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Abstract: The rapid rise of microcystins (MCs) poses a serious threat to global freshwater ecosystems
and has become an important issue of global public health. MCs have considerable stability and
are the most widely distributed hepatotoxins. It cannot only accumulate in aquatic organisms and
transfer to higher nutrients and levels, but also be degraded or transferred during the resource
utilization of cyanobacteria. No matter which enrichment method, it will lead to the risk of human
exposure. This review summarizes the research status of MCs, and introduces the distribution of
MCs in different components of aquatic ecosystems. The distribution of MCs in different aquatic
organisms was summarized, and the potential risks of MCs in the environment to human safety
were summarized. MCs have polluted all areas of aquatic ecosystems. In order to protect human life
from the health threats caused by MCs, this paper also proposes some future research directions to
promote MCs control and reduce human exposure to MCs.

Keywords: microcystins; aquatic ecosystem; resource utilization; agricultural plants
Key Contribution: This paper summarizes the distribution of microcystins (MCs) in different aquatic

organisms and the potential risks to human safety. In order to promote the control of MCs, some
future research directions are proposed.

1. Introduction

The increase in lake nutrient load and the frequent occurrence of cyanobacterial blooms
caused by climate change are a major problem facing aquatic ecosystems at present [1].
Many of the algae genera such as Microcystis, Anabaena, and Phytoplankton produce a large
amount of secondary metabolites—microcystins (MCs) [2]. MCs are a kind of bioactive
heptapeptide monocyclic hepatotoxin. They will cause different degrees of damage to
various organs of the human body while endangering water quality. There are cyclic
structures and spacer double bonds in its structure [3]. Therefore, it is considerably stable,
can resist external physical and chemical effects, and is hard to degrade under natural
conditions [4]. Among them, the most commonly detected MCs in natural water are
MC-LR, MC-RR, and MC-YR. MC-LR is the most toxic [5]. Long-term frequent exposure
can cause liver toxins, kidney toxins, neurotoxins and other bioactive compounds that
damage the human body [6]. Therefore, it is urgent to explore the transformation of MCs
in water and the risk assessment of human health.

MCs accumulate in aquatic organisms and are transmitted to higher nutritional levels
as the trophic level of the aquatic ecological food web in the ecosystem increases, which will
have a variety of adverse effects on phytoplankton, zooplankton, fish and even humans [7].
Among them, zooplankton is the most important link in the spread of MCs in the food
web [8]. It can transfer the substances and energy produced by primary producers to fish
in freshwater ecosystems, and can also enrich and transfer the toxin to other organisms
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in the food web as the carrier of MCs in the aquatic food web [9]. Fish can accumulate
MCs in two ways: the first is eating cyanobacterial cells or other cyanobacterial toxin-
contaminated organisms, and zooplankton is a major part of the fish diet. The second is the
direct absorption of dissolved MCs from the surrounding water [10]. Human health is often
associated with consistent exposure to low concentrations of MCs [11]. In daily life, humans
can be exposed to MCs in the following ways: physical contact; drinking contaminated
water; eating contaminated food; edible algae dietary supplements and hemodialysis, and
these types of contact generally interweave. Among them, drinking water contaminated
with MCs and eating contaminated food are the most common routes of exposure [12].
Therefore, it is necessary to further explore the migration and transmission of MCs, reduce
the concentration of MCs that humans may be exposed to, and maintain the MCs standard
of 1 pg L~! in drinking water stipulated by the World Health Organization (WHO) to
protect human health [13].

MCs can also be migrated and enriched through the resource utilization of cyanobacte-
ria, which has adverse effects on animals and humans [9]. At present, various methods are
used in the resource treatment of cyanobacteria including utilizing the abundant organic
matter of cyanobacteria to compost, using rich proteins of cyanobacteria as feed raw mate-
rials, and producing hydrogen with the use of photosynthesis in cyanobacteria as a new
biomass energy [14]. Among them, the method that mixes cyanobacteria with fodder to
feed black soldier flies has become a novel application direction of cyanobacteria resource
utilization. Through the mixture of cyanobacteria and feed in different proportions, the
effect of maximum utilization of cyanobacteria by black soldier fly can achieve, and harmful
cyanobacteria are treated meanwhile [15]. The black soldier fly can be used to feed pigs,
chickens and other animals, and can also be added as an antimicrobial peptide to fertilizer
to optimize composting efficiency and refine biodiesel [16]. It will inevitably migrate and
enrich the MCs in cyanobacterial cells to the human body, and accumulate in various
organs of the human body. When the accumulation reaches a certain value, it will lead to
skin allergy, acute gastroenteritis, liver dysfunction and even death [17].

At present, more studies have reported the harm of MCs in water and its influence
on human health, while the relationship between the migration and enrichment of MCs
and the risk assessment of human health is lacking, which needs deeper summary and
discussion [18]. Through recent data analysis, this review comprehensively discusses
the migration and enrichment of MCs in natural ecosystems and the process of resource
utilization of cyanobacteria, and evaluates the human health risks exposed to MCs. The
aim is to provide control and utilization of MCs in the future, understand the metabolism
and bioavailability of these toxins in exposed organisms, and reduce their threat to human
work and life.

2. Exposure Pathways of MCs in Aquatic Food Chain

In the natural aquatic ecosystem, cyanobacteria enter the decline period after the
four stages of overwintering, recovery, growth, floating, and release a large number of
secondary metabolites [18]. The effects of MCs on the water environment, animal predation
and human health should not be ignored [19]. The aquatic food web will enrich and migrate
MCs to phytoplankton, zooplankton, benthic herbivores, fish, and humans (Figure 1). MCs
are considered to have adverse effects on aquatic species [20]. The toxic mechanism of
MCs on experimental animals has been verified in many studies, including histological,
biochemical and behavioral effects [9]. Studies have shown that the immune indexes, blood
cells and cell enzyme activities of fish have changed significantly after exposure to purified
MCs or crude extracts of cyanobacterial [7]. Therefore, the accumulation and migration
mechanism of MCs in aquatic organisms is necessary to study the harm of MCs to the
environment [21].
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Algal Bloom

Figure 1. Bioaccumulation and transfer of microcystins (MCs) in aquatic ecosystems: a schematic
diagram (Modified from (Song et al., 2015)).

2.1. Accumulation of Zooplankton

Different species of zooplankton can coexist with cyanobacteria in water, and most
zooplankton accumulate MCs in their own bodies [22]. According to the literature, the
concentration of MCs in zooplankton is the highest, reaching 1300 ug g~! dry weight
(dw), with an average of about 383 pig g~! dw. Among them, herbivorous zooplankton,
such as rotifers and copepods, are less sensitive to cyanobacterial bacteria, while copepod
dinoflagellates are more sensitive to cyanobacterial toxins than water fleas [2]. There are
many studies to measure the accumulation of MCs in zooplankton by natural conditions [8].
Among them, Sotton et al. found that Daphnia, Bosmina and Chaoborus larvae can achieve
higher MCs accumulation by studying the nutritional transfer of MCs between zooplankton
groups and invertebrates at different depths in Lake Harville (Switzerland) [23], and the
concentration of MCs in zooplankton generally does not change with the change of water
depth. The concentration of MCs in zooplankton at dusk was significantly higher than
that at other time periods, indicating that the accumulation of MCs were related to time.
Moreover, research found that zooplankton and fish feeding on zooplankton will have
a biomagnification phenomenon, which is gradually enriched in organisms through the
increase in trophic level, resulting in an increasing concentration of MCs [23]. The sensitivity
of different zooplankton to MCs still needs further experiments.

2.2. Accumulation of Benthic Herbivores

Benthic herbivores are mostly foraging animals in the lower layer of water, including
invertebrates such as shellfish, crabs, freshwater lobsters, sea anemones, starfish, snails,
sand silkworms, and sea cucumbers [24]. Studies have shown that benthic herbivores can
accumulate MCs in the waters where cyanobacteria blooms break out and transfer along
the food chain, and the accumulation pattern of MCs in benthic herbivores depends on
their species, seasons, metabolism and the purification rate of MCs [24]. Among them,
the MCs’ concentrations of Unio douglasiae and Mytilus edulis were as high as 420 pg g !
dw and 336.9 ug g~! dw, respectively. Studies have showed that the Asian clam mainly
feeds on Microcystis and continuously accumulates MCs in the body [25]. After exposure to
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cyanobacteria blooms for a period of time, the rate of degradation of MCs by Asian clams
decreased, resulting in the purification of toxins in the body, especially hepatotoxins. The
highest concentration of accumulated MCs were as high as 4000 ng L~! dw [26]. Eastern
oyster could also purify Microcystis in water, but eastern oyster could not degrade MCs
in the body itself. The accumulation of MCs were higher than that of Asian clams, and
the highest concentration of MCs was as high as 5000 ng L~! dw [27]. Therefore, the
toxicity of MCs in eastern oysters was much greater than that in Asian clams. In October,
the highest concentration of MCs were observed in the hepatopancreas and intestine of
Sinotaia histrica [28]. High concentration of MCs into bivalves will inhibit their immune
function, resulting in a decline in physiological function [29]. Meanwhile MCs can reduce
activity of glutathione S-transferases (GSTs), destroy the detoxification mechanism of MCs,
and MCs achieve residual in vivo. These most important resource bivalves are easy to
gather in the lower reaches of the estuary, and are directly consumed by benthic carnivores
or humans, and then further transmit MCs through the food web [30].

