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Toxic mechanisms of microcystins in mammals

Nicole L. McLellana and Richard A. Manderville *b

Microcystins, such as microcystin-leucine arginine (MC-LR), are some of the most toxic and prevalent

cyanotoxins produced by cyanobacteria in freshwater and saltwater algal blooms worldwide. Acute and

chronic exposures to microcystins are primarily known to cause hepatotoxicity; cellular damage and

genotoxicity within mammalian livers. However, in vivo studies indicate that similar damage may occur in

other mammalian organs and tissues, such as the kidney, heart, reproductive systems, and lungs – par-

ticularly following chronic low-dose exposures. Mechanisms of toxicity of mycrocystins are reviewed

herein; including cellular uptake, interaction with protein phosphatases PP1 and PP2A, cytoskeletal

effects, formation of oxidative stress and induction of apoptosis. In general, the mode of action of toxicity

by MCs in mammalian organs are similar to those that have been observed in liver tissues. A comprehen-

sive understanding of the toxic mechanisms of microcystins in mammalian tissues and organs will assist in

the development of risk assessment approaches to public health protection strategies and the develop-

ment of robust drinking water policies.

Introduction

Algal blooms occur in fresh and saltwater bodies around the
world and pose a threat to human and ecological health. Many
water bodies, including Lake Erie, suffer from persistent
noxious algal blooms.1,2 These blooms can produce cyano-
toxins and negatively impact the drinking water supplies to
surrounding communities, as well as tourism and fishery
economies.

Nicole L. McLellan

Nicole L. McLellan is a Ph.D.
Candidate at the University of
Guelph in the program of
Environmental Science +
Toxicology. She received a B.Sc.
in Honours Biology (2007) and
M.A.Sc. in Civil Engineering
(2013) from the University of
Waterloo (Waterloo, Canada).
Ms. McLellan has worked for
over 5 years at Stantec
Consulting Ltd where her respon-
sibilities include optimizing
municipal drinking water treat-

ment for cyanotoxin removal. Her research is sponsored by an
NSERC Industrial Post-Graduate Scholarship, and she was
selected by Health Canada for the FSWEP (2016) to gain experi-
ence in the development of the guidelines for Canadian drinking
water quality.

Richard A. Manderville

Dr Richard A. Manderville is
Professor of Chemistry and
Director of the Toxicology
Program at the University of
Guelph. He received a B.Sc.
(1986) and Ph.D. (1992) from
Queen’s University (Kingston,
Canada) in physical-organic
chemistry under the supervision
of Prof. Erwin Buncel. After
postdoctoral studies with Prof.
Sidney Hecht at the University of
Virginia (Charlottesville, VA), he
launched his independent career

at Wake Forest University (Winston-Salem, NC) in 1995. In
2004 he returned to Canada and continued his research program
at Guelph on the structural and biochemical implications of DNA
base modification and their potential applications.

aSchool of Environmental Sciences, University of Guelph, Guelph, Ontario, N1G 2W1,

Canada
bDepartment of Chemistry and Toxicology, University of Guelph, Guelph, Ontario,

N1G 2W1, Canada. E-mail: rmanderv@uoguelph.ca; Fax: +1-519-766-1499;

Tel: +1-519-824-4120, x53963

This journal is © The Royal Society of Chemistry 2017 Toxicol. Res., 2017, 6, 391–405 | 391

Pu
bl

ish
ed

 o
n 

24
 A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 3

0/
01

/2
01

8 
14

:1
7:

42
. 

View Article Online
View Journal  | View Issue



Algal blooms are caused by an overgrowth of photosynthetic
microorganisms known as cyanobacteria. Cyanobacteria
include numerous genera capable of producing a variety of
intracellular cyanotoxins that can harm aquatic, livestock, and
human health (Table 1).3–5 Cell-bound (i.e. intracellular) toxins
may be released into the water (i.e. extracellular) column if the
cyanobacterial cell wall is disrupted during cell death or
certain drinking water treatment processes.6

Microcystins (MCs), a class of known hepatotoxins, are the
most common cyanotoxins detected in Lake Erie and in fresh-
waters worldwide.1,7 MCs are monocyclic peptide toxins of
which there are >100 known variants.8–11 The ∼1000 Da struc-
ture of MCs include seven amino acids in a ring formation
with a unique β-amino acid side chain (ADDA group). The
nomenclature for each variant emanates from two variable
positions that are always occupied by L-amino acids (e.g.
L-leucine and L-arginine in the case of MC-LR). The variants
can differ in their polarity; some contain hydrophobic amino
acid residues such as MC-LF (with phenylalanine) and MC-LW
(with tryptophan); while MC-LR is more hydrophilic.11 The
consistent amino acids include D-alanine (D-ala), D-β-methyl-
isoaspartate (D-β-Me-isoAsp) and D-γ-glutamate (D-glu) and are
shown in Fig. 1 of MC-LR. The D-glu group and ADDA side
chain have been implicated to play critical roles in the mode
of action (MOA) of microcystins binding and inhibiting
protein phosphatases (PP1 and PP2A) in mammalian cells.9,11

A recent review by Health Canada found that further
research is required to determine the carcinogenic and

tumour promoting potential of microcystins in mammals.12 A
tolerable daily intake (TDI) of 0.056 μg per kg body weight per
day was derived from a lowest-observed-adverse-effect level
(LOAEL) of 50 μg per kg body weight per day based on
increased liver weight and slight to moderate liver lesions with
hemorrhages in rats.13 The TDI was established using an
uncertainty factor of 900 (10× for intraspecies variation, 10×
for interspecies variation, 3× for database deficiencies, and 3×
for the use of a LOAEL in place of a NOAEL). Additional un-
certainty factor(s) were not considered necessary for the
limited evidence of carcinogenicity in animals. Subsequently,

Table 1 Cyanotoxins, cyanobacteria genera and primary organ targets

Type Toxin compounds Toxin-producing genera Primary organ target(s)

Hepatotoxins Microcystins (e.g. MC-LR, -LA,
-YR, -RR)

• Microcystis aeruginosa • Liver damage
• Anabaena sp. • Indications of tumour promotion in rodent

studies• Oscillatoria sp.
• Nostoc sp.

Nodularin • Nodularia spumigena

Cylindrospermopsin • Cylindrospermopsis raciborskii • Cytotoxic
• Aphanizomenon ovalisporum • Liver, kidney, spleen, intestine, heart, thymus
• Anabaena bergii • Genotoxic

Neurotoxins Anatoxin-a • Anabaena sp. • Nervous system; paralysis and respiratory failure
• Aphanizomenon sp.
• Oscillatoria sp.
• Cylindrospermum sp.

