocyte
maturation rate and blastocyst formation rate, which was associated with increased
abnormalities in spindle formation and chromosome alignment, reduced acetylated
tubulin levels, damaged actin polymerization and reduced Juno levels, indicating that
BaP exposure results in oocyte nucleic and cytoplasmic damage. Interestingly, MV
treatment significantly alleviated all the BaP exposure-mediated defects mentioned
above, indicating that MV can protect oocytes from BaP exposure-mediated nucleic
and cytoplasmic damage. Additionally, BaP exposure increased intracellular ROS levels,
meanwhile induced DNA damage and early apoptosis in oocytes, but MV treatment
ameliorated these defective parameters, therefore it is possible that MV restored BaP-
mediated oocyte defects by reducing oxidative stress. In summary, our findings
demonstrate that MV might alleviate oocyte meiotic defects and quality deterioration in
BaP-exposed mice.

Keywords: benzo(a)pyrene, mogroside V, Siraitia grosvenorii, oocyte maturation, embryo development, oxidative
stress

INTRODUCTION

With the acceleration of urbanization and industrialization, air pollution is becoming an adverse
environmental factor that threatens human health (Vineis and Husgafvel-Pursiainen, 2005).
Polycyclic aromatic hydrocarbons (PAHs) are potent contaminants of concern in haze (Idowu
et al., 2019). PAHs contain a variety of detrimental chemicals, of which benzo(a)pyrene (BaP) is
prominent, occupying approximately 50% of their carcinogenic potential. BaP is produced by
incomplete combustion of organic materials such as coal, petroleum, wood and organic polymers (Qi
et al., 2019). Additionally, it is released from wildfire, smoking, cooking and other sources of
environmental smoke (Jorgensen et al., 2013; Jeffery et al., 2018). Hence, BaP exists ubiquitously in
air, water and soil (Sverdrup et al., 2002; Baklanov et al., 2006; Lohmann et al., 2009; Sun et al., 2017)
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and can be easily absorbed into the human body by inhalation,
ingestion and skin contact (Binnemann, 1979; Qi et al., 2017;
Lao et al., 2020). Due to its widespread existence and toxicity to
human and animal health, BaP has received increasing
attention.

Accumulating evidence has demonstrated that BaP
exposure reduces female reproductive performance. For
humans, the BaP concentration in the serum and follicular
fluid of smokers is higher than that of nonsmokers (Neal et al.,
2008). In animal models, BaP exposure adversely impacts
follicle growth, ovulation, and corpora luteal formation and
further inhibits oocyte meiotic maturation, compromises
embryo development competence and impairs female
fertility in mice (Swartz and Mattison, 1985; Sobinoff et al.,
2012; Zhang et al., 2018a; Liao et al., 2020). In vitro
experiments further confirmed that culture medium
supplemented with BaP causes porcine oocyte meiotic arrest
(Miao et al., 2018). Unexpectedly, we observed that female
mouse exposure to BaP even led to a reduction in oocyte
meiotic maturation and early embryonic development in the
resulting offspring (Sui et al., 2020). Although BaP is a toxicant
to oocytes, certain chemicals, such as melatonin and
ginsenoside compound K, might prevent oocytes from BaP
exposure-mediated defects (Miao et al., 2018; Luo et al., 2020).

Mogrosides are the most abundant bioactive components of S.
grosvenorii (also known as monk fruit and luo han guo) and have
diverse functions, including antioxidant (Chen et al., 2007;
Harada et al., 2016), anti-inflammatory (Di et al., 2011),
antidiabetic (Qi et al., 2008), antitumour and anticarcinogenic
functions (Liu et al., 2016a; Liu et al., 2016b). Mogroside V (MV)
is the major component of mogrosides in the fruit of S.
grosvenorii. In vitro studies have demonstrated that MV can
alleviate lipopolysaccharide-induced inflammation in cultured
cells (Li et al., 2019; Liu et al., 2021). Moreover, we found that
MV supplementation in vitro maturation medium can promote
porcine oocyte maturation (Nie et al., 2020), alleviate the quality
deterioration of in vitro ageing oocytes (Nie et al., 2019), and
protect porcine oocytes from meiotic defects induced by LPS
(Yan et al., 2021). Due to its beneficial effects on oocyte
maturation and competence, we speculate that MV can protect
oocytes from meiotic defects caused by BaP exposure.

In this study, to determine how MV alleviates BaP exposure-
mediated oocyte meiotic defects, female mice were administered
BaP and MV. Then, we examined the effects of MV on first polar
body extrusion, early embryonic development, cytoskeletal
structure, Juno content, reactive oxygen species (ROS) level,
DNA damage and apoptosis level in oocytes. This study can
help us to understand the protective roles of MV on BaP-exposed
oocytes.

MATERIALS AND METHODS

Reagents
Chemicals and reagents were purchased from Sigma Chemical
Company (St. Louis, MO, United States), unless otherwise
stated.

Animals
All experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) of Guangxi University in
Nanning and conducted in accordance with the National
Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. All efforts were made to minimize
animal suffering. Four-to six-week-old female Institute for
Cancer Research (ICR) mice were obtained from Guangxi
Medical University and housed in filter cages in a
conventional animal house at controlled temperature and
humidity with a 12 h light: 12 h dark cycle.

BaP and MV Treatment
Female mice were gavaged daily with 20 mg/kg body weight BaP
and 10 mg/kg, 20 mg/kg, 40 mg/kg body weight MV (Chengdu
Biopurify Phytochemicals Ltd. China) at 10 AM for 10
continuous days. The doses of BaP and MV were selected
based on previous reports (Liu et al., 2016b; Zhang et al.,
2018b). The mice that only received corn oil were named the
“Con group”, received BaP were named the “BaP group”, and
received BaP and MV were named the “BaP + MV group”.

In vitro Maturation and Superovulation
Immature oocytes were obtained from ovaries and cultured in
M16 medium for 13 h, when the first polar body extrusion
(PBE) rate was examined. On the evening of the final day of
treatment, female mice were superovulated by peritoneal
injection of 10 IU pregnant mare serum gonadotropin
(PMSG, Ningbo Second Hormone Factory, Ningbo, China)
followed by an injection of 10 IU human chorionic
gonadotropin (HCG, Ningbo Second Hormone Factory) in
48 h intervals. To obtain MII oocytes, mice were euthanized by
cervical dislocation 13–14 h after HCG injection. Then, the
oviducts were dissected and oocytes were released from the
oviduct ampulla into M2 medium.

In vitro Fertilization
Sperm were obtained from the caudal epididymis of 16-weeks-
old male mice and capacitated in human tubal fluid (HTF)
medium for 1 h at 37°C and 5% CO2. Then, sperm were added
to a 200 µl HTF fertilization drop containing ovulated oocytes.
The sperm concentration for fertilization was 2 × 106/ml. After
5 h, the oocytes were removed from the fertilization drop into
potassium-supplemented simplex optimized medium (KSOM)
for continuous incubation. Two-cell-stage and blastocyst-stage
embryos were examined at 24 and 96 h after culture,
respectively.

Immunofluorescence Staining and
Microscopy
First, MII oocytes were collected and washed with phosphate-
buffered saline (PBS) containing 0.1% polyvinyl alcohol (PVA)
and fixed with 4% paraformaldehyde (PFA) at room temperature
(RT) for 30 min. Then, oocytes were permeabilized with 0.5%
Triton X-100 for 20 min followed by a block with 1% BSA in PBS
for 1 h. Next, oocytes were incubated with primary antibodies,
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anti-α-tubulin-fluorescein isothiocyanate (FITC) antibody
(Invitrogen, United States, 1:300), phalloidin-FITC antibody
(Sigma, United States, 1:300), and anti-gamma H2A.X
antibody (Abcam, United Kingdom, 1:300) and FITC anti-
mouse FR4 (Biolegend, United States, 1:100) overnight at
4°C. After that, oocytes were washed and incubated with
appropriate secondary antibody (ZSGB-BIO, Beijing, China)
for 1 h at RT. Oocytes were washed thoroughly and then stained
with 10 μg/ml Hoechst 33,342 for 10 min. Finally, the oocytes
were mounted on glass slides, and images were captured under
a confocal laser scanning microscope (TCS-SP8MP, Leica,
Germany).

Detection of ROS Level
To determine the intracellular ROS levels, oocytes were washed
and then incubated with 10 µM dichlorodihydrofluorescein
diacetate (DCFH-DA; Beyotime Institute of Biotechnology) for
30 min at 37°C. Next, oocytes were washed, and images were
captured under a fluorescence microscope (Nikon, Japan).

Annexin-V Staining
The levels of early apoptosis were examined by an Annexin-V
assay kit (Beyotime Institute of Biotechnology). Oocytes were
washed and stained with 90 µl of binding buffer containing 10 μl

of Annexin-V-FITC for 10 min in the dark. The oocytes were
mounted on glass slides, and images were captured by a confocal
laser scanning microscope.

Statistical Analysis
At least triplicate was performed for each analysis and at least
three mice were used for each repetition. Data are expressed as the
means ± SEM. Prism seven software (GraphPad, San Diego, CA,
United States) was used to analyse the data by one-way ANOVA.
The fluorescence intensity was calculated by using NIH ImageJ
software. The level of significance was accepted as p < 0.05.

