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Microcystin-LR (MC-LR) is an emerging environmental pollutant produced by cyanobacteria that poses a threat
to wild life and human health. In recent years, the reproductive toxicity of MC-LR has gained widespread
attention, a large number of toxicological studies have filled the gaps in past research and more molecular
mechanisms have been elucidated. Hence, this paper reviews the latest research advances on MC-LR-induced
reproductive toxicity. MC-LR can damage the structure and function of the testis, ovary, prostate, placenta
and other organs of animals and then reduce their fertility. Meanwhile, MC-LR can also be transmitted through
the placenta to the offspring causing trans-generational and developmental toxicity including death, malfor-
mation, growth retardation, and organ dysfunction in embryos and juveniles. The mechanisms of MC-LR-induced
reproductive toxicity mainly include the inhibition of protein phosphatase 1/2 A (PP1/2 A) activity and the
induction of oxidative stress. On the one hand, MC-LR triggers the hyperphosphorylation of certain proteins by
inhibiting intracellular PP1/2 A activity, thereby activating multiple signaling pathways that cause inflammation
and blood-testis barrier destruction, etc. On the other hand, MC-LR-induced oxidative stress can result in cell
programmed death via the mitochondrial and endoplasmic reticulum pathways. It is worth noting that epigenetic
modifications are also involved in reproductive cell apoptosis, which may be an important direction for future
research. Furthermore, this paper proposes for the first time that MC-LR can produce estrogenic effects in animals
as an environmental estrogen. New findings and suggestions in this review could be areas of interest for future
research.

reported in different countries including Australia (Cirés et al., 2014),
China (Lin et al., 2016; Svircev et al., 2017), Brazil (Carmichael et al.,

1. Introduction

Cyanobacterial blooms produced by eutrophic water bodies have
become a serious environmental issue in the world (Yang et al., 2020).
When cyanobacterial blooms occur, the overgrown cyanobacteria emit
an unpleasant smell that affects water quality (Fig. 1A). Microcystis,
Oscillatoria, Anabaena and Aphanizomenon are the most common cya-
nobacteria that can produce microcystins (MCs) (Du et al., 2019"
Svircev et al., 2019) (Fig. 1B-E). These cyanobacteria can release MCs
into the water column after death, and MCs can harm aquatic animals,
and indirectly affect human health through the food chain (Papadimi-
triou et al., 2012). Since George Francis first reported the poisoning of
livestock by cyanobacterial blooms from Australia in 1878, the threat of
MCs on humans and animals has attracted wide attention all over the
world (Francis, 1878). Health hazards of MCs on humans have been
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2001; Hilborn et al., 2013), America (McCarty et al., 2016), and Canada
(Kelly et al., 2019).

MCs are cyclic heptapeptide toxins and more than 200 isomers have
been reported (Spoof and Catherine, 2017). Among them,
microcystin-LR (MC-LR) is the most toxic and widely distributed isomer
(Gupta et al., 2003). The molecular weight of MC-LR is 995.2 Da. The
chemical structure of MC-LR (-D-Ala-lI-Leu-D-isoMeAsp-l-Ar-
g-1-Adda-D-Glu-Mdha) is cyclic, in which Adda (3-amino-9-methoxy-2,
6,8-trimethyl-10-phenyl-4,6-dienoic acid) is an essential group for
expressing MC-LR toxicity. The two amino acids unique to MC-LR are
leucine at the second position and arginine at the fourth position
(Fig. 2). The cyclic structure and presence of novel amino acids render
MC-LR resistant to heat, hydrolysis, and oxidation. These chemical
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properties of MC-LR enhance its stability and persistence in the envi-
ronment (de la Cruz et al., 2011). MC-LR is also highly resistant to
conventional drinking water treatment processes, which increases the
risk of animal and human exposure (de la Cruz et al., 2011; Song et al.,
2020).

MC-LR is mainly present in the water environment, and aquatic an-
imals are most easily to be exposed to the poison. However, humans

B. Microcystis

D. Oscillatoria
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have more exposure routes than animals, such as ingestion (contami-
nated water, vegetables, fruits, algae supplements and other foods),
inhalation (during water recreation), dermal contact and venous inflow
(Lee et al., 2017) (Fig. 3). MC-LR can easily enter the body through the
blood circulation and then accumulate and damage in certain target
organs such as the liver (AlKahtane et al., 2020; Gorham et al., 2020; Jia
et al., 2019; Lei et al., 2019; Yang et al., 2018; Zhao et al., 2019b),

E. Aphanizomenon

Fig. 1. Cyanobacterial blooms and common cyanobacteria that produce microcystins. (A) Cyanobacterial blooms in East Lake in Wuhan, China (From Yan zhao city
network). (B) Microcystis is featured by the clustering of cells into a round shape. (C) Anabaena is featured by filaments composed of spherical cells. (D) Oscillatoria is
featured by filaments composed of cylindrical cells that can quiver. (E) Aphanizomenon is featured by filaments composed of short columnar cells (From

FACHB-Collection).
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gonads (Zhao et al., 2018), kidneys (Lin et al., 2016; Yi et al., 2019),
heart (Cao et al., 2019b), brain (Abdel-Daim et al., 2019), and intestines
(Cao et al., 2019a; Diez-Quijada Jiménez et al., 2020a), etc. Acute
exposure to MC-LR can cause liver enlargement, renal dysfunction, acute
gastroenteritis, and even death (Bell and Codd, 1994). Furthermore,
MC-LR also has potential carcinogenicity and developmental toxicity.
Epidemiological and experimental studies have shown that MC-LR
exposure may be related to a higher incidence of liver and colorectal
cancer (Martinez Hernandez et al., 2009; Ueno et al., 1996). Thus,
MC-LR has been classified as a possible human carcinogen (Group 2 B)
by the International Agency for Research on Cancer (IARC, 2010). The
World Health Organization also has set up a temporary guidance limit of
1 pg/L MCs for human drinking water (World Health Organization,
2011).

The gonads are considered to be the second most important target
organ of MC-LR after the liver (Chen and Xie, 2005). A large number of
studies have reported that MC-LR can accumulate in the gonads, causing
reproductive toxicity in vertebrates and invertebrates (Chen et al.,
2017b; Li et al., 2008b; Zhou et al., 2020a). Recently, the study of
reproductive toxicity of MC-LR has become a hot topic. Chen et al.
reviewed the toxicity and mechanism of MCs on reproductive system in
2016. They pointed out that MCs can cause reproductive toxicity in
mammals, fish, amphibians, and birds. This toxicity was found to result
in the initiation of apoptosis, cytoskeletal destruction, DNA damage, and
proliferation and tumorigenesis. They also found that the mechanism of
this toxicity involved in oxidative stress and the inhibition of protein
phosphatases 1 and 2 A (PP1 and PP2A) (Chen et al., 2016a). Un-
doubtedly, their review provides a thorough understanding of the
reproductive toxicity induced by MCs. Meanwhile, they also found
several areas within this research to be worth an in-depth study, such as
female reproductive toxicity, trans-generational toxicity, and sex hor-
mone disorders. The toxicity mechanism of MC-LR has also been sup-
plemented and improved in recent years. For example, MC-LR was found
to induce apoptosis in germ cells through epigenetic modification (Wang
et al., 2019). The latest researches showed that MC-LR may pass on the
offspring through the maternal placenta, leading to trans-generational
toxicity (Chen et al., 2009; Singo et al., 2017; Zhang et al., 2007), and
developmental toxicity (Wang et al., 2005; Zhao et al., 2020). A sum-
mation of the latest research data is needed for the deeper understanding
of the reproductive toxicity effects and mechanisms of MC-LR.

For this purpose, data on MC-LR-induced reproductive toxicity was
collected for this paper to review the latest findings. We also put forward
some suggestions for future research.

(6) D-Glu

(5) Adda
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2. Toxicities of microcystin-LR on the reproductive system

Current researches have shown that MC-LR can not only induce
reproductive toxicity but also produce trans-generational and develop-
mental toxicity (Fig. 4). MC-LR can damage gonads (testes, ovaries and
prostate), reduce sperm quality and interfere with sex hormone ho-
meostasis. MC-LR can also be transmitted to the next generation through
the placenta, inducing placental toxicity while causing trans-
generational toxicity and developmental toxicity.

2.1. Toxic effects of microcystin-LR on the male reproductive system

This section summarizes the male reproductive toxicity caused by
MC-LR from in vivo and in vitro studies. In vivo studies include the toxic
effects of MC-LR on the testis, prostate and sperm. In vitro studies
revealed the toxic effects of MC-LR on spermatogonia, Sertoli cells and
other cells. The detailed information is shown in Table 1.

2.1.1. In vivo studies

2.1.1.1. Microcystin-LR-induced testicular damage and sex hormone dis-
orders. Testes play a vital role in the male reproductive system, which
produce sperm and androgen. MC-LR has toxic effects on the testes in
vertebrates and invertebrates, which can damage testicular tissue and
organelles such as mitochondria and endoplasmic reticulum (Yuan et al.,
2019; Zhang et al., 2019a). Meanwhile, MC-LR can interfere with the
process of reproductive cell apoptosis, proliferation and differentiation,
as well as cause inflammation and sex hormone disorders in testes (Chen
et al., 2017b; Yuan et al., 2019).