Saxitoxins • Anabaena circinalis • Nerve axons
• Aphanizomenon sp.
• Cylindrospermopsis raciborskii
• Lyngbya wollei

Cytotoxins Cylindrospermopsin • Cylindrospermopsis sp. • Liver, kidney, spleen, intestine, heart
• Umezakia sp.

Dermatotoxins Lungbyatoxins-a • Lyngbya • Skin

Irritants Lipopolysaccharides • Most cyanobacteria (cellular wall
component)

• Exposed tissue, gastro-intestinal disorders,
respiratory symptoms

Adapted from Mankiewicz et al. (2003);3 Aranda-Rodriguez et al. (2005).4

Fig. 1 Chemical structure of MC-LR highlighting the seven amino acid
residues.
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a maximum acceptable concentration (MAC) for MC-LR in
drinking water was derived at 1.5 μg L−1.12 The World Health
Organization recommends a lower provisional guideline value
of 1.0 μg L−1 for MC-LR.14 This is based on a 13-week MC-LR
study in mice where a NOAEL of 40 μg per kg of body weight
per day was determined for pathology of the liver.15 An un-
certainty factor of 1000 (100 for intraspecies and interspecies
variation and 10 for database limitations on chronic toxicity
and carcinogenic endpoints) was used to calculate the TDI of
0.04 μg per kg of body weight per day.14,15

Mammalian plasma and albumin has been found to have
greater binding affinities for microcystins (MC-LR and MC-RR)
than that of other species (p < 0.01), such as fish.16

Furthermore, human serum albumin has been found to have
the highest binding rates to microcystins of six species of
mammals and fish (bovine, porcine, bighead carp, silver carp,
and crucian carp); which is likely a result of differences in the
composition of plasma and albumin binding characteristics
between species. These findings emphasize the importance of
uncertainty factors for intra-species variation and the need for
experimentation in appropriate animal models.

Human exposures to microcystins

Nation-wide studies have found that the concentrations of MCs
in treated drinking water in Australia and the United States do
not exceed guideline values.17,18 However, there have been several
instances in Ohio, USA, and parts of China, where MC-LR has
been detected in the drinking water supply and alternative drink-
ing water sources have been required, such as bottled water.19–21

Isolated cases of hepatotoxicity as a result of MC toxicity have
been documented in exposed renal dialysis patients in Brazil22

and in Chinese fisherman as a result of their diet.23

Cyanotoxins may pose a threat to recreational bathers.
Although MC-LR has been found to degrade in aquatic
environments, the rate is non-linear and studies suggest
MC-LR has a half-life up to 7 d in natural waters.24 The acute
symptoms of ingestion of cyanobacteria and cyanotoxins were
observed following an incident in Argentina in 2007. A male
surfer became immersed in an algal bloom and ingested
several mouthfuls of the contaminated water (48.6 μL L−1

MC-LR).25 The symptoms were similar to that of other poison-
ings: nausea, abdominal pain, and fever. Three days later, the
patient developed indigestion and pneumonia. A week later,
he developed hepatotoxicosis. Complete recovery was observed
within three weeks.

Acute exposures to cyanotoxins are rare and do not typically
result in death; though the effects of chronic exposure to
cyanotoxins on mammalian organ function should not be
overlooked. Chronic long-term exposure to relatively low levels
of MCs in tap water has been linked to elevated liver cancer
and high mortality rates in China.26 A relationship between
cancer rates and chronic exposure to cyanotoxins in drinking
water sources has also been suspected in Slovenia.27

Understanding the mechanisms of toxicity of the most
common and toxic cyanotoxins will help to build robust risk
assessment models for human exposure.28 MC-LR is primarily

known as a hepatotoxin (i.e. causing cellular damage and car-
cinogenicity to the liver) that also has genotoxic attributes.29

Recent studies suggest that MCs may cause similar cellular
damage to other mammalian organs, such as the kidney,
heart, and reproductive systems.30–32

General toxic mechanisms

Toxicokinetics have an important role in the complex cellular
uptake of MCs. The absorption of MC-LR occurs in the gastro-
intestinal tract (7 to 10%) or in the blood stream following
ingestion or intravenous exposure, respectively.33 Following
intravenous injection, approximately 50 to 70%, 1 to 5%, and
<1% of MC-LR has been found to distribute in the liver,
kidneys and other organs (brain, heart, lungs, and reproduc-
tive organs), respectively. Therefore, while MC primarily
accumulates in the liver and kidneys, toxic responses may be
seen in other organs.

MCs cause toxic responses via multiple cellular pathways.
They are relatively large hydrophilic molecules that are
believed to enter cells via transmembrane organic anion trans-
porter peptides (OATP) that are responsible for sodium-inde-
pendent solute passage.34 Research suggests that OATPs trans-
locate the MC substrate through a central positively charged
pore.33,35 Specifically, OATP1B1, OATP1B2, OATP1B3 and
OATP1A2 have been shown to be involved in MC-LR uptake
and the variability in expression of these peptides on organ
tissues drives the unbalanced uptake throughout the body.36

OATP1B1 and OAT1B3 are abundant in liver cells, as they are
responsible for the uptake of endogenous and exogenous
chemicals into the liver; while OATP2B1 is expressed in several
tissues such as the kidney.10,34 OATP1A2 is thought to mediate
the transport of MC-LR across the blood–brain barrier and the
kidneys.34,37

As a result of the abundance of OATPs expressed in the
liver, the majority of ingested MC accumulates in hepatocyte
cells. This is mostly excreted by the biliary route, though about
9% is filtered by the kidneys and is passed in the urine.33

Approximately 15% of ingested MC-LR is eliminated in the
faeces.