RESULTS

MV Alleviates the Inhibition of Oocyte
Meiotic Maturation and Embryonic
Development in BaP-Exposed Mice
It has been demonstrated that 20 mg/kg body weight BaP
exposure inhibits oocyte maturation; therefore, this dose was
used in our study. Concomitantly, the mice were treated with
different concentrations of MV (0, 10, 20, and 40 mg/kg body
weight). As shown in Figures 1A,B, the first polar body extrusion

FIGURE 1 | Effects of MV on meiotic maturation and embryo development in BaP-exposed mice. Oocytes were matured in vitro to examine meiotic progression.
(A)Representative images of oocytes at 13 h of in vitromaturation in different groups. (B) The rates of first polar body extrusion (PBE) in the Con, BaP, BaP +MV (10 mg),
BaP + MV (20 mg), and BaP + MV (40 mg) groups. BaP, Benzo(a)pyrene. MV, mogroside V. In vitro fertilization was performed to determine oocyte developmental
competence. (C) Representative images of 2-cell embryos and blastocysts in the Con, BaP and BaP + MV groups. (D) Percentage of 2-cells in the Con, BaP and
BaP +MV groups. (E) Percentage of blastocysts in the Con, BaP and BaP +MV groups. Scale bar � 100 μm. The data are presented as the mean ± SEM. a-bMeans not
sharing a common superscript are significantly different (p < 0.05).
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(PBE) rate of oocytes in the BaP group was significantly lower
than that in the Con group (p < 0.05), suggesting that oocyte
maturation is inhibited by maternal BaP exposure. After
treatment with MV, the PBE rates of the BaP + MV (10 and
20 mg/kg) groups were higher than those of the BaP group (p <
0.05), but there was no difference between the BaP and BaP +MV
(40 mg/kg) groups (p > 0.05) (Con 72.00 ± 2.20% vs BaP 50.73 ±
4.90% vs BaP + MV (10) 62.66 ± 3.90% vs BaP + MV (20) 68.00 ±
1.94% vs BaP + MV (40) 58.44 ± 2.20%). Therefore, 20 mg/kg
body weight MV was used for subsequent experiments.

Because embryonic development potential is a fundamental
indicator of oocyte cytoplasmic maturation, we next assayed
whether MV could alleviate the inhibition of embryo
development caused by BaP exposure. Ovulated oocytes of the
Con, BaP and BaP + MV groups were used to generate zygotes
through IVF. As shown in Figures 1C–E, the percentages of 2-cell
embryos and blastocysts were significantly lower in the BaP group
than in the Con group (p < 0.01), suggesting that BaP exposure
decreases early embryonic development. However, the
percentages of 2-cell and blastocysts in the BaP + MV group
were significantly higher than those in the BaP group (p < 0.01)
and were not different from those in the Con group (2-cell: Con
75.45 ± 1.41% vs BaP 55.54 ± 3.90% vs BaP + MV 76.09 ± 1.26%;
blastocyst: Con 63.77 ± 4.19% vs BaP 44.63 ± 5.25% vs BaP + MV
68.12 ± 1.65%). Taken together, the above data showed that BaP
exposure inhibits oocyte maturation and compromises early
embryonic development.

MV Ameliorates Abnormalities in Spindle
Assembly, Chromosome Alignment and
α-tubulin Acetylation in Oocytes of
BaP-Exposed Mice
Oocytes were stained with an anti-α-tubulin antibody and
Hoechst 33,342 to observe spindle assembly and chromosome
alignment, respectively. As shown in Figures 2A,B higher rate of
aberrant spindles was observed in BaP-exposed oocytes than in
Con-exposed oocytes (Con 21.67 ± 2.04% n � 76 vs BaP 43.77 ±
2.27% n � 71, p < 0.01), but there was a significant reduction in
the BaP + MV group compared to the BaP group (BaP 43.77 ±
2.27% n � 71vs BaP + MV 22.77 ± 3.44% n � 78, p < 0.01).
Similarly, as shown in Figures 2A,C higher rate of misaligned
chromosomes was detected in the BaP group (Con 23.61 ± 1.39%
n � 76 vs BaP 38.09 ± 2.71% n � 71, p < 0.05), andMV reduced the
misaligned chromosomes in BaP-exposed oocytes (BaP 38.09 ±
2.71% n � 71 vs BaP + MV 22.77 ± 3.44% n � 78, p < 0.05). These
results showed that MV can alleviate abnormalities in spindle
organization and chromosome alignment in oocytes of BaP-
exposed mice.

Because acetylated α-tubulin is essential for spindle formation,
we next examined the acetylation level of α-tubulin by an anti-
acetyl-α-tubulin antibody. As shown in Figures 2D,E, we
observed that BaP-exposed group oocytes had significantly
reduced signals of acetylated α-tubulin compared to the Con
group (Con 47.28 ± 2.47 n � 41 vs BaP 34.14 ± 2.49 n � 40, p <

FIGURE 2 | Effects of MV on spindle assembly, chromosome alignment and α-tubulin acetylation in the oocytes of BaP-exposed mice. (A) Representative images
of spindle morphology and chromosome alignment in oocytes. (B) Quantification of the disorganized spindle rates in the Con, BaP and BaP + MV groups. (C)
Quantification of the misaligned chromosome rates in the Con, BaP and BaP + MV groups. (D) Representative images of acetylated α-tubulin (Ac-Tub) in Con, BaP and
BaP + MV oocytes. (E) Quantification of the fluorescence intensity of acetylated α-tubulin in the Con, BaP and BaP + MV groups. Scale bar � 25 μm. The data are
presented as the mean ± SEM. a-bMeans not sharing a common superscript are significantly different (p < 0.05).
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0.01), but the BaP +MV group had increased acetylated α-tubulin
levels compared to the BaP group (BaP 34.14 ± 2.49 n � 40 vs BaP
+ MV 44.03 ± 3.14 n � 40, p < 0.01). This suggests that MV
restores the acetylation level of α-tubulin in oocytes of BaP-
exposed mice.

MV Restores Polymerization of Actin in
Oocytes of BaP-Exposed Mice
To investigate the effects of MV on actin filaments in oocytes of
BaP-exposed mice, phalloidin-TRITC was used to label F-actin.
As shown in Figure 3A, oocytes in the Con and BaP +MV groups
had strong signals on the plasma membrane, but oocytes in the
BaP group had weak signals. Quantitative analysis of fluorescence
intensity showed that actin signals were significantly decreased

due to BaP exposure (Con 26.50 ± 2.29% n � 40 vs BaP 11.23 ±
1.41% n � 37, p < 0.0001), but increased after treatment with MV
(BaP 11.23 ± 1.41% n � 37 vs BaP +MV 28.34 ± 2.08% n � 41, p <
0.0001; Figures 3B,C), indicating that MV prevents the actin
dynamics from damage induced by BaP exposure.

MV Maintains Juno Levels in Oocytes of
BaP-Exposed Mice
Juno is a receptor on the membrane that binds the sperm head to
mediate sperm-egg fusion. We next examined Juno levels on
oocyte membranes by staining with FR4 antibody. As shown in
Figures 4A,B, we found that the fluorescence intensity of Juno in
BaP-exposed oocytes was lower than that in the Con group (Con
53.17 ± 1.75% n � 87 vs BaP 31.62 ± 1.35% n � 60, p < 0.0001), but

FIGURE 3 | Effects of MV on actin dynamics in the oocytes of BaP-exposed mice. (A) Representative images of actin filaments in Con, BaP and BaP +MV oocytes.
(B) The distribution of actin fluorescence signals in the oocyte membrane cytoplasm. (C) The fluorescence intensity of actin signals in the Con, BaP and BaP + MV
groups. Scale bar � 25 μm. The data are presented as the mean ± SEM. a-bMeans not sharing a common superscript are significantly different (p < 0.05).

FIGURE 4 | Effects of MV on Juno protein levels and distribution in the oocytes of BaP-exposed mice. (A) Representative images of Juno fluorescence signals and
protein location in Con, BaP and BaP + MV oocytes. (B) The fluorescence intensity of Juno in the Con, BaP and BaP + MV groups. Scale bar � 25 μm. The data are
presented as the mean ± SEM. a-c Means not sharing a common superscript are significantly different (p < 0.05).
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it increased in the BaP + MV group compared to the BaP group
(BaP 31.62 ± 1.35% n � 60 vs BaP + MV 42.99 ± 1.92% n � 67 p <
0.0001). Therefore, MV maintains Juno levels on the oocyte
membrane of BaP-exposed mice.

MV Suppresses Oxidative Stress in Oocytes
of BaP-Exposed Mice
To determine whether MV can alleviate oxidative stress induced
by BaP exposure, we next assayed ROS levels with a DCFH-DA
probe. As shown in Figures 5A,B, the fluorescence intensity of
ROS was significantly increased in the BaP group compared to the
Con group (Con 17.28 ± 1.84 n � 31 vs BaP 30.51 ± 2.74 n � 30,
p < 0.001), and MV treatment effectively reduced the ROS levels
in BaP-exposed oocytes (BaP 30.51 ± 2.74 n � 30 vs BaP + MV
22.15 ± 1.84 n � 31, p < 0.05), implying that MV alleviates
oxidative stress in BaP-exposed oocytes.