MC-LR can induce testicular toxicities. Acute toxicity studies found
that MC-LR altered epigenetic modifications, resulting in testicular tis-
sue damage. After MC-LR was intraperitoneally injected into SD rats at
doses of 9, 18 and 36 pg/kg for 14 days, the expression of apoptosis-
related genes was increased by raising the levels of trimethylation of
histone H3 at lysine 4 (H3K4me3) (Yuan et al., 2019). H3K4me3 is a
post-translational histone modification and abnormal H3K4me3 causes
epigenetic modification errors (Dawson and Kouzarides, 2012). Under
the same exposure conditions, Wang et al. discovered that MC-LR acti-
vated mitochondrial apoptotic pathways and disrupted cell cycle path-
ways by increasing histone deacetylase (HDAC) and reducing histone
acetylation (HAC) activity in testicular cells of SD rats, thereby inducing
apoptosis (Wang et al., 2019). To sum up, histone methylation and
acetylation modifications play roles in cell cycle disorders and apoptosis
in the testes, and epigenetic modifications are closely linked to testicular
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Fig. 2. Chemical structure of microcystin-LR (L and R represent leucine and arginine respectively).
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Fig. 3. Pathways of human exposure to microcystin-LR. Wastewater containing nitrogen (N) and phosphorus (P) is discharged into the lake, inducing cyanobacterial
blooms. Microcystin-LR produced by cyanobacteria can be exposed to humans in many routes: ingestion of contaminated drinking water, aquatic, terrestrial animals
and cyanobacterial dietary supplements, consumption of contaminated vegetables and fruits irrigated with water containing microcystin-LR, inhalation and dermal
contact with microcystin-LR during water recreation, and the intravenous route of haemodialysis with contaminated water.
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Fig. 4. Schematic diagram of microcystin-LR-induced toxic effects on various reproductive organs.
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Table 1
Toxic effects of microcystin-LR on the male reproductive system.
Object Exposure Dose (MC- Time Toxic effects Reference
LR)
Rats/testis ip. 9, 18, 36 14d Testicular tissue damage, mitochondrial damage, ROS 1, H3K4me3 1, apoptosis, Bcl- Yuan et al.
Invivo ng/kg 2 |, Bax and caspase-3 1 (2019)
Rats/testis ip. 9, 18, 36 14d HDACI 1, HAT |, apoptosis, Ac-H3 and Ac-H4 |, Wang et al.
In vivo ng/kg Bax, caspase-3 and caspase-8 1 (2019)
Rosenbergii/testis Immersion 0.5, 5 pg/L 1,2,3w GSI |, disrupt testicular development, mitochondrial damage, destruction of cell Zhang et al.
Invivo junctions (2019b)
Mice/testis Orally 1,10, 100 90,180 d BTB dysfunction, ZO-1 and Occludin |, PI3K/Akt 1 Zhou et al.
In vivo ug/L (2020b)
Rats i.p. 30 pg/kg 1,3,5,7, GnRH, FSH, LH and testosterone first rise then fall, Gnrh1 | Wang et al.
In vivo 14d (2016)
Nile tilapia Immersion 8.3 pug/L 28 d Testosteron, E2 1, ghrh, pacap, gh, chrl, chr2, igfl, igf2, cyp19a, cyp19b, 20p-hsd and Chen et al.,
Invivo 17p- hsd 8 altered 2017a
Mice Orally 1,3.2,10 3,6m Testosterone |, FSH, LH 1 Chen et al.
In vivo pg/L (2011)
Zebrafish Immersion 0.3, 3, 30 90d Testosterone |, E2 1, testosteron/E2 | Su et al. (2016)
Invivo pg/L
Mice/prostate Orally 1, 10, 30 90,180 d Prostatic hyperplasia and prostatitis, PSA and PAP 1, TNF-a and IL-6 1 Pan et al.
In vivo ug/L (2018)
Elegans/sperm Immersion 4,16, 64 48 h Abnormal sperm cell morphology and function, spe-10, spe-15 and fer-10 | Li et al. (2015)
In vivo pg/L
Mice/sperm Orally 1,7.5, 15, 6 m Sperm count |, the percent of abnormal sperm 1, miRNA chr13_8977 and piRNA Meng et al.
In vivo 30 pg/L mmu_piR_027558 | (2019)
Spermatogonia In vitro 0.5, 5, 50, 6h Cell viability and total antioxidant capacity |, ROS 1, MMP 1, free Ca* concentration ~ Zhou et al.
500 nM 1 (2012)
Rats/Sertoli cells Primary 8, 16, 32 24h Apoptosis, caspase-9 and caspase-3 1, ROS 1 Huang et al.
culture pg/L (2016)
In vitro
Calves/Sertoli cells Primary 20, 40, 60, 24 or 120 Inflammation, TLR4 and NF-kB 1, TNF-a, IL-1, IFN-y, IL-4, IL-10 and IL-13 1, Adegoke et al.
culture 80 pg/L h apoptosis, BTB damage (2018)
In vitro
Leydig cells In vitro 500 nM 1,3,6,12, Apoptosis, TNF-o and GAS6 1, ROS 1, p-p38 | Chen et al.,
24h 2018
Leydig cells In vitro 1M 1,3,6,12 Inflammation, TNF-a, IL-6, MCP-1 and CXCL10 t, PI3K/Akt/NF-kB activated Chen et al.
h (2017b)
Rats/co-cultured Sertoli- Primary 9,18, 36 yM 24h HDACI 1, HAT |, Ac-H3 |, Ac-H4 |, p21 1, cyclinD1, cyclinEl, CDK2 and E2F1 |, Wang et al.
germ cells culture cycle arrest in S phase, Bax, caspase-3, and caspase-8 1, apoptosis (2019)
Invitro
Rats/co-cultured Sertol- Primary 9,18,36 yM 24 h Cytochrome c from mitochondria to cytoplasm, p53 t, MMP |, apoptosis Wu, 2019a
germ cells culture
In vitro
RWPE-1 cells In vitro 5, 20, 100, 48 h FOXM1, p-catenin and cyclinD1 |, MCP-1, CXCL10, TNF-o and IL-6 1 Pan et al.
500 nM (2018)

Abbreviation: i.p: intraperitoneal, GSI: gonadosomatic index, BTB: blood-testis barrier, MMP: mitochondrial membrane potential, GnRH: gonadotropin-releasing
hormone, FSH: follicle stimulating hormone, LH: luteinizing hormone, E2: 17p-estradiol.

toxicity caused by MC-LR. Moreover, MC-LR also impairs testicular
development of invertebrate. After Macrobrachium rosenbergii were
exposed to MC-LR (0.5 and 5 pg/L) for three weeks, a decrease in
testicular weight and gonadosmatic index (GSI) was found. It was
observed that MC-LR entered rosenbergii testis, and damaged mito-
chondria and cell junctions in germ cells (Zhang et al., 2019b). Also,
MC-LR could cause zebrafish gonad retardation. Hou et al. proved that
MC-LR delays gonad maturation by disrupting the growth
hormone/insulin-like growth factor system of zebrafish, and the gonadal
development of males are more vulnerable than that of females to
MC-LR (Hou et al., 2017).

In a chronic toxicity study (Zhou et al., 2020b), male mice were
orally exposed to 1, 10 or 100 pg/L MC-LR for 90 or 180 days. Under
these conditions, MC-LR caused the degradation of proteins associated
with tight junctions and gap junctions, thereby destroying the
blood-testis barrier (BTB) (Zhou et al. 2019b, 2020b). Furthermore,
chronic exposure to MC-LR could also induce immune response and
inflammation in the testis, with infiltration of macrophages. The main
features of this were the increase of proinflammatory cytokines in the
testis such as tumor necrosis factor-a (TNF-a) and monocyte chemo-
attractant protein-1 (MCP-1) (Chen et al. 2016b, Chen et al., 2017b).

In recent years, researchers conducted in-depth studies on the effect

of MC-LR on sex hormone disorders in male animals and found that MC-
LR could affect the level of sex hormones in mammals (Ding et al., 2018;
Wang et al., 2016), fish (Chen et al., 2017a; Liu et al., 2016), amphibians
(Jia et al., 2018) and invertebrates (Zhang et al., 2019a). After rats were
injected intraperitoneally with MC-LR (30 pg/kg) for different duration
(1, 3, 5, 7 and 14 days), it was observed that MC-LR increased and
subsequently decreased the serum levels of gonadotropin-releasing
hormone (GnRH), serum follicle-stimulating hormone (FSH), luteiniz-
ing hormone (LH) and testosterone. Interestingly, Gnrhl expression was
steadily decreased (Wang et al., 2016). These results suggested that
MC-LR causes a disturbance of related hormones in the
hypothalamus-pituitary-gonadal (HPG) axis. After treating Nile tilapia
with MC-LR (8.3 pg/L) for 28 days, the levels of 17p-estradiol (E2) and
testosterone were significantly up-regulated, and transcripts of genes
(ghrh, pacap, gh, ghrl, cypl9a, 3p-hsdl, etc.) in the
hypothalamus-pituitary-gonadal-liver (HPGL) axis were significantly
altered (Chen et al., 2017a). MC-LR also caused sex hormone disorders
in amphibians and invertebrates. Exposing rana nigromaculata and
rosenbergii to MC-LR significantly decreased testosterone level and
increased the level of E2 (Jia et al., 2018; Zhang et al., 2019b). In
summary, MC-LR changed the sex hormone levels of male animals,
which may be related to HPG and HPGL axes adjustment.
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After chronic low-dose exposure of MC-LR (10 pg/L), testosterone
level in male mice decreased, but LH and FSH levels increased (Chen
etal., 2011). This suggests that low-dose exposure of MC-LR may change
the level of testosterone, FSH and LH through HPG axis feedback regu-
lation. However, high-dose exposure of MC-LR may disrupt the adjust-
ment of the HPG axis, resulting in decreased levels of testosterone, FSH,
and LH. Another study found that MC-LR promoted the conversion of
testosterone to E2 in the blood and caused the testosterone/E2 ratio to
decrease in male zebrafish (Su et al., 2016). In conclusion, MC-LR can
affect the level and biotransformation of sex hormones, and alter the
transcription of HPG and HPGL axes related genes. Interestingly, there
are some differences in MC-LR-induced changes in sex hormone levels in
different animal models. One possible explanation is the differences
between species, and the method and concentration of their exposure.