Fischer et al. (2005)34 studied the uptake of radiolabelled
MC-LR by human and rodent OATPs expressed by the Xenopus
laevis oocyte expression system in vivo. The transport of MC-LR
was between 2 to 5 fold higher than the control (water) for
oocytes expressing rat OATP1b2, human OATP1B1, human
OATP1B3, and human OATP1A1; while no uptake was observed
for oocytes expressing OATP1a1, OATP1a4, and OATP2B1.
Therefore, the expression of various OATPs by mammalian
organs can impact the uptake of MC-LR. MCs may enter mam-
malian cells of other organisms via alternative pathways. RAW
264.7 macrophages lacking transmembrane transporters for
MCs (OATPs 1A1, 1A, and 1B2) were observed in vitro to
present stress responses such as stimulated tumour necrosis
factor alpha (TNFα) and interleukin 6 (IL-6) following exposure
of MC-LR; likely via the Toll-like receptors (TLRs).38
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To discern the cellular uptake of MC-LR, Komatsu et al.
(2007) studied the response of HEK293 (human embryonic
kidney) cells that were transfected to over-express OATP surface
proteins. Using OATP inhibitors and a low dose of MC-LR
(1 μM MC-LR), they found that OATP1B1 and OATP1B3 were
essential for the uptake of intact MC-LR.39 Mice lacking
expression of OATP have been observed to resist MC-LR
hepatotoxicity; providing in vivo evidence for the kinetic
uptake of MC-LR by OATP on cellular membranes.40

Furthermore, MC-LR can be taken up in a dose-dependent
manner and the route of exposure (e.g. oral or injection) can
affect the toxicokinetic results.41 For example, when MC-LR is
injected at a range of doses, it has not been observed to
inhibit PP1 and PP2A.42 Therefore, oral administration is an
important experimental control to determine the potential
toxic response in mammals to MCs in drinking water and
food. Cellular detoxification of MCs is understood to occur via
glutathione conjucation, which would decrease cellular uptake
of the parent MC.43–45

Two conjugates of MC-LR can form upon cellular uptake:
an MC-cysteine conjugate and an MC-LR glutathione conju-
gate.46 These two metabolites have been found to be approxi-
mately 1/12 as toxic as MC-LR alone on PP2A activity in vitro in
mice. Ito et al. (2002)46 found that the affinity of MC-LR to the
PP2A subunit was approximately 20 times greater than that of
PP-1C or PP-1γ. The authors suggested that these observations
may be the result of incomplete cellular uptake of the conju-
gates relative to free MC-LR.

Select in vitro studies

In vitro studies of the toxic mechanisms of MC-LR on mamma-
lian cells are often conducted on rat hepatocytes or murine
cell lines, while others have been performed using human
cells to highlight the various MOA.47 The sensitivity of various
mammalian cell lines to MCs may differ.33 For example, estab-
lished cell lines can lose their expression of OATPs; though
HepG2 cells have been demonstrated to maintain the OATP
transport system. Therefore, cellular toxicological responses
should be evaluated in a variety of mammalian cell lines and
in vivo species to determine their broad effects and a compre-
hensive understanding of MOAs. Meier-Abt et al. (2005)
showed that Vero-E6 (African green monkey kidney epithelial)
cell lines presented similar dose response decreases in cell via-
bility to liver-derived cell lines of HepG2 and AML12, and
could be a promising in vitro model for the study of MC-LR cel-
lular toxicity mechanisms.33 Later, Alverca et al. (2009) also
found that Vero-E6 cellular response to MC-LR exposure was a
function of the dose and exposure time. After 24 h of exposure
to concentrations greater than 30 μM, cell viability substan-
tially decayed and lysosome destabilization was followed by
mitochondrial disruption. Further, ultrastructural analysis
showed early autophagy in response to MC-LR uptake pro-
ceeded by the induction of endoplasmic reticulum vacuoliza-
tion. Doses of more than 40 and 75 μM increased apoptosis
and necrotic cells. These results suggest that the endoplasmic
reticulum is the primary target for MC-LR in Vero cells.48

Ikehara et al. (2015) found that the response to MC-LR
exposure in two human cell lines, normal human hepatocytes
(h-Nheps) and human hepatoma cells (HepG2), were different.
The results suggested that the HepG2 cell line was not an
appropriate assay for evaluating the toxicity of MC-LR because
it did not reveal morphological or cytotoxic effects.49

Furthermore, Teneva et al. (2016) detected differences in the
response to MC-LR by three non-hepatic adhesive cell lines;
human lung carcinoma (A549), human liver adenocarcinoma
(SK-Hep-1), and human amniotic normal cells (FL). Overall,
the effects of MC-LR on these mammalian cell lines was found
to be dose-dependent; though the cellular toxicological effects
were most notable in the human lung carcinoma cell line.50

Further, all three cell lines presented reduced mitochondrial
membrane potential following MC-LR treatment though lyso-
somes appeared to be unaffected.50 While in vitro studies such
as these can provide an indication of the cellular toxicity
mechanisms of MC-LR, mammalian in vivo studies can also
elucidate the comprehensive effects of MC-LR exposure.

The uptake kinetics and immune response of human and
chicken peripheral blood lymphocytes to MC-LR exposure
from 12 to 72 h at environmentally representative doses (from
1 to 25 μg mL−1) were evaluated in vitro by Lankoff et al.
(2004). They found that MC-LR exposures led to modification
of immune system production of cytokine and diminished
lymphocyte functions as a result of induction of apoptosis and
necrosis. Specifically, all doses of MC-LR inhibited B-cell pro-
liferation and the highest dose resulted in decreased T-cell
proliferation. Furthermore, MC-LR stimulated the production
of IL-6 and decreased production of IL-2.51

The toxic effects of MC-LR exposure on protein phosphatase
subunits in human normal liver cells (HL7702) were first ana-
lysed by Sun et al. (2013) during a 24 h incubation. MC-LR was
taken up by the cells, PP2A activity decreased relative to the
MC-LR dose, and PP2A subunits were assessed. The highest
dose of MC-LR slightly increased the detection of the B55α
regulatory subunit of PP2A.47 Additionally, exposure to MC-LR
did not initiate apoptosis of the HL7702 cells, though slight
alterations of cellular shape were observed suggesting cyto-
skeletal modifications.

The uptake and molecular toxicity of MC-LR into primary
murine whole brain cells (mWBC) was studied by Feurstein
et al. (2009) over 48 h using MC-western blot analysis,
immunocytochemistry, cell viability and protein phosphatase
(PP) inhibition assays. MC-LR uptake was mOATP-dependent,
concentration-dependent, and MC-LR covalently bound and
inhibited the PP of mWBC cells.37 It was found that at least
five mOATPs were expressed in the mWBC, including
mOATP1b2. Immunoblotting using antibodies against PP1α
and PP2A/C suggested that MC-LR covalently bound to mWBC
PP units, and subsequent MC-incubation studies confirmed
the association between MC-LR and PP1 and PP2A subunits.52