MV Inhibits DNA Damage and Apoptosis in
Oocytes of BaP-Exposed Mice
We stained oocytes with γ-H2A.X and Annexin-V probes to
determine DNA damage and early apoptosis, respectively. As
shown in Figures 6A,B, we observed that the fluorescence

FIGURE 5 | Effects of MV on ROS levels in the oocytes of BaP-exposed
mice. Intracellular ROS content was measured using a
dichlorodihydrofluorescein diacetate probe (DCFH-DA). (A) Representative
images of ROS signals in Con, BaP and BaP + MV oocytes. (B) The
fluorescence intensity of ROS in the Con, BaP and BaP + MV groups. Scale
bar � 20 μm. The data are presented as the mean ± SEM. a-cMeans not
sharing a common superscript are significantly different (p < 0.05).

FIGURE 6 | Effects of MV on DNA damage and apoptosis in the oocytes of BaP-exposedmice. DNA damage and early apoptosis in the oocytes were measured by
staining with γ-H2A. X and Annexin-V probe, respectively. (A)Representative images of DNA damage in Con, BaP and BaP +MV oocytes. (B) The fluorescence intensity
of DNA damage in the Con, BaP and BaP + MV groups. Scale bar � 5 μm. (C) Representative images of apoptosis in Con, BaP and BaP + MV oocytes. (D) The
fluorescence intensity of apoptosis in the Con, BaP and BaP +MV groups. Scale bar � 50 μm. The data are presented as the mean ± SEM. a-cMeans not sharing a
common superscript are significantly different (p < 0.05).
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intensity was increased in the BaP group in comparison with the
Con group (Con 6.12 ± 0.43 n � 99 vs BaP 16.08 ± 1.09 n � 89, p <
0.0001), while supplementation with MVmarkedly decreased the
fluorescence intensity in the BaP +MV group (BaP 16.08 ± 1.09 n
� 89 vs BaP + MV 13.08 ± 1.01 n � 74, p < 0.05), suggesting that
MV can alleviate DNA damage in BaP-exposed oocytes. As
shown in Figures 6C,D, the rate of apoptosis was higher in
the BaP group than in the Con group (Con 12.92 ± 3.98% n �
47 vs BaP 42.77 ± 2.80% n � 49, p < 0.01), but lower in the BaP +
MV group than in the BaP group (BaP 42.77 ± 2.80% n � 49 vs
BaP + MV 20.59 ± 4.70% n � 53, p < 0.05), suggesting that MV
can inhibit early apoptosis induced by BaP exposure.

DISCUSSION

In this study, we explored how MV protects oocytes from BaP
exposure-mediated meiotic defects using a mouse model. Our
findings showed that BaP exposure inhibits oocyte maturation
and early embryonic development, associated with defective
cytoskeletal dynamics and decreased Juno contents.
Additionally, BaP induces excessive ROS accumulation, which
consequently results in DNA damage and early apoptosis in
oocytes. As expected, MV alleviated the abovementioned
defective parameters induced by BaP exposure, thereby
enhancing oocyte competence.

Our findings demonstrated that female mice exposed to BaP
by gavage exhibited decreased oocyte maturation and subsequent
embryo developmental capacity. Our studies further confirm
previous observations that in vivo or in vitro BaP exposure
remarkably inhibits oocyte maturation in mice and pigs,
respectively (Zhang M. et al., 2018; Miao et al., 2018). Then,
the BaP-exposed mice were treated with MV, and the decline in
the oocyte maturation rate, as well as the 2-cell and blastocyst
rates, were restored. As first polar body extrusion and embryonic
development potential are indicators of oocyte nucleic and
cytoplasmic maturation (Nie et al., 2020), respectively, MV
can alleviate the decline in nucleic and cytoplasmic maturation
in BaP-exposed oocytes.

Cytoskeletal structures such as microtubules and actin
filaments play essential roles in oocyte meiotic progress (Duan
and Sun, 2019). Normal spindle assembly is a premise for correct
chromosome alignment and separation, whereas normal spindle
formation depends on stable tubulin at an appropriate acetylation
level (Xu et al., 2017). To further determine how MV enhances
nucleic maturation in BaP-exposed oocytes, microtubule
dynamics, α-tubulin acetylation levels and actin filaments were
assayed. We found that spindle assembly and chromosome
alignment were disrupted by BaP exposure and associated with
decreased acetylation levels at α-tubulin. However, MV could
notedly alleviate the defects of cytoskeletal structures in BaP-
exposed oocytes, further explaining the ways MV ameliorates the
decline of oocyte nucleic maturation (Yan et al., 2021).

We next observed that MV treatment could improve the
proportion of 2-cell and blastocysts of BaP-exposed mice.
Previous studies have reported that BaP exposure interferes
with the gamete fusion process by perturbing the localization

and protein level of Juno (Zhang M. et al., 2018). These defects in
Juno protein might in part contribute to the reduction of
consequent 2-cell and blastocyst development rates in BaP-
exposed mice. Interestingly, we observed that MV could
maintain the content and distribution of Juno protein on the
oocyte membrane of BaP-exposed mice. Similarly, melatonin can
stabilize Juno to promote fertilization ability in post-ovulary
ageing mouse oocytes (Dai et al., 2017). As expected, we
further found that MV treatment improved the proportion of
2-cell embryos and blastocysts in BaP-exposed mice. In addition,
previous studies have demonstrated that MV can improve
porcine oocyte in vitro maturation and protect oocytes from
quality deterioration induced by postovulatory ageing or LPS
exposure (Nie et al., 2019; Nie et al., 2020; Yan et al., 2021). As
subsequent embryonic development potential is an indicator of
oocyte cytoplasmic maturation, our findings show thatMVmight
alleviate the deterioration of oocyte cytoplasmic maturation
induced by BaP exposure.

We further found that BaP exposure caused excessive ROS
accumulation, but MV treatment reduced ROS levels in the
oocytes of BaP-exposed mice. MV is an excellent antioxidant
with a very strong scavenging effect on ROS in cultured cells and
tissues (Zhang X. et al., 2018; Liu et al., 2018). In addition, MV
can also reduce excessive ROS accumulation in oocytes during
in vitro maturation and the postovulatory ageing process or in
LPS-exposed oocytes (Nie et al., 2019; Nie et al., 2020; Yan et al.,
2021). Relatively low ROS levels prevent oocytes from
impairments induced by oxidative stress. In this study, MV
treatment reduced ROS levels in oocytes of BaP-exposed mice
and thus avoided the induction of oxidative stress. A previous
study revealed that melatonin and ginsenoside compound K can
attenuate oxidative stress to protect porcine oocytes from meiotic
defects caused by BaP exposure (Miao et al., 2018; Luo et al.,
2020). In addition, we recently reported that MV inhibits the
increase in ROS levels in porcine oocytes exposed to LPS (Yan
et al., 2021). Oxidative stress results in diverse adverse changes,
such as DNA damage and apoptosis in oocytes, which
deteriorate oocyte quality and fertilization capacity (Tamura
et al., 2008; Collins et al., 2015). Together with the findings of
previous and current studies, MV is considered to protect
oocytes from BaP exposure-mediated defects in BaP-exposed
oocytes by attenuating oxidative stress, DNA damage and early
apoptosis.

In summary, we found that MV might alleviate oocyte
meiotic defects and quality deterioration in BaP-exposed
mice. This at least in part contributes to the ROS
scavenging property of MV. These findings provide new
insight into reversing the adverse effects of BaP exposure on
oocyte quality. However, the underlying mechanism still needs
to be further explored.
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Five Constituents Contributed to the
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Backgrounds: Psoraleae Fructus (PF)-induced hepatotoxicity has been reported in
clinical and animal experiments. However, the hepatotoxic constituents and mechanisms
underlying PF-induced toxicity have remained unclear. Therefore, this study explored the
potentially toxic PF components and revealed their relative mechanisms.

Methods: The hepatotoxicity of PF water (PFW) and ethanol (PFE) extracts was compared
using Kunming mice. The different compositions between PFW and PFE, which were
considered toxic compositions, were identified using the UHPLC-Q-Exactive MS method.
Then, L02 and HepG2 cell lines were used to evaluate the toxicity of these compositions.
Cell viability and apoptosis were determined through the Cell Counting Kit-8 (CCK-8) assay
and flow cytometry, respectively. An automatic biochemical analyzer detected the
aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline
phosphatase (ALP). Lastly, we used high-content screening (HCS) to determine the
levels of reactive oxygen species (ROS), lipid, and mitochondrial membrane
potential (MMP).

Results: The ethanol extraction process aggravated the hepatotoxicity of PF, causing
more severe injuries. The content of psoralen, isopsoralen, bavachin, psoralidin,
bavachinin, neobavaisoflavone, and bakuchiol was higher in the PFE than PFW.
Bavachin, psoralidin, bavachinin, neobavaisoflavone, and bakuchiol induced cell
apoptosis and the AST, ALT, and ALP leakages. Furthermore, these five constituents
increased intracellular lipid accumulation and ROS levels but decreased the MMP level.

Conclusion: The ethanol extraction process could induce severe PF hepatotoxicity.
Bavachin, psoralidin, bavachinin, neobavaisoflavone, and bakuchiol are the main
hepatotoxic ingredients. This mechanism could be associated with oxidative stress
and mitochondrial damage-mediated apoptosis. Taken together, this study provides
a basis for the clinical application of PF that formulates and improves its herbal standards.