2.1.1.2. Toxic effects of microcystin-LR on the prostate. The prostate is an
important accessory gland in male animals. It has the function of
secreting prostate fluid which can nourish and protect sperm. Male an-
imals may suffer from prostatic hyperplasia and prostatic inflammation
after long-term exposure of MC-LR. After mice were given drinking
water containing 1, 10, 20 or 30 pg/L MC-LR for 90 or 180 days, mouse
body weight and prostate index were decreased. MC-LR can be trans-
ported into the prostate tissues causing focal hyperplasia of the prostate,
which is manifested as epithelial hyperplasia and interstitial hyperpla-
sia. Furthermore, MC-LR was shown to increase prostate specific antigen
(PSA), prostate acid phosphatase (PAP) and pro-inflammatory cytokines
such as TNF-o and interleukin-6 (IL-6) in serum and prostate tissue (Pan
et al., 2018). In the serum of healthy individuals, low levels of PSA and
PAP can be detected, but elevated levels of PSA can be detected in
people with prostate-related diseases (Elzanaty et al., 2016). This sug-
gests that MC-LR may increase the risk of prostate disease, especially
prostate inflammation. The exposure of MC-LR during the perinatal
period also interfered with the prostate development of male offspring
(Han et al., 2019; Zhang et al., 2017), indicating that MC-LR is not only
toxic to the parental prostate, but also to the prostate of the offspring.

2.1.1.3. Toxic effects of microcystin-LR on sperm. MC-LR damages sperm
in mammals (Chen et al., 2017b; Li et al., 2008b), fish (Su et al., 2016),
amphibians (Jia et al., 2014; Zhang et al., 2013) and nematodes (Li et al.,
2015). It has been observed in acute and chronic toxicity studies that
MC-LR decreases sperm quantity, motility and vitality (Chen et al.,
2017b; Li et al., 2008b). The fertility of zebrafish is affected by MC-LR,
as the number of mature sperm is significantly reduced after long-term
exposure to the poison (Su et al., 2016). In addition, studies also
found that exposure to cyanobacteria reduced sperm motility of mussels,
attesting that cyanobacteria also have an impact on the reproductive
system in shellfish (Boegehold et al., 2019; Diez-Quijada Jiménez et al.,
2020b). However, it cannot be confirmed whether MC-LR can cause a
decrease in shellfish sperm quality.

MC-LR caused abnormal sperm morphology, abnormal sperm
behavior, and suppression of sperm activation in Caenorhabditis elegans
(Li et al., 2015). Defective sperm functions may be related to the reduced
expression of spe-10, spe-15 and fer-1 genes which are involved in
spermatogenesis (Gleason et al., 2006; Krajacic et al., 2009; Li et al.,
2015). Also, high-throughput sequencing results revealed that
MC-LR-induced abnormal spermatogenesis is related to the abnormal
expression of some non-coding RNAs (ncRNAs) such as microRNAs
(miRNAs), piwi-associated RNAs (piRNAs), covalently closed circular
RNAs (circRNAs) and long non-coding RNAs (IncRNAs) (Meng et al.,
2019). Specifically, the expression of chr13_8977 and mmu_piR_027558
in mice testis tissue decreased after exposure to MC-LR. Genetic
ontology analysis found that these two types of ncRNA regulated germ
cell apoptosis and sperm quality (Meng et al., 2019). Therefore,
chr13_8977 and mmu_piR_027558 are involved in the MC-LR-induced
sperm quality decline. Furthermore, some researchers also found that
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mmu_piR_003399 and miR-96 may be the target genes regulating sperm
(Zhang et al., 2018; Zhou et al., 2014). In a word, MC-LR reduces sperm
quality by inducing abnormal spermatogenesis, and ncRNAs regulation,
especially piRNAs and miRNAs, which play a significant role in regu-
lating spermatogenesis.

2.1.2. In vitro studies

2.1.2.1. Toxic effects of microcystin-LR on spermatogonia. Spermato-
gonia are primordial germ cells and eventually develop into sperm cells.
MC-LR can be transported into spermatogonia through organic anion-
transporting polypeptides (OATP), resulting in the decrease of cell ac-
tivity, oxidative stress damage, and apoptosis (Zhou et al., 2012). Pre-
vious studies have reported that miR-96 is involved in MC-LR-induced
spermatogonia toxicity (Zhou et al., 2014). In recent years, it has been
discovered that MC-LR led to a high expression of miR-541 in GC-1 cells
(derived from mouse spermatogonia). Overexpression of miR-541 can
promote apoptosis by targeting p15 and downstream apoptosis-related
proteins such as p53 and Bax (Meng et al., 2016). p15 is a member of
the INK4 family of cyclin-dependent kinase inhibitors and mediates
signals essential for maintaining cell cycle and apoptosis (Leeper et al.,
2013; Zhang et al., 2016a). Zhang et al. have made similar findings that
up-regulation of mmu_piR_003399 triggered G1 phase cell cycle arrest
by reducing the expression of cyclin-dependent kinase 6 after GC-1 cells
were exposed to MC-LR (Zhang et al., 2018). This suggests that MC-LR
induces abnormal expression of ncRNAs, which can target cell
cycle-related proteins and lead to spermatogonia toxicity. And,
MC-LR-induced cell cycle disorder may cause apoptosis.

2.1.2.2. Toxic effects of microcystin-LR on Sertoli cells. Sertoli cells pro-
vide protection and nutrition for the germ cells. They protect the germ
cells by creating a BTB and secreting immunomodulatory factors. It has
been reported that MC-LR can enter Sertoli cells and induce apoptosis
and autophagy (Chen et al. 2013, 2016b; Huang et al., 2016). After
Sertoli cells were exposed to MC-LR (8, 16 and 32 pg/mL), it was found
that reactive oxygen species (ROS) levels increased, which in turn trig-
gered cell apoptosis through the mitochondrial caspase-dependent
pathway (Huang et al., 2016). Chen et al. had a similar finding that
MC-LR can promote caspase-3 protein expression and incur TNF-a to
interact with tumor necrosis factor receptor 1 in Sertoli cells, thereby
inducing apoptosis. To explore whether MC-LR can pass the BTB, they
injected biotin tracer into the dissected testicular tissue. It was discov-
ered that after the testicular tissue was exposed to MC-LR, the biotin
tracer diffused through the BTB into the seminiferous tubules, con-
firming that MC-LR can destroy the BTB and enter the germ cells to exert
toxicity (Chen et al., 2016b).

Exposure to MC-LR can bring about inflammation in Sertoli cells.
After exposure of 40, 60 and 80 pg/L MC-LR for 24 or 120 h, the in-
flammatory response was shown to be activated through the toll-like
receptor 4/nuclear factor kappa B (TLR4/NF-kB) signaling pathway in
Sertoli cells (Adegoke et al., 2018). Exposure to MC-LR has been shown
to up-regulate the expression of pro-inflammatory cytokines such as
TNF-o, interleukin-1p (IL-1p) and interferon-y (IFN-y) and
anti-inflammatory cytokines such as interleukin-4 (IL-4), interleukin-10
(IL-10) and interleukin-13 (IL-13) (Adegoke et al., 2018). NF-kB is a key
transcription factor in the TLR4 signaling pathway, and also participates
in the immune response (Wu et al., 2018). Therefore, TLR4 and NF-xB
are both involved in the MC-LR-induced inflammation in Sertoli cells. In
addition, some investigators believe that the inflammatory response
may lead to the apoptosis of Sertoli cells, and the inflammation also
seems to be related to BTB damage (Adegoke et al., 2018). In summa-
tion, MC-LR did cause an inflammatory response, the destruction of BTB
and apoptosis in Sertoli cells. However, the link between MC-LR-induced
inflammation and apoptosis remains controversial and needs further
investigation.
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2.1.2.3. Toxic effects of microcystin-LR on Leydig cells. Leydig cells are
distributed in the loose interstitial tissue of seminiferous tubules, which
are the main sites of androgen production. Although MC-LR cannot enter
Leydig cells (Wang et al., 2013), it can still exert toxic effects in other
ways (Chen et al., 2018b). After the exposure of 500 nM MC-LR to
co-cultured Leydig cells and macrophages for 24 h, the number of Leydig
cells was significantly decreased but the number of macrophages was
increased. Studies on the mechanism of Leydig cell reduction showed
that MC-LR can stimulate macrophages to secrete TNF-a and growth
arrest-specific 6 (Gas6). TNF-a can result in Leydig cells apoptosis by
activating the ROS-p38 mitogen-activated protein kinase (p38MAPK)
signaling pathway, while Gas6 can promote macrophages to engulf
Leydig cells (Chen et al., 2018b). This manifests that the reduction of
Leydig cells is due to apoptosis and macrophage phagocytosis of Leydig
cells.

Exposing Leydig cells to MC-LR has been shown to reduce testos-
terone production by inducing apoptosis and the negative feedback
regulation of HPG axis (Chen et al., 2018b; Wang et al., 2016).
Furthermore, MC-LR was shown to produce an innate immune response
in Leydig cells which was caused by increased stimulation of toll-like
receptor 2 (TLR2), NF-kB, proinflammatory cytokines and chemokines
(Chen et al., 2017b). Previous research also found MC-LR could reduce
cell viability, induce oxidative stress and increase the proportion of
apoptotic DNA fragmentation and necrotic cells (Li et al., 2008a).
However, the mechanism of this toxic effect is still not clear.