Similarly, Ufelmann et al. (2012) observed the inhibition of
PP1 and PP2A subunits in human and rat hepatocyte toxicity
resulting from exposure to naturally derived MC. It was found
that MC-LR was cytotoxic in the 20 to 600 nM range.53
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Cytoskeletal disruption has also been reported in a human
liver cell line (HL7702) in response to MC-LR exposure. Sun
et al. (2011) observed rearrangement of filamentous actins and
microtubules as well as decreased activity of PP2A. The mech-
anism of cytoskeletal disruption was suggested to follow a
cascade of events from inhibition of PP2A, phospho-activation
of the MAPK superfamily (p38 MAPK, JNK and ERK1/2), and
leads to phosphorylation of HSP27. HSP27 is an ATP-indepen-
dent molecular chaperone and heat shock protein involved in
cellular stress protection, anti-oxidative stress, anti-apoptosis,
and actin stabilization.54

The use of murine brain cell lines was employed to observe
the effects of low doses of MC-LR from 0.001 to 10 μM by
Takser et al. (2016). An ELISA assay determined that TNF-α was
increased and the activity of caspases 3/7 (CASP3 and CASP7)
were elevated after 24 h; which are involved in the induction of
apoptosis.55 Liu et al. (2016) found that apoptosis was the
primary (or only) toxic response from short-term low doses of
MC to HL7702 cells. Later work showed that prolonged
exposure to MC-LR activated the Akt/S6K1 cascade and led to
cell proliferation while hyperphosphorylation of transcription
factors c-MYC and c-Jun and apoptosis proteins Bcl-2 and Bad
were also observed.56

Inhibition of protein phosphatases

The main MOA of MC toxicity involves inhibition of serine/
threonine protein phosphatases (PP) via interaction with PP
subunits leading to unregulated phosphorylation of PP sub-
strates.57 PPs regulate a suite of cellular processes in mamma-
lian cells such as cell proliferation, division, signal transduc-
tion and gene expression.58 It has been suggested that MC-LR
has fairly equal inhibition potency against protein phospha-
tase 1 (PP1) and protein phosphatase 2A (PP2A), while an
in vivo mouse study of 28 d using intraperitoneal pumps into
male rats suggests that the effects on PP2A were greater than
on PP1.58,59 PP2A is an important cellular enzyme responsible
for the phosphorylation of numerous proteins for cellular
function; including tumour suppression. PP2A occurs in mam-
malian cells as either PP2A/C which is a heterodimeric core
enzyme with a scaffold subunit (A or PR65 subunit) and cata-
lytic subunit (C), or a heterotrimeric haloenzyme.57 There are
two isoforms of subunits A and C, namely α and β, and the α
form is more abundant within mammalian cells. The hetero-
trimeric haloenzyme forms when the PP2A core enzyme inter-
acts with the regulatory subunit (B). MC-LR has been reported
to primarily bind to the PP2A/C subunit pocket.47 The affinity
of MC-LR to PP2B subunit has been shown to be far less
substantial.57

Following cell entry, MCs inhibits the serine/threonine
protein phosphatases PP1 and PP2A through covalent binding
between a terminal carbon of the Mdha side chain and a
protein cysteine (Cys269 of the PP2A/C subunit).60,61 Serine
phosphorylation is involved in the regulation of functional pro-
teins for cell proliferation, metabolism and cell death.
Hyperphosphorylation of PP2A by MCs induces a cascade of
negative effects on cellular functions. These include: (1) regu-

lation of phosphoproteins (e.g. P53 and MAPKs) resulting in
tumour promotion and apoptosis, and (2) creation of reactive
oxygen species (ROS) resulting in oxidative stress.62 Therefore,
cellular toxicity in response to acute and chronic MC exposure
can be assessed by monitoring the activity of PP2A.29

Adduct formation and phosphoprotein regulation

MC-LR interacts with PP1 and PP2A in a two-step process; first,
the toxin binds to the enzyme followed by formation of a
covalent adduct.29 The structural interactions between MC-LR
and PP2A have been observed using crystallization.63 The
active site of PP2A contains two manganese atoms within the
binding pocket that facilitate covalent linkages with MC-LR.
The long hydrophobic ADDA side chain of MC-LR interacts
with four amino acids (Cln122, Ile123, His191, and Trp200) on
one side of the catalytic subunit of PP2A that form a hydro-
phobic cage. The other end of the PP2A binding pocket effec-
tively forms multiple van der Waals interactions with the
hydrophobic portion of MC-LR (Fig. 2). This binding pocket of
PP2A was found to bind to another tumour promoting toxin,
okadaic acid, and effectively inhibited MC-LR binding.63 These
results further indicate that PP2A is the active site for MC-LR
adduct formation.

In general, lethal doses of MC-LR can result in measurable
inhibition of cellular enzymatic activity. P53 is a substrate of
PP2A, and therefore MC-LR/PP2A adducts interfere with P53
activities (Fig. 2). P53 is an important nuclear phosphoprotein
involved in the regulation of apoptosis, tumour suppression
pathways, and transcriptional transactivation of DNA repair.
P53 activity, along with expression of apoptosis proteins Bcl-2
and Bax, are induced in response to cellular stress. MC-LR
inhibition of protein phosphatases (e.g. PP2A) can lead to
hyperphosphorylation of P53 and induce P53-independent
apoptosis within minutes of lethal dosing; as has been shown
in mouse hepatocytes.64

It is critical to validate in vitro cell models in lieu of in vivo
studies (that may be more costly or cumbersome in many
cases). Fu et al. (2005) found that rat liver tissues exposed to
MC-LR both in vivo and in vitro significantly increased the
expression of P53 and Bax apoptosis proteins; while Bcl-2
expression was decreased in vitro and was not significantly
changed in vivo. Bcl-2 and Bax proteins are involved in mito-
chondrial membrane permeability and homeostasis and these
results imply that their ratio may be important for apoptosis
regulation. The observed increase in apoptosis proteins P53
and Bax in response to the presence of MC-LR may have been
a secondary result from increased phosphorylation of proteins
other than p53 (e.g. those that require functioning p53).65

Investigation of the multiple effects of MC-LR on phosphoryl-
ation of proteins related to apoptosis requires further study.