Keywords: Psoraleae Fructus, mitochondrial membrane potential, reactive oxygen species, apoptosis, hepatotoxic
ingredients
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INTRODUCTION

Herb-induced liver injury (HILI) is severe liver damage associated
with the use of Chinese medicine (CM), herbal medicine (HM),
or their related products (Wang JB. et al., 2018). With the
widespread successful application of Traditional Chinese
medicine (TCM) and the continuous improvement in
monitoring and reducing adverse drug reactions, HILI has
been reported to be on the rise (Chalasani et al., 2014).
Psoraleae Fructus (PF) is the dried matured fruit of Psoralea
corylifolia L. (Committee, 2015). It is widely used to treat yang
deficiency of the spleen and kidney in adult and pediatric patients
in China, Korea, and Japan. Furthermore, modern
pharmacological studies have confirmed that this seed exhibits
potent medicinal activities like estrogenic (Liu et al., 2020),
antitumor (Jin et al., 2020), anti-oxidant (Limper et al., 2013),
antimicrobial (Huang et al., 2014), anti-inflammatory (Szliszka
et al., 2011), antidepressant (Mao et al., 2014), and osteoblastic
activities (Huang et al., 2019). However, recent clinical reports
have indicated that treatment associated with PF has an increased
risk of liver injury (Nam et al., 2005; Teschke and Bahre, 2009;
Smith and MacDonald, 2014; Li and Huang, 2016; Li and Cheng,
2018; Zhang and Huang, 2018). For instance, different studies
have demonstrated that among 595 HILI patients, those who
received PF-related prescriptions accounted for 40 cases (Zhu
et al., 2016). Elsewhere, by utilizing the Chinese patent medicine
containing PF (provided by the National Healthcare Directory),
42 patients suffered from liver injury (Wang Y. et al., 2018), and
this problem has received much attention. The use of 70% and
80% ethanol extract of PF markedly increased the activity of
alkaline phosphatase (ALP) and total bilirubin (TBIL), leading to
hepatocyte hypertrophy, steatosis, and a decrease in the total
hepatic sinusoid surface area (Wang et al., 2012; Wang et al., 2019
Y.). Moreover, the aqueous extracts of PF have also been reported
to cause hepatotoxicity (Zhou et al., 2013; Bi et al., 2015; Maimaiti
et al., 2017). Our previous long-term toxicity studies showed that
mouse hepatotoxicity triggered by PF ethanol (PFE) extracts is
more severe than PF water (PFW) extracts. Notably, the PFE-
treated mouse liver showed moderate hepatocyte hypertrophy
and steatosis in the central zone of the hepatic lobules (Guo et al.,
2020). Therefore, PF is a potential hepatotoxin whose hepatotoxic
components and underlying mechanisms remain obscure.

Previous PF-induced hepatotoxicity studies have primarily
focused on the evaluation of the toxicity and mechanism of
single compounds in PF, including bakuchicin (Kim et al.,
2016), psoralen (Yu et al., 2020), isopsoralen (Yu et al., 2019),
bakuchiol (Li ZJ. et al., 2017), and bavachinin (Wang S. et al., 2018).
Nevertheless, it is well known that TCM has multi-component,
multi-pathway, and multi-target characteristics. Hence, a single
component cannot represent the hepatotoxicity of the whole herb.
Thus, there is a need to develop a systematic method that discovers
the toxic constituent of PF-induced liver injury.

The hallmark of drug-induced hepatotoxicity (DIH) is either
the death of hepatocytes or sometimes cholangiocytes and
endothelial cells (Shehu et al., 2017). Oxidative stress,
generation of reactive metabolites, and mitochondrial
dysfunction are common pathophysiological mechanisms of

DIH (Liu et al., 2015). In particular, oxidative stress is the
increased production of reactive oxygen species (ROS) that
overwhelms the liver. It could damage the structural and
functional integrity of cells in compound-dependent
mechanisms underlying drug-induced liver injury (DILI) (Zhu
et al., 2012; Singh et al., 2015). Mitochondria are some of the
organelles implicated as the primary source of the generated ROS.
However, excessive ROS production results from mitochondrial
membrane peroxidation. Then, the mitochondrial membrane
potential (MMP) collapses, ATP synthesis is blocked, and the
intrinsic (mitochondrial) apoptosis pathways are activated and
finally lead to cell death by apoptosis (Takemoto et al., 2014;
Zorov et al., 2014; Granger and Kvietys, 2015; Iorga et al., 2017).
Research has also reported that bavachin induced apoptosis in
HepG2 cells, and ROS is an initial signal leading to the
endoplasmic reticulum (ER) stress and mitochondrial
dysfunction through the p38/JNK signaling pathway (Wang S.
et al., 2018; Yang et al., 2018). In a nutshell, the above findings
have suggested that PF could induce hepatotoxicity by
accumulating ROS. Therefore, this study evaluates the
hepatotoxicity of PF and explores the possible toxic
mechanisms in vitro, including cell apoptosis, ROS, and MMP.

MATERIALS AND METHODS

Reagents and Chemicals
The PF samples were purchased from Tongrentang Chinese
Pharmaceutical Co. Ltd. (Beijing, China). All plant materials
were identified by Prof. Xiangri Li, a Botanist Professor of the
Beijing University of Chinese Medicine, Beijing, China.

Psoralen, isopsoralen, bavachin, psoralidin, bavachinin,
neobavaisoflavone, and bakuchiol standards (˃98% purity)
were procured from BioRuler (Danbury, CT, USA). Cell
Counting Kit-8 (CCK-8) was bought from DOJINDO
LABORATORIES (Kyushu, Japan). Dimethyl sulfoxide
(DMSO) was obtained from Sigma-Aldrich (St. Louis, MO,
USA). Annexin V-FITC/PI apoptosis detection kit was
acquired from BD (Franklin Lakes, NJ, USA). Then, Hoechst
33342, eBioscience™ JC-1 Mitochondrial Membrane Potential
Dye, Cell ROX Deep Red, and HCS LipidTOX™ Green
Phospholipidosis Detection Reagent were obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Lastly, formic
acid, methanol, and acetonitrile (Fisher, Fair Lawn, NJ, USA)
were of high-performance liquid chromatography (HPLC) grade.

Sample Collection and Preparation
The PF raw samples were processed according to the methods
described in the 2015 edition of the National Pharmacopoeia
Committee (General Rule 0213) to obtain their salt form. Water
and ethanol extracts of PF were prepared through twice
extraction for 1.5 h each and rinsed eight times using water or
70% ethanol by PF weight. The extracts were mixed, filtered, and
concentrated under reduced pressure at 60°C using a vacuum
drying oven. The yield ratios were 25.07% (w/w, PFW) and
65.40% (w/w, PFE), and the resulting samples were stored at
4°C awaiting further analyses.
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Animals
Thirty Kunming mice (7 weeks old) with body weights of 22–25 g
were purchased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. [Permission No. SCXK (Beijing, China)
2016-0011]. They were kept in an environmentally controlled
breeding room for 5 days at 22°C–25°C. The mice were housed
with free access to laboratory food and water. After acclimatization,
these mice were randomly divided into control, PFW, and PFE
groups (n � 10). To dissolve the drugs, 0.5% CMC-Na was used.
Mice in the treated groups were administered PFW or PFE at doses
of 5.14 g/kg/day (dosage of PF) for 28 days; the control group was
administered with the 0.5% CMC-Na. Then, the mice were
sacrificed, and their livers were reserved for H&E staining.
According to the Guide for the Care and Use of Laboratory
Animals, all animal experiments were carried out and approved
by the Ethical Committee on Animal Research at the Beijing
University of Chinese Medicine.

Transferase dUTP Nick-End Labeling
(TUNEL) Assay
The sections of mouse liver tissues were stained and used to detect
apoptosis using a commercial TUNEL Apoptosis Assay Kit
(Meilun Bio, Dalian, China). The apoptosis ratio was analyzed
under a fluorescence microscope by counting TUNEL-positive
cells in six randomly selected areas. The apoptosis rate was
calculated using the following formula:

Apoptosis rate(100%)
� (number of TUNEL positive cells/number of total cells) × 100%

Analysis of Psoraleae Fructus Water and
Psoraleae Fructus Ethanol Using the
UHPLC-Q-Exactive MS Method
Methanol of 50-ml volume was added to moderate PFW and PFE
powder equivalent to 1 g of PF and ultrasonically treated for 30 min
using an ultrasonic cleaning instrument (KQ-500DBCNC; Kunshan
Ultrasonic Instrument Co., Ltd., Kunshan, Jiangsu, China). The
volume was then fixed to 50ml by supplementing the lost volume
with methanol. Notably, the extracts were filtered through 0.22-μm
microporous membrane filters. Seven standards, including psoralen,
isopsoralen, bavachin, psoralidin, bavachinin, neobavaisoflavone,
and bakuchiol, were dissolved in methanol (0.10 mg/ml).

