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Goals for Today…

Review current public health data on HAB toxin exposures 

Review current experimental and pre-clinical data on HAB toxin exposure and 

models of susceptibility in pre-existing disease states 

Identify current directions on preventative, diagnostic, and therapeutic 

strategies for exposure to HAB toxins such as microcystins



Harmful Algal Blooms Are On The Rise

Photo Courtesy of https://www.greatlakesoutreach.com/



What are the major target organs for common 

Harmful Algal Bloom (HAB) toxins?



HAB Toxins and Target Organs

Inhalation may cause 

inflammation and weaken 

walls of the lungs

(Oliveira et al. Toxicon, 2015)

Increase accumulation of 

fat in liver cells, death of 

liver cells and incidence of 

some liver cancers (Lundqvist et 

al. Toxicon, 2017; Batista et al. Aquat

Toxicol, 2003)

Lead to inflammation and 

cell death in gut cells and 

may be associated with some 

colorectal cancers
(Miao et al. Mol Carcinog, 2016)

Some HAB toxins can cross the blood 
brain barrier and target nerve 
synapses or channels, can damage 
neurons by inducing oxidative stress 
and inflammation
(Pablo et al. Neurologica, 2009)

May lead to cardiac 

inflammation and fibrosis as 

well as cardiac hypertrophy
(Martins et al. Chemosphere, 2011; Qui et 

al. Toxicology, 2009)

Induces oxidative stress, 

inflammation and cell death in 

renal cell types, potentially leading 

to decreased renal function 

(Berry, Environ Microbiol, 2017)

Lad et al. Life 2022, 12, 418.



Common Routes of HAB Toxin Exposure in Humans

Ingestion Inhalation Dermal contact 

Consumption of 

contaminated food, water 

and supplements

Breathing in aerosols  

generated from water 

containing HAB toxins

Skin contact through 

recreational activities 

such as swimming



What can we learn from public health data on

Harmful Algal Bloom (HAB) exposures?



https://www.cdc.gov/habs/pdf/habsphysician_card.pdf



Most Common Symptoms

Reported cases (n = 389) associated with HAB events. (MMWR, 2020)

Characteristics of HAB Exposures and Illness 

Healthcare Setting

2016-2018 Data from CDC’s One Health Harmful Algal Bloom System



Characteristics of HAB Exposures and Illness 

2016-2018 Data from Healthcare Cost and Utilization Projects (HCUP) Nationwide Emergency 

Department Sample (NEDS) 



Year 2016 2017 2018 Summary

Respiratory 
related illness 

as primary 
code (%)

24% 10% 36% 30%

Any 
Respiratory 
Illness (%)

53% 15% 60% 53%

Smoking (%) 11% 33% 26% 27%

Diabetes (%) 5% 10% 11% 10%

Characteristics of HAB Exposures and Illness 

118 Patient Visits to Emergency Department for HAB Exposure from 2016-2018



https://www.cdc.gov/habs/pdf/habsphysician_card.pdf



https://www.cdc.gov/habs/pdf/habsphysician_card.pdf



What is the current experimental and pre-

clinical data for microcystin toxicity especially 

in models of susceptibility? 

What are potential preventative, diagnostic, 

and therapeutic strategies for microcystin 

exposure? 

Focus on Microcystin-LR (MC-LR)



• Prevention: We do not know the health effects of Microcystin 
exposure in common pre-existing disease states.

• Diagnosis: We do not have adequate diagnostic tests to determine 

exposure to Microcystin or organ injury resulting from exposure.

• Treatment: We do not have therapeutic targets for Microcystin
induced organ injury.

Microcystin-LR (MC-LR)

HAB Toxin Exposure: Current Knowledge Gaps



The current WHO guidelines for Microcystin exposure are 
based on studies done in healthy animals

What about individuals with common pre-existing liver 
conditions like Non-Alcoholic Fatty Liver Disease (NAFLD) 
given that the liver is a primary target for microcystins?
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Low dose microcystin induces hepatic injury and fat 
accumulation in NAFLD (but not healthy) livers

Lad et al. Toxins. 
2019



WT

NAFLD mice demonstrate significantly decreased (>60 times) 
urinary excretion of MC-LR vs. Healthy mice 

Lad et al. Toxins. 
2019



NAFLD mice demonstrate higher levels of MC-LR 
toxin (left) and lower levels of detoxified MC-LR-
Cysteine metabolite (right) compared to healthy mice

Liver MC-LR Levels Liver MC-LR-Cysteine Levels

Lad et al. Toxins. 2019



We next used an unbiased method to 
discover potential pathways that could be 
augmented to enhance therapy for MC-

induced liver injury…. 