Exposure to MC-LR has also been found to affect the regu-
lation of mutagen-activated protein kinases (MAPK) phospho-
proteins, the expression of proto-oncogenes and disrupt DNA
repair (e.g. as a result of oxidative stress).39,66 MC-LR inhibition
of PP2A can result in the activation of MAPKs; thereby activat-
ing proto-oncogenes, such as c-Jun, c-Fos, and c-Myc, that are
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responsible for initiating transcription of differentiation and
growth genes (Fig. 2). These observations were made by
Komatsu et al. (2007)39 in vitro (in the HEK293 cell line) and
verified by Li et al. (2009)66 in various tissues of male Winstar
rats. Li et al. (2009) studied the expression profiles and mRNA
levels of proto-oncogenes following MC-LR intravenous injec-
tion in vivo. The authors stressed the lack of correlation
between mRNA quantification and protein expression in cells
under toxicological stress; which should be taken into con-
sideration for studies solely quantifying mRNA to provide an
indication of protein expression.66 The results showed signifi-
cantly elevated mRNA synthesis profiles for each proto-onco-
gene in rat liver, kidney and testis tissues. Furthermore, the
protein levels for c-Jun and c-Fos were moderately elevated
compared to the control. The expression of c-Jun indicated
positive regulation of cellular proliferation and c-Fos is known

to have oncogenic activity with overexpression in tumour cells.
These results suggest that MC-LR may induce enhanced
expression of proto-oncogenes in mammalian organ tissues
and contribute to tumour formation. Activated MAPK may be
transferred to the nucleus and activates c-fos and c-jun genes.
However, it is possible that these genes could be induced by
oxidative stress that is also caused by MCs.67

MCs have the ability to react with thiols (Fig. 3).68 Thiol
modification of proteins by MCs is well-known,69,70 and may
provide a mechanism for hepatotoxicity. For example, Tylenol
(acetaminophen) can be hepatotoxic by undergoing metab-
olism to a quinoneimine (NAPQI) which targets proteins and
reacts with cysteine residues. The chemistry of the interaction
between thiols and MCs is complex.71 Some MCs such as
MC-LR contain an α,β-unsaturated amide (i.e. carbonyl) group
within the N-methyldehydroalanine (Mdha, Fig. 3) residue that

Fig. 2 Series of mechanisms of toxicity of MC-LR in mammalian tissues.
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has been shown to react with amino acids, peptides and pro-
teins of thiols in vivo and in vitro in mammalian tissues.68

Eight covalent bonds are altered during the interaction
between phosphoprotein phosphatases and MCs. In general,
cysteine residues of phosphoprotein phosphatases can co-
valently bind with the methylene group (Mdha) of MCs in a
similar chemical reaction to that of non-enzymatic conju-
gations between glutathione and MC. During thiol modifi-
cation, the sulphur atom of the cysteine residue side-chain of
phosphoprotein phosphatase may form a covalent bond with
the β-carbon of the α,β-unsaturated carbonyl group of the
Mdha residue of MCs; possibly via a Michael-type addition.71

During the Michael-type reaction, the thiol hydrogen is simul-
taneously abstracted by a water molecule, which transfers a
hydrogen molecule to the Mdha carbonyl oxygen during the
addition of sulphur to MC. This may occur in a two-step
process, following an initial non-covalent interaction that inac-
tivates the phosphatase enzymes. Phosphoprotein phospha-
tases vary in their available cysteine residues in the β12–β13
loop necessary to form a covalent bond.

Miles et al. (2016) recently found this reaction to be revers-
ible by thiol-derivatization-based LC-MS methods. MC variants
were shown to conjugate with mercaptoethanol, methanethiol,
cysteine, and glutathione; where deconjugation was also
observed. These observations further complicate the under-
standing of interactions between MCs and thiols. The authors
note that conjugated MCs in structural proteins could lend to
extended tissue exposure to free MCs over time depending on
the local physical–chemical conditions. Additionally, it is
hypothesized that MCs could conjugate with thiols in the diet
prior-to or during ingestion; which may also lead to elongated
MC exposures in mammalian tissues.68

The covalent interaction between MCs and glutathione was
previously found to occur as a result of enzyme action using
LC-MS at representative pH conditions, and not due to a
Michael reaction.72 Previous observations that indicated a
Michael reaction were conducted at elevated (i.e. basic) pH
conditions.

Cytoskeletal modification

A primary toxic response of mammalian cells to MC exposure
is cytoskeletal disruption.57 MC-LR has been found to affect
the homeostasis of several cytoskeletal genes in the liver,

kidney and spleen of male Winstar rats treated with 80
μg kg−1.73 β-Actin and β-tubulin are involved in cell structure
integrity; radixin is thought to be involved in actin binding to
the cell membrane; stathmin is an important regulatory
protein of eukaryotic microtubule filaments; and ezrin and
moesin are intermediates between the plasma membrane and
the actin cytoskeleton that have key roles in cell surface struc-
ture and organization. In rats treated with MC-LR, β-actin
genes were substantially altered in the liver, while stathmin
and radixin genes were affected to a lesser extent in the kidney
and spleen, respectively.73 Observed changes in the transcrip-
tion of ezrin, moesin and stathmin (tumour-associated skeletal
genes) suggest that MC-LR was involved in tumour-promoting
activities in these organs as well. Cytoskeletal modifications
through the mitochondrial and endoplasmic reticulum path-
ways, coupled with oxidative stress, has been shown to lead to
cellular apoptosis in response to MC exposure.57,74

Oxidative stress

Oxidative stress has been commonly observed during MC-LR
exposure studies. Oxidative stress results from two pathways:
the development of ROS species and a disruption in gluta-
thione (GSH) homeostasis as a result of interaction with MC.57

The toxic responses as a result of increased ROS include cyto-
skeletal modifications, general oxidative damage as well as
DNA damage (possibly leading to tumour formation) and
apoptosis. The mechanisms of ROS formation are poorly
characterized relative to the other known mechanisms of
cyanotoxin toxicity.29 One approach to assessing the formation
of ROS species as a result of cyanotoxin exposure is to monitor
malondialdehyde (MDA) and superoxide dismutase (via the
SOD assay).75 MDA can be used as a marker for oxidative
damage and SOD is an antioxidant enzyme that recognized as
the primary response to ROS damage. Li et al. (2011) observed
the effects of acute and sub-chronic intraperitoneal injections
of MC-LR on liver cells of Kumming mice. When compared to
the controls, significant increases in MDA (p < 0.01), and no
significant differences with respect to SOD activity, were
observed.19 However, decreased CAT activity (p < 0.05) was
observed in the highest MC dosed group (12 lyophilized algae
cells per kg BW); which may have caused the observation of
elevated MDA concentrations.