The chemical compounds of PFW and PFE were determined
through the UHPLC-Q-Exactive MS method. Ultra-performance
liquid chromatography (UPLC) analysis was performed on a
Thermo Scientific Dionex UltiMate 3000 UHPLC system (Santa
Clara, CA, USA) equipped with an ACQITY UPLC T3 column
(2.1 mm × 100mm, 1.8 μm; Waters, Milford, MA, USA).
Subsequently, chemical compounds were kept at 30°C and a flow
rate of 0.30 ml/min. The mobile phase consisted of acetonitrile (A)
and 0.1% formic acid (B). The gradient elution of Bwas performed as
follows: 95% B (0–3min), 95%–25% B (3–45min), 25%–95% B
(45–45.1 min), and 95% B (45.1–50min).

The UHPLC-Q-Exactive MS (Thermo Scientific, Santa Clara, CA,
USA) technique was used to analyze and identify PFW and PFE

chemical compounds. When these samples were analyzed in negative
ion detectionmode, heated electrospray ionization (HESI) was the ion
source. The temperature was set at 350°C; the spray and capillary
voltages were set to 3.0 kV and 35.0 V, respectively; and the tube lens
voltage was 110 V. High-purity nitrogen (>99.99%) was used as the
sheath (30 arb) and auxiliary (10 arb) gas. Subsequently, the samples
were analyzed in positive ion detection mode. The ion source
temperature was 350°C, and the spray and capillary voltages were
set to 3.0 kV and 35.0 V, respectively. The tube lens voltage was 110 V.
High-purity nitrogen (>99.99%) was used as the sheath (40 arb) and
auxiliary (20 arb) gas.

Cell Culture
L02 and HepG2 cells were purchased from the China
Infrastructure of Cell Line Resources (Beijing, China). They
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
high glucose medium (Gibco, Grand Island, NY, USA)
supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco,
Melbourne, VIC, Australia) and 1%U/ml of antibiotics (penicillin
and streptomycin) at 37°C in an atmosphere containing 5% CO2.

Cell Viability Assay
The viability of L02 and HepG2 cells was determined using the
CCK-8 assay. L02 and HepG2 cells (1 × 104 cells/well) were seeded
into 96-well plates for 12 h until they visibly reached confluence.
Then, the adherent cells were treated with varying concentrations of
psoralen (120.86, 161.34, 215.12, 286.83, 382.44, 509.92, 679.90, and
906.53 μmol/L), isopsoralen (161.15, 214.87, 286.64, 382.47, 509.88,
679.85, 906.53, and 1,208.64 μmol/L), bavachin (16.40, 21.95, 29.23,
38.97, 52.04, 69.37, 92.49, and 123.32 μmol/L), psoralidin (8.92,
11.89, 15.82, 21.17, 28.19, 37.58, 50.19, and 66.90 μmol/L),
bavachinin (11.82, 15.72, 21.04, 28.01, 37.35, 49.88, 66.49, and
88.65 μmol/L), neobavaisoflavone (5.21, 9.30, 16.50, 29.41, 52.36,
93.07, 165.53, and 294.46 μmol/L), and bakuchiol (11.70, 15.60,
20.75, 27.77, 36.97, 49.30, 65.84, and 87.76 μmol/L). Consequently,
these cells were incubated for 24 h, and 100 μl of 10% (v/v) CCK-8
medium solution was added to each well for 2 h. The absorbance
(optical density (OD)) of the culture medium was detected at
450 nm using a Multiskan GO microplate reader (Thermo
Fisher Scientific). Each experiment was repeated thrice, and each
treatment was probed in at least six wells. The following equation
was used to calculate the viability of the cells (%):

Cell Viability (%) � ODcompound −ODblank

ODcontrol −ODblank
× 100%

Flow Cytometric Analysis
First, L02 and HepG2 cells were cultured in 6-well plates at a
density of 5 × 105 cells/well. Then, they were treated with bavachin
(17, 34, and 68 μmol/L), psoralidin (11.5, 23, and 46 μmol/L),
bavachinin (15, 30, and 60 μmol/L), neobavaisoflavone (23.5, 47,
and 94 μmol/L), and bakuchiol (13, 26, and 52 μmol/L) for 48 h,
harvested, and washed with PBS. The apoptosis rate was measured
using Pharmingen™ FITC Annexin V Apoptosis Detection Kit I
(BD, 556,547, USA) following the instructions from the
manufacturer. With the use of a FACSCalibur cytometer
(Becton Dickinson, San Jose, CA, USA), 1 × 104 cells were
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acquired and analyzed. Notably, the Annexin V-PI-, Annexin
V-PI+, Annexin V + PI-, and Annexin V + PI + cells
represented viable cells, necrotic cells, early apoptotic cells, and
late apoptotic cells, respectively.

Activity Assessment of Aspartate
Aminotransferase, Alanine
Aminotransferase, and Alkaline
Phosphatase in Cell Culture Medium
L02 and HepG2 cells were cultured in 6-well plates at a density of
2 × 105 cells/well. Subsequently, they were incubated with
bavachin, psoralidin, bavachinin, neobavaisoflavone, and
bakuchiol for 24 h, and the cell supernatant was collected. Lastly,
aspartate aminotransferase (AST), alanine aminotransferase (ALT),
and ALP were detected using a CX4 Pro automatic biochemical
analyzer (Beckman, Brea, CA, USA).

Evaluation of the Liver Injury Induced by
Toxic Compounds of Psoraleae Fructus
Here, L02 and HepG2 cells were plated at a density of 2 × 105

cells/well in 96-well plates. Then, they were treated with bavachin
(17, 34, and 68 μmol/L), psoralidin (11.5 23, and 46 μmol/L),
bavachinin (15, 30, and 60 μmol/L), neobavaisoflavone (23.5, 47,
and 94 μmol/L), and bakuchiol (13, 26, and 52 μmol/L) for 24 h.
Then Hoechst 33342, eBioscience™ JC-1 Mitochondrial
Membrane Potential Dye, CellROX Deep Red, and HCS
LipidTOX™ Green Phospholipidosis Detection Reagent kits
were used to characterize their cell counts, nuclear area, MMP,
ROS, and intracellular lipid. Consequently, multi-parameter
cytotoxicity was analyzed through high-content screening
(HCS) analysis (IN Cell Analyzer 2500 HS; Cytiva,
Marlborough, MA, USA). Then, a 20× objective was used to
collect all images. Three independent wells were examined for
each treatment, and 16 fields per well were captured during the
analysis. Lastly, HCS analysis was performed using Automated
Image and Cell Analysis software (IN Cell Analyzer 2000; USA).

Statistical Analysis
All statistical data analyses were performed using GraphPad
Prism version 8.0 (GraphPad Prism Software, 2012; La Jolla,
CA, USA). One-way ANOVA was used to assess the significant
differences between means. Statistical significance was indicated
as p < 0.05 or p < 0.01. Data were presented as mean ± SD.

RESULTS

Evaluation of the Liver Injury Induced by
Psoraleae Fructus
The morphological feature of liver tissues is direct and critical
evidence for the diagnosis of liver damage (Shrestha et al., 2018).
As shown in Figure 1A, 90% ofmice in the PFE group demonstrated
vacuolation. Besides, all mice in the PFE group showed varying
degrees of hepatocellular steatosis, 30% of mice showed moderate
lesion hepatocellular steatosis, and 90% of mice had hepatocellular
hypertrophy (Table 1). However, only 20% of mice in the PFW

group exhibited slight hepatocellular hypertrophy. PFE group mice
showed significantly increased liver weight, liver/body weight ratio,
and liver/brain weight ratio (p < 0.01) (Figures 1G–I). The direct
bilirubin (DBIL) and TBIL in the rats of the PFE group were 1.67
and 1.37 times higher than those in the control (p < 0.05, p < 0.01)
(Figures 1D,E). The ALT, AST, and indirect bilirubin (IBIL) in the
rats of the PFE group were also higher than those in the control
without significant difference (p � 0.07, 0.60, 0.07). Of note, the
PFW treatment had little effect on hepatocyte phenotype. We used
the TUNEL staining technique to analyze the effects of PF on
apoptosis and investigate the potential PF-induced hepatotoxicity
mechanisms. Here, the number of TUNEL-positive cells in the liver
was considerably increased after PFW and PFE administration
(Figure 2). Additionally, the PFE group had increased apoptosis
cell number. Therefore, PFE caused more severe hepatotoxicity
than PFW.

Comparing the Composition Difference
Between Water and Ethanol extracts of
Psoraleae Fructus
Since PFE led tomore severe hepatotoxicity than PFW, we speculated
that the compounds enriched with PFE, rather than PFW, could be
toxic constituents of PF. Therefore, we established a UHPLC-Q-
Exactive MS platform to investigate the different PFE and PFW
ingredient contents. Initially, unsupervised principal component
analysis (PCA) illustrated that the trend in the PFW group was
distinct from that in the PFE group (Figures 3A,B). This indicated
that different extractionmethods caused significant changes in the PF
compositions. Then, the data were imported into the SIMCA-P
version 13.0 software for multivariate analysis. All the samples
were within the 95% CI (Hotelling’s T2 ellipse) with good
separation, indicating that different extraction processes caused
changes in the PF compounds. Orthogonal projections to latent
structures discriminant analysis (OPLS-DA) model discrimination
method was used to analyze the internal components in each group
(Figures 3C,D). The card value screeningwas conducted according to
the variable differentiation in the projection (VIP). The seven
compounds were identified between PFW and PFE (VIP > 1 and
p < 0.05). In PFE, the contents of psoralen, isopsoralen, bavachin,
psoralidin, bavachinin, neobavaisoflavone, and bakuchiol were 1.64,
1.96, 9.34, 6.19, 8.21, 5.15, and 35.08 times higher than those in PFW,
respectively (Figures 4A,B). As previously described, the main PF
constituents were coumarins, flavonoids, and meroterpenes (Zhang
et al., 2016). Thus, during our analysis, we chose the representative
compounds of those chemical structure types. Remarkably, the above
components with significant content differences included coumarins
(psoralen, isopsoralen, and psoralidin), flavonoids (bavachin,
bavachin, and neobavaisoflavone), and phenols (bakuchiol).
Therefore, we speculated that these seven compounds could be
potential PF toxic components.