2.1.2.4. Toxic effects of microcystin-LR on co-cultured Sertoli-germ cells.

Primary co-cultured Sertoli-germ cells are more adaptable to the in vitro
environment than Sertoli or germ cells cultured alone. It has become an
important model for toxicology research. Cell cycle disorder occurs in
primary co-cultured Sertoli-germ cells after exposure to MC-LR. Exper-
imental evidence has shown that MC-LR induces cell cycle arrest in the S
phase and alters the expression of cell cycle-related proteins, including
p21, cyclinD1, cyclinEl, cyclin-dependent kinase 2 (CDK2) and E2F
transcription factor 1 (E2F1). Furthermore, apoptosis was found to occur
in Sertoli-germ cells after treatment with MC-LR (Wang et al., 2019). On
the one hand, MC-LR activated p53-dependent pathway-associated
proteins leading to a decrease in mitochondrial membrane potential
(indicating the opening of mitochondrial permeability transition pore
and the release of cytochrome c from the mitochondria into the cyto-
plasm) and eventually the induction of apoptosis (Wu, 2019a). On the
other hand, epigenetic modifications also participated in apoptosis by
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reducing HDAC activity and increasing the expression of histones H3,
H4, and H3K4me3 (Wang et al., 2019; Yuan et al., 2019). Previous
studies found that the expressions of p53 and its regulatory genes are
affected by H3K4me3 (Lauberth et al., 2013; Mehta et al., 2015).
Therefore, H3K4me3 may lead to apoptosis by affecting the expression
of p53.

2.1.2.5. Toxic effects of microcystin-LR on human prostate epithelial cells.
Human prostate epithelial (RWPE-1) cells have many characteristics of
prostatic epithelial cells and have been widely used as a replacement for
them. To explore the mechanism of MC-LR-induced prostate hyperplasia
and inflammation, Pan et al. exposed RWPE-1 cells to concentrations of
MC-LR (5, 20, 100, 500 nM) for 48 h. The results showed that MC-LR up-
regulated the expression of cyclinD1 (a vital marker of cell proliferation)
by FOXM1/Wnt/f-catenin signaling pathways, promoted the prolifera-
tion of prostate epithelial cells, and then resulted in prostatic hyper-
plasia (Pan et al., 2018). Forkhead box M1 (FOXM1) plays a crucial role
in promoting the proliferation and invasion of prostate cancer (Nandi
et al., 2018). When the prostate is hyper-proliferated, the prostate is
likely to become cancerous, which means that MC-LR increases the risk
of cancer. Furthermore, MC-LR also up-regulated MCP-1, C-X-C motif
ligand (CXCL) 10 (CXCL10), TNF-a and IL-6 in RWPE-1 cells through the
NF-kB pathway, thereby inducing inflammation (Pan et al., 2018).

2.2. Toxic effects of microcystin-LR on female reproductive system

MC-LR has been shown to damage ovarian tissue and interfere with
estrogen secretion. Long-term exposure to MC-LR affects oocyte matu-
ration and reduces the fertility of females. In addition, MC-LR causes
oxidative stress and autophagy in the ovary as well as incurs apoptosis
through the mitochondrial and endoplasmic reticulum pathways. The
specific research is summarized in Table 2.

2.2.1. Invivo studies

The ovary is a vital reproductive organ of female animals, which can
produce eggs and steroid sex hormones. Acute exposure to MC-LR has
been shown to cause pathological damage in zebrafish ovaries and to
trigger oxidative stress and endoplasmic reticulum (ER) stress (Zhan
et al., 2020a; Zhang et al., 2020). MC-LR increased ROS and malon-
dialdehyde concentration as well as the enzymatic activities and tran-
scriptional levels of antioxidant enzymes catalase, superoxide dismutase
and glutathione peroxidase (Hou et al., 2014; Liu et al., 2018b). In

Table 2
Toxic effects of microcystin-LR on the female reproductive system.
Object Exposure Dose (MC- Time Toxic effects Reference
LR)
Danio/Ovary i.p. 50, 200 pg/ 1, 3,12, 24, Pathological damage, MDA, CAT, SOD and GPX 1, oxidative stress Hou et al.
In vivo kg 48,168 h (2014)
Zebrafish/ Immersion 1,5, 20 pg/ 30d Pathological damage, eggs |, GVBD 1, cAMP and VTG |, promotes oocyte maturation Zhan et al.
Ovary In vivo L (2020b)
Mice/Ovary Orally 1,10, 40 3,6m GSI |, follicular atresia, developmental follicles |, decline in female fertility Wu et al.
In vivo ng/L (2015)
Zebrafish Immersion 1, 5, 20 pg/ 30d E2, 11-KT, testosterone and FSH 1, transcriptional changes of 22 genes of the HPG axis Liu et al.
Invivo L (2016)
Zebrafish/ Primary 1, 10, 100 2,4h PP2A activity |, MPF activity 1, ERK, p38 and JNK 1, GVBD rates changed, cyclinB 1 Liu et al.
Oocytes culture ug/L (2019)
In vitro
KK-1 cells Invitro 8.5,17, 34 24 h Pathological damage, ROS 1, ER stress and autophagy, apoptosis Liu et al.
pg/mL (2018b)
Mice/Granulosa  Primary 5 puM 48 h miRNAs and mRNAs participated in apoptosis, formation of cancer, proliferation and Li et al. (2017)
cells culture production of hormones
Invitro
CHO cells In vitro 2.5,5,10 24h ROS 1, intracellular Ca®* release, autophagic vacuoles 1, ER stress (GRP78, ATF-6, PERK, Zhang et al.
uM IRE1, CHOP 1) and autophagy (Beclinl and LC3-II 1, LC3-I |) (2016b)

Abbreviation: i.p: intraperitoneal, MDA: malondialdehyde, CAT: catalase, SOD: superoxide dismutase GPX: glutathione peroxidase, GVBD: germinal vesicle break-
down, VTG: vitellogenin, ROS: reactive oxygen species, GSI: gonadosomatic index, ER: endoplasmic reticulum, MMP: mitochondrial membrane potential, FSH: follicle
stimulating hormone, E2: 17f-estradiol, 11-KT: 11-ketotestosterone, CHO: Chinese hamster ovary.
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addition, glutathione (GSH) concentration was reduced after treatment
with MC-LR (Hou et al., 2014). GSH is an important antioxidant, which
is involved in many cellular functions, such as ROS clearance and
detoxification of xenobiotics. When GSH reacts with ROS, GSH will be
consumed through the binding of glutathione S-transferases (GST) or the
formation of glutathione disulfide. Interestingly, after discontinuing
MC-LR exposure, ovarian tissue damage and antioxidant indicators
eventually recovered (Hou et al., 2014). Therefore, the decrease of GSH
content after MC-LR exposure indicates that the ovarian antioxidant
system may be able to overcome the damage of MC-LR in the ovary.

In a subchronic study, adult female zebrafish were exposed to MC-LR
(1, 5, 20 pg/L) for 30 days. The results showed that MC-LR can cause
pathological damage in fish ovaries, which is mainly characterized by
enlarged intercellular spaces, detachment of follicular cells from oo-
cytes, and vacuolation of parenchymal tissues. Moreover, MC-LR
decreased the number of eggs, allowed fertilized eggs to hatch in
advance, and increased the abnormal rate of offspring (Zhan et al.,
2020b). Long-term exposure to environmental levels of MC-LR may
stimulate follicular atresia and reduce developmental follicles, accom-
panied by a decrease in GSI, which ultimately leads to a decline in fe-
male fertility (Wu et al., 2015). In acute and chronic toxicity studies,
MC-LR damaged the structure and function of ovaries, and triggered
oxidative stress which led to apoptosis, and ultimately, to a decrease in
the fertility of female animals. But this damage seems to be reversible
within a period of time, which suggests that females have a strong ability
to overcome MC-LR toxicity.

MC-LR has been shown to disturb hormone levels in female animals.
After exposing female zebrafish to MC-LR (1, 5, and 20 pg/L) for 30
days, serum levels of E2, testosterone, 11-ketone testosterone (11-KT)
and FSH were all elevated, indicating that MC-LR caused an imbalance
in sex hormones. At the same time, MC-LR was shown to induce changes
in the expression of HPG axis-related genes such as gnrh2, gnrhr3, ar, lhr,
hmgra, hmgrb and cyp19a, showing that MC-LR can affect the HPG axis
regulation (Liu et al.,, 2016). Chronic exposure of MC-LR at environ-
mental levels decreased serum E2 and increased progesterone (Wu et al.,
2015). In addition to the HPG axis, MC-LR was also shown to affect sex
hormone levels through HPGL axis regulation in female animals. Qiao
et al. showed that in female fish, E2 concentration was significantly
reduced in the ovaries, while changes in vtgl transcription levels in the
liver and overall vitellogenin (VTG) levels were observed (Qiao et al.,
2013). VTG is a yolk precursor protein in the liver and is essential for
yolk development and maturation of oocytes (Tata and Smith, 1979). All
in all, hormone levels have a very important relationship with the
regulation of the neuroendocrine system, especially the HPG axis and
HPGL axis regulation.

