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A B S T R A C T

Zearalenone (ZEA), a toxic substance produced by Fusarium fungi, accumulated in cereals grain and animal feed,
causes injury to humans and animals. ZEA can induce obvious reproductive toxicity with the ovarian granulosa
cells (GCs) as the main target. However, the study on exploring the protective compounds against ZEA-induced
mouse primary ovarian GCs damage remains less. In the current study, the protective effect of 20 compounds
derived from traditional Chinese medicines (TCMs) on the injury of mouse GCs caused by ZEA were evaluated
using MTT assay and the cell morphology. Our results showed that chlorogenic acid (250, 500, and 1000 μg/mL)
significantly suppress ZEA-induced GCs death. Western blot analysis suggested chlorogenic acid could rescue the
up-regulated apoptosis of GCs induced by ZEA via attenuating the protein expression of cleaved caspase-3, the
ratio of Bax/Bcl-2 and cleaved-PARP. Our results provide strong evidence that chlorogenic acid warrants further
optimization for more potent and safer compounds for against the ZEA lead toxicity to humans and animals.

1. Introduction

Zearalenone (ZEA), a secondary metabolite produced by fungi of the
genus Fusarium, naturally occurs in cereal grains, such as maize, wheat,
and barley (Yang et al., 2018; Rogowska et al., 2019). Grains can be
contaminated by ZEA before harvesting in the field or under improper
storage and transport condition (Dänicke and Winkler, 2015; Alshannaq
and Yu, 2017). Due to its strong thermal stability and universality
(Yumbe-Guevara et al., 2003), it is difficult to eliminate ZEA from al-
ready contaminated grains and ZEA is responsible for the high myco-
toxicity in feed crops. World widely, ZEA is considered to be one of the
most prevalent mycotoxins (Alshannaq and Yu, 2017) and humans or
animals are exposed to ZEA mostly due to the consumption of moldy
grains, food from animals or contaminated feed (Kowalska et al., 2016).
Over the past 20 years, the contamination of ZEA in feed and feed raw
materials has posed a high risk to humans and animals (Rai et al.,
2019). It has been reported that ZEA could induce serious reproductive
toxicity in human and farm animals (Gao et al., 2017; He et al., 2018;
Zhang et al., 2018,), which made them exposed to harmful environ-
ment.

ZEA is currently eliminated mainly by physical, chemical, and mi-
crobiologic methods (Rogowska et al., 2019). These methods are mostly
effective for the neutralization of ZEA from contaminated grains and
feeds. Effective compounds derived from herbs are used against the
damage caused by ZEA, once it has reached to human and animal
bodies. These researches most focused on male reproductive system,
other organs, or other cell lines (Ben Salem et al., 2015; Long et al.,
2017). ZEA exposure causes alterations in mammals reproductive tract,
including impaired ovarian follicle development and follicle ster-
oidogenesis (Zhang et al., 2017; Zhang et al., 2017; Ahmad et al., 2018;
Zhang et al., 2018).

GCs are one of the main ovarian somatic cells, which secret steroid
hormones and provide nutrition for the oocyte development (Kidder
and Vanderhyden, 2010; Li and Albertini, 2013). GCs are proved to
decide the fate of the follicle, undergoing an apoptotic process which
results in follicular atresia (Matsuda et al., 2012). Studies have sug-
gested that ZEA impaired ovarian GCs and steroid synthesis (Cortinovis
et al., 2014; Li et al., 2015). In particular, ZEA could induce the
apoptosis of GCs, which may cause follicle atresia or other disorders in
mammalian reproduction system. Broadly the cytotoxic mechanism of
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ZEA is involved in oxidative stress, DNA damage, mitochondrial da-
mage, cell cycle arrest and apoptosis (Xu et al., 2016; Ren et al., 2017;
Zheng et al., 2018). The potential compounds that can effectively treat
ZEA induced mouse primary GCs injury need to be explored.

Traditional Chinese medicines (TCMs), which have been proved to
be effective in health promotion, are good avenue to explore the pro-
tective effect on ZEA induced injury. In our previous studies, a variety
of natural compounds derived from TCMs were screened for their anti-
inflammatory, anti-viral and anticancer activity (Fan et al., 2018; Sun
et al., 2019; Sun et al., 2019). Due to the cytotoxic mechanism of ZEA,
we selected 20 compounds which possess with anti-oxidation and anti-
apoptotic properties in this study. These include alkaloid, flavonoid,
coumarin compounds and so on. These compounds also showed to be
associated with reproduction. Chlorogenic acid is a phenolic acid
compound found in many herbs. The in vitro study suggested that the
supplementation of chlorogenic acid improve porcine oocytes matura-
tion, fertilization and developmental competence (Nguyen et al., 2017).
Icariin, the main flavonoids isolated from Epimedium Brevicornum, could
inhibited ovarian granulosa cells aging induced by D-galactose via
promoting DNA damage repair (Li et al., 2019).