Augmenting Microcystin Metabolism in NAFLD

Ref: Schmidt et al, 2014, Toxins

N-acetylcysteine

pNaKtide



Augmenting Microcystin Metabolism in NAFLD

6 weeks old 

C57Bl/6J
6 weeks on Choline deficient HFD 

with 0.1% Methionine

25 mg/kg pNaKtide

40 mM N-Acetyl Cysteine (NAC)

100 µg/kg MC-LR gavage

Harvest 

Organs

Key:

Lad et al. Antioxidants. 2022



MC-LR induced lobular inflammation, steatosis 
and apoptotic hepatocytes is significantly reduced 
with targeted antioxidant therapy using pNaKtide or 
NAC

Lad et al. Antioxidants. 2022



Antioxidant therapy with pNaKtide and NAC in the 
setting of NAFLD improves hepatic metabolism of MC-
LR to favor detoxified MC-LR-Cysteine metabolite

Lad et al. Antioxidants. 2022



Antioxidant therapy with pNaKtide and NAC in the 
setting of NAFLD significantly improves glutathione-
S-transferase (GST) activity in liver

25Lad et al. Antioxidants. 2022



Healthy Hepatocyte

MC-LR

MC-Cysteine

Cell survives

NAFLD Hepatocyte

HFD

Liver injury

MC-LR

MC-Cysteine

NAFLD Hepatocyte

HFD

Cell survives

Antioxidant
Treatment
(pNaKtide, 
NAC)

MC-LR

MC-Cysteine



What are the 
health effects on 

the gut 
associated with 

exposure to HAB 
toxins? 
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HAB’S AND GUT HEALTH

• Inflammatory bowel disease (IBD) is a collection of disorders characterized by 
acute and chronic inflammation of the gastrointestinal tract

• IBD is a global health burden with an estimated 1 million individuals in the U.S. and 
2.5 million in Europe affected

• The effects of MC-LR on the progression of IBD are unknown.

Microcystin-LR
Inflammatory bowel disease

Does exposure to MC-LR exacerbate 

the severity of pre-existing IBD?
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MC-LR Exacerbates a Model of IBD
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****p<0.0001

✓ Prolonged blood detectable in stool
✓ Exacerbated colonic shortening

Su et al. Toxins. 2019. 11(6). PMID: 31242640

Gene expression of pro-
inflammatory markers in
intestinal tissue from our
inflammatory bowel
disease (IBD) model



How are HAB toxins 
aerosolized? What are 

the human health 
effects associated with 

exposure to 
aerosolized toxins? 



HAB Toxins in The Air

Inhalation of aerosols 

may occur at source or 

distance

Exposure to aerosolized toxins may lead to airway inflammation
(Facciponte et al. Sci Total Environ, 2018)

Aerosols are produced by wave 

breaking, bubble-bursting, and 

recreational activity 

Aerosols can be carried 30 

kilometers from the source
(Olsen et al. Environ Sci Technol, 

2020)



Microcystin-LR (MC-LR) aerosol generated by 
nebulizer and distributed evenly to culture well-
inserts

Exposure once daily for 3 days (3 minutes per day)

3 doses of microcystin-LR
Low (100 pM)

Medium (10 nM)

High (1 uM)

Cilia and mucus

Mixed cell population

Well-insert membrane

3D Air-Liquid Interface 
culture of Primary lung 
epithelium pooled from 
14 volunteers

Aerosol containing MC-LR

Modeling Effects of Harmful Algal Blooms 
Aerosols in Human Lung Epithelium
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Short-term Microcystin-LR exposure significantly upregulates key 
airway inflammation genes in healthy human lung cells

• >2 fold changes in genes 

associated with mixed 

airway inflammation

Breidenbach et al. Environment International (2022)