2.3. Accumulation of Gastropod

In addition to the zooplankton and bivalves mentioned above, gastropods are also
an important link between primary producers and senior consumers, and often play a
key role in the construction of aquatic communities [31]. Recent studies have shown that
gastropods such as Lymnaea stagnalis, Physa gyrina, and Heliosoma trivolvis are often exposed
to cyanobacterial waters. The concentration of MCs in their tissues is proportional to
the content of phytoplankton that contain MCs in the body. They accumulate toxins by
preying on phytoplankton that contain MCs and absorb soluble MCs. The concentration
can reach 40-140 pg g~! dw. Further research has found that MCs can accumulate in
different organs of gastropods [32]. Taking Taihu Lake, the third largest freshwater lake in
China, as an example, the freshwater snail feeds on Microcystis aeruginosa in the lake, and
the accumulation of MCs in hepatopancreas is the largest, followed by digestive tract and
gonad. After accumulation of MCs for 5 weeks, freshwater snail will begin to purify its own
toxins in a period of three weeks which can remove about 65% of MCs in the body [33]. The
remaining MCs can be accumulated in gastropods and transmitted to senior consumers.

2.4. Accumulation of Fish

A large number of studies have shown that fish, as an senior consumer of the aquatic
biological chain, accumulate MCs only second to zooplankton, up to an 874 ug g~ ! dw max-
imum [8]. According to the transmission of the food chain, fish mainly prey on zooplankton
or benthic animals. In the waters where cyanobacteria blooms break out, zooplankton and
benthic animals will enrich MCs and then be predated by fish. Meanwhile, fish can also
absorb dissolved MCs directly from the surrounding water to achieve the accumulation of
MCs in different organs of fish [22]. MCs can produce toxic mechanisms in fish through
histological, biochemical and behavioral effects. Once fish absorb MCs into the body, the
circulation of blood will quickly transport the toxins to various organs or tissues [34]. In the
intestines of fish, the concentration of MCs accumulated by phytoplankton was the highest,
followed by carnivorous fish and omnivorous fish. The accumulation of MCs in the liver,
kidney and muscle of carnivorous fish and omnivorous fish was generally higher than that
of herbivorous fish [35]. In omnivorous fish such as tilapia, the average content of MCs
accumulated in the liver was 0.15 pg g~! dw, while only 0.012 ug g~! dw was accumulated
in the muscle [36]. The above phenomena indicate that fish do enrich MCs in different
organs in their bodies through the food chain.

At present, the accumulation of MCs have been found in organs, including fish liver,
intestine, kidney, gallbladder, gill, muscle and brain. In addition to directly attacking fish
liver organs, MCs can adversely affect immune systems [37]. A number of studies have
shown that fish exposure to MCs can lead to significant changes in immune indicators,
blood cells and cell enzyme activities: histological damage to fish kidneys, hearts, gills
and other organs, and even organ failure [38]. At the same time, it will affect the normal
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development process of fish, resulting in the abnormal development of juvenile fish, such
as skeletal deformity, head shrinkage, body bending, heart enlargement and so on [39].
The chronic toxicity caused by the continuous exposure of MCs will cause the imbalance
of osmotic regulation in the fish body and increase the volume of liquid in the intestine,
resulting in the inability of the fish body to digest the excess water in the body, the swelling
of the body, the inability to survive, or the destruction of the osmotic pressure of the fish
body [40]. The water in the body will continue to seep out from the gills and surface of
body, the fish lose plenty of water and die eventually. In addition to the above effects on
organs and body shape, it also causes irreversible damage to enzyme activity and DNA of
fish. After exposure to MCs for a period of time, lipid peroxidation occurs in the fish body,
and the activities of antioxidant enzymes such as superoxide dismutase (SOD), peroxidase
(POD) and catalase (CAT) are greatly reduced [40]. These antioxidant enzymes are the
basis for responding to oxidative damage, and self-purification in the body is carried out
by eliminating the accumulated MCs, and the decrease in enzyme activity eventually leads
to the fish body being unable to resist the effects of strong oxidation on organs and tissues.
Moreover, the fish body catalyzes the coupling of MCs and glutathione (GSH) through
detoxification enzymes such as GSTs. After coupling, the toxicity of MCs is greatly reduced,
and it can accelerate the excretion of MCs, which is conducive to resisting the damage
caused by MCs. Such detoxification mechanisms are usually carried out 15 days after
fish are exposed to MCs [41]. If fish are exposed to excessive MCs, the activity of such
enzymes will be affected, resulting in the stagnation of detoxification mechanisms. For
example, in zebrafish, fish eggs, etc., after 24 h of exposure to MCs, GSTs enzyme activity is
greatly reduced, resulting in the inability to expel MCs from the body through coupling
with bile. In addition to the above GSH detoxification mechanism, protein phosphatases
(PP) 1 and PP2A are also widely considered to be the main mechanisms of MCs toxicity.
However, PP1 and PP2A cannot resist MCs beyond the tolerance threshold, so the cells are
hyperphosphorylated, leading to apoptosis [42].

In summary, after fish directly absorb MCs in water or eat phytoplankton, zooplankton
and benthic herbivores containing MCs, their hepatopancreas, heart, kidney and intestine
are directly damaged [22]. When the concentration of MCs exceeds the tolerance threshold
of organs in fish, the decrease in enzyme activity in vivo leads to the inability of detoxifica-
tion mechanisms, which leads to the excessive accumulation of MCs, and then transmits
through the food web [7].

3. Exposure Pathways of MCs in the Process of Resource Utilization

At present, the deterioration of water quality and water odor caused by the outbreak
of cyanobacterial blooms affect the normal work and life of citizens. Chemical algicides
such as copper ion preparations and erythromycin thiocyanate play an important role in
eliminating cyanobacterial blooms [43]. Although the effect is immediate, it will cause
secondary pollution of heavy metals and antibiotics. Biological methods include microbial
control, growing aquatic plants, etc. The algae control is safe and effective; however, it is
hard to work in a short period of time. Salvage is currently the most direct and effective
measure to reduce the ecological disaster of cyanobacteria water pollution and reduce the
intensity of outbreak again [44]. Taking Taihu Lake as an example, when the cyanobacteria
bloom broke out in 2007, about 1000 tons of cyanobacteria were salvaged every day, but
cyanobacteria could not be eaten directly by poultry and livestock. A large number of
salvaged cyanobacteria could not be treated in time and effectively. Long-term accumula-
tion was easy to rot and stink, releasing harmful gases such as hydrogen sulfide. A large
number of algal toxins, heavy metals and other harmful substances will cause secondary
pollution to the environment [45]. Cyanobacteria are rich in nutrients, and the prospect of
resource utilization is broad. There are several ways to utilize cyanobacteria at home and
abroad: utilizing cyanobacteria to prepare cyanobacteria compost and cyanobacteria biogas
manure by abundant organic matter, nitrogen, phosphorus and potassium in cyanobac-
teria; utilizing the rich protein in cyanobacteria as feed raw materials; utilizing the light
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and hydrogen of blue-green algae as a new type of biomass energy; the rich nutrients in
cyanobacteria can be used to cultivate microbial materials [46]. In the process of resource
utilization of cyanobacteria, the exploration of the migration and accumulation mechanism
of MCs is particularly important.