Effect of Potential Toxic Compounds onCell
Viability
We performed CCK-8 assays after 48 h of drug treatment to
investigate the cytotoxic effects of compounds on the L02 and
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HepG2 cell lines. Eight series of concentrations were set for each
compound. All compounds existed in a dose-dependent
inhibitory manner (Figure 5). Psoralidin and bakuchiol
(Figures 5D,G; Table 2) showed more potent inhibitory
effects on cell viability than other compounds. The IC50 values

for the L02 cell were 23.10 and 25.86 μmol/L, whereas those of the
HepG2 cell were 23.36 and 34.49 μmol/L. Also, bavachin,
bavachinin, and neobavaisoflavone showed intense repression
of cell viability (Figures 5C,E,F). However, psoralen (Figure 5A)
and isopsoralen (Figure 5B) showed no effect on HepG2 cell

FIGURE 1 | PFW- and PFE-induced liver injury. (A)Representative histopathological microphotographs of mouse liver illustrating the control, PFW, and PFE groups
at ×20 (top line) and ×40 (bottom line) magnification. The asterisk indicates the central vein. Arrows indicate hepatocyte hypertrophy. Triangle indicates vacuolation. (B)
ALT. (C) AST. (D)DBIL. (E) TBIL. (F) IBIL. (G) Liver weight. (H) Liver/body weight ratio. (I) Liver/brain weight ratio. Values are represented as mean ± SD, n � 10. *p < 0.05
and **p < 0.01 versus the control group.
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viability until they reached a concentration of 738.80 and
174.00 μmol/L. We, therefore, concluded that psoralen and
isopsoralen had little hepatocyte toxicity. In contrast, bavachin,
bavachinin, psoralidin, neobavaisoflavone, and bakuchiol could be
potentially toxic compounds and could be used for further
research.

Effects of the Potential Toxic Compounds
on the Release of Alkaline Phosphatase,
Alanine Aminotransferase, and Aspartate
Aminotransferase
ALP, ALT, and AST levels in cell culture supernatant were
measured to evaluate the cell damage of the potentially toxic
compounds. Here, we established that all the five compounds
increased the ALP, ALT, and AST levels in both L02 and HepG2
cells (p < 0.05, p < 0.01, Figure 6). In the HepG2 cells treated with
psoralidin (46 μmol/L), ALP, ALT, and AST levels were 57, 87,
and 54 times higher than those cells in the control group,
respectively (Figure 6D). On the contrary, bakuchiol increased

ALP and AST levels in the L02 cells at all dose concentrations
(Figure 6I). Finally, bavachin, bavachinin, and neobavaisoflavone
increased ALP, ALT, and AST contents at high dosage in L02 cells
(Figures 6A,B,E–H). These results suggested that bakuchiol and
psoralidin caused obvious cytotoxicity.

Effect of Potential Toxic Compounds on
Apoptosis
Apoptosis is a common physiological mechanism that eliminates
cells in DILI (Jacobson et al., 1997). Flow cytometry assays with the
Annexin V-FITC/PI double-staining technique were performed to
investigate the effect of potential toxic compounds on L02 and
HepG2 cells apoptosis. After the L02 cells were incubated with
bavachin for 48 h, the apoptotic cell percentage increased from 6.7%
to 44.47% (Figure 7A). A similar result was found in HepG2 cells
(Figure 7B).

Interestingly, psoralidin had little effect on cell apoptosis, as it only
increased the apoptotic cell percentage to 17% at 46 μmol/L
(Figure 7C,D). On the other hand, neobavaisoflavone (Figures
7G,H) and bakuchiol (Figures 7I,J) treatments induced apoptosis in
a dose-dependent manner. Also, bakuchiol treatment-induced
necrocytosis increased the necrotic cell percentages to 34.6% at
52 μmol/L (Figure 7I). More importantly, bavachinin (Figures
7E,F) and bakuchiol (Figures 7I,J) induced cell apoptosis in low
dose concentrations of 15 and 13 μmol/L, respectively. These data
were similar to those obtained in the TUNEL staining in vivo setup.

Effects of the Potential Toxic Compounds
on the Intracellular Lipid
All compounds increased the L02 and HepG2 cells lipid
accumulation levels (p < 0.05, p < 0.01, Figure 8). The lipid

TABLE 1 | Pathological manifestations of PFW and PFE in mice.

Pathological manifestations Grading
of lesion degree

Control PFW PFE

Hepatocellular steatosis + 0 0 2
2+ 0 0 5
3+ 0 0 3

Hepatocellular hypertrophy + 0 2 0
2+ 0 0 6
3+ 0 0 3

Note. “+” means a very slight lesion; “2+” means a mild lesion; and “3+” means a
moderate lesion.

FIGURE 2 |Detection of apoptotic hepatocytes in hepatic tissues using TUNEL assay. (A)Representative images of each group at ×400magnification. (B) TUNEL-
positive cell ratios in each group. Values were presented as mean ± SD and n � 4. *p < 0.05, **p < 0.01 versus the control group.
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accumulations in L02 cells treated with bakuchiol at 13, 26, and
52 μmol/L were 1.88, 2.18, and 3.37 times higher than in the
control group, respectively. The lipid accumulations in HepG2
cells increased by bakuchiol treatment were 1.27, 2.37, and
5.84 times higher than in control (Figure 8E). Lipid
accumulation was increased after psoralidin treatment at 23
and 46 μmol/L (Figure 8B). Besides, bavachin, bavachinin, and
neobavaisoflavone promoted lipid accumulation in L02 and
HepG2 cells (p < 0.05, p < 0.01, Figures 8A,C,D). This
demonstrated that the balance between lipid synthesis and
metabolism in hepatocytes was disrupted in these compounds-
treated group. Notably, this finding was consistent with our
previous in vivo study (Guo et al., 2020).

Effects of the Potential Toxic Compounds
on Generating ROS
ROS levels in L02 and HepG2 cells were increased after the
five compounds incubation for 24 h (Figure 9) (p < 0.05,
p < 0.01). Psoralidin induced ROS generation at 23 μmol/L
(Figure 9B), bavachinin increased the ROS level at 30 and
60 μmol/L in HepG2 cells (Figure 9C), whereas bavachin only
increased the ROS level at 68 μmol/L in L02 cells, and
neobavaisoflavone increased the ROS level at 47 and
94 μmol/L (Figures 9A,D). Bakuchiol promoted ROS
generation at all doses in HepG2 cells (Figure 9E),
suggesting that it is more toxic on hepatocytes than the
other compounds.

FIGURE 3 | The PCA score plots and OPLS-DA models for the UHPLC-Q-Exactive MS analysis of PFW and PFE. (A) Negative ions mode of the PCA model. (B)
Positive ions mode of the PCA model. (C) Negative ions mode of the OPLS-DA model. (D) Positive ions mode of the OPLS-DA model.
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FIGURE 4 | The UHPLC-Q-Exactive MS chromatogram of PC granules. (A) The PFW positive ion mode diagram. (B) The PFE positive ion mode diagram. (C)
Different compound structures. 1, psoralen; 2, isopsoralen; 3, neobavaisoflavone; 4, bavachin; 5, psoralidin; 6, bavachinin; 7, bakuchiol.

FIGURE 5 | Cell viability of L02 and HepG2 cells treated with psoralen (A), isopsoralen (B), bavachin (C), psoralidin (D), bavachinin (E), neobavaisoflavone (F), and
bakuchiol (G). Values are presented as mean ± SD, n � 6.
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Effects of the Potential Toxic Compounds
on MMP
MMP was directly used to clarify whether these five compounds
influenced mitochondrial function. We found that the MMP
fluorescence intensities were significantly lower in compound-
treated groups than in control (p < 0.05, p < 0.01) (Figure 10).
Furthermore, psoralidin significantly reduced the MMP at 23 and
46 μmol/L concentrations (Figure 10B), and bakuchiol
significantly reduced the MMP of L02 and HepG2 cells at 13,
26, and 52 μmol/L concentrations, indicating mitochondrial
damage (Figure 10E). Besides, bavachin, bavachinin, and
neobavaisoflavone reduced the MMP levels at 68, 60, and
94 μmol/L concentrations, respectively (Figures 10A,C,D).
This result suggested that psoralidin and bakuchiol caused
significant damage to mitochondria at low doses.