Toledo, OH ranked the highest in the nation for 
Quick-Relief asthma medicine usage: 2018 Data



Toledo, OH and other lake-neighboring cities make 
up the “Ohio-Lake Erie Asthma Belt”: 2018 Data



Patients with Asthma Have Significant Upregulation
of the Main Cellular Transporter for Microcystin-LR 

(OATP1B3) in Airway Epithelium
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MOVING TOWARDS DIAGNOSTIC AND 
THERAPEUTIC APPROACHES 



Novel pipeline mines FDA approved drug libraries to 
identify candidate therapeutics that specifically 
counteract microcystin’s pathological pro-inflammatory 
signature      

Su RC, et al. Int J Molec Sci. 2021 



Summary
Harmful Algal Blooms (HAB’s) are on the rise and have significant public 

health implications 

HAB toxins such as microcystins can have both acute and chronic effects in 

multiple organ systems across the body

Public health data suggests need for increased education and awareness, 

especially in vulnerable patient populations

Recent experimental data suggests common pre-existing diseases in liver, gut, 

and lungs may increase susceptibility to HAB toxins

Research is needed to increase preventative, diagnostic, and therapeutic 

strategies for HAB toxin exposure



Thank You!
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As We Drink and Breathe: Adverse Health Effects of
Microcystins and Other Harmful Algal Bloom Toxins in the
Liver, Gut, Lungs and Beyond
Apurva Lad 1 , Joshua D. Breidenbach 1 , Robin C. Su 1, Jordan Murray 1, Rebecca Kuang 1, Alison Mascarenhas 1,
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Abstract: Freshwater harmful algal blooms (HABs) are increasing in number and severity worldwide.
These HABs are chiefly composed of one or more species of cyanobacteria, also known as blue-green
algae, such as Microcystis and Anabaena. Numerous HAB cyanobacterial species produce toxins (e.g.,
microcystin and anatoxin—collectively referred to as HAB toxins) that disrupt ecosystems, impact
water and air quality, and deter recreation because they are harmful to both human and animal
health. Exposure to these toxins can occur through ingestion, inhalation, or skin contact. Acute
health effects of HAB toxins have been well documented and include symptoms such as nausea,
vomiting, abdominal pain and diarrhea, headache, fever, and skin rashes. While these adverse effects
typically increase with amount, duration, and frequency of exposure, susceptibility to HAB toxins
may also be increased by the presence of comorbidities. The emerging science on potential long-term
or chronic effects of HAB toxins with a particular emphasis on microcystins, especially in vulnerable
populations such as those with pre-existing liver or gastrointestinal disease, is summarized herein.
This review suggests additional research is needed to define at-risk populations who may be helped
by preventative measures. Furthermore, studies are required to develop a mechanistic understanding
of chronic, low-dose exposure to HAB toxins so that appropriate preventative, diagnostic, and
therapeutic strategies can be created in a targeted fashion.

Keywords: harmful algal blooms; cyanotoxins; microcystin-LR; pre-existing disease

1. Harmful Algal Blooms and Cyanotoxins

Harmful algal blooms (HABs) develop when colonies of algae grow out of control and
harm marine life, humans, and terrestrial animals [1]. Algae is a broad classification includ-
ing single and multicellular plant life as well as dinoflagellates and autotrophic bacteria.
However, HABs are often chiefly composed of one or more species of cyanobacteria, also
known as blue-green algae, such as Microcystis and Anabaena, and can form dense scum-like
layers in both marine and freshwater bodies [2,3] The frequency and intensity of these
blooms worldwide have risen significantly in recent decades. Some of the most notable

Life 2022, 12, 418. https://doi.org/10.3390/life12030418 https://www.mdpi.com/journal/life
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water bodies affected by these cyanobacterial blooms are Lake Winnipeg, Canada; Lake
Erie, USA; Lake Victoria, Kenya; and Lake Taihu, China [4]. A rapidly warming climate
and increased eutrophication of water bodies due to anthropogenic activities are the main
causes of HABs. These events have severe consequences for ecological systems at all levels
and damage the socio-economic status of the surrounding regions [5].