3.1. Cyanobacteria Compost

Direct application of cyanobacteria as fertilizer to the field will lead to a large amount
of MCs and heavy metal residues, which seriously endangers the growth of crops and
human health [20]. At the same time, according to research, when soil containing MCs
were used to grow green vegetables, the growth rate of green vegetables was significantly
inhibited, and the content of MCs absorbed by the above-ground part of green vegetables
increased with the increase in the content of MCs exposed to the ground [47]. The non-
degradable MCs will accumulate in the soil for a long time, endangering human health.
In recent years, many studies have composted salvaged cyanobacteria. Sasaki, Yoshikuni
directly added salvaged and dried cyanobacteria powder to soil to study the fertilizer effect
on crops [48]. The algae powder is a kind of organic material that is easy to dissolve and
mineralize. It slowly dissolves in the soil and releases CO,, N and P. At the same time,
it improves the activity of soil microbial enzymes and promotes the growth of lettuce.
Asghari, Zeinalzadeh, Kheirfam, Habibzadeh Azar studied the effect of cyanobacteria
composting [49]. During the composting process, the plant germination index increased
rapidly to 75%, and it was found that the fertilizer with nitrogen fixing agent had a better
plant growth effect. It can be seen that the use of high temperature composting treatment
technology can be more efficient for the resource utilization of cyanobacteria. At the same
time, most MCs can be degraded after composting. When the water content was adjusted
to 55% and the C/N ratio was 25, the degradation rate of MCs could reach more than 90%.
The intake of MCs in vegetables cultivated by cyanobacteria compost was much lower than
the WHO'’s allowable daily intake of 0.04 ug kg—! d ! [50].

3.2. Cyanobacteria Biogas Fertilizer

The most common method of resource utilization of cyanobacteria is to make high-
quality organic fertilizers from anaerobic fermentation of cyanobacteria [51]. At present,
the technology of biogas fertilizer production from cyanobacteria has become mature, and
the current research hotspot has focused on the non-toxic and harmless environmental
protection application of cyanobacteria biogas fertilizer. The study found that the salvaged
Taihu cyanobacteria were inoculated with an appropriate amount of activated sludge
and then anaerobically fermented [52]. Compared with the methane content produced
by the fermentation of livestock and poultry manure, the fermentation of cyanobacteria
would produce higher methane [53]. At the same time, the biogas slurry residues were
rich in nutrients such as nitrogen, phosphorus, potassium and amino acids, which can
be used as high-quality organic fertilizer to cultivate crops. During the whole process of
biogas fertilizer production, it was found that the degradation rate of MCs in an anaerobic
state was much higher than that in natural storage [54]. Ma H et al. found that the
MCs were almost completely degraded after the cyanobacteria recovered in Dianchi were
inoculated with an appropriate amount of activated sludge and subjected to anaerobic
fermentation [55]. At the same time, Aravind et al. mixed cyanobacteria mud with
composite environmental induction material ECO-U100 in a ratio of 100:2 to obtain a
non-toxic and pollution-free environmental organic fertilizer [56], which can significantly
improve rice quality compared with chemical fertilizer. Therefore, in the process of resource
utilization of cyanobacteria biogas fertilizer, MCs can be well degraded and will not cause
such harm to the environment [57]. However, in this process, it is necessary to pay attention
to the production of other harmful gases in the biogas production process, such as hydrogen
sulfide (H,S), methyl mercaptan (CH3SH) and methyl sulfide (CoHgS), and the purity of
anaerobic biogas fermentation needs to be improved by desulfurization [58]. At present,
the utilization of cyanobacteria has made great progress abroad and has been put into use
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initially. However, it is still in the preliminary stage in China. It is necessary to further solve
the problem of harmful gases in the process of resource utilization, so that cyanobacteria
can be used as organic fertilizer to alleviate the shortage of resources [59].

3.3. Raw Material for Feeds

The utilization of cyanobacteria resources as feed is a means with broad application
prospects [60]. Nagarajan et al. found that the specific growth rate of tilapia after long-term
consumption of feed containing cyanobacteria powder was higher than that of the control
group [61]. At the same time, adding a certain amount of cyanobacteria powder to the feed
can increase the intake of fish. If the concentration of MCs in cyanobacteria powder can be
reduced, it has great value prospects to use cyanobacteria powder as a fish feed protein
source [62]. The impact of MCs should be considered when using cyanobacteria as feed,
because the feed carries a large number of MCs, and the ingested MCs enter the food chain
to accumulate and purify in aquatic organisms [2]. As a zooplankton-eating fish, tilapia is
active in the middle and lower reaches of the food chain. After eating the feed containing
cyanobacteria, most of the MCs can reduce the toxins in the fish by excretion [63]. The
remaining MCs are digested by tilapia and enter the kidney, heart, muscle and other tissues of
the fish to accumulate and transmit to the upper food chain [64]. According to the detection
of MCs content in muscle tissue of fish with different nutritional levels on the food chain of
Chaohu Lake in Anhui Province, it was found that MCs in the upper trophic layer of the
food chain, such as carnivorous and omnivorous fish, were significantly higher than those
in phytoplankton-eating fish and herbivorous fish downstream of the food chain [65]. This
shows that when cyanobacteria are used as feed, they can be used by primary consumers to
migrate through the food chain, which in turn threatens human safety [66].

4. The Impact of Algal Toxins on Human Health and the Assessment of Human Health
Risks of Cyanobacteria Recycling

Eutrophication of freshwater bodies is becoming increasingly serious in the world [67].
When cyanobacteria blooms occur in large lakes or rivers, MCs in cyanobacteria will
migrate and transfer with the above-mentioned natural ecosystems and resource utilization
processes, and eventually accumulate in humans, which will have adverse effects on human
health [68]. When MCs are exposed and absorbed by blood, they will be transported to
various organs and distributed to liver, brain, kidney, lung, heart, reproductive system [69].
With the accumulation of concentration, it will produce chronic poisoning, leading to
nausea, dizziness, vomiting and other effects [70]. When MCs accumulate in organs to a
certain concentration, it will promote the formation and spread of cancer cells. The effect of
MCs on human health is related to the concentration of MCs in drinking water [71]. Most
of the studies of MCs on organs are proved by human cell and animal experiments in the
laboratory [72].

4.1. The Harm of MCs to Liver

The liver contains the most organic anion transporting polypeptides (OATPs) required
to assist MCs to enter cells, so it is the main target organ of MCs. At the same time, MCs
can also enter the liver through the bile acid transport system [69]. Many studies have
shown that MC-LR can increase the liver weight and lead to significant histopathological
changes, including liver parenchymal structural damage, hepatocyte swelling, vacuolar
malnutrition, loss of cell membrane integrity, necrosis, steatosis and lymphoid center
hyperplasia, and inflammatory response [73]. Palikova et al. found that the content of free
MC-LR in the serum of mice fed with MC-LR was less than that in liver [74], indicating
that MC-LR mainly accumulated in the liver. It was found for the first time that MC-LR
caused cholestasis in fish. Liver mitochondria edema occurred at day 1, and the damage to
mitochondria was the most serious at day 2. However, after 7 days of exposure to MC-LR,
it was found that the damage to liver mitochondria recovered to some extent. This may
be because the continuous accumulation of MC-LR in the body gradually caused damage
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to the liver. With the decomposition of the toxin and the initiation of the toxin clearance
mechanism in the body, the recovery of the liver was promoted, so that the structure of
mitochondria gradually returned to normal. Long-term exposure to MCs will lead to the
failure of the detoxification mechanism of organisms, thus becoming unable to carry out
normal MCs metabolism. In summary, MC-LR causes a greater damage to the liver of
animals and even humans [75]. Long-term intake will lead to liver cancer lesions. Therefore,
it is urgent to study the migration pathway of MCs to control the entry of MCs into the
human body [76].

4.2. The Harm of MCs to Kidney

Kidney is another important target organ of MCs, which plays an important role in
MCs metabolism [77]. MCs are transported to renal tubular cells through a similar transport
mechanism to the liver, causing kidney damage. In the laboratory, intraperitoneal injection
of MCs in mice showed that tritium-labeled derivatives were highly accumulated in the liver
and also distributed in the kidney [78]. When the mice were intraperitoneally injected with
10 pg kg ! of MC-LR for eight weeks, the glomerular collapse and basement membrane
thickening were caused, indicating that MC-LR caused significant renal damage in mice. In
recent years, although the treatment of cyanobacteria in Taihu Lake has achieved certain
results, cyanobacteria bloom pollution still occurs frequently in the summer [79]. Among
them, silver carp and bighead carp, two kinds of zooplankton-eating fish, were exposed
to MCs for a long time. There were renal tubular edema, mitochondrial deformation and
other phenomena. It was found that MCs caused glomerular cell necrosis, lysosomal
hyperplasia, nuclear condensation and degenerative lesions [80]. The accumulation of high
concentrations of MCs in the kidney promotes the ultrastructural pathological changes of
the renal membrane structure, which affects the regulation of hormones, and leads to renal
insufficiency [81]. Therefore, according to a large number of studies, MCs can cause kidney
cell damage in mammals.