Fig. 3 Depiction of the conjugation of the Mdha group of LC-MR with a thiolate.
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Mitochondria are primarily responsible for energy
production (i.e. ATP) through oxidative phosphorylation (i.e.
respiration). The maintenance of the mitochondrial mem-
brane potential (MMP) is also important to give rise to the
chemical electrical gradient that permits ATP formation. This
is generated as a result of an asymmetric distribution of
protons and other ions (e.g. Ca2+) on either side of the inner
membrane.76 Chen et al. (2005) challenged the conventional
theory of mitochondrial-induced ROS formation as a result of
disrupted membrane potential from low-dose MC-LR damage
(Fig. 2). The authors hypothesized that mitochondrial mem-
brane disruption only occurs in acute cases, and that ROS
formation from chronic exposure to MC-LR is related to iron
pathways. They suggest that MC-LR induces cellular generation
of iron and prolongs the activation of iron regulatory protein
(IRP) (likely through MC-LR-PP2A adducts).77 The extended
activity of IRP suppresses ferratin, an iron sequestering
protein, and allows free iron to persist and participate in
oxygen radical formation. These steps likely precede those
described in Fig. 2; as the formation of intracellular ROS has
been linked to increased cytosolic calcium.78 Zhang et al.
(2008) studied the effects of MC (MC-RR) on fish lymphocytes
(in vitro) to discern the mechanisms to mitochondrial damage
resulting in apoptosis. ROS generation was significantly elev-
ated as early as 1 h following incubation with 10 nmol L−1

MC-RR (p < 0.005; approximately two fold higher during the
entire 4–6 h incubation), and significantly elevated intracellu-
lar Ca2+ concentrations were observed after 0.5 h incubation
(p < 0.001) when compared to un-treated controls.79

Additionally, a time-dependent reduction in mitochondrial
membrane potential (i.e. permeability) was observed (p <
0.001; decreased by 20% compared to the controls). Finally,
cellular ATP content also decreased with MC-RR contact time
beginning at 0.25 h. Overall, this study contributed to elucidat-
ing the MC-LR-induced apoptosis-related events in fish
lymphocytes that may explain the toxicity pathways in other
cells and tissues (Fig. 2).

Apoptosis

Cellular apoptosis is the outcome of several events resulting
from the initial inhibition of PP2A by MC exposure and hyper-
phosphorylation of proteins such as P53 (Fig. 2). Increased
phosphorylation of P53 can induce apoptosis via mitochon-
drial disruption, phosphorylation of MAPKs leading to cyto-
skeletal modifications, and production of ROS species as a
result of CaMKII phosphorylation.

Chen et al. (2005) used transcriptomic and proteomic data
from chronic and acutely dosed mice (50 μg per kg bw and
70 μg per kg bw, respectively) in combination with computer
simulations. The results showed that apoptosis was induced
primarily by proto-oncogene activity (Bax and Bcl-2) in the low-
dose group; while apoptosis in the high-dose group was
caused by ROS accumulation.77 Therefore, it is suggested that
the pathway for induction of apoptosis is dose-dependent.
Additionally, apoptosis resulting from MC-LR exposure is
assisted by the serine/threonine protein kinase CaMKII (Ca2+/

calmodulin-dependent protein kinase II) leading to increase
ROS formation.29

Hence, there are multiple pathways by which MC-LR induces
cellular toxicity. Additionally, cellular response pathways may
differ as a result of chronic or acute exposure to MCs. Analysing
the response of other organ tissues to MC-LR exposure in vivo
may aid in addressing these gaps in understanding the mecha-
nisms of toxicity of MCs, and to form more comprehensive ana-
lyses of risks to human health from algal blooms.49

Effects in other organs and tissues
Organ uptake

Although MCs are known to primarily affect the liver, there is
evidence to suggest that they accumulate in other mammalian
tissues and organs and cause cellular damage via similar
mechanisms. Wang et al. (2008) examined the distribution of
MCs taken up in various tissues of Winstar rats during intra-
venous injection with 80 μg per kg bw MC-LR (∼1 LD50) for a
24 h period. During this acute exposure simulation, each
tissue was analysed at hourly intervals (1, 2, 4, 6, 12, and 24 h).
Peaks of MC were detected in the kidney at 2 and 24 h, and the
maximum content of MC in the entire rat body was 2.9% at
2 h.31 These results suggest that microcystins were excreted
from the body via the rat kidney. Overall, the highest concen-
trations were found in the kidney, followed by the lung,
stomach, and liver; while less than 0.2% of the injected micro-
cystins was detected in the heart, intestine, spleen, brain, and
gonads.31 These relatively low accumulations in various tissues
do not imply that cellular damage is unlikely since it is poss-
ible that MCs could accumulate in organ tissues over the
course of a lifetime of chronic, low-dose, exposures.

Researchers from the University of Ljubljana in Slovenia
have conducted several well-controlled in vivo studies on the
effects of chronic exposure to MCs on rat organs.30,80,81 Recent
Chinese studies from Nanjing University and environmental
groups have also explored the effects of exposure to MCs on
mammalian cardiac and reproductive organs. Collectively,
these studies lend to elucidating the mechanisms of toxicity by
MCs on various mammalian organs and tissues.

Renal toxicity

Chronic exposures to low doses of MCs may pose a consider-
able risk to renal toxicity in mammals. MC-LR is thought to
impair renal function, cause vascular and glomerular lesions,
and promote alterations to kidney tissues.82 The key toxic MOA
of MC-LR in kidneys involves disruption of mitochondria and
enhanced ROS attack.

Milutinović et al. (2003) used a variety of technical assays to
demonstrate that cellular changes induced by acute exposure
of liver tissues to MC-LR are similar to those observed follow-
ing chronic exposure to MC-LR in kidney tissues at the cellular
level. Rats received low-dose injections of MC-LR (10 μg per kg
bw) every-other day for 8 months (n = 5), while control rats
received a “vehicle” (0.8% ethanol, 0.2% methanol, and 0.9%
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saline). In general, rats in the treatment group presented
hunched postures, reduced motor activity, and lacked resist-
ance to handling.80 They also had significantly reduced body
weight when compared to the controls at the end of the study
(−13% ± 3; p < 0.05).

Histopathological evaluations of the kidney renal corpus-
cles were performed using staining with haematoxylin and
eosin (HE). In the kidney, the renal corpuscle is the initial
blood-filtering component of the nephron and is composed of
two structures: the glomerulus and a Bowman’s capsule. This
assay revealed collapsed glomeruli with thickened basement
membranes and dialated tubuli filled with proteinaceous
material.80 The Bowman’s space also appeared widened. The
percentage of injured renal corpuscles was significantly higher
in the treatment group than in the control group (13% ± 10
p < 0.05). A TUNEL (terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling) assay was used to detect
apoptotic cells that have undergone extensive DNA degradation
during the final stages of programmed cell death. Following
MC-LR treatment, the kidney cortex and medulla showed an
increase in number of TUNEL positive cells when compared to
the control (p < 0.05). Finally, fluorescent rhodamine-phalloidin
labeling was used to visualize cytoskeletal damage to actin fila-
ments. This assay revealed that the MC-LR treated rats showed
renal tissues with increased granular appearance of the cyto-
plasm of the epithelial cells in the proximal and distal tubes
(p < 0.05). These observations may have been caused by conden-
sation of actin filaments into intracytoplasmic aggregates.80

While this study reveals substantial changes at the cellular level
of kidney tissues in response to MC-LR exposure, it does not
reveal key pathways in the mode of action for nephrotoxicity.