The purpose of this study was to screen out more effective com-
pounds derived from TCMs for against the ZEA-induced damage in
mouse GCs and to provide a new way to treat the reproduction dis-
orders, which could be clinically applied in the future. Furthermore, we
will also discuss the preliminary protection mechanism of the effective
compound.

2. Materials and methods

2.1. Animals

Three weeks old female Kunming mice were purchased from Charles
River (Beijing, China). The mice were housed in a controlled environ-
ment (22–24 °C and 50–60% relative humidity) with 12 h light/dark
cycle. Animals had free access to full rodent diet and water. All animal

experiments were performed under the regulations and guidelines of
ethics committee of Shanxi Agricultural University (Taigu, China).

2.2. Reagents and antibodies

Zearalenone was purchased from Sigma-Aldrich (St. Louis, MO,
USA); Dulbecco's modified Eagles medium with Hams F-12 nutrient
mixture (1:1, DMEM/F12）and fetal bovine serum (FBS) were obtained
from Biological Industries (Israel); the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), dimethylsulfoxide (DMSO) were
purchased from Solarbio Life Science (Beijing, China); Pregnant mare
serum gonadotropin (PMSG) was purchased from Shu Sheng Hormone
(Ningbo, China).

Rabbit monoclonal anti-Bax (ab32503), anti-Bcl-2 (ab182858), and
anti-cleaved caspase-3 (ab214430) were purchased from Abcam
(Cambridge, MA, USA); Rabbit monoclonal anti-cleaved-PARP (94,885)
was acquired from Cell Signaling Technology (Boston, MA, USA); FSHR
rabbit polyclonal antibody (22665-1-AP), Mouse monoclonal anti-
GAPDH (60004-1-Ig) and Alexa-Fluor 594 conjugated goat anti-rabbit
IgG (SA00006-4) was obtained from Proteintech (Wuhan, China).

2.3. Drugs

Glycyrrhizic acid was purchased from Alfa Biotechnology Co., Ltd
(Chengdu, China). Sanguinarium chloride, astragaloside, icariin, psor-
alen, curcumin, enoxolone, cepharanthine, apigenin, mangiferin,
paeonol, tanshinone IIA, syringin, curcumol, osthole, angelicin, amyg-
dalin, chlorogenic acid, leonurine hydrochloride, oxymatrine were all
obtained from National institutes for Food and Drug Control (Beijing,
China). The detailed description of these selected 20 compounds is
shown in Fig. 2 and Table 1.

2.4. Isolation and culture of mouse GCs

Three weeks old female mice were euthanized post 46 h of PMSG (5

Fig. 1. The identification of mouse GCs with im-
munofluorescence and HE staining. (A) FSHR and
DAPI immunofluorescence staining were performed
to identify the primary cultured GCs. The nucleus
was stained blue (a, d), FSHR was stained with red
fluorescence (b, e). Red fluorescence located in the
GCs cytoplasm (c, f). Negative control was showed in
d, e and f. Scale bar: 100 μm. (B) The HE staining
demonstrates that the appearance of GCs was spindle
or polyangular. Scale bar: 50 μm. (For interpretation
of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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IU) injection which was performed in previous study (Li et al., 2016).
The ovaries were collected and punctured with 26-gague needles to
isolate granulosa cells. Then the cells were passed through the 74 μm
sieve, centrifuged (1000 rpm, 5 min) and washed 3 times with phos-
phate-buffered saline (PBS). Next, the cells were suspended in DMEM/
F-12 medium supplemented with 10% FBS, 1% streptomycin-penicillin
and cultured in a humidified incubator with 5% CO2 at 37 °C. The
medium was replaced every two days.