4.3. The Harm of MCs to Nervous System

MCs are transported to the brain tissue through the blood-brain barrier through the
organic anion transporting polypeptides (OATPs) for distribution and accumulation, which
will cause abnormal development of the nervous system in the human body, causing
neurotoxicity, dizziness, nausea, vomiting, lethargy, visual impairment, tinnitus, epilepsy
and a series of neurotoxicity symptoms [82]. According to a series of proteomics studies,
MCs can damage the development and function of the nervous system by affecting the
cytoskeleton, oxidative stress and energy metabolism, and inhibiting protein phosphatase
in brain tissue [83]. After feeding 5-day-old mice with an MCs extract, Diez-Quijada et al.
studied the function of OATPs in transporting MCs using the mouse whole brain cell
system [84], and found that MC-LF and MC-LW have stronger potential to induce neuro-
toxicity in animals than MC-LR. However, in the study of rat brain tissue, it was found
that the accumulation of MC-RR was higher than that of other MCs, suggesting that the
blood-brain barrier of rats selectively inhibited highly toxic MCs. In the famous Brazilian
renal dialysis event, 89% of patients with MCs poisoning had neurological symptoms such
as visual impairment and mild deafness [6]. The above facts show that MCs have a great
adverse effect on the development and function of the nervous system, which can cause
related neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease.

4.4. Other Toxicity of MCs

In addition to causing different degrees of damage to the liver, kidney and nervous
system, MCs can also cause reproductive toxicity, immune toxicity and genetic toxicity [85].
A study has found that male rats had testicular damage, sperm motility and survival and
development ability were greatly reduced after injection of MCs crude extract [34], and
sperm quality was reduced. After 30 days of a low-dose MCs exposure test, female medaka
were found to have atrophy of gonadal tissue and a decrease in yolk content, which had a
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great negative impact on the ovary. MCs can cause harm to the body by damaging genetic
materials such as DNA, chromosomes and genes. At present, the study of immunotoxicity
mainly focuses on its effect on immune cell nuclear immune molecules. Animal experiments
have shown that MCs have a significant inhibitory effect on multiple aspects and levels of the
mouse immune system [86]. MC-LR can reduce the killing activity of mouse natural killer
(NK) cells against mouse lymphoma cell YAC-1 cells, resulting in a decrease in the ability of
mice to resist lymphoma, showing a certain degree of immune damage [87]. At the same
time, it can also reduce the nitric oxide (NO) production of macrophages, resulting in the
destruction of the immunopathological process of killing microorganisms.

The toxic effects of MCs on humans may have the following four mechanisms (Figure 2):
First, MCs cannot pass through the cell membrane by passive transport [88]. In most cases,
they are transported by OATPs carriers. OATPs is distributed in different contents in organs
and tissues of humans and mammals. There are different expressions in liver, kidney, intestine,
heart and gonads, so MCs will selectively attack these organs [89]. Secondly, MCs inhibit
protein phosphatase activity. After MCs enter cells, MeAsp residues first inhibit the activity
of PP1 and PP2A, and then the Mdha group of MCs covalently binds to the cystine serine
residues of PP1 and PP2A, resulting in irreversible damage to PP1 and PP2A [90]. Finally,
the phosphorylation and dephosphorylation of various proteins in the cell are unbalanced,
and the biochemical process is disordered, resulting in cell damage. Furthermore, MCs can
cause oxidative imbalance in cells, and MCs can increase MDA content in cells, resulting
in lipid peroxidation in cells, causing the failure of the body’s antioxidant defense system
and abnormal apoptosis of cells [91]. Finally, MCs can induce DNA mutations, damage
DNA structure, and inhibit DNA repair. MCs directly affect the morphology of the nucleus.
MCs-induced ROS also act on DNA structure and induce chromosome breakage [92]. When
the above toxicity mechanism occurs, detoxification enzymes such as GSTs will catalyze
the coupling of MCs with glutathione (GSH). The toxicity of the coupled MCs is greatly
reduced and can be accelerated in the body, which is the detoxification mechanism of the
human body to cope with the harm of MCs. However, when the human body is exposed
to low-dose MCs for a long time, oxidative damage leads to a decrease in the content of
GSTs detoxification enzymes and GSH, MCs cannot be excreted from the body, and the
detoxification mechanism fails [22].

Disruption antioxidant balance

OATPS
Sd1vO

Inhibition protein phosphatases 1 and 2A

DNA damage

Sd1vOo

lié} GSH
Detoxification mechanism failure

Figure 2. Four toxic mechanisms of microcystins (MCs) on human body.
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4.5. Conclusions and Outlooks

This study combines the distribution of MCs in aquatic organisms and their expo-
sure pathways in the process of resource utilization of cyanobacteria to reveal the enrich-
ment pathway of MCs. It enriches the lack of resource utilization of MCs in the field of
aquatic toxins.

The large-scale outbreak of cyanobacteria and its derived pollutant MCs have become
a global environmental problem. At present, there are relatively mature environmental
exposure levels and toxic effects of MCs, in the future prevention and control of MCs
pollution, the following points need to be paid attention to: (1) Monitoring the content
of MCs in lakes and rivers across the country, and it is necessary to control the water
beyond the specified concentration of MCs in time. (2) Strengthening the accumulation
and transmission of MCs at all levels of trophic levels in the aquatic ecological food
chain. Exploring the mechanisms and pathways of MCs in natural degradation, chemical
degradation, and biodegradation. (3) In view of the current analysis of the transmission
and transport mechanism of MCs in the process of cyanobacteria resource utilization, it
is necessary to further study the exposure of MCs in the process of resource utilization,
which is of great practical significance for predicting environmental risks. (4) MCs do not
appear alone in the environment. The comprehensive toxicity formed by the combination
of organic and inorganic pollutants in the environment and algal toxins may cause greater
harm. Therefore, further research on the combined pollutants of different types of MCs
can predict and reduce environmental risks. (5) While detecting the content of MCs, it is
necessary to find relevant molecular markers that indicate the pollution of cyanobacteria
blooms, which is conducive to studying the toxic mechanism of MCs and further judging
the ecological safety of lakes in the early stage.

Author Contributions: X.R.: Conceptualization; Y.W.: Investigation; K.Z.: Writing—original draft;
Y.D.: Resources; W.Z.: Investigation; M.W.: Writing—review and editing; B.X.: Formal analysis;
P.G.: Conceptualization, funding acquisition, supervision. All authors have read and agreed to the
published version of the manuscript.

Funding: This research project was supported by the National Natural Science Foundation of China
(NSFC) (No. 42207466), the Natural Science Foundation of Jiangsu Basic Research Program (BK20221103),
the National Natural Science Foundation of China (NSFC) (general program) (No. 42177376), and a key
special project of the national key research and development program (2017YFC0403402).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Xu, H; Qin, B,; Paerl, HW.; Peng, K.; Zhang, Q.; Zhu, G.; Zhang, Y. Environmental controls of harmful cyanobacterial blooms in
Chinese inland waters. Harmful Algae 2021, 110, 102127. [CrossRef] [PubMed]

2. Litvinchuk, L.E; Sharov, A.N.; Chernova, E.N.; Smirnov, V.V,; Berezina, N.A. Mutual links between microcystins-producing
cyanobacteria and plankton community in clear and brown northern lakes. Food Webs 2023, 35, €00279. [CrossRef]

3. Pappas, D.; Giannoutsou, E.; Panteris, E.; Gkelis, S.; Adamakis, 1.5. Microcystin-LR and cyanobacterial extracts alter the
distribution of cell wall matrix components in rice root cells. Plant Physiol. Biochem. 2022, 191, 78-88. [CrossRef] [PubMed]

4. Sun, S.; Tang, Q.; Xu, H.; Gao, Y.; Zhang, W.; Zhou, L.; Li, Y.; Wang, J.; Song, C. A comprehensive review on the photocatalytic
inactivation of Microcystis aeruginosa: Performance, development, and mechanisms. Chemosphere 2023, 312 Pt 1, 137239.
[CrossRef]

5. Diez-Quijada, L.; Prieto, A.IL;; Guzman-Guillen, R; Jos, A.; Camean, A.M. Occurrence and toxicity of microcystin congeners other
than MC-LR and MC-RR: A review. Food Chem. Toxicol. 2019, 125, 106-132. [CrossRef]

6.  Zegura, B.; Straser, A.; Filipi¢, M. Genotoxicity and potential carcinogenicity of cyanobacterial toxins—A review. Mutat. Res./Rev.