DISCUSSION

This study conducted a comparative experiment on the PF
hepatotoxic components and preliminarily explored its
mechanism using in vitro models. First, we have evaluated the
PFW and PFE hepatotoxicity levels and revealed that the
hepatotoxicity of PFE was more evident than PFW. Next, we
have compared and analyzed the PFW and PFE chemical
constituents using the UHPLC-Q-Exactive MS method and
identified 50 components of PF (data was not shown), and we
found that the psoralen, isopsoralen, bavachin, psoralidin,
bavachinin, neobavaisoflavone, and bakuchiol contents were
significantly different in these two extracts. Moreover, in vitro
experimental setups revealed that all components showed a dose-
dependent inhibition proliferation manner in each cell type,
except psoralen and isopsoralen. Unlike other previous
researches, this study demonstrated that psoralen and
isopsoralen had little hepatocyte toxicity. Bavachin, psoralidin,
bavachinin, neobavaisoflavone, and bakuchiol induced
hepatocyte injury, including cell apoptosis and lipid
accumulation, via mitochondrial damage caused by an
abnormally increased ROS. Thus, our study confirmed that PF
had hepatotoxicity. Also, bavachin, psoralidin, bavachinin,
neobavaisoflavone, and bakuchiol were the main toxic
compositions, and among them, psoralidin and bakuchiol were
more hepatotoxic. This confirmed the underlying mechanism
related to ROS accumulation and mitochondrial damage.

Recently, research on HILI has increased with the extensive
worldwide application of CM and HM. PF was first recorded in
Lei Gong’s Treatise on Preparation and Broiling of Materia
Medica (Leigong Paozhi Lun). However, there have been
increasing studies on liver injury associated with PF in recent
years (Zhao et al., 2016; Zhou et al., 2017; Li and Cheng, 2018;
Wang and He, 2018; Wu and Yao, 2018; Li A. et al., 2019; Liu and
Wu, 2019). Numerous studies have shown that raw powder,
aqueous PF extracts, and alcoholic PF extracts exhibited
hepatotoxicity in rats (Xu et al., 2017; Wang Y. et al., 2019;
Yang et al., 2019; Liu et al., 2021). Our previous experiments had
indicated that the toxicity of the ethanol extract was more
substantial than that of the water extract in rats and mice
(Guo et al., 2020). This suggested that ethanol extraction
technology could enrich toxic constituents. Therefore, water
extraction technology is recommended during routine clinical
application. Furthermore, some post-marketing TCM, like Xian
Niu Jian Gu granules (Wang and Dong, 2008), in which the PF
was extracted using ethanol, displayed evident hepatotoxicity.
Notably, hundreds of compounds belonging to various groups
have been separated from PF, with coumarins, flavonoids, and
meroterpenes being more dominant (Zhang et al., 2016).
Elsewhere, studies have reported that the ethanol extraction
process significantly increased the psoralen, isopsoralen (Di,
2019), and bakuchiol contents (Li J. M. et al., 2017). This
study had analyzed and compared the compounds between
PFW and PFE extracts using the UHPLC-Q-Exactive MS
method. Our findings were consistent with previously reported
studies (Li J. M. et al., 2017; Di, 2019). Here, we found that
ethanol extract technology-enriched coumarins (psoralen,
isopsoralen, and psoralidin), flavonoids (bavachin, bavachinin,
and neobavaisoflavone), and monoterpenes (bakuchiol),
suggesting that the PF hepatotoxic ingredients were related to
these compounds.

CCK-8 assay revealed that the IC50 values of psoralidin and
bakuchiol were the lowest, nearly 25 μmol/L, suggesting
maximum toxicity. Bavachin and bavachinin were the second
most toxic compounds, as the IC50 value was approximately
30 μmol/L, and were followed by neobavaisoflavone. Psoralen
and isopsoralen had very low or no toxicity for hepatic cell
viability. This result was consistent with another report,
showing that psoralen inhibited 50% cell viability at almost
400 μmol/L (Yu et al., 2020). ALT and AST mainly exist in
liver cells and are translocated to the outer membrane from
the interior once necrosis or liver damage has occurred (Ramaiah,
2007). They are sensitive indicators for examining liver function
in clinical treatment and assessing the damage caused to liver
cells. Our study had demonstrated that psoralidin and bakuchiol
increased the ALP, ALT, and AST levels by five times, followed by
bavachin, bavachinin, and neobavaisoflavone. These results had
been proved using the CCK-8 assay.

These five compounds had potentially inhibited L02 and
HepG2 cell proliferation via the apoptosis-associated processes.
Apoptosis, a highly structured and ordered process, eliminates
superfluous, harmful, and metabolically perturbed cells and is a
basic form of cell death (Jacobson et al., 1997). Our study has
demonstrated that apoptosis was induced in L02 and HepG2 cells

TABLE 2 | The IC50 values of all compounds.

Compounds IC50 toward L02
cells (μmol/L)

IC50 toward HepG2
cells (μmol/L)

Psoralen 283.60 738.80
Isopsoralen 77.91 174.00
Bavachin 33.91 34.84
Psoralidin 23.10 23.36
Bavachinin 29.83 29.14
Neobavaisoflavone 47.78 51.69
Bakuchiol 25.86 34.49
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by bavachin, psoralidin, bavachinin, neobavaisoflavone, and
bakuchiol. This has been confirmed using a flow cytometry
assay containing Annexin V/PI double-staining technique.
Compared with the control, bavachin, bavachinin,
neobavaisoflavone, and bakuchiol had markedly and
progressively increased the cell early apoptosis percentage as
the concentration increased. Based on these data and
established pharmacological research (Li F. et al., 2017; Huang
et al., 2019; Yuan et al., 2019), we supposed that monoterpenes
and flavonoids could be toxic constituents, whereas coumarins

would be active ingredients. Thus, the over-enrichment of these
two types of components should be avoided in clinical
applications to ensure medication safety.

In many compounds, oxidative stress plays a significant role in
promoting toxicity mechanisms, whether by producing free
radicals or depleting cellular antioxidant capacity (Shi et al.,
2018). This study had found that the ROS levels in L02 and
HepG2 cells were increased after being treated with five
compounds. Meanwhile, psoralidin and bakuchiol have shown
a strong induction of ROS content. On the one hand, increased

FIGURE 6 | Effects of different doses of bavachin (A,B), psoralidin (C,D), bavachinin (E,F), neobavaisoflavone (G,H), and bakuchiol (I,J) on the ALP, ALT, and AST
levels in L02 and HepG2 cells. The values are presented as mean ± SD and n � 6. *p < 0.05, **p < 0.01 versus the control group. ALP, alkaline phosphatase; ALT, alanine
aminotransferase; AST, aspartate aminotransferase.
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FIGURE 7 | Apoptosis of L02 and HepG2 cells treated with bavachin (A,B), psoralidin (C,D), bavachinin (E,F), neobavaisoflavone (G,H), and bakuchiol (I,J). These
values are presented as mean ± SD and n � 3. *p < 0.05, **p < 0.01 versus the control group.
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FIGURE 8 | Lipids were examined and quantified by HCS LipidTOX Green staining assays after exposure of L02 and HepG2 cells to the five compounds. (A)
Bavachin; (B) psoralidin; (C) bavachinin; (D) neobavaisoflavone; (E) bakuchiol. Values are presented as mean ± SD, n � 3. *p < 0.05, **p < 0.01 versus the control group.
HCS, high-content screening.
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FIGURE 9 | ROS was examined and quantified using the CellROX Deep Red Reagent staining assays after the five compounds were exposed in L02 and HepG2
cells. (A) Bavachin; (B) psoralidin; (C) bavachinin; (D) neobavaisoflavone; (E) bakuchiol. Values are presented as mean ± SD, n � 3. *p < 0.05, **p < 0.01 versus the
control group. ROS, reactive oxygen species.
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FIGURE 10 | MMP was examined and quantified using JC-1 staining assays after five compounds were exposed in L02 and HepG2 cells. (A) Bavachin; (B)
psoralidin; (C) bavachinin; (D) neobavaisoflavone; (E) bakuchiol. All values are presented as mean ± SD and n � 3. *p < 0.05 and **p < 0.01 versus the control group.
MMP, mitochondrial membrane potential.
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ROS could injure proteins, DNA, and lipids, by promoting cell
death through activating stress-related signaling pathways
(Luedde et al., 2014). Similar findings have been illustrated in
HepaRG cells treated with bavachinin, resulting in ROS
generation and oxidative damage (Wang S. et al., 2018).
Additionally, excess ROS could induce lipid peroxidation
(Donato and Tolosa, 2021). Elsewhere, normal hepatocyte lipid
metabolism has been shown as the balance between fatty acid
synthesis (lipogenesis) and fat catabolism via β-oxidation (lipolysis)
(Wu et al., 2017). Nevertheless, high ROS production could disrupt
this balance and cause lipid accumulation (Donato and Tolosa,
2021). The liver is the main organ of fat metabolism in the body; the
accumulation of lipid droplets could trigger liver steatosis injury
(O’Brien et al., 2006). In our study, PF administration led to
hepatocyte steatosis, as demonstrated using in vivo setups.
Moreover, bavachin, psoralidin, and bakuchiol significantly
promoted the intracellular lipid deposition of L02 and HepG2
cells. Hence, we supposed that PF and its main toxic
compounds induced hepatocyte steatosis through ROS
accumulation.