2.5. Identification of mouse GCs

The expression of follicle stimulating hormone receptor (FSHR) was
used to identify the mouse granulosa cells by immunofluorescence as
the FSHR was found only to be expressed in ovarian GCs (Camp et al.,
1991). The cells were seeded in a laser confocal dish at a density of
1ⅹ105 cells/mL. When the dishes reached 80–90% confluency, washed
with PBS, and fixed with cold ethanol at 4 °C for 20 min. After 3 washes
with PBS, cells were incubated with 0.2% TritonX-100 for 15 min at
25 °C. After washing, cells were blocked with 3% BSA at 37 °C for
20 min and then incubated with primary FSHR rabbit polyclonal anti-
body at 37 °C for 2 h. After being washed, cells were labeled with
secondary antibody conjugated with Aleax-594 fluorescents for 1 h at
25 °C. The nucleuses were stained with DAPI for 15 min at 37 °C. Photos
were obtained using confocal microscope (Leica, Germany). The iso-
lated GCs were seeded in cell slide. After 4-day-incubation, cells were

Fig. 2. Structures of selected 20 compounds.

Table 1
The constituents family, solvent, purity and MNTC of 20 compounds.

Compounds Constituents
Family

Solvent MNTC
(μg/mL)

Purity (%)

Glycyrrhizic acid Triterpenoids DMEM/F12 500 98
Sanguinarium

chloride
Alkaloid DMSO 0.15 99.3

Astragaloside Saponins DMSO 100 96.9
Icariin Flavonoid DMSO 35 94.2
Psoralen Coumarin DMSO 12 99.7
Curcumin Polyphenols DMSO 14.5 98.7
Enoxolone Triterpenoids DMSO 6.25 99.6
Cepharanthine Alkaloid DMSO 5 100
Apigenin Flavonoid DMSO 2.5 99.2
Mangiferin Flavonoid DMSO 1000 98.1
Paeonol Phenolic acid DMSO 94 99.9
Tanshinone IIA Diterpenoids DMSO 0.6 99.5
Syringin Phenolic glycoside DMEM/F12 2400 95.2
Curcumol Sesquiterpenes DMSO 25 99.9
Osthole Coumarin DMSO 5 99.5
Angelicin Coumarin Ethanol 11.25 99.5
Amygdalin Cyanogenic

glycoside
DMEM/F12 8000 88.2

Chlorogenic acid Phenolic acid DMEM/F12 1000 96.8
Leonurine Alkaloid DMSO 250 94.3
Oxymatrine Alkaloid DMEM/F12 500 92.5%
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fixed with 4% paraformaldehyde at 4 °C for 20 min, then stained with
hematoxylin and eosin (HE) according to the manual instruction
(Fischer et al., 2008b).

2.6. The effect of the compounds on the mouse GCs viability

The isolated GCs were cultured for 4–5 d, and then seeded in 96-
well plates at a density of 1ⅹ105 cells/mL. The cells were incubated
individually in medium containing the 2-fold serial dilution of selected
20 compounds for 48 h. The medium only containing the dissolve so-
lution (1% DMSO or 1% Ethanol) was considered to be the mock con-
trol. The cells viability was determined by MTT assay. Briefly, the
medium was discarded, 25 μL MTT was added to each well and were
incubated at 37 °C for 4 h. Followed by the addition of 150 μL DMSO to
each well to dissolve the formazan crystals, the plate was further in-
cubated at 37 °C for 30 min. The optical density (OD) was obtained

using a microplate reader at 490 nm wavelength. The cell viability was
calculated according to the following formula. The maximum non-toxic
concentration (MNTC) was considered to be the concentration of a
compound that retains equal to 90% of cell viability (Chen et al., 2010).

= ×OD Simple OD MockCell viability(%) ( )/ ( ) 100%

2.7. The determination of ZEA optimal toxicity concentration

The cells were treated with different concentration of ZEA (10, 30,
60, 90, 120 μM) for 24 h and the cell viability was determined by MTT
assay. The optimal toxicity concentration of ZEA in the follow-up study
was determined according to the cell viability rate. The concentration
of ZEA at which it reduces cells viability approximately 50% was the
concentration used for the following study.

Fig. 3. Effects of 20 compounds on the viability of mouse GCs. Cells were treated individually with 20 compounds for 48 h and the cell viability was measured by
MTT assay. Letters such as a, b, c … and t represent different compounds, respectively. *p < 0.05 vs Mock.
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2.8. Screening the effective compounds for against ZEA-induced mouse GCs
injury

The cells were co-treated with each of the 20 compounds and ZEA
(60 μM) for 24 h and the cell viability was measured using MTT assay.
The protection rate was calculated to determine the effectiveness of
each compounds. The dose used for most compounds in the follow-up
study was the MNTC. Moreover, for some compounds which possessed
a pro-proliferative property, we chose the concentrations that exert pro-
proliferative effect. The cell morphology was observed under inverted
phase-contrast microscope (Olympus, Japan).