Mutat. Res. 2011, 727, 1641. [CrossRef]


https://doi.org/10.1016/j.hal.2021.102127
https://www.ncbi.nlm.nih.gov/pubmed/34887007
https://doi.org/10.1016/j.fooweb.2023.e00279
https://doi.org/10.1016/j.plaphy.2022.09.020
https://www.ncbi.nlm.nih.gov/pubmed/36195035
https://doi.org/10.1016/j.chemosphere.2022.137239
https://doi.org/10.1016/j.fct.2018.12.042
https://doi.org/10.1016/j.mrrev.2011.01.002

Toxins 2023, 15, 448 11 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Chen, L.; Chen, J.; Zhang, X.; Xie, P. A review of reproductive toxicity of microcystins. J. Hazard. Mater. 2016, 301, 381-399.
[CrossRef]

Briland, R.D.; Stone, ].P.; Manubolu, M.; Lee, J.; Ludsin, S.A. Cyanobacterial blooms modify food web structure and interactions
in western Lake Erie. Harmful Algae 2020, 92, 101586. [CrossRef]

Zhou, C.; Chen, H.; Zhao, H.; Wang, Q. Microcystin biosynthesis and toxic effects. Algal Res. 2021, 55, 102277. [CrossRef]
Drobac, D.; Tokodi, N.; Lujic, J.; Marinovic, Z.; Subakov-Simic, G.; Dulic, T.; Vazic, T.; Nybom, S.; Meriluoto, J.; Codd, G.A.; et al.
Cyanobacteria and cyanotoxins in fishponds and their effects on fish tissue. Harmful Algae 2016, 55, 66-76. [CrossRef]
Mohamed, Z.A.; Alamri, S.; Hashem, M. The link between microcystin levels in groundwater and surface Nile water, and
assessing their potential risk to human health. J. Contam. Hydrol. 2022, 244, 103921. [CrossRef] [PubMed]

Preece, E.P.; Hobbs, W.; Hardy, E].; O’Garro, L.; Frame, E.; Sweeney, F. Prevalence and persistence of microcystin in shoreline lake
sediments and porewater, and associated potential for human health risk. Chemosphere 2021, 272, 129581. [CrossRef] [PubMed]
Ma, Y,; Liu, H.; Du, X; Shi, Z,; Liu, X.; Wang, R.; Zhang, S.; Tian, Z.; Shi, L.; Guo, H.; et al. Advances in the toxicology research of
microcystins based on Omics approaches. Environ. Int. 2021, 154, 106661. [CrossRef]

Ali, S.; Paul Peter, A.; Chew, K.W.,; Munawaroh, H.S.H.; Show, P.L. Resource recovery from industrial effluents through the
cultivation of microalgae: A review. Bioresour. Technol. 2021, 337, 125461. [CrossRef]

Deng, B.; Zhu, J.; Wang, G.; Xu, C.; Zhang, X.; Wang, P.; Yuan, Q. Effects of three major nutrient contents, compost thickness
and treatment time on larval weight, process performance and residue component in black soldier fly larvae (Hermetia illucens)
composting. J. Environ. Manag. 2022, 307, 114610. [CrossRef]

Siddiqui, S.A.; Ristow, B.; Rahayu, T.; Putra, N.S.; Widya Yuwono, N.; Nisa, K.; Mategeko, B.; Smetana, S.; Saki, M.; Nawaz, A.; et al.
Black soldier fly larvae (BSFL) and their affinity for organic waste processing. Waste Manag. 2022, 140, 1-13. [CrossRef]
Gagala-Borowska, I.; Karwaciak, L; Jaros, D.; Ratajewski, M.; Kokocinski, M.; Jurczak, T.; Remlein, B.; Rudnicka, K.; Pulaski, L.;
Mankiewicz-Boczek, J. Cyanobacterial cell-wall components as emerging environmental toxicants—Detection and holistic
monitoring by cellular signaling biosensors. Sci. Total Environ. 2022, 807 Pt 2, 150645. [CrossRef] [PubMed]

Xue, Q.; Xie, L.; Cheng, C.; Su, X.; Zhao, Y. Different environmental factors drive the concentrations of microcystin in particulates,
dissolved water, and sediments peaked at different times in a large shallow lake. ]. Environ. Manag. 2023, 326 Pt B, 116833.
[CrossRef]

Beversdorf, L.J.; Rude, K.; Weirich, C.A.; Bartlett, S.L.; Seaman, M.; Kozik, C.; Biese, P; Gosz, T.; Suha, M.; Stempa, C.; et al. Analysis
of cyanobacterial metabolites in surface and raw drinking waters reveals more than microcystin. Water Res. 2018, 140, 280-290.
[CrossRef]

Pavagadhi, S.; Balasubramanian, R. Toxicological evaluation of microcystins in aquatic fish species: Current knowledge and
future directions. Aquat. Toxicol. 2013, 142-143, 1-16. [CrossRef]

Song, X.; Zhang, Y.; Yu, Z. An eco-environmental assessment of harmful algal bloom mitigation using modified clay. Harmful Algae
2021, 107, 102067. [CrossRef] [PubMed]

Ger, K.A; Urrutia-Cordero, P.; Frost, P.C.; Hansson, L.A.; Sarnelle, O.; Wilson, A.E.; Lurling, M. The interaction between
cyanobacteria and zooplankton in a more eutrophic world. Harmful Algae 2016, 54, 128-144. [CrossRef] [PubMed]

Sotton, B.; Guillard, J.; Anneville, O.; Marechal, M.; Savichtcheva, O.; Domaizon, I. Trophic transfer of microcystins through the lake
pelagic food web: Evidence for the role of zooplankton as a vector in fish contamination. Sci. Total Environ. 2014, 466—467, 152-163.
[CrossRef] [PubMed]

Ferreira, C.M.; Nagelkerken, I.; Goldenberg, S.U.; Walden, G.; Leung, J.Y.S.; Connell, S.D. Functional loss in herbivores drives
runaway expansion of weedy algae in a near-future ocean. Sci. Total Environ. 2019, 695, 133829. [CrossRef] [PubMed]

Pham, T.L.; Shimizu, K.; Kanazawa, A.; Gao, Y.; Dao, T.S.; Utsumi, M. Microcystin accumulation and biochemical responses in the
edible clam Corbicula leana P. exposed to cyanobacterial crude extract. J. Environ. Sci. 2016, 44, 120-130. [CrossRef] [PubMed]
Freitas, M.; Azevedo, J.; Carvalho, A.P.; Campos, A.; Vasconcelos, V. Effects of storage, processing and proteolytic digestion on
microcystin-LR concentration in edible clams. Food Chem. Toxicol. 2014, 66, 217-223. [CrossRef]

Onofrio, M.D.; Egerton, T.A.; Reece, K.S.; Pease, SK.D.; Sanderson, M.P;; Iii, W.]J.; Yeargan, E.; Roach, A.; DeMent, C,;
Wood, A.; et al. Spatiotemporal distribution of phycotoxins and their co-occurrence within nearshore waters. Harmful Algae
2021, 103, 101993. [CrossRef]

Zaidi, H.; Amrani, A.; Sedrati, F.; Maaref, H.; Leghrib, E; Benamara, M.; Amara, H.; Wang, Z.; Nasri, H. Histological and chemical
damage induced by microcystin-LR and microcystin-RR on land snail Helix aspersa tissues after acute exposure. Comp. Biochem.
Physiol. C Toxicol. Pharm. 2021, 245, 109031. [CrossRef]

Veerabadhran, M.; Manivel, N.; Sarvalingam, B.; Seenivasan, B.; Srinivasan, H.; Davoodbasha, M.; Yang, F. State-of-the-art review
on the ecotoxicology, health hazards, and economic loss of the impact of microcystins and their ultrastructural cellular changes.
Aquat. Toxicol. 2023, 256, 106417. [CrossRef]