2.2.2. In vitro studies

2.2.2.1. Toxic effects of microcystin-LR on oocytes. Oocytes participate
in oogenesis and become ovum after meiosis. When MC-LR is present in
oocytes, it produces reproductive toxicity to females by affecting oocyte
development (Liu et al., 2019; Qiao et al., 2019). Liu et al. showed that
when oocytes were isolated from zebrafish in vitro and treated with 10 or
100 pg/L MC-LR for 4 h, MC-LR triggered hyperphosphorylation of the
MAPK pathway by inhibiting PP2A activity, and led to an early occur-
rence of oocyte germinal vesicle breakdown (GVBD) (Liu et al., 2019).
The maturation of fish oocytes is characterized by the recovery of
meiosis and GVBD is often used to morphologically determine the
endpoint of oocyte maturation progression (Clelland and Peng, 2009;
Maskey et al., 2019). Therefore, these results indicate that the PP2A/-
MAPK pathway is involved in the process by which MC-LR interferes
with oocyte maturation. In exploring the mechanism of MC-LR on
oocyte maturation, some studies also showed that MC-LR could reduce
the content of cyclic adenosine monophosphate (cAMP) in oocytes, in-
crease the phosphorylation of extracellular signal-regulated kinase
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(ERK) and maturation promoting factor (MPF) proteins, and ultimately
promote oocyte maturation (Zhan et al., 2020b). ERK is activated by
c-mos (proto-oncoprotein kinase) during the maturation of oocytes in
mice (Verlhac et al., 1996). In most teleost fish, a sharp drop of cyclic
adenosine monophosphate (cAMP) levels in oocytes could activate
protein kinase A (PKA), which further triggers the ERK pathway and
ultimately promotes oocyte maturation (Lazar et al., 2002). In addition,
MPF is a complex of cdc 2 and cyclinB, and its activation is essential for
the maturation of most bony fish oocytes (Kondo et al., 1997; Masakane,
2000). This also explains why MC-LR promotes oocyte maturation by
activating the ERK/MPF pathway in female zebrafish.

2.2.2.2. Toxic effects of microcystin-LR on ovarian granulosa cells and
Chinese hamster ovary cells. Granular cells are one of the main functional
cells in the follicles and play an important role in maintaining the
normal growth and development of oocytes. MC-LR can enter ovarian
granulosa cells, and cause ER stress, autophagy and apoptosis through
oxidative stress (Liu et al., 2018b). Liu et al. observed that MC-LR
damaged the mitochondria and endoplasmic reticulum, and promoted
apoptosis in KK-1 cells (murine ovarian granular cells). Furthermore, it
was found that antioxidant N-acetylcarnosine (NAC) pretreatment
inhibited the expression of ER stress-related protein protein kinase
R-like ER kinase (PERK) and autophagy-related proteins X-box binding
protein 1 (XBP-1) and Beclinl (Liu et al., 2018b), indicating that
oxidative stress may mediate MC-LR-induced ER stress and autophagy in
KK-1 cells.

Li et al. treated ovarian granulosa cells with MC-LR for 48 h and
examined miRNA and mRNA expression in mice (Li et al., 2017). The
results found that significantly altered miRNAs and mRNAs were mainly
linked to proliferation, apoptosis, immunity and metabolism. Through
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis,
differentially expressed miRNAs and mRNAs were mainly involved in
apoptosis, cancer formation, proliferation, and hormone production. In
a word, MC-LR affects gene expression in mouse granulosa cells by
disturbing miRNA and mRNA, thereby interfering with the normal
function of mouse granulosa cells (Li et al., 2017).

MC-LR can cause toxicity in Chinese hamster ovary (CHO) cells
including cytoskeletal destruction, apoptosis and necrosis, cell cycle
inhibition and DNA damage (Géacsi et al., 2009; Zhang et al., 2016b).
Xue et al. found that NAC could effectively alleviate oxidative damage
and apoptosis caused by MC-LR (Xue et al., 2015), indicating that
oxidative stress mediates MC-LR-induced apoptosis in CHO cells. MC-LR
also increased the expression of ER stress-related proteins glucose
related protein 78 (GRP78), activating transcription factor 6 (ATF6),
PERK, inositol requiring enzyme 1 (IRE1), C/EBP homologous protein
(CHOP) as well as autophagy proteins Beclinl and
microtubule-associated protein 1 light chain 3-II (LC3-II), meanwhile
decreased the expression of microtubule-associated protein 1 light chain
3-I (LC3-I). And ER stress inhibitor can effectively reduce the levels of
apoptosis and autophagy caused by MC-LR (Zhang et al., 2016b). This
shows that ER stress plays a crucial role in MC-LR-induced apoptosis and
autophagy in CHO cells. Furthermore, MC-LR was found to trigger
excessive ROS production and intracellular calcium release. The ER is
the main storage place for calcium ion (Ca?"), ER stress may have a
certain relationship with the increase of intracellular Ca®*,

In brief, MC-LR can cause toxicity of ovarian granulosa cells and CHO
cells. Oxidative stress is closely related to MC-LR-induced ER stress,
autophagy and apoptosis.

2.3. Trans-generational and developmental toxic effects of microcystin-
LR

In addition to affecting the female and male reproductive organs, the
latest evidence shows that MC-LR can also be transmitted to the
offspring through the parent, causing trans-generational toxicity. MC-LR
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Table 3
Trans-generational and developmental toxicity induced by microcystin-LR.
Object Exposure Dose Time Toxic effects Reference
Daphnia Immersion 1 pg/L 3 generations Delayed maturation and reproduction of the daphnia in F1 and F2 Dao et al.
Microcystis extracts (2018)
Zebrafish Immersion 1,5, 20 pg/L 30d Body weight and body length in F1 |, liver damage, immune function, growth- Liu et al.
MC-LR related genes (gh, ghra, ghrb, igfl1, igflra and igfirb |) (2014)
Loach Immersion 1, 3, 10, 100, 1000 7d Developmental abnormalities: tubular heart, bradycardia, poor yolk resumption, Liu et al.
juveniles pg/L MC-LR small head, curved body and tail, and abnormal hatching (2002)
Pregnant mice Orally 1, 10, 50 pg/L GD12-21 d after AGD and prostate index |, interfere with the development of the prostate in the Zhang et al.
MC-LR birth offspring (2017)
Zebrafish Immersion 1,5, 20 pg/L 30d Deformity: spinal curvature, decreased pigmentation, and pericardial swelling inthe ~ Zhan et al.
MC-LR F1 (2020b)
Zebrafish Immersion 0.2, 0.5, 2, 5 mg/L 96 h Malformation, growth delay heart rates |, ROS 1, apoptosis, Bcl-2 |, p53 and Bax 1 Zeng et al.
embryos MC-LR (2014)
Zebrafish Immersion 1,5, 25 pg/L 60 d MC-LR in the gonad of FO and F1 embryos, disturbing the neurotransmitter systems ~ Wu et al.
MC-LR and neuronal development in FO (2017)
Zebrafish Immersion 4 pM 96 h Malformation, growth delay, heart rates |, ER stress, caspase-8, caspase-3, MAPK8 Qi etal. (2016)
larvae MC-LR and Bax 1, Bcl-2 |, apoptosis
Pregnant mice ip. 5, 20 pg/kg GD13-GD17 Fetal weight and placental weight |, inhibition of proliferation and induce apoptosis ~ Zhao et al.
MC-LR in placenta, ROS 1, ER stress (2020)

Abbreviation: i.p: intraperitoneal, ROS: reactive oxygen species, ER: endoplasmic reticulum, AGD: anal-genital distance, GD: gestational day.

can adversely affect the liver, heart, brain and other organs of the
offspring (Table 3). MC-LR was found in the yolks and egg whites of
birds, Nile crocodile eggs and progeny snails suggesting that it has trans-
generation toxicity (Chen et al., 2009; Singo et al., 2017; Zhang et al.,
2007). It is also worth noting that MC-LR not only interferes with the
development of F1 generation but also affects the development of F2
generation. Daphnia was exposed to MC-LR (1 pg/L) for three consec-
utive generations. Although there were only some weak negative effects
of the toxins on the first generation (FO), MC-LR had a strong direct,
cumulative and carrying effect on the life history traits in F1 and F2 of
daphnia, including the reduction of survival and reproduction ability
(Dao et al., 2018).

Developmental toxicity refers to the harmful effects of offspring
caused by parental exposure to exogenous physical and chemical factors
before offspring birth. Parental MC-LR exposure could cause offspring
and embryo malformation and growth retardation, damage to organ
structure and function, and lead to the death of offspring in a dose and
time-dependent manner (Wang et al., 2005; Zeng et al., 2014; Zhan
et al., 2020b). Parental zebrafish were continuously exposed to MC-LR
(1, 5 and 20 pg/L) for 30 days, and then the fertilized eggs were
collected and the following F1 generation was reared in water without
MC-LR until 60 days post fertilization. The results found that body
weight and body length of F1 progeny decreased significantly and the
expression of growth-related genes (gh, ghra, ghrb, igf1, igflra and igf1rb)
decreased (Liu et al., 2014). In addition, parental exposure to MC-LR can
cause liver structural damage in the offspring as well as prostate ne-
crosis, hyperplasia, inflammation, and fibrosis damage (Han et al., 2019;
Liuetal., 2014; Zhang et al., 2017). MC-LR has also been shown to affect
loach embryo-larval and juvenile development such as pericardial
edema and tubular heart, bradycardia, homeostasis, poor yolk resump-
tion, small head, curved body and tail, and abnormal hatching. And,
loach embryos were found to be more sensitive to this effect at a later
stage of development (Liu et al., 2002). It is newly found that paternal
exposure to MC-LR can cause pulmonary abnormalities in the offspring
mice (Meng et al., 2020).

To explore the toxic mechanism of MC-LR on embryos, Li et al.
examined the protein expression profile of zebrafish embryos after
exposure to MC-LR. It was found that the altered proteins were mainly
related to oxidative stress, energy metabolism, and cytoskeletal assem-
bly (Li et al., 2011). Zeng et al. explored the role of apoptosis in
MC-LR-induced developmental toxicity in zebrafish embryos. They
found that the production of ROS was increased by MC-LR, thereby
triggering apoptosis through the p53-Bax-Bcl-2 pathway and
caspase-dependent apoptosis pathway in developing zebrafish embryos
(Zeng et al., 2014). Moreover, Wu et al. considered that MC-LR could

induce developmental neurotoxicity by interfering with the neuro-
transmitter system and the development of neurons of F1 zebrafish
larvae (Wu et al., 2017). Some researchers also believed that the
developmental toxicity caused by MC-LR may be attributed to diseases
of the cholinergic system, dopaminergic signaling and neuronal devel-
opment (Qian et al., 2018; Wu et al., 2016).