2.9. Western blot analysis

GCs were co-treated with different dose of chlorogenic acid (250,
500, or 1000 μg/mL) and ZEA (60 μM) for 24 h. Total cellular protein in
GCs was extracted using a total protein extraction kit (KeyGen, China)
and the protein concentration was determined using BCA protein assay
kit (Beyotime, China) according to the manufacturer's protocol. The
proteins were separated using sodium dodecyl sulfate-polyacrylamide
gel (SDS-PAGE) and transferred to a membrane of polyvinylidene di-
fluoride (PVDF, 0.22 μm). Then the membrane was blocked with Tris-
buffered Tween 20 (TBST) with 5% non-fat dry milk. Next, the mem-
brane was incubated with following primary antibodies: anti-GAPDH
(1:5000), anti-Bax (1:2000), anti-Bcl-2 (1:2000), anti-cleaved-caspase-3
(1:1000), anti-cleaved-PARP (1:1000). Then, the membrane was wa-
shed with TBST three times, and probed with HRP-conjugated sec-
ondary antibody. Finally, the target protein was detected by an en-
hanced chemiluminescence system (Boster, China).

2.10. Statistical analysis

The results were expressed as mean ± standard deviation (SD). All
the experiments were repeated three times. The differences among
groups were analyzed by using one-way analysis of variance (ANOVA)
after the homogeneity of variances checked using GraphPad Prism
statistical software (Graphpad Software, Inc., La Jolla, CA, USA), and
p < 0.05 was considered statistically significant.

3. Result

3.1. The identification of cultured mouse GCs

The protein expression of FSHR in cultured GCs was detected by
immunofluorescence (Fig. 1A). The red fluorescence was observed in
cytoplasm with the nuclei stained blue. These results confirmed that the
cells collected were ovarian granulosa cells and, could be used in the
follow-up experiment. HE staining showed the morphology of the GCs
with spindle or polyangular shape. The nucleus was deeply stained in
an elliptical shape, and the cytoplasm was stained with light red
(Fig. 1B).

3.2. The maximum non-toxic concentration of the compounds on the mouse
GCs

The MNTC of each compound (Table 1) on GCs was determined
using MTT assay. As shown in Fig. 3, all dose levels of astragaloside,
mangiferin, syringin, and amygdalin showed no cytotoxicity on GCs
(Fig. 3c, j, 3m and 3q, respectively). The glycyrrhizic acid, mangiferin,
paeonol, syringin, amygdalin, chlorogenic acid, and oxymatrine
(Fig. 3a, j, k, m, q, r and s, respectively) have a higher solubility, which
make them to be used in GCs in a wide range of working concentra-
tions. However, the high concentration of paeonol (Fig. 3k) showed a
stronger toxicity. The sanguinarium chloride, tanshinone IIA, osthole,
and enoxolone (Fig. 3b, l, 3o and 3g, respectively) have a narrow range
of working concentrations with strong toxicity for GCs. Some doses of
sanguinarium chloride, astragaloside, icariin, tanshinone IIA, chloro-
genic acid, and leonurine (Fig. 3b–d, l, r and s, respectively) could
promote cells proliferation. The effect of apigenin, paeonol, and tan-
shinone IIA (Fig. 3i, k and 3l, respectively) on GCs viability were pre-
sented in a dose-dependent manner.

3.3. ZEA decreased the viability of mouse GCs

As shown in Fig. 4, ZEA significantly reduced the survival rate of
GCs in a dose-dependent manner from concentration of 30 μM
(p < 0.05). The 10 μM ZEA had no influence on the GCs viability
(p > 0.05). According to the results, 60 μM ZEA was used to be the
model concentration in the present study as ZEA with this concentra-
tion reduced the approximately 50% of the GCs’ viability which is about
the IC50 values.