Cai, S.; Shu, Y;; Tian, C.; Wang, C.; Fang, T.; Xiao, B.; Wu, X. Effects of chronic exposure to microcystin-LR on life-history traits,
intestinal microbiota and transcriptomic responses in Chironomus pallidivittatus. Sci. Total Environ. 2022, 823, 153624. [CrossRef]
Fujibayashi, M.; Furuta, S.; Inoue, E.; Ichise, S.; Takei, N. Dominance of harmful algae, Microcystis spp. and Micrasterias hardyi, has
negative consequences for bivalves in a freshwater lake. Harmful Algae 2021, 101, 101967. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jhazmat.2015.08.041
https://doi.org/10.1016/j.hal.2019.03.004
https://doi.org/10.1016/j.algal.2021.102277
https://doi.org/10.1016/j.hal.2016.02.007
https://doi.org/10.1016/j.jconhyd.2021.103921
https://www.ncbi.nlm.nih.gov/pubmed/34784559
https://doi.org/10.1016/j.chemosphere.2021.129581
https://www.ncbi.nlm.nih.gov/pubmed/33482515
https://doi.org/10.1016/j.envint.2021.106661
https://doi.org/10.1016/j.biortech.2021.125461
https://doi.org/10.1016/j.jenvman.2022.114610
https://doi.org/10.1016/j.wasman.2021.12.044
https://doi.org/10.1016/j.scitotenv.2021.150645
https://www.ncbi.nlm.nih.gov/pubmed/34637876
https://doi.org/10.1016/j.jenvman.2022.116833
https://doi.org/10.1016/j.watres.2018.04.032
https://doi.org/10.1016/j.aquatox.2013.07.010
https://doi.org/10.1016/j.hal.2021.102067
https://www.ncbi.nlm.nih.gov/pubmed/34456023
https://doi.org/10.1016/j.hal.2015.12.005
https://www.ncbi.nlm.nih.gov/pubmed/28073472
https://doi.org/10.1016/j.scitotenv.2013.07.020
https://www.ncbi.nlm.nih.gov/pubmed/23906853
https://doi.org/10.1016/j.scitotenv.2019.133829
https://www.ncbi.nlm.nih.gov/pubmed/31421342
https://doi.org/10.1016/j.jes.2015.09.018
https://www.ncbi.nlm.nih.gov/pubmed/27266308
https://doi.org/10.1016/j.fct.2014.01.041
https://doi.org/10.1016/j.hal.2021.101993
https://doi.org/10.1016/j.cbpc.2021.109031
https://doi.org/10.1016/j.aquatox.2023.106417
https://doi.org/10.1016/j.scitotenv.2022.153624
https://doi.org/10.1016/j.hal.2020.101967
https://www.ncbi.nlm.nih.gov/pubmed/33526189

Toxins 2023, 15, 448 12 of 14

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

Baer, M.M.; Godwin, C.M.; Johengen, T.H. The effect of single versus dual nutrient decreases on phytoplankton growth rates,
community composition, and Microcystin concentration in the western basin of Lake Erie. Harmful Algae 2023, 123, 102382.
[CrossRef] [PubMed]

Yan, L.; Xu, Z.; Hu, Y.; Wang, Y.; Zhou, F; Gao, X.; Zhu, Y.; Chen, D. Cyanobacteria bloom hazard function and preliminary
application in lake taihu, China. Chemosphere 2022, 307 Pt 4, 136122. [CrossRef] [PubMed]

Qiao, Q.; Le Manach, S.; Huet, H.; Duvernois-Berthet, E.; Chaouch, S.; Duval, C.; Sotton, B.; Ponger, L.; Marie, A.; Matheron, L.; et al.
An integrated omic analysis of hepatic alteration in medaka fish chronically exposed to cyanotoxins with possible mechanisms of
reproductive toxicity. Environ. Pollut. 2016, 219, 119-131. [CrossRef]

Fang, T,; Liang, Y.; Yang, K.; Zhao, X.; Gao, N.; Li, J.; Lu, W.; Cui, K,; Li, H. Benefit-risk assessment of consuming fish and shrimp
from a large eutrophic freshwater lake, China. J. Food Compos. Anal. 2022, 114, 104835. [CrossRef]

Bi, X.; Dai, W.; Wang, X.; Dong, S.; Zhang, S.; Zhang, D.; Wu, M. Microcystins distribution, bioaccumulation, and Microcystis
genotype succession in a fish culture pond. Sci. Total Environ. 2019, 688, 380-388. [CrossRef] [PubMed]

Jia, J.; Luo, W.; Lu, Y.; Giesy, J.P. Bioaccumulation of microcystins (MCs) in four fish species from Lake Taihu, China: Assessment
of risks to humans. Sci. Total Environ. 2014, 487, 224-232. [CrossRef]

Qiao, Q.; Liang, H.; Zhang, X. Effect of cyanobacteria on immune function of crucian carp (Carassius auratus) via chronic exposure
in diet. Chemosphere 2013, 90, 1167-1176. [CrossRef]

Li, L.; Chen, S.; Xu, S.Y; Li, D.W,; Li, H.Y.; Yang, W.D. Toxicity and underlying mechanism of the toxic dinoflagellate Gambierdiscus
caribaeus to the fish Oryzias melastigma. Ecotoxicol. Environ. Saf. 2022, 247, 114223. [CrossRef]

Foucault, P,; Gallet, A.; Duval, C.; Marie, B.; Duperron, S. Gut microbiota and holobiont metabolome composition of the medaka
fish (Oryzias latipes) are affected by a short exposure to the cyanobacterium Microcystis aeruginosa. Aquat. Toxicol. 2022, 253, 106329.
[CrossRef]

Zuo, Z.; Wang, S.; Wang, Q.; Wang, D.; Wu, Q.; Xie, S.; Zou, J. Effects of partial replacement of dietary flour meal with seaweed
polysaccharides on the resistance to ammonia stress in the intestine of hybrid snakehead (Channa maculatus @ x Channa argus &').
Fish Shellfish Immunol. 2022, 127, 271-279. [CrossRef] [PubMed]

Zong, Z.; Dang, Y.; Zhang, Y.; Yu, L.; Liu, C.; Wang, J. Promotion effect on liver tumor progression of microcystin-LR at
environmentally relevant levels in female krasV12 transgenic zebrafish. Aquat. Toxicol. 2022, 252, 106313. [CrossRef] [PubMed]
Fan, X.; Gao, S.; Zhang, Y.; Qin, B.; Xu, H.; Ding, S. Stimulation of high-concentration dissolved nitrogen and reactive phosphorus
in Lake Taihu sediments on the initiation and maintenance of cyanobacterial blooms. Sci. Total Environ. 2022, 851 Pt 2, 158088.
[CrossRef]

El-Sheekh, M.M.; Abd Al-Halim, M.A.; Mohammed, S.A. Algae processing by plasma discharge technology: A review. Algal Res.
2023, 70, 102983. [CrossRef]

Chen, F; Ye, J.; Shu, T.; Sun, Y,; Li, ]. Zooplankton response to the lake restoration in the drinking-water source in Meiliang Bay of
subtropical eutrophic Lake Taihu, China. Limnologica 2012, 42, 189-196. [CrossRef]

Maniyar, C.B.; Kumar, A.; Mishra, D.R. Continuous and Synoptic Assessment of Indian Inland Waters for Harmful Algae Blooms.
Harmful Algae 2022, 111, 102160. [CrossRef] [PubMed]

Xiang, L.; Li, YW.,; Liu, B.L.; Zhao, HM,; Li, H,; Cai, Q.Y.; Mo, C.H.; Wong, M.H,; Li, Q.X. High ecological and human health risks
from microcystins in vegetable fields in southern China. Environ. Int. 2019, 133 Pt A, 105142. [CrossRef]

Sasaki, Y.; Yoshikuni, Y. Metabolic engineering for valorization of macroalgae biomass. Metab. Eng. 2022, 71, 42-61. [CrossRef]
Asghari, S.; Zeinalzadeh, K.; Kheirfam, H.; Habibzadeh Azar, B. The impact of cyanobacteria inoculation on soil hydraulic
properties at the lab-scale experiment. Agric. Water Manag. 2022, 272, 107865. [CrossRef]

Li, J.; Li, R,; Li, J. Current research scenario for microcystins biodegradation—A review on fundamental knowledge, application
prospects and challenges. Sci. Total Environ. 2017, 595, 615-632. [CrossRef]

Mastropetros, S.G.; Pispas, K.; Zagklis, D.; Ali, S.S.; Kornaros, M. Biopolymers production from microalgae and cyanobacteria
cultivated in wastewater: Recent advances. Biotechnol. Adv. 2022, 60, 107999. [CrossRef] [PubMed]

Cheng, J.; Yue, L.; Hua, ].; Dong, H.; Li, Y.-Y,; Zhou, J.; Lin, R. Hydrothermal heating with sulphuric acid contributes to improved
fermentative hydrogen and methane co-generation from Dianchi Lake algal bloom. Energy Convers. Manag. 2019, 192, 282-291.
[CrossRef]

Zhou, C; Peng, Y.; Yu, M,; Deng, Y.; Chen, L.; Zhang, L.; Xu, X.; Zhang, S.; Yan, Y.; Wang, G. Severe cyanobacteria accumulation
potentially induces methylotrophic methane producing pathway in eutrophic lakes. Environ. Pollut. 2022, 292 Pt B, 118443.
[CrossRef]

Xu, H,; Liu, Y.;; Tang, Z.; Li, H.; Li, G.; He, Q. Methane production in harmful algal blooms collapsed water: The contribution of
non-toxic Microcystis aeruginosa outweighs that of the toxic variety. J. Clean. Prod. 2020, 276, 124280. [CrossRef]