The placenta is an important organ connecting the fetus with the
mother, and it is especially crucial to the development of the fetus. MC-
LR has been shown to cause abnormal embryonic development, fetal
morphological abnormalities, organ dysfunction and even death (Qi
et al., 2016; Qian et al., 2018; Wu et al., 2016; Zhang et al., 2007). The
placenta, as a material transmission channel, may be damaged by
MC-LR. Zhao et al. explored the role of the placenta in MC-LR-induced
growth and development disorders of offspring. Pregnant mice were
intraperitoneally injected with MC-LR (5 or 20 pg/kg) from gestational
day 13-17. It was found that maternal MC-LR exposure can cause fetal
weight loss and inhibit placental development via the dysregulation of
placental transport, placental dysplasia, suppression of proliferation and
apoptosis induction in placenta of mice. And one possible mechanism is
that ROS-mediated placental ER stress and impairment in placental
structure and function are important factors in fetal weight loss (Zhao
et al., 2020). In summary, MC-LR can be transmitted from maternal
body to the offspring through the placenta. While placental function is
adversely affected by MC-LR, the liver, brain, heart, prostate, and other
organs of the offspring may also be damaged. These evidences fully
demonstrate the trans-generational and developmental toxicity of
MC-LR.

3. Some new potential mechanisms for reproductive toxicity of
microcystin-LR

Through summarizing the discovered mechanisms in recent years, a
mechanism diagram of MC-LR-induced reproductive toxicity is obtained
(Fig. 5). In the reproductive system, MC-LR has been shown to enter cells
through OATP to exert toxicity. On the one hand, MC-LR can induce the
hyperphosphorylation of certain proteins by inhibiting PP1/2 A activity,
resulting in BTB damage, inflammatory response, cell proliferation, and
even tumorigenesis. On the other hand, MC-LR can trigger oxidative
stress to cause autophagy and apoptosis. It was proved that mitochon-
drial damage, ER stress and epigenetic modifications are involved in
MC-LR-induced apoptosis, but the regulatory mechanism of epigenetic
modifications remains unclear. In addition, previous studies have
elucidated the mechanism of MC-LR-induced cell proliferation, but the
mechanism of DNA damage and cytoskeletal destruction is still un-
known. Moreover, MC-LR has estrogenic effects and affects the
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synthesis, secretion, metabolism and transformation of sex hormones.
This is closely related to the feedback regulation of the HPG/HPGL axis.

3.1. The molecular pathways of microcystin-LR-induced apoptosis

MC-LR can activate apoptosis-related signaling pathways to induce
apoptosis. In addition to the previous discovery that MC-LR exposure
leads to apoptosis by destroying the cytoskeleton, current studies on
apoptosis mainly focus on the mitochondrial pathway, the endoplasmic
reticulum pathway and the epigenetic modification pathway.

3.1.1. Microcystin-LR induces apoptosis by the mitochondrial pathway
MC-LR induces excessive intracellular ROS to act on the outer
mitochondrial membrane (Huang et al., 2016; Liu et al., 2018a; Yuan
et al., 2019). This causes the mitochondrial structure to destroy,
resulting in the opening of mitochondrial permeability transition pore
(PTP) and the decrease of the mitochondrial membrane potential (Wu,
2019a). At the same time, cytochrome c is released outside the mito-
chondria via PTP, which promotes the activation of the downstream
caspase family proteins and initiates the apoptosis process (Wu et al.,
2019b; Yuan et al., 2019). Studies found that MC-LR increased the
expression of pro-apoptotic proteins caspase-3, caspase-9 and Bax in rat
testis, but decreased the expression of anti-apoptotic protein Bcl-2
(Wang et al., 2019; Yuan et al., 2019). Bcl-2 can inhibit the opening of
PTP by competitively binding to PTP with Bax, thereby regulating the
process of apoptosis (Kuwana et al., 2020). Under normal physiological
conditions, PTP is opened periodically to maintain the normal function
of mitochondria, but the continuous accumulation of ROS can lead to
excessive opening which will result in apoptosis (Huang et al., 2013).
Some investigators believed that oxidative stress mediates
MC-LR-induced apoptosis by mitochondrial pathway. This can be seen
from the fact that NAC or resveratrol (antioxidant) pretreatment can
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significantly reduce cellular ROS production, pro-apoptotic protein
expression, mitochondria damage, and the apoptosis rate, while increase
anti-apoptotic protein expression (Huang et al., 2016; Liu et al., 2018a;
Yuan et al., 2019).

Mitochondria, as the energy supply unit of cells, plays a crucial role
in the energy supply in the process of spermatogenesis (Rajender et al.,
2010). Therefore, we speculate that the apoptosis of germ cells may be
caused by an insufficient supply in cells that can be attributed to mito-
chondrial damage. Furthermore, as the main mechanism for removing
damaged mitochondria to maintain cell homeostasis, mitochondrial
autophagy has gradually attracted widespread attention. Whether
MC-LR can arouse mitochondrial autophagy and the relationship be-
tween mitochondrial autophagy and apoptosis still need further study.

3.1.2. Microcystin-LR induces apoptosis by the endoplasmic reticulum
pathway

The endoplasmic reticulum is the place of protein synthesis and
processing, which has crucial physiological functions. MC-LR has been
shown to damage endoplasmic reticulum structure and function, which
will lead to the accumulation of massive unfolded proteins or misfolded
proteins, and then cause ER stress (Zhang et al. 2016b, 2020). ER stress
sets off the unfolded protein response (UPR) to repair cell damage and to
restore cell function. When the intensity and time of ER stress exceeds
the limit, it will cause apoptosis. UPR signal transduction is regulated by
three transmembrane protein transducers which are PERK, IRE1 and
ATF6 (Hetz and Papa, 2018). Under normal physiological conditions,
these transmembrane proteins bind to GRP78 in the endoplasmic re-
ticulum cavity, and the ATF6, IRE1, and PERK signaling pathways are at
rest. When ER stress occurs, unfolded proteins will accumulate in the
endoplasmic reticulum. At the same time, GRP78 will be released from
these complexes and bind to new unfolded proteins, causing the three
signaling pathways of ATF6, IRE1 and PERK to be activated (Ibrahim
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et al., 2019). Studies have shown that MC-LR increases the expression of
ER stress-related proteins such as GRP78, ATF-6, PERK, IRE1 and CHOP.
ER stress inhibitors could relieve apoptosis, indicating that
MC-LR-induced apoptosis is associated with ER stress (Liu et al., 2018b;
Zhang et al., 2016b). The latest study found that MC-LR triggers
zebrafish ovary ER stress through the PERK and IRE1 pathways, which
in turn triggers apoptosis (Zhang et al., 2020).

The endoplasmic reticulum is also the main site of Ca®* storage and
calcium signal transduction. Intracellular Ca®* is often used as a second
messenger to participate in the apoptosis process (Ureshino et al., 2019).
Studies have proved that MC-LR can cause intracellular Ca?* elevation,
leading to imbalances in Ca®* levels (Zhang et al., 2016b). In an
imbalanced state, the increased Ca2' levels activate calpain and
Ca2+/calmodulin—dependent protein kinases (Fladmark et al., 2002).
This mechanism seems to play a key role in MC-LR-induced apoptosis.
Furthermore, endoplasmic reticulum, as a “calcium storehouse” in the
cell, is closely related to the steady state of Ca%". However, it is not clear
whether the imbalance of Ca?* levels caused by MC-LR can be attributed
to ER stress.

3.1.3. Microcystin-LR induces apoptosis by epigenetic modification

Epigenetics refers to the reversible and heritable modification of
gene function without changing the DNA sequence. This mainly includes
DNA methylation, histone modification and the regulation of ncRNAs.
H3K4me3 participates in testicular reproductive toxicity caused by MC-
LR (Yuan et al., 2019). H3K4me3 refers to the histone H3 protein which
is trimethylated at the 4th lysine residue. It is usually regarded as the
activation signal of p53 and is closely related to the transcriptional
activation of apoptosis genes (Lauberth et al., 2013). MC-LR has been
shown to bring about apoptosis and increase the expression level of
H3K4me3. However, after inhibiting histone methylation, the level of
MC-LR-induced apoptosis was significantly reduced, suggesting that
histone methylation modification mediated apoptosis induced by MC-LR
(Yuan et al., 2019). In general, acetylation of histones is conducive to the
dissociation of DNA and histone octamers. This action relaxes the
nucleosome structure so that cooperative transcription factors can bind
to specific DNA binding sites and activate genes. The deacetylation of
histones has the opposite effect. It was found that MC-LR could enhance
the activity of HDAC, reduce the activity of HAT, and up-regulate the
expression of HDACL in vitro and in vivo (Wang et al., 2019). This in-
dicates that MC-LR affects normal histone acetylation modification. It
was also found that the HDAC inhibitor trichostatin A (TSA) decreased
the levels of apoptosis-related proteins and apoptosis rate, demon-
strating that histone acetylation modification mediates MC-LR-induced
apoptosis.