One of the significant factors contributing to the rampant growth of HABs is the
eutrophication of water reservoirs. Run-off water enriched in nitrogen and phosphorus
from agricultural and industrial processes nourishes the organisms, including Microcystis
species, which is one of the most dominant bloom-forming and toxin-producing cyanobac-
terial species [6]. In a study conducted by Krausfeldt et al., the researchers noted that
differences in the source of nitrogen or nitrogen isotopes grossly influenced the metabolism
and toxin composition of Microcystis aeruginosa. They observed that cells grown in urea as a
nitrogen source produced the most toxic congener of the toxin microcystin [7]. Chaffin et al.
determined that both Microcystis and Planktothrix can use nitrate, ammonium, or organic
nitrogen (i.e., urea) as nitrogen sources and that high light intensities enhance microcystin
toxin production during periods of elevated nitrogen concentrations [8]. This highlights
the importance of considering nitrogen as well as phosphorus in developing strategies to
mitigate cyanobacterial blooms.

Another critical but often overlooked aspect that significantly contributes to the growth
of cyanobacterial blooms is zooplankton grazing. In a recent study conducted by Ladds
et al., the authors studied nutrient enrichment and zooplankton grazing combined with
next generation sequencing and fluorometric analyses to quantify their effects on specific
cyanobacterial genera across the western basin of Lake Erie. The authors found that
Daphnid (a type of crustaceous plankton) grazing significantly reduced the net growth of
Planktothrix in Sandusky Bay as well as Dolichospermum net growth in the Maumee Bay areas
of Lake Erie, USA, both of which are bloom-forming cyanobacterial species. In contrast,
the toxin-producing Microcystis species was unaffected by the plankton grazing and mainly
depended on nutrient enrichment [9]. This study established that plankton grazing can
effectively reduce certain species of bloom-forming cyanobacteria while nutrient limiting
strategies can eliminate others such as Microcystis.

Of the vast number of species of cyanobacteria found around the world, the most
pervasive bloom-forming cyanobacterial species belong to the genus Microcystis. During
winter, these organisms are benthic, overwintering, and rise to the surface to form blooms
during favorable conditions [10–12]. Many species of Microcystis are known to produce
secondary metabolites termed cyanotoxins. These secondary metabolites are often toxic to
higher trophic organisms and pose an increased environmental risk to human and animal
health. These toxic metabolites are classified into hepatotoxins, neurotoxins, cytotoxins,
and dermatoxins [3]. For a more thorough review of these metabolites, Jones et al. describes
the creation of an extensive and comprehensive database named “CyanoMetDB” [13]. This
open access database is a comprehensive collection of 2010 cyanobacterial metabolites
as well as 99 structurally related compounds curated from 850 peer-reviewed articles
published between 1967 and 2020. This database provides an extensive and detailed insight
into the occurrence, functions, mechanisms, and toxicological risks posed to humans and
animals from these secondary metabolites.

Importantly, some cyanobacterial strains exert toxic effects despite not producing
any known cyanotoxins, thus indicating the presence of potentially unknown or un-
characterized toxins. In fact, there are numerous experimental works that show the
neurotoxic, hepatotoxic, and cytotoxic action of cyanobacterial extracts with no known
cyanotoxins [14–17], underscoring the need to discover and characterize potential new tox-
ins and/or bioactive compounds produced by HABs. In interesting research conducted by
Spoof et al., the researchers have isolated and identified new bioactive, cyclic hexapeptides—
Anabaenopeptins—from a cyanobacterial bloom extract in the Baltic Sea and found the
compounds to inhibit the activity of protein phosphatase 1 and carboxypeptidase A but
no inhibition of chymotrypsin, trypsin, or thrombin [18]. In another research performed
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by Bittner et al., the researchers have shown that complex mixtures of cyanobacterial ex-
tracts containing bio-active compounds other than the secondary metabolites can exert
cytotoxic as well as genotoxic effects in the form of DNA strand breaks in in vitro (human
hepatocarcinoma cell line HepG2 cells) conditions [19].