Ma, H.; Wu, Y;; Gan, N.; Zheng, L.; Li, T.; Song, L. Growth inhibitory effect of Microcystis on Aphanizomenon flos-aquae isolated
from cyanobacteria bloom in Lake Dianchi, China. Harmful Algae 2015, 42, 43-51. [CrossRef]

Aravind, M.K,; Vignesh, N.S.; Gayathri, S.; Anjitha, N.; Athira, KM.; Gunaseelan, S.; Arunkumar, M.; Sanjaykumar, A.;
Karthikumar, S.; Ganesh Moorthy, LM.; et al. Review on rewiring of microalgal strategies for the heavy metal remediation—A
metal specific logistics and tactics. Chemosphere 2023, 313, 137310. [CrossRef] [PubMed]

Zhang, S.; Liu, H,; Du, X,; Chen, X; Petlulu, P,; Tian, Z.; Shi, L.; Zhang, B.; Yuan, S.; Guo, X,; et al. A new identity of microcystins:
Environmental endocrine disruptors? An evidence-based review. Sci. Total Environ. 2022, 851 Pt 2, 158262. [CrossRef]


https://doi.org/10.1016/j.hal.2023.102382
https://www.ncbi.nlm.nih.gov/pubmed/36894205
https://doi.org/10.1016/j.chemosphere.2022.136122
https://www.ncbi.nlm.nih.gov/pubmed/36029861
https://doi.org/10.1016/j.envpol.2016.10.029
https://doi.org/10.1016/j.jfca.2022.104835
https://doi.org/10.1016/j.scitotenv.2019.06.156
https://www.ncbi.nlm.nih.gov/pubmed/31233918
https://doi.org/10.1016/j.scitotenv.2014.04.037
https://doi.org/10.1016/j.chemosphere.2012.09.025
https://doi.org/10.1016/j.ecoenv.2022.114223
https://doi.org/10.1016/j.aquatox.2022.106329
https://doi.org/10.1016/j.fsi.2022.06.035
https://www.ncbi.nlm.nih.gov/pubmed/35753557
https://doi.org/10.1016/j.aquatox.2022.106313
https://www.ncbi.nlm.nih.gov/pubmed/36182864
https://doi.org/10.1016/j.scitotenv.2022.158088
https://doi.org/10.1016/j.algal.2023.102983
https://doi.org/10.1016/j.limno.2011.11.001
https://doi.org/10.1016/j.hal.2021.102160
https://www.ncbi.nlm.nih.gov/pubmed/35016766
https://doi.org/10.1016/j.envint.2019.105142
https://doi.org/10.1016/j.ymben.2022.01.005
https://doi.org/10.1016/j.agwat.2022.107865
https://doi.org/10.1016/j.scitotenv.2017.03.285
https://doi.org/10.1016/j.biotechadv.2022.107999
https://www.ncbi.nlm.nih.gov/pubmed/35667537
https://doi.org/10.1016/j.enconman.2019.04.003
https://doi.org/10.1016/j.envpol.2021.118443
https://doi.org/10.1016/j.jclepro.2020.124280
https://doi.org/10.1016/j.hal.2014.12.009
https://doi.org/10.1016/j.chemosphere.2022.137310
https://www.ncbi.nlm.nih.gov/pubmed/36460155
https://doi.org/10.1016/j.scitotenv.2022.158262

Toxins 2023, 15, 448 13 of 14

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Nevzorova, T.; Kutcherov, V. Barriers to the wider implementation of biogas as a source of energy: A state-of-the-art review.
Energy Strategy Rev. 2019, 26, 100414. [CrossRef]

Watson, S.B.; Miller, C.; Arhonditsis, G.; Boyer, G.L.; Carmichael, W.; Charlton, M.N.; Confesor, R.; Depew, D.C.; Hook, T.O;
Ludsin, S.A.; et al. The re-eutrophication of Lake Erie: Harmful algal blooms and hypoxia. Harmful Algae 2016, 56, 44-66.
[CrossRef]

Norefia-Caro, D.; Benton, M.G. Cyanobacteria as photoautotrophic biofactories of high-value chemicals. J. CO2 Util. 2018, 28, 335-366.
[CrossRef]

Nagarajan, D.; Varjani, S.; Lee, D.-].; Chang, ].-S. Sustainable aquaculture and animal feed from microalgae—Nutritive value and
techno-functional components. Renew. Sustain. Energy Rev. 2021, 150, 111549. [CrossRef]

Mutoti, M.; Gumbo, J.; Jideani, A.I.O. Occurrence of cyanobacteria in water used for food production: A review. Phys. Chem.
Earth Parts A/B/C 2022, 125, 103101. [CrossRef]

Nyakairu, G.W.; Nagawa, C.B.; Mbabazi, ]. Assessment of cyanobacteria toxins in freshwater fish: A case study of Murchison Bay
(Lake Victoria) and Lake Mburo, Uganda. Toxicon 2010, 55, 939-946. [CrossRef] [PubMed]

Wiegand, C.; Pflugmacher, S. Ecotoxicological effects of selected cyanobacterial secondary metabolites: A short review. Toxicol.
Appl. Pharm. 2005, 203, 201-218. [CrossRef] [PubMed]

Shan, K; Li, L.; Wang, X.; Wu, Y.; Hu, L.; Yu, G.; Song, L. Modelling ecosystem structure and trophic interactions in a typical
cyanobacterial bloom-dominated shallow Lake Dianchi, China. Ecol. Model. 2014, 291, 82-95. [CrossRef]

Vilar, M.C.P; da Silva Ferrao-Filho, A.; Azevedo, SM.F.O. Single and mixed diets of the toxic Cyanobacteria Microcystis
aeruginosa and Raphidiopsis raciborskii differently affect Daphnia feeding behavior. Food Webs 2022, 32, €00245. [CrossRef]
Ahmed, S.E; Kumar, P.S.; Kabir, M.; Zuhara, ET.; Mehjabin, A.; Tasannum, N.; Hoang, A.T.; Kabir, Z.; Mofijur, M. Threats,
challenges and sustainable conservation strategies for freshwater biodiversity. Environ. Res. 2022, 214 Pt 1, 113808. [CrossRef]
Mutoti, M.I; Edokpayi, J.; Mutileni, N.; Durowoju, O.; Munyai, FEL. Cyanotoxins in groundwater; occurrence, potential sources,
health impacts and knowledge gap for public health. Toxicon 2023, 226, 107077. [CrossRef]

Shi, L.; Du, X; Liu, H,; Chen, X.; Ma, Y.; Wang, R.; Tian, Z.; Zhang, S.; Guo, H.; Zhang, H. Update on the adverse effects of
microcystins on the liver. Environ. Res. 2021, 195, 110890. [CrossRef]

Tan, K.; Sun, Y.; Zhang, H.; Zheng, H. Effects of harmful algal blooms on the physiological, immunity and resistance to
environmental stress of bivalves: Special focus on paralytic shellfish poisoning and diarrhetic shellfish poisoning. Aquaculture
2023, 563, 739000. [CrossRef]

Wei, H,; Jia, Y.; Wang, Z. Microcystin pollution in lakes and reservoirs: A nationwide meta-analysis and assessment in China.
Environ. Pollut. 2022, 309, 119791. [CrossRef] [PubMed]

Shi, T.; Xu, L.L.; Chen, L.; He, J.; Wang, Y.K,; Chen, E; Chen, Y.; Giesy, ].P; Wang, Y.T.; Wu, Q.H.; et al. Acute exposure to
microcystins affects hypothalamic-pituitary axes of male rats. Environ. Pollut. 2023, 318, 120843. [CrossRef] [PubMed]

Ishfaq, PM.; Mishra, S.; Mishra, A.; Ahmad, Z.; Gayen, S.; Jain, S.K.; Tripathi, S.; Mishra, S.K. Inonotus obliquus aqueous extract
prevents histopathological alterations in liver induced by environmental toxicant Microcystin. Curr. Res. Pharm. Drug Discov.
2022, 3, 100118. [CrossRef] [PubMed]

Palikova, M.; Ondrackova, P.; Mares, J.; Adamovsky, O.; Pikula, J.; Kohoutek, J.; Navratil, S.; Blaha, L.; Kopp, R. In vivo
effects of microcystins and complex cyanobacterial biomass on rats (Rattus norvegicus var. alba): Changes in immunological and
haematological parameters. Toxicon 2013, 73, 1-8. [CrossRef]

Banerjee, S.; Maity, S.; Guchhait, R.; Chatterjee, A.; Biswas, C.; Adhikari, M.; Pramanick, K. Toxic effects of cyanotoxins in teleost
fish: A comprehensive review. Aquat. Toxicol. 2021, 240, 105971. [CrossRef]