A large number of studies in recent years have discovered the
importance of ncRNAs in epigenetics. ncRNAs cannot translate proteins,
which mainly include miRNA, piRNA, circRNA and IncRNA. piRNAs are
processed by the piwi-clade argonaute protein and can degrade mRNA
by imperfect base pairing with specific sites within the 3’ untranslated
region (3’ UTR) of the target transcript (Gou et al., 2014). Exposure of
MC-LR could lead to changes in piRNA expression profiles, increased
apoptosis and decreased cell proliferation in the mice testis. It has been
confirmed that MC-LR can down-regulate mmu_piR_027558 to induce
apoptosis on germ cells (Meng et al.,, 2019). This means that
MC-LR-induced apoptosis may be mediated by piRNA through the
regulation of target genes. miRNAs are a novel class of small non-coding
RNAs with 26-32 nucleotides in length that control a wide range of
biological processes, including cell proliferation, differentiation,
apoptosis, and metabolism (Correia de Sousa et al., 2019). Through
KEGG pathway analysis, researchers found that the differentially
expressed miRNAs in MC-LR-induced ovarian granulosa cells were
mainly involved in signaling pathways such as apoptosis, cancer for-
mation, proliferation, and hormone production (Li et al., 2017).
Furthermore, after chronic exposure of MC-LR to mice, circRNAs and
IncRNAs were differentially expressed in testes (Meng et al., 2019). This
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indicates that the apoptosis induced by MC-LR may be associated with
the abnormal expression of ncRNAs, but the reason for the abnormal
expression of these ncRNAs has not yet been explored.

To sum up, the above studies demonstrate that epigenetics, including
histone modifications and ncRNAs changes, could be involved in MC-LR-
induced reproductive toxicity. These findings have stimulated the in-
terest of many researchers in the mechanism of epigenetic involvement
in reproductive toxicity. Furthermore, studies have reported that DNA
methylation modification can regulate the malignant transformation of
human hepatocyte LO2 cells, but the involvement of DNA methylation in
the induction of germ cell toxicity has not yet been proven (Chen et al.,
2018a; Zhao et al., 2019a).

3.2. The role of autophagy in mechanism of microcystin-LR-induced
reproductive toxicity

Autophagy is a process of cell degradation and circulation that is
highly conserved among all eukaryotes. Autophagy is a main cell pro-
tection mechanism, but excessive autophagy is harmful. There are three
main forms of cellular autophagy: microautophagy, macroautophagy
and molecular chaperone-mediated autophagy. Macroautophagy is one
of the most studied in MC-LR-induced toxicity. Following autophagy
activation, the UNC-51-like kinase 1/2 (Ulk1/2) complex,
phosphatidylinositol-3-phosphate (PI3P), ATG12-ATG5-ATG16L1 com-
plex and LC3-II promote the formation of autophagic vesicles encapsu-
lating substrate proteins (Weidberg et al., 2011). The outer membrane of
the autophagic vesicle will fuse with the lysosomal membrane to form an
autolysosome and eventually degrade the substrate protein (Zhu et al.,
2019). Studies have found that MC-LR can induce the formation of
autophagic vesicles and increase expression of autophagy-related pro-
teins such as Beclinl, ATG16, ATG5-ATG12 and LC3-II in germ cells,
suggesting that MC-LR can cause autophagy (Liu et al., 2018b; Zhang
et al., 2016b). However, the mechanism of MC-LR-induced autophagy is
not clear. It is well known that MC-LR can cause ER stress and apoptosis.
Interestingly, the autophagy inhibitor (3-methyladenine) pretreatment
can increase MC-LR-induced ER stress and apoptosis (Zhang et al.,
2016b). The results imply that autophagy is related to ER stress and
apoptosis, and autophagy may have a protective role in germ cell
apoptosis induced by MC-LR. The relationship between autophagy, ER
stress and apoptosis needs further study.

3.3. Destruction of the blood-testis barrier is a potential mechanism of
microcystin-LR-induced male reproductive toxicity

The BTB is a layer of barrier structure between spermatogenic tu-
bules and capillary blood. It can form a microenvironment that is
conducive to spermatogenesis, and also prevents sperm antigen sub-
stances from escaping outside the seminiferous tubules and causing
autoimmune reactions. Researchers have demonstrated that MC-LR
destroyed BTB and then exerted reproductive toxicity (Adegoke et al.,
2018; Chen et al., 2016b; Zhou et al. 2018, 2019a). The BTB is mainly
composed of tight junctions, desmosomes and gap junctions (Mruk and
Cheng, 2015). MC-LR exposure can decrease expression of
Zonula-occluden (ZO-1), Occludin, Connexin-43 (Cx43) and Catenin p1
(CTNNB1) which belong to tight, gap and adhesive junction protein
respectively (Adegoke et al., 2018; Zhou et al. 2018, 2019a). This
showed that MC-LR can destroy BTB through degrading intercellular
junction proteins. Some researchers have made an in-depth study on the
mechanism of BTB destruction by MC-LR. It was found that MC-LR in-
hibits PP2A activity and then breaks tight junctions through the
Akt/GSK-3p/Snail pathway (Zhou et al., 2018). Akt is a family of three
serine-threonine kinases, which can regulate testicular function (Wang
et al., 2015). Glycogen synthase kinase (GSK-3p) is one of the down-
stream targets of Akt (Yoshimura et al., 2006). Snail is a zinc finger
transcription factor, which directly and simultaneously inhibits the
expression of two important cell adhesion molecules, E-cadherin and
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Occludin (Chen et al,, 2015). This reasonably explains that the
Akt/GSK-3f/Snail pathway is involved in MC-LR-induced BTB damage.
Also, researchers pointed out that MC-LR reduced the gap junction
through the Akt pathway (Zhou et al., 2019a).

MC-LR can regulate BTB by mediating some enzymes and miRNA.
Chen et al. found that miRNAs were involved in MC-LR-induced
destruction of tight junctions and adherens junctions in testes (Chen
et al., 2016b). MC-LR has been shown to promote the expression of
matrix metalloproteinase-8 (MMP-8) by down-regulating the expression
of miR-193, miR-29 b, miR-133a, and miR-184-3p (Chen et al., 2018c).
MMP8 is a member of a family of zinc-dependent proteases, which is
involved in the proteolytic cleavage of Occludin, causing the disas-
sembly of cell junction components (Schubert-Unkmeir et al., 2010).
This demonstrates that MMP-8 may mediate BTB destruction and
degradation of tight junction proteins. In addition, the study discovered
that the increased expression of c-fos, c-jun and NF-xB genes can posi-
tively promote the transcription of MMP-8 (Chen et al., 2018c).

3.4. Inflammation and immune responses

The essence of the inflammatory response is a defense response to the
body being stimulated, but the excessive inflammatory response can
cause adverse outcomes such as chronic orchitis and prostatitis. MC-LR
can induce testicular inflammation, especially in Sertoli cells and Leydig
cells (Adegoke et al., 2018; Chen et al., 2017b). MC-LR has been shown
to enhance testicular fibrosis and infiltration of macrophages and lym-
phocytes (Chen et al., 2016b). Studies have found that MC-LR could give
rise to immune responses in Sertoli cells, germ cells and Leydig cells via
activating the PI3K/Akt/NF-kB signaling pathway, promoting the ex-
pressions of pro-inflammatory cytokines and chemokines such as TNF-a,
IL-6, MCP-1 and CXCL10 (Chen et al., 2017b). NF-kB is a family of
dimeric transcription factors that plays a crucial role in mediating the
immune response and inflammation (Mitchell et al., 2016). Akt is a
survival kinase that has been shown to phosphorylate IkB kinase o
(IKKa) and lead to the release of NF-kB. Free NF-kB can enter the nucleus
and activate transcription of a large number of target genes. In addition,
the activity of Akt is regulated by phosphorylation and dephosphory-
lation (Yang et al., 2010). It is well known that MC-LR inhibits PP2A
activity by binding to the catalytic subunits of PP2A (MacKintosh et al.,
1990). The decrease of PP2A phosphatase activity will increase the
phosphorylation level of Akt (Yang et al., 2010). Therefore, MC-LR can
activate the PI3K/Akt/NF-kB pathway by inhibiting PP2A activity.
Furthermore, TLR2 and TLR4 can mediate the immune response caused
by MC-LR in Leydig cells (Adegoke et al., 2018; Chen et al., 2017b). The
TLR family takes part in the innate immune response and can lead to the
expression of multiple inflammatory genes (Kawai and Akira, 2007).
Since MC-LR cannot enter Leydig cells, the upstream regulation mech-
anism of TLR is not clear and should be further studied. Besides, chronic
exposure of MC-LR also caused an immune response and inflammation
in the prostate tissue. Studies have shown that NF-kB participates in
prostate inflammation and promotes an increase of chemokines (MCP-1,
CXCL10) and pro-inflammatory cytokines (TNF-a, IL-6) in RWPE-1 cells,
suggesting that the release of inflammatory cytokines may be due to the
activation of NF-xB (Pan et al., 2018).