Mitochondria serve as the primary source of ROS in mammals
(Li et al., 2020). During injury, the ROS production rates were
increased in the mitochondria or other cell compartments (Pereira
et al., 2012). Our experiments revealed that all five compounds
(bavachin, psoralidin, bavachinin, neobavaisoflavone, and
bakuchiol) reduced the MMP levels. Furthermore, high
psoralidin and bakuchiol doses had shown the most significant
effect on the MMP repression, and this was consistent with the
induction effect of psoralidin and bakuchiol on ROS. Also, ROS
could influence the functioning of the mitochondria. ROS
production and removal imbalance had resulted in cumulative
ROS that contacts mitochondria and cellular components,
leading to mitochondrial oxidative damage (Dan Dunn et al.,
2015). The mitochondrial permeability transition pore (mPTP)
located in the mitochondrial inner membrane could remain
open to increase ROS levels. Mitochondrial permeability
transition could induce mitochondrial depolarization and
swelling, decrease electron transport chain (ETC) activity, and
release apoptotic factors (Chen et al., 2015; Ye et al., 2016).
Besides, mtDNA lacking histone protection is highly sensitive to
ROS and prone to damage and mutations under oxidative stress,
resulting in respiratory chain defects and decreased mitochondrial
biogenesis (Bouchez and Devin, 2019; Kaarniranta et al., 2019).
Based on these studies, we have speculated that bavachin,
psoralidin, bavachinin, neobavaisoflavone, and bakuchiol could
induce mitochondrial damage and increase ROS production. In
return, the increased ROS disrupted mitochondrial function.

Usually, the drug-induced hepatocyte injury mechanism is
divided into three stages: initial hepatocyte injury (cell stress and
mitochondrial inhibition), mitochondrial permeability transition,
and hepatocyte death (apoptosis and necrosis) (Russmann et al.,
2009; Suh, 2020). Similarly, in this study, the mechanism of PF-
induced hepatotoxicity had also been categorized into the following
three stages: ROS accumulation, MMP repression, and hepatocyte
apoptosis and steatosis. Moreover, bavachin, psoralidin, bavachinin,
neobavaisoflavone, and bakuchiol could be the primary toxic
constituents. Among them, psoralidin and bakuchiol shown

more toxicity than other compounds. Nonetheless, this study
was limited since it lacks proper mechanisms to show how
MMP is reduced in the five compounds using in vivo
experiments setups.

Most studies on PF induced hepatotoxicity have focused on
the toxicity and mechanism of single compound in PF, including
bakuchicin, psoralen, isopsoralen, bakuchiol, and bavachinin
(Kim et al., 2016; Li ZJ. et al., 2017; Wang S. et al., 2018;
Yang et al., 2018; Yu et al., 2019). However, TCM has multi-
component, multi-pathway, and multi-target characteristics. The
single-component study ignores the integrity of TCM. So a
systematic analysis of the toxic constituent and mechanism
was needed. This study first compared the hepatotoxicity of
PFW and PFE and discovered that PFE induced more severe
liver injury than PFW. We found that the contents of psoralen,
isopsoralen, bavachin, psoralidin, bavachinin, neobavaisoflavone,
and bakuchiol in PFE were much higher than those in PFW.
Subsequently, we had clarified the hepatotoxicity level of these
compounds using the CCK-8 assay and high-content screening
analysis. The results showed that bavachin, psoralidin, bavachin,
neobavaisoflavone, and bakuchiol inhibited cell proliferation, but
psoralen and isopsoralen had little inhibition effect on cell
viability. Interestingly, psoralidin exhibited a strong induction
effect on ALP, ALT, and AST contents (more than fivefold when
the dose concentration of psoralidin was 23 mol/L). However, it
had a minimal impact on apoptosis (only 15% of the cells showed
apoptosis at a high dose concentration). On the other hand,
bakuchiol had exhibited a strong induction effect on lipid
accumulation (bakuchiol-induced lipid accumulation at low
dose) but had little effect on ALP, ALT, and AST contents.
We generally believed that these compounds had a different
impact on hepatocytes and collectively led to hepatotoxicity in
all five compounds rather than a single compound, which was the
main finding of this study.

This research has tried a novel approach to screen the toxic PF
constituents. PFE had induced more severe hepatotoxicity than PFW
since the PFE compounds had high toxic constituent contents than
PFW. The classic discovery method of toxic compounds from TCM
based on chemical separation-structure identification-activity
detection had a large workload and tedious operation. Recently,
serum pharmacochemistry (Yang et al., 2020), network
pharmacology (Wang N. et al., 2019), spectrum–effect relationship
(LiW. et al., 2019), high-throughput screening (Ma et al., 2016; Li and
Xia, 2019), and metabonomics (Wu et al., 2018) were developed to
solve the problem. However, there was still no perfect way to discover
the scientific meanings of the toxic herb. Different from existing
herbal toxic constituent screening methods, this study was based on
the in vivo experimental data and established a novel research
approach by comparing PFW (low toxic) and PFE (high toxic)
and finding constituent differences. We had simultaneously
compared and analyzed multiple compounds, which were more
consistent with the manifestations of PF-induced hepatotoxicity in
clinical practice. This was the second finding of this study.

HepG2 is an immortalized human hepatoma cell line, and L02
is an immortalized hepatocyte cell line (Chen et al., 2020). L02
and HepG2 cells were commonly used in toxicity studies. But
there were some differences between these two cell lines. Recent
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research found that some drugs, especially anticancer drugs,
exhibited high cell selectivity between HepG2 cells and L02
cells, which express high and low ανβ3 integrin, respectively
(Mugaka et al., 2021). And HepG2 cells and L02 cells responded
to the same stimuli with various reactions. Gao had found that
garlic flavonoids alleviate H2O2-induced oxidative damage in L02
cells but induce apoptosis in HepG2 cells (Gao et al., 2021). Other
research revealed that CYC1 and HPRT1 were considered as the
most stable reference genes in HepG2 cells and that TUBB2a was
the steadiest one in L02 cells when treated with ethanol (EtOH),
hydrogen peroxide (H2O2), acetaminophen (APAP), and carbon
tetrachloride (CCl4) (Chen et al., 2020). Frankly, we were not sure
which cell line was more suitable for hepatotoxicity study. We
supposed that HepG2 cells weremore sensitive to toxic compounds
than L02 cells and that L02 cells were more similar to normal
human hepatocytes. Using these two cells made an evaluation of PF
hepatotoxicity more convincing and credible. In our study, five
compounds induced apoptosis more strongly in HepG2 cells than
L02 cells. In particular, psoralidin (23 and 46mol/L) and
bavachinin (60 mol/L) showed a more substantial effect on lipid
accumulation in L02 cells than HepG2 cells. In contrast, bavachin
(68 mol/L) had a stronger inducing effect on lipid accumulation in
the HepG2 cells. Additionally, the neobavaisoflavone (47 mol/L
and 94mol/L) and bakuchiol (52 mol/L) compounds had a
stronger effect on ROS induction in L02 cells than HepG2 cells.
We speculated that this was related to functional differences
between hepatocytes. Nevertheless, the comprehensive analysis
results of the two cell lines are equally representative. This also
demonstrated that our findings are convincing and credible for
evaluating PF liver toxicity. This was our third finding.

In conclusion, this study used L02 and HepG2 cells as in vitro
models and conducted a comparative and analytical study of PFE
(high toxicity) and PFW (low toxicity) to explore the hepatotoxic
compounds of PF for the first time; bavachin, psoralidin,
bavachinin, neobavaisoflavone, and bakuchiol were the main
hepatotoxic components of PF, and psoralidin and bakuchiol
were more hepatotoxic. The ethanol extraction process
aggravated the hepatotoxicity of PF. PF is very commonly
used in clinical practice, and the present study clarifies the
hepatotoxic components and preliminary toxicity mechanism
of PF, which has important clinical significance. Currently,
DILI has become a significant cause of drug development
failure and withdrawal. This study provides a reference for the
drug evaluation of new drugs containing PF, and ethanol
extraction of PF should be avoided in the drug extraction
process study. Moreover, this study also provides a reference
for the development of herbal standards for PF, which may limit
the content of toxic components in future herbal standards.

This study had limitations, including a lack of a deeper
understanding of the mechanism underlying how the five
compounds induce mitochondrial damage and lipid
accumulation. Besides, it has not verified hepatotoxicity in vivo

models. In the future, we will carry out in vivo experiments to
verify the PF hepatotoxic compounds and conduct an in-depth
study on the mechanism underlying PF-induced liver injury.

CONCLUSION

In summary, we conducted a comparative experiment on the PF
hepatotoxic components and preliminarily explored its
mechanism using in vitro models. We revealed that the
hepatotoxicity of PFE was more evident than PFW. And we
found that the psoralen, isopsoralen, bavachin, psoralidin,
bavachinin, neobavaisoflavone, and bakuchiol contents were
significantly different in PFW and PFE. Moreover, in vitro
experimental setups revealed that all components showed a
dose-dependent inhibition proliferation manner in each cell
type, except psoralen and isopsoralen. Bavachin, psoralidin,
bavachinin, neobavaisoflavone, and bakuchiol have induced
hepatocyte injury, including cell apoptosis and lipid
accumulation, via mitochondrial damage caused by an
abnormally increased ROS. Thus, our study confirmed that PF
had hepatotoxicity, and the mechanism could be related to
oxidative stress and mitochondrial damage-mediated apoptosis.
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