Of the variety of toxins produced, Microcystis are well known to produce microcystins
(MCs), a class of hepatotoxins. The toxicokinetics, molecular toxicology, and pathophys-
iology of microcystins has been recently and comprehensively reviewed by Arman and
Clarke [20]. There are over 300 different congeners of microcystins identified to date [21].
MCs are cyclic heptapeptides with two conventional amino acids in positions X and Y
and a unique β-amino acid ADDA (3-Amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-
4,6-dienoic acid) (Figure 1A) [22]. The two conventional amino acids are variable, which
contributes to the various congeners of the toxin [10]. These different congeners vary in tox-
icity based on hydrophobicity and their ability to form a chemical bond between the toxin
and the protein phosphatases within cells such as hepatocytes, which can subsequently
damage the cells [23].
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Figure 1. Structure of Microcystin and Microcystin-LR. (A) General structure of Microcystin with
X and Y as variable amino acids at positions 2 and 4, respectively; (B) Structure of Microcystin-LR
where L stands for L-Leucine and R represents L-Arginine.

One of the most common and potently toxic congeners of microcystin is Microcystin-
LR (MC-LR), which contains amino acids leucine (L) and arginine (R) in the X and Y
positions, respectively (Figure 1B). MC-LR is a chemically stable compound, and the routes
of exposure to this toxin include inhalation, ingestion, or dermal contact with contaminated
waters [24]. Once inside, the toxin is taken up by the cells through the organic anion
transporting polypeptides (OATPs) and specifically inhibits the serine/threonine protein
phosphatases (PP)-PP1 and PP2A. This results in the hyperphosphorylation of proteins
leading to alterations in the cytoskeleton with subsequent disruption of the cells, including
cell lysis. MC-LR is also known to increase oxidative stress triggering apoptosis and
pyroptosis processes as well as promoting tumor progression [3,25,26]. Although exposure
to MC-LR can affect all organ systems, studies have shown that the liver is a major target
organ due to the expression of the microcystin transporting and uptake channels including
Oatp1b2 [27], Oatp1b1, and Oatp1b3 [28,29]. In fact, our lab has found that in C57BL/6J
mice, the liver expresses Oatp1b2 (Slco1b2) several orders of magnitude higher compared
to organs such as the lung and kidney (Figure 2, unpublished work). The International
Agency for Research on Cancer (IARC) has classified MC-LR as a Group 2B peptide, i.e.,
the agent (peptide) is a possible carcinogen to humans [30]. Studies per-formed in rats
and mice demonstrated tumor promotion mechanisms and development of preneoplastic
lesions in liver and colon on exposure to sub-chronic levels of MC-LR which was attributed
to the inhibition of PP1 and PP2A. Studies indicate that these toxins modulate genetic
expression of early response genes, oncogenes, and markers of inflammation, all of which
affect cell division, cell survival, and apoptosis.
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2. Adverse Health Effects of HAB Toxins across Major Organ Systems

While there have been many cases of cyanotoxin-induced injuries, two early large-scale
incidents of human injury and death resulting from cyanotoxin exposure have been well-
documented and studied in detail over the years. The first case was a major outbreak of
hepatoenteritis in Palm Island, Australia in 1979 where a total of 140 children and 10 adults
were hospitalized for symptoms including malaise, anorexia, vomiting, headache, bloody
diarrhea, dehydration, and painful hepatomegaly [32,33]. These patients also demonstrated
acute kidney disease and liver failure with elevated serum enzyme levels. This outbreak
was directly linked to Solomon Dam, a potable water reservoir which was contaminated
with toxic cyanobacterium Cylindrospermopsis raciborskii. The bloom was treated with
copper sulphate, a common algaecide, that led to cyanobacterial cell lysis and subsequent
massive release of the toxin cylindrospermopsin (CYN) into the water supply. This incident
highlighted the adverse effects of exposure to CYN in humans and the need to strategize
bloom management techniques to neutralize the toxins from the water. The second incident
was cyanotoxin exposure that occurred at a hemodialysis center in Caruaru, Brazil, in 1996
where the lack of reverse osmosis in the filtration system led to contamination of the water
with MCs and CYN, which was used to prepare the dialysate. In this incident 116 of the
131 patients receiving treatment developed headache, blurred vision, eye pain, nausea,
and vomiting. Of these, 100 patients developed acute liver failure and more than half
of them died [34]. More recently, HAB events across the US have been responsible for
human illnesses and animal deaths [35], as well as a “Do not drink” state of emergency
for the residents of Northwest Ohio in 2014 [36]. The World Health Organization (WHO)
established guidelines on permissible limits of microcystin exposure in water based on
studies performed in healthy animals. In one of the key toxicologic studies supporting
these guidelines, mice were exposed to varying doses of MC-LR, and a No Observable
Adverse Effect Level (NOAEL) was established to be 40 µg/kg of body weight per day, and
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a Low Observable Adverse Effect Level (LOAEL) was established to be 200 µg/kg of body
weight per day for liver pathology [37]. After appropriately calculating for interspecies
variation, the permissible limit for safe exposure was set as 1 µg/L in humans [37–40].
Although a significant amount of research has been done to study the toxic effects of MC-LR
on liver, not much is known about the adverse effects of the toxin in the setting of common
pre-existing diseases such as liver or gastrointestinal disease.