A Portugal-based research group further elucidated the key
role of mitochondria in MC-LR renal toxicity by studying iso-
lated mitochondrial bodies from rat kidneys.76 A sensitive
TPP+ (tetraphenylphosphonium) electrode was used to estimate
changes to the mitochondrial membrane potential (MMP).
MC-LR exposure was found to decrease the MMP (in a dose-
dependent manner), and at higher doses (90 nmol mg−1 protein)
it was found to increase the inner mitochondrial permeability to
protons. The authors suggest that this was caused by the trans-
location of ROS from within the mitochondria. Lower doses of
MC-LR (30 nmol mg−1 protein) caused a reduction in the
amount of cytochrome c contained within the mitochondria and
may have further enhanced oxidative stress and ATP synthesis
(which were reduced by 40–80% depending on the MC-LR dose).
Finally, they found that MC-LR induced MPT in extracted rat
kidney mitochondria; which led to an influx of Ca2+ ions and dis-
rupted homeostasis of this organelle.76 Although these results
were not validated in vivo, they suggest that the MOA of MC-LR
on nephrotoxicity involves inhibition of the mitochondrial respir-
atory chain as described in Fig. 2.

Pulmonary toxicity

MCs have been found to accumulate in mammalian lung
tissues via the circulation of blood.83 Consequently, damage to
lung tissues may result in mammals exposed to long-term low-

doses of MCs. Wang et al. (2008) found that the second
highest concentration of MCs in treated rats, following the
kidney, was found in the lungs at 0.007 to 0.067 μg per g dry
weight; with maximum concentrations after 2 h of exposure to
an intravenous dose of 80 μg per kg BW. Therefore, approxi-
mately 0.04% of the MC dose accumulated in the lung tissue
of rats within just a few hours.31 Chronic low-dose oral admin-
istration of MC-LR to mice (0, 1, 10 and 40 μg L−1 over the
course of 6 months) lead to alveolar collapse, apoptosis of
lung cells, and damage to cell junction integrity upon analysis
of MC-LR uptake into ATII cells.83

Histopathological studies suggest that exposures to MCs
indirectly caused lung damage in adult male Swiss mice
in vivo.84 Following a 60 m exposure to 160 μg L−1 MC-LR in
rats, large quantities of hepatocellular debris were observed in
pulmonary tissues using transmission electron microscopy.85

It was hypothesized that, following hepatocyte damage, micro-
emboli debris were released into circulation and larger par-
ticles accumulated in the pulmonary vasculature while others
were transported to the renal capillaries. Substantial damage
to pulmonary tissues was not observed in rats following acute
exposures to MC-LR.

Pulmonary cells of mice that received chronic persistent
exposure to MC-LR (1, 5, 10, 20, and 40 μg L−1) over a one year
period presented distressed redox systems, reduced mitrochon-
drial DNA stability, and modified expression of mitochondrial
genes.75 Exposure to MC-LR affected the level of inflammatory
cytokines and thickening of the alveolar septa when compared
to the controls. The SOD assay showed increased activity in the
1 μg L−1 exposure group, which provides evidence that anti-
oxidant enzymes were activated after exposure to even low
doses of MC-LR in pulmonary tissues. In the higher-dosed
groups, SOD activity was diminished; possibly because con-
siderable ROS had formed as antioxidant defense mechanisms
were impaired. Collectively, these results suggest that mamma-
lian lungs are susceptible, perhaps indirectly, to chronic
exposures to MC-LR.

Inhalation of cyanotoxins from prolific algal blooms is a
potential alternative exposure route to oral ingestion that may
pose a risk to respiratory health in mammals. In two Brazilian
studies, adult mice were injected intraperitoneally (to simulate
inhalation) with a sub-lethal dose of 40 μg kg−1 MC-LR, and
compared to a control subjects that received saline via the same
method.84,86 After 2 and 8 h of exposure, collapse of the alveolar
was observed, though no inhibition of PP1 or PP2A or accumu-
lation of micricystins was detected (by ELISA) in mouse lung
tissues. Similar results were observed by Picanço et al. (2004)84

in young and adult mice lungs (4 weeks and 12 weeks old,
respectively). Therefore, inhalation of microcystins from algal
blooms may cause irritation to lung cells presented as inflam-
mation and possible accumulation of ROS species, thought the
potential for more severe responses needs to be further explored.

Cardiac toxicity

Chronic exposure to relatively low doses of MC-LR may pose a
risk to cardiac injury. Milutinović et al. (2006) examined the
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effects of chronic exposure to MC-LR on rat cardiac tissues
in vivo for the first time. Again, substantial cytoskeletal altera-
tions were observed with histopathological assays (e.g. fibrosis,
loss of cell cross-striations, enlargement of cardiomyocytes,
enlarged and unusual nuclei).30 However, TUNEL staining of
heart sections showed no signs of apoptosis. Qiu et al. (2009)
further studied rat cardiac response to both high (1 LD50;
87 μg per kg bw MC) and low (0.16 LD50; 14 μg per kg bw)
doses of MC-LR. Dead mice from the high dose group showed
signs of myocardial infraction and cardiac cell injury; as
elevated levels of troponin I were observed (p < 0.01).87

However, increases in troponin I can also result from renal
failure so these results are inconclusive. However, both dose
groups showed increased creatine kinase (140% in the low-
dose group) and lipid peroxide levels (p < 0.01); which indicate
cardiac cell injury and high levels of oxidative stress,
respectively.

Reproductive toxicity

The cellular uptake of MCs into male and female reproductive
organs remains unclear. Steroli cells and whole testes do not
express OATP1 mRNA;88 though they have been shown to
express the mRNA of numerous other OATPs.89 The expression
of OATP3A1 in rat spermatogonia has been shown to be
affected by MC-LR exposure and a specific western blot assay
has indicated that MC-LR was taken up by rat spermatogonia.
Further evidence is required to indicate the cellular uptake of
MCs in both male and female reproductive organs.