Swe, T.; Miles, C.O.; Cerasino, L.; Mjelde, M.; Kleiven, S.; Ballot, A. Microcystis, Raphidiopsis raciborskii and Dolichospermum smithii,
toxin producing and non-toxigenic cyanobacteria in Yezin Dam, Myanmar. Limnologica 2021, 90, 125901. [CrossRef]

Wang, Q.; Xie, P.; Chen, ]J.; Liang, G. Distribution of microcystins in various organs (heart, liver, intestine, gonad, brain, kidney
and lung) of Wistar rat via intravenous injection. Toxicon 2008, 52, 721-727. [CrossRef]

Pan, C.; Yan, M,; Jin, H.; Guo, H.; Han, X. Chronic exposure to MC-LR increases the risks of microcytic anemia: Evidence from
human and mice. Environ. Pollut. 2021, 288, 117966. [CrossRef]

Li, S; Liu, C.; Sun, P; Ni, T. Response of cyanobacterial bloom risk to nitrogen and phosphorus concentrations in large shallow
lakes determined through geographical detector: A case study of Taihu Lake, China. Sci. Total Environ. 2022, 816, 151617.
[CrossRef]

Zhang, D.; Yuan, L.; Zhang, L.; Qiu, T.; Liao, Q.; Xiang, J.; Luo, L.; Xiong, X. Pathological and biochemical characterizations of
microcystin-LR-induced liver and kidney damage in chickens after acute exposure. Toxicon 2022, 220, 106952. [CrossRef]

Wang, Z.; Li, G.; Wu, Q.; Liu, C.; Shen, J.; Yan, W. Microcystin-LR exposure induced nephrotoxicity by triggering apoptosis in
female zebrafish. Chemosphere 2019, 214, 598-605. [CrossRef]

Hinojosa, M.G.; Gutierrez-Praena, D.; Prieto, A.L; Guzman-Guillen, R.; Jos, A.; Camean, A.M. Neurotoxicity induced by
microcystins and cylindrospermopsin: A review. Sci. Total Environ. 2019, 668, 547-565. [CrossRef] [PubMed]

Ding, J.; Wang, ]J.; Xiang, Z.; Diao, W.; Su, M.; Shi, W.; Wan, T.; Han, X. The organic anion transporting polypeptide 1a5 is a
pivotal transporter for the uptake of microcystin-LR by gonadotropin-releasing hormone neurons. Aquat. Toxicol. 2017, 182, 1-10.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.esr.2019.100414
https://doi.org/10.1016/j.hal.2016.04.010
https://doi.org/10.1016/j.jcou.2018.10.008
https://doi.org/10.1016/j.rser.2021.111549
https://doi.org/10.1016/j.pce.2021.103101
https://doi.org/10.1016/j.toxicon.2009.07.024
https://www.ncbi.nlm.nih.gov/pubmed/19646467
https://doi.org/10.1016/j.taap.2004.11.002
https://www.ncbi.nlm.nih.gov/pubmed/15737675
https://doi.org/10.1016/j.ecolmodel.2014.07.015
https://doi.org/10.1016/j.fooweb.2022.e00245
https://doi.org/10.1016/j.envres.2022.113808
https://doi.org/10.1016/j.toxicon.2023.107077
https://doi.org/10.1016/j.envres.2021.110890
https://doi.org/10.1016/j.aquaculture.2022.739000
https://doi.org/10.1016/j.envpol.2022.119791
https://www.ncbi.nlm.nih.gov/pubmed/35850314
https://doi.org/10.1016/j.envpol.2022.120843
https://www.ncbi.nlm.nih.gov/pubmed/36509348
https://doi.org/10.1016/j.crphar.2022.100118
https://www.ncbi.nlm.nih.gov/pubmed/35992377
https://doi.org/10.1016/j.toxicon.2013.06.016
https://doi.org/10.1016/j.aquatox.2021.105971
https://doi.org/10.1016/j.limno.2021.125901
https://doi.org/10.1016/j.toxicon.2008.08.004
https://doi.org/10.1016/j.envpol.2021.117966
https://doi.org/10.1016/j.scitotenv.2021.151617
https://doi.org/10.1016/j.toxicon.2022.106952
https://doi.org/10.1016/j.chemosphere.2018.09.103
https://doi.org/10.1016/j.scitotenv.2019.02.426
https://www.ncbi.nlm.nih.gov/pubmed/30856566
https://doi.org/10.1016/j.aquatox.2016.11.005
https://www.ncbi.nlm.nih.gov/pubmed/27842270

Toxins 2023, 15, 448 14 of 14

84.

85.

86.

87.

88.

89.

90.

91.

92.

Diez-Quijada, L.; Puerto, M.; Gutierrez-Praena, D.; Llana-Ruiz-Cabello, M.; Jos, A.; Camean, A.M. Microcystin-RR: Occurrence,
content in water and food and toxicological studies. A review. Environ. Res. 2019, 168, 467-489. [CrossRef] [PubMed]

Zhang, S.; Du, X; Liu, H.; Losiewic, M.D.; Chen, X.; Ma, Y.; Wang, R.; Tian, Z.; Shi, L.; Guo, H.; et al. The latest advances in the
reproductive toxicity of microcystin-LR. Environ. Res. 2021, 192, 110254. [CrossRef]

Sun, S.; Zheng, C.; Shi, X. Effect of paternal exposure to microcystin-LR on testicular dysfunction, reproduction, and offspring
immune response in the oriental river prawn (Macrobrachium nipponense). Aquaculture 2021, 534, 736332. [CrossRef]

Xia, H.; Song, T.; Wang, L.; Jiang, L.; Zhou, Q.; Wang, W.; Liu, L.; Yang, P.; Zhang, X. Effects of dietary toxic cyanobacteria and
ammonia exposure on immune function of blunt snout bream (Megalabrama amblycephala). Fish Shellfish Immunol. 2018, 78, 383-391.
[CrossRef]

Qiu, J.; Zhang, J.; Li, A. Cytotoxicity and intestinal permeability of phycotoxins assessed by the human Caco-2 cell model.
Ecotoxicol. Environ. Saf. 2023, 249, 114447. [CrossRef]

Liu, Y;; Qi, C.L,; Li, D.W,; Li, H.Y; Li, RM.; Yang, W.D. Microcystin-LR exposure interfered maintenance of colonic microenviron-
mental homeostasis in rat. Food Chem. Toxicol. 2023, 173, 113611. [CrossRef]

Painefilu, J.C.; Gonzalez, C.; Carcamo, J.G.; Bianchi, V.A.; Luquet, C.M. Microcystin-LR modulates multixenobiotic resistance
proteins in the middle intestine of rainbow trout, Oncorhynchus mykiss. Aquat. Toxicol. 2022, 253, 106327. [CrossRef]

Zhang, M.; Wang, Z.; Xu, J.; Liu, Y.; Ni, L.; Cao, T.; Xie, P. Ammonium, microcystins, and hypoxia of blooms in eutrophic water
cause oxidative stress and C-N imbalance in submersed and floating-leaved aquatic plants in Lake Taihu, China. Chemosphere
2011, 82, 329-339. [CrossRef] [PubMed]

Chen, G.; Ding, X.; Zhou, W. Study on ultrasonic treatment for degradation of Microcystins (MCs). Ultrason. Sonochem. 2020, 63, 104900.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.envres.2018.07.019
https://www.ncbi.nlm.nih.gov/pubmed/30399604
https://doi.org/10.1016/j.envres.2020.110254
https://doi.org/10.1016/j.aquaculture.2020.736332
https://doi.org/10.1016/j.fsi.2018.04.023
https://doi.org/10.1016/j.ecoenv.2022.114447
https://doi.org/10.1016/j.fct.2023.113611
https://doi.org/10.1016/j.aquatox.2022.106327
https://doi.org/10.1016/j.chemosphere.2010.10.038
https://www.ncbi.nlm.nih.gov/pubmed/21075418
https://doi.org/10.1016/j.ultsonch.2019.104900
https://www.ncbi.nlm.nih.gov/pubmed/31945576

	Introduction 
	Exposure Pathways of MCs in Aquatic Food Chain 
	Accumulation of Zooplankton 
	Accumulation of Benthic Herbivores 
	Accumulation of Gastropod 
	Accumulation of Fish 

	Exposure Pathways of MCs in the Process of Resource Utilization 
	Cyanobacteria Compost 
	Cyanobacteria Biogas Fertilizer 
	Raw Material for Feeds 

	The Impact of Algal Toxins on Human Health and the Assessment of Human Health Risks of Cyanobacteria Recycling 
	The Harm of MCs to Liver 
	The Harm of MCs to Kidney 
	The Harm of MCs to Nervous System 
	Other Toxicity of MCs 
	Conclusions and Outlooks 

	References