3.4. The effect of the compounds on the viability of mouse GCs exposed to
ZEA

Data from Fig. 4 showed that 60 μM ZEA significantly reduced the
survival rate of GCs (p < 0.05). Comparing to the ZEA group, mangi-
ferin (1000 μg/mL) (Fig. 5A, j) and chlorogenic acid (250, 500, and
1000 μg/mL) (Fig. 5A, r) had significantly rescued the decreased via-
bility caused by the ZEA (p < 0.05), chlorogenic acid had showed
higher the reversal rate than that of mangiferin. The remaining 18
compounds had shown no such protective effect. It is concluded that
chlorogenic acid provide the strongest protection from the injury in-
duced by ZEA among 20 compounds. As shown in Fig. 5B, the ap-
pearance of cells showed shrinkage and the cell adherence rate was
decreased in ZEA group, various concentrations of chlorogenic acid
rescued these changes.

3.5. The apoptotic pathway was involved in the protective effect of
chlorogenic acid

Some reports suggested that ZEA induced the cell death through
apoptosis pathway, increased the expression of cleaved-caspase-3, and
the ratio of Bax/Bcl-2 (Wang et al., 2014; Zheng et al., 2018). In order
to further investigate the protective mechanism of chlorogenic acid on

Fig. 4. The effect of ZEA on the viability of mouse GCs. Cells were treated with
ZEA at indicated concentrations, and the cell viability was determined using
MTT assay. *p < 0.05 vs Mock.
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ZEA-induced cytotoxicity on GCs, the effect of chlorogenic acid on the
apoptotic pathway was studied. The data showed that the various
concentrations (250, 500, and 1000 μg/mL) of chlorogenic acid

significantly attenuated the increase of cleaved caspase-3 (Fig. 6A),
while chlorogenic acid (500, 1000 μg/mL) decreased the ratio of Bax/
Bcl-2 increased by ZEA (Fig. 6B). The poly ADP-ribose polymerase

Fig. 5. Effects of 20 compounds on the viability of mouse GCs exposed to ZEA. (A) The protective effect of different compounds on ZEA-induced cytotoxicity was
determined by MTT. Letters such as a, b, c … and t represent different compounds, respectively. *p < 0.05 vs ZEA group. (B) The cell morphology after various
concentration (250, 500, and 1000 μg/mL) of chlorogenic acid and ZEA (60 μM) co-treat GCs was observed by inverted phase-contrast microscope. Scale bar: 100 μm.
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(PARP) is one of the main cleavage targets of caspase-3. ZEA increased
while chlorogenic acid (250, 500, and 1000 μg/mL) decreased the ex-
pression of cleavage of PARP (Fig. 6A). Taken together, those data
suggested that the apoptotic pathway participated the protective effect
of chlorogenic acid on ZEA induced cytotoxicity in GCs.

4. Discussion

ZEA could cause acute and chronic toxicity, carcinogenicity, geno-
toxicity, reproductive and developmental toxicity (Zhao et al., 2014;
Salem et al., 2015; Yang et al., 2018; Zhang et al., 2018; Zhang et al.,
2018), which has been a global health concern for humans and animals.
In responding to the need to develop compounds that may be able to
ameliorate the ZEA caused toxicity to humans and animals particularly
to female reproductive organs, we have taken the approach to screen
and identify the compounds derived from TCMs, which showed mul-
tiple effects against diseases. We used the mouse primary ovarian GCs
as a model for this study, which is related to reproductive diseases.
Mouse ovarian granulosa cells are not readily available. It was also
reported previously that in order to obtain much more ovarian granu-
losa cells, three weeks old immature female mice were chosen (Li et al.,
2016; Shen et al., 2017). Three weeks old female mice have less atresia
follicle, and after PMSG injection, ovarian follicles develop in abun-
dance. Therefore, three weeks old immature female mice were chosen
to obtain ovarian granulosa cells in this study. The cells were incubated
with 20 compounds, and then the cell morphology was observed and
evaluated every 24 h 48 h was considered to be the measure time of
MNTC, at which the morphology was not change. A previous study has
reported that 15–150 μM ZEA could significantly inhibited the pro-
liferation of mouse ovarian granulosa cells and induce apoptosis (Chen
et al., 2019). Consistent with the study, our results revealed that ZEA
inhibited cells viability in a dose-dependent manner. As reported from a
previous study, the dose of ZEA used was the IC50 (Ben Salem et al.,
2015). According to the reference, we choose 60 μM as the model dose
as this concentration of ZEA could reduce cells viability approximately
50%.