Observations at the cellular level have highlighted the poss-
ible mechanisms of toxicity in mammalian reproductive
organs. Chen et al. (2013) injected male rats with low doses of
MC-LR (1 and 10 μg per kg bw) for 50 days. Histopathology
revealed a dose-dependent effect on morphological changes to
seminiferous tubules; including reduced cytoplasm, cell mem-
brane blebbing, swollen mitochondria and deformed nuclei
(p < 0.01).90 Additionally, cellular ROS levels increased by
approximately 15% in the higher dose group (p < 0.05).
Exposure to MC-LR has also been found to disrupt the
transcription of cytoskeletal genes in rat gonads.90 The tran-
scription of several cytoskeletal genes (β-actin and β-tubulin,
stathmin, ezrin, and moesin) was significantly increased
following MC-LR dosing (p < 0.01). Transcription of mitochon-
drial genes was also increased. The authors suggest that this
response in elevated cytoskeletal and mitochondrial gene tran-
scription was the result of cellular compensatory mechanism
to the stress induced by MC-LR entry and activity.

Wang et al. (2013) assessed the up-regulation of apoptosis-
related genes in testicular cells in mice exposed to MC-LR
(1/16 LD50 and 1

2 LD50) for 1 to 4 d. TUNEL assays revealed
dose-dependent and duration-dependent apoptosis responses
in treated mice testicular cells.91 Reverse-transcription
PCR (RT-PCR) showed that transcription of proto-oncogenes
(c-myc, c-ju, c-fos) and apoptosis genes (e.g. Bax) were up-regu-
lated following MC-LR exposure. Lastly, phosphorylation of
apoptosis-regulating genes, P53 and Bcl-2, were increased in
MC-LR treated mice. These results remarkably mimic those

that have been found in historical investigations into hepato-
toxicity mechanisms (Fig. 2) and demonstrate that the MOAs
of MCs in mammalian tissues and organs may be similar to
those that occur within the liver. However, Chen et al. (2016)
recently reviewed the reproductive toxicity of microcystins in
mammals and other organisms and found that MCs also
indirectly affected endocrine regulators and sex hormones by
causing damage to the hypothalamic-pituitary-gonad (HPG)
axis.32 Further, the potential for trans-generational toxicity has
been reported,32 and hepatotoxicity and neurotoxicity of
offspring has been observed following prenatal exposures to
MCs in mice studies.92

Studies exploring the reproductive toxicity of MC-LR on
female mammals are limited. Acute toxicity exposures to
MC-LR in mice (of 20 μg kg−1 injections over four weeks)
demonstrated that MC-LR could accumulate in ovarian
tissues.93 Wu et al. (2015) reported that chronic oral exposure
to MC-LR in drinking water at representative environmental
concentration (0, 1, 10 and 40 μg L−1 for three and six months)
to female mice (n = 10 for each assay) caused a reduction in
the number of litters and pups (i.e. subfertility).14,94

Specifically, the in vitro observations included decreased
follicle development, and a reduction of the gonadosomatic
index (GSI) that were significant after three months of
exposure at the 40 μg L−1 dose (p < 0.05), and after six months
of exposure at the 10 μg L−1 dose (p < 0.05) and 40 μg L−1 dose
(p < 0.01). The GSI is a calculation that determines the relative
weight of ovaries to body weight. Additionally, the uptake of
MC-LR into mouse granulosa (i.e. ovarian) cells was observed
in vivo. Preliminary studies suggest that a possible MOA for
the toxicity of MC-LR in reproductive tissues involves disrup-
tion to microRNAs (miRNA).95,96 These results suggest that
following acute and chronic MC-LR exposures, the toxin could
target ovarian granulosa cells and possibly lead to female sub-
fertility in mammals.

Conclusions

Although the primary effects of MC-LR are observed as hepato-
toxicity, the toxic response in mammalian organs and tissues
extends beyond that of the liver. Recent studies suggest that
MC-LR damage extend to the kidneys, brain, heart, reproduc-
tive organs and possibly elsewhere (e.g. intestine and spleen).
The key pathways of MC-LR toxicity are highly complex and
therefore remain poorly described, despite preliminary investi-
gations into the effects of exposure to MCs on other mamma-
lian organs. It is evident that MCs cause cellular damage
primarily through interaction with the subunits of PP2A by
disrupting mitochondrial respiratory chain homeostasis and
the oxidative phosphorylation system.29,61 MC-LR has also
repeatedly been found to increase ROS formation within mam-
malian cells; however the precise mechanism (either through
MMP disruption or increased iron concentrations) remains
unclear. Eventually, MC-LR disrupts the mitochondrial and
endoplasmic reticulum pathways, upregulates apoptosis genes,
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and induces apoptosis. Additionally, several mammalian cyto-
skeletal and cytoskeleton-associated proteins can be affected
by MC-LR.57 MCs also present carcinogenic potential in several
organs; demonstrated by the observed up-regulation of proto-
oncogenes. While MC-LR has been shown to present tumour-
promoting toxic mechanisms, possible mutagenic or genotoxic
effects remain unclear.62,97,98

The mechanisms of acute and chronic toxicity appear to be
similar at the cellular level in the various tissues studied;
although new research suggests that the mechanisms creating
ROS and inducing apoptosis may differ between the two
exposure types. A standardized animal model approach to
assessing both chronic and acute exposure to cyanotoxins
would allow for direct comparisons between studies36 and
build the weight of evidence to support risk assessments.

While MCs are considered the most common and toxic cyano-
toxins in Canada, the presence of other cyanotoxins such as
anatoxin-a and cynlindrospermopsin should not be ignored4

(Table 1). The current Canadian Guidelines for Drinking Water
Quality only provide information on the control of total micro-
cystins, since health and treatment information on health
impacts of other cyanotoxins is relatively lacking. As cyano-
bacteria are capable of producing multiple cyanotoxins and
typical algal blooms contain more than one cyanotoxin, the
effect of cyanotoxin mixtures on cell function and toxicity
should be evaluated. Further, new cyanotoxins are continu-
ously being discovered and this work should continue to
remain at the forefront of protecting human and ecological
health.99,100 For example, Mankiewics-Boczek et al. (2015)
recently found that cellular biosensors detected toxic bioactiv-
ity in cyanobacterial extracts that exceeded toxicity levels for
MCs; including effects on lipopolysaccharides and cellular
wall components.100 Finally, the toxicity of degradation
products of MCs should be explored.101,102
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