In conclusion, inflammation and immune response are complex
processes. Presently, there is still a large gap in the research on MC-LR-
induced inflammation and immune response in the reproductive system.
For example, it is unclear whether MC-LR causes inflammation of the
female reproductive organs. Most proven inflammation-related path-
ways initiated by MC-LR play a role through phosphorylation (such as
NF-xB, Akt, etc). However, there may be more pathways involved in the
development of inflammatory and immune responses, and these path-
ways may interact and interfere with each other. A detailed mechanism
of how MC-LR induces reproductive toxicity through the inflammatory
response will require further study.
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3.5. Estrogenic effects and sex hormone disorders

Environmental estrogens are typical environmental endocrine dis-
ruptors that can activate or inhibit the activity of endogenous estro-
genic. And, they produce anti/estrogen-like effects that interfere with
the normal physiological functions of endogenous estrogens. MC-LR
seems to be regarded as an environmental estrogen as it exerts estro-
genic effects (Mallia et al., 2020; Wang et al., 2020). After adult male
zebrafish were exposed to 10 pg/L MC-LR for 30 days, E2 level was
increased in the testes (Hou et al., 2018). Meanwhile, the vtgl gene was
significantly up-regulated in the liver (Hou et al., 2018; Rogers et al.,
2011). As an egg yolk precursor protein, VTG in the liver is usually
expressed only in females. However, when estrogen endocrine disrupt-
ing chemicals are present, the expression of vtg gene in males can be used
as a molecular marker of estrogen (Matozzo et al., 2008). This means
that MC-LR can act as an endocrine disruptor. Environmental estrogens
mainly exert estrogenic effects in two ways: by binding to the estrogen
receptor or by interfering with endogenous estrogen levels (Chighizola
and Meroni, 2012; Gray et al., 2002). It has been found in zebrafish and
other animals that MC-LR can interfere with estrogen levels and alter the
expression of estrogen receptors in a dose-independent manner (Hou
et al., 2018; Liu et al., 2016; Qiao et al., 2013). Therefore, MC-LR could
play an estrogenic effect as an environmental estrogen, but this estro-
genic effect seems to have a dose limit. When fish are exposed to MC-LR
at concentrations below 20 pg/L, the E2 level in serum or gonads was
elevated. However, when fish are exposed to MC-LR at concentrations
above 20 pg/L, and especially above 40 pg/L, the E2 level in fish
dropped significantly (Chen et al., 2017a; Hou et al., 2018; Liu et al.,
2016; Qiao et al., 2013; Zhao et al., 2015). It is not difficult to under-
stand that E2 level can be regulated normally with low doses of MC-LR.
High doses of MC-LR not only affect hormone levels but also damage the
brain, as well as gonadal and liver tissues, which can synthesize, secrete
and metabolize estrogen. And, MC-LR has a greater effect on these tis-
sues than changes in estrogen levels. To sum up, MC-LR at low does can
be used as an environmental estrogen to exert estrogenic effects. How-
ever, the chemical structure of MC-LR is different from estrogen-like
substances such as bisphenol A and its hydrophilic character reduces
the possibility of acting as a ligand for estrogenic receptors. Therefore,
the mechanism of the estrogenic effect by MC-LR needs in-depth study.

MC-LR can change the levels of sex hormones by disrupting the
function of the HPG and HPGL axes and affecting the synthesis, secretion
and metabolism of sex hormones. In male animals, it was found that MC-
LR generally reduced testosterone level in serum and testes (Wang et al.,
2012). The mechanism of testosterone level decline can be explained in
two aspects. On the one hand, the decline in testosterone is associated
with apoptosis of Leydig cells secreting testosterone. This view was also
confirmed by Li et al. After male rats were exposed to MC-LR, apoptosis
of Leydig cells and a decrease in testosterone level were observed (Li
et al., 2008b). Chen et al. believed that MC-LR mediated apoptosis and
phagocytosis of Leydig cells by testicular macrophages, leading to a
decrease in serum testosterone level. The main feature of this action is
that MC-LR exposure to co-culture cells (Leydig cells and macrophages)
leads to a significant increase in Leydig cell apoptosis, while macro-
phages were significantly increased (Chen et al., 2018b). On the other
hand, MC-LR reduces serum testosterone level by affecting hormones
upstream of the HPG axis. Wang et al. demonstrated that MC-LR was
able to enter GnRH neurons in the hypothalamus and inhibit GnRH
synthesis (Wang et al., 2016). The inhibitory effects of MC-LR on GnRH
synthesis were attributed to the activation of the PKA/cyclic AMP
response element-binding protein (CREB)/c-Fos signaling pathway
(Wang et al., 2018). Besides, MC-LR reduced GnRH levels in mice serum
and hypothalamus by PKC/PKA/MAPK signaling pathway (Ding et al.,
2018). In brief, MC-LR reduced GnRH synthesis in the hypothalamus
and then decreased serum LH and FSH levels (Chen et al., 2011; Wang
et al., 2012), thereby reducing testosterone production through the HPG
axis regulation.
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The testosterone/E2 ratio indicates endocrine disruption and has
been used as a sensitive biomarker for abnormal levels of sex hormones
in fish (Orlando et al., 2004). MC-LR exposure can simultaneously
change E2 and testosterone levels (Chen et al., 2017a; Hou et al., 2018;
Suetal., 2016; Zhang et al., 2017). The regulation of testosterone and E2
synthesis is mainly achieved by transcriptional regulation of genes
encoding steroid (Trant et al., 2001). The terminal enzyme of the steroid
production pathway is aromatase (CYP19), which is responsible for
converting testosterone to E2 (Simpson et al., 1994). cyp19alb and
cypl9ala, two genes of cyp 19 subfamily in teleost fish, are mainly
expressed in the brain and testis (Trant et al., 2001). Experimental ev-
idence showed that MC-LR upregulated E2 level and increased tran-
scriptional levels of cyp19alb and cypl9ala, implying that the
conversion of testosterone to E2 resulted in a lower testosterone/E2
ratio (Lin et al., 2018). Thus, MC-LR appears to affect the normal con-
version of sex hormones by changing the expression of genes associated
with steroid synthesis.

In conclusion, MC-LR could act as an endocrine disruptor which is an
environmental estrogen that exerts estrogenic effects. MC-LR also affects
the neuroendocrine system, damages the gonads, and interferes with the
expression of sex hormone synthesis genes to cause abnormal levels of
hormones in serum and gonads.

4. Future direction and summary

The toxicity of MC-LR on the reproductive system has been exten-
sively studied, but there are still many questions to be answered. Firstly,
the toxicity of MC-LR on the human reproductive system has not been
confirmed. In an ecological study, 32,700 live-born neonates in south-
eastern Australia were studied. There may be a correlation between the
intake of cyanobacterial toxins and the low birth rate in infants. How-
ever, ecological studies cannot determine causality, so there is no clear
evidence that cyanobacterial contamination of drinking water sources
can lead to adverse pregnancy outcomes (Pilotto et al., 1999). At pre-
sent, there is no research evidence that MC-LR causes damage to the
human reproductive system. However, it is urgent to confirm this
possible toxicity. This is the original intention of all our research.

Secondly, the scope of future research should be expanded to include
an in-depth focus on the mechanism of this toxicity. Previous studies
have focused on the reproductive toxicity of testes and ovaries caused by
MC-LR, but recent studies have found that it can also induce toxic effects
of other reproductive organs such as the prostate and placenta. For
example, the placenta has a non-negligible role in the weight loss of
offspring mice caused by MC-LR. Therefore, future research should have
a greater focus on other reproductive organs, in addition to the testis and
ovaries. Research on the mechanism of toxicity of MC-LR can mainly be
divided into three types ranging from shallow to deep. The first type of
mechanism research mainly focuses on the correlation of MC-LR-
induced toxicity. For example, the decrease of testosterone level
caused by MC-LR is related to apoptosis of Leydig cells. The second type
of mechanism research is to describe a mediating relationship. For
example, MC-LR induces apoptosis by causing oxidative stress in the
reproductive system. The third type of mechanism research focuses on
the molecules that are targeted by MC-LR and the associated changes
that occur in the process. For example, MC-LR up-regulates the expres-
sion of MMP-8 and miR-184-3p, and miR-184-3p can target MMP-8. In
addition, the relationship between many mechanisms is unclear. For
example, investigators have confirmed that MC-LR can cause oxidative
stress and inhibit PP2A activity, but whether there is a link between
oxidative stress and PP2A activity is unclear. Hence, in addition to
expanding the scope of research, the continuity and depth of mechanism
research should also be increased.

Thirdly, in recent years, researches have shown an increased interest
in the developmental toxicity, trans-generational toxicity and estrogen
interference caused by MC-LR. However, there is still much to be
learned. Researchers have only confirmed that MC-LR causes the
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developmental and trans-generational toxicity in mice, zebrafish, fleas,
etc., while other species such as amphibians, invertebrates and other
animals exposed to MC-LR have not been studied. And, due to the short
exposure time of MC-LR and the short observation time of progeny in
these studies, some toxic manifestations may not have been observed.
Thus, future research ought to expand the range of species studied and
focus on the effects of long-term exposure on the reproductive structure
and function of progeny animals. Furthermore, this article is the first to
propose that MC-LR is an environmental estrogen. However, the
mechanism of estrogen changes in animals is not fully understood and
whether it affects human estrogen levels has not been confirmed. So
these problems need to be solved in the future.

In summary, MC-LR has been shown to cause reproductive toxicity,
trans-generational toxicity, and developmental toxicity. In male ani-
mals, MC-LR has been shown to exert testicular toxicity by damaging the
BTB, triggering testicular inflammation and disrupting androgen levels.
The decline of sperm quality in animals may be closely related to the
impairment of spermatogenesis by MC-LR, which is regulated by
ncRNAs. Furthermore, MC-LR could enter the prostate and induce hy-
perplasia and inflammation. In female animals, MC-LR reduces fertility
by damaging ovarian tissue and interfering with estrogen levels. At the
cellular level, MC-LR induces abnormalities in proliferation, differenti-
ation, autophagy and apoptosis of reproductive-related cells. Oxidative
stress-mediated ER stress and mitochondrial damage, as well as epige-
netic modifications may play an important role in MC-LR-induced
apoptosis. Moreover, disturbances in synthesis, secretion, and meta-
bolism of sex hormones are associated with neuroendocrine regulation
in addition to gonadal damage. We also proposed for the first time that
MC-LR could act as an environmental endocrine disruptor with estro-
genic effects at low doses. In addition, MC-LR can also be transmitted
through the placenta to the offspring, causing growth retardation,
developmental deformity and even death of embryos and juveniles. All
these have fully confirmed the reproductive toxicity of MC-LR, but there
are still some vacancies in the research. Whether MC-LR will cause
reproductive toxicity to humans is an urgent issue to be clarified. And,
the scope of the research on the reproductive toxicity caused by MC-LR
needs to be expanded and the continuity of the mechanism needs to be
strengthened. Also, the toxicity mechanism of MC-LR as an environ-
mental endocrine disruptor should be considered.
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