Among the 20 compounds screened we have successfully identified
2 compounds that can recuse the toxicity caused by the ZEA with the
chlorogenic acid as the lead compound as it can rescue the ZEA caused
damage on GCs consistently at concentrations from 250, 500, and

1000 μg/mL. Our results showed that sanguinarium chloride, as-
tragaloside, icariin, tanshinone IIA and leonurine with a pro-pro-
liferative effect on ovarian GCs, may rescue the inhibition of pro-
liferation induced by ZEA. However, these four compounds appeared to
have no effect. Paeonol is the phenolic acid compound, which belongs
to same class compounds as chlorogenic acid, showed no effect. We
speculated that the protect effect of compounds on ZEA-induced injury
may be related to the structure of the compound, rather than another
factors. We screened 20 compounds in the present study and it has laid
a foundation for the further studies on the protective methods resist
ZEA induced mouse primary GCs injury or reproductive diseases.

We explored mechanism of action of this lead compound against the
ZEA caused cytotoxicity. The results showed that chlorogenic acid had
partly reverse the increased expressions of cleaved caspase-3, cleaved
PARP and the ratio of Bax/Bcl-2. Caspase-3, Bax, and Bcl-2 are im-
portant protein in activation and execution of apoptotic pathway (Ma
et al., 2018). ZEA can cause GCs death through inducing cell apoptosis
(Lin et al., 2015; Xu et al., 2016). It is thus conceivable that chlorogenic
acid rescued the ZEA damage by attenuating or inhibiting the apoptotic
pathway. Another mechanism of action of chlorogenic acid would be in
promoting DNA repair pathway. The PARP is a protein that is important
for repairing single-strand breaks, and is also one of the main cleavage
targets of caspase-3, which cleavage facilitates cellular disassembly
(Tewari et al., 1995; Martín-Guerrero et al., 2019). And the results
showed that chlorogenic acid can boost the PARP expression.

Many endocrine-disrupting compounds exist in the environment
and cause harmful impact on humans and animals health (Wang et al.,
2018; Lu et al., 2019). Due to its structural similarity to estrogen, a low
dose of ZEA can also exert estrogen-like effects and promote the pro-
liferation of cells. However, high dose of ZEA could induce the gen-
eration of ROS which could lead to endoplasmic reticulum stress,
apoptosis, and DNA damage (Tatay et al., 2017; Zheng et al., 2018).
Oxidative stress may be one of the most important action mechanisms
of ZEA. Therefore, natural antioxidants were used to against ZEA in-
duced cell death. Curcumin, a powerful inhibitor of oxidative stress,
could rescue the oxidative stress induced by ZEA on porcine granulosa
cells in vitro (Qin et al., 2015). However, it played no effect on this
study, which may relate to the dose used of ZEA or the animal species
we choose. Chlorogenic acid was reported to be used as an antioxidant
to protect the oxidative damage of MC3T3-E1 cells induced by H2O2

Fig. 6. Effect of chlorogenic acid on ZEA induced mouse GCs death. (A, B) GCs were co-treated with indicated concentrations of chlorogenic acid at 250, 500, and
1000 μg/mL and ZEA at 60 μM for 24 h. The proteins expression of Bax, Bcl-2, cleaved-caspase-3, cleaved-PARP were detected by Western blot with specific
antibodies. (C) The relative of the representative protein band was analyzed compared to that of GAPDH. *p < 0.05 vs ZEA group.
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(Han et al., 2017). Therefore, chlorogenic acid may attenuate ZEA-in-
duced GCs apoptotic and DNA damage via inhibiting the production of
ROS. Further investigation is needed to verify the specific mechanism of
chlorogenic acid. In the present study, chlorogenic acid also showed a
significant effect in promoting proliferation which may also be involved
in the mechanism against ZEA caused GCs injury.

As we have only explored four proteins in the apoptotic pathways
and in the light of complex nature cellular death and other damages
possibly caused by ZEA, further research on the mechanism of this lead
compound is needed. More importantly, as a promising lead compound,
with initial understanding of its action, the chlorogenic acid warrants
further analysis of its action and structure-activity relationship so that
more potent, safer compounds can be developed for combating the ZEA
toxicity to humans and animals, benefiting human health and livestock
industry worldwide.

5. Conclusion

The chlorogenic acid is a lead compound with potent action against
the toxicity caused by ZEA. A concentration at 250 μg/mL is statistically
effective for this action. The action of apoptosis and possibly the DNA
damage repair pathway are important for the mechanism of action of
this lead compound. Further investigations should be carried out to
explore the other mechanism of action of chlorogenic acid and de-
lineate its structure-activity relationship for developing more potent,
safer compounds against ZEA toxicity to humans and animals.
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