While there is ample literature regarding the effects of HAB toxins such as MCs in
healthy model systems, it is important to examine the ways that pre-existing chronic
illness may modify susceptibility to toxicity as well. Recent surveillance from the United
States Centers for Disease and Control’s One Health Harmful Algal Bloom System (spanning
2016–2018) confirm that exposure to HABs occurs primarily in public, outdoor recreation
areas during the summer months [41]. Long-term exposure to MCs and other toxins
may occur in people that frequently work or recreate in affected bodies of water, inhale
aerosolized toxins, consume diets composed of large quantities of seafood that live in
HAB-affected water, or ingest supplements contaminated with cyanotoxins [42–44].

The health effects of HAB toxins such as MCs are not limited to one particular organ
system. For instance, while MCs may be typically classified as a hepatotoxin, their effects
extend beyond the liver. For instance, chronic (8 month) exposure to HAB toxins such as
MC-LR also have harmful effects on the renal system including necrosis, hyalinization of
renal interstitium, hemorrhages, and infiltration of leukocytes, as shown by Milutinovic
et al. in Wistar rat models [45]. Overall impaired function of the kidneys has been cor-
related with MC and aflatoxin exposure in humans [46]. In the gastrointestinal system,
colorectal/rectal carcinomas in humans may be worsened by microcystin exposure [47].
Gastrointestinal cells in the duodenum, ileum, and jejunum may display increased apopto-
sis, resulting in gastroenteritis [48,49]. A study was done using a human genome program
and asthmatic bronchial epithelium transcripts for analysis. Specific genes involved in
asthma development and progression were identified, and an analysis showed that they
were involved in a response to toxic substances which were targeted by plant products and
plant-related toxins. Among these toxins was microcystin, showing that those with asthma
may have increased susceptibility to microcystin [50]. As for the cardiovascular system,
exposure to microcystins has also resulted in pathophysiological changes such as declines
in stroke volume, cardiac output, heart rate/blood pressure, and oxygen consumption.
This may translate to diseases such as cardiac arrest, hypovolemic shock, and hypoten-
sion in humans [51,52]. The final system we explored was the effects of HAB exposure
on neurological disorders. For neurodegenerative disorders, other HAB toxins such as
β-Methylamino-L-alanine or BMAA, in addition to microcystins, are important to take into
account due to their interactions which have been proposed to enhance neurotoxicity. There
is evidence to suggest that exposure to cyanotoxins is a major risk factor for Amyotrophic
Lateral Sclerosis (ALS), a condition that impacts the nervous system and limits physical
function [53]. Some studies have even reported that brain tissue taken from patients who
died of Alzheimer’s Disease, amyotrophic lateral sclerosis, or Parkinson’s Disease in Guam
and Canada showed elevated levels of BMAA compared to brains of those who died from
other causes [54]. While a number of excellent reviews have provided a comprehensive
review of affected organ systems [20,55], we focus on summarizing the literature related
to the intersection of MCs’ effect on liver, gut, and pulmonary organ systems with an
emphasis on how pre-existing diseases of these organ systems may increase susceptibility.

Additionally, the U.S. Environmental Protection Agency Office of Water, Health and
Ecological Criteria Division has provided an exceptional support document comprehen-
sively detailing the health effects of MCs as summarized from both experimental animal
models and observational epidemiologic data [56]. Figure 3 provides an overview of how
HAB toxins may be transmitted into humans and highlights affected organ systems.
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3. Microcystins and Liver Health

Liver diseases are the 12th leading cause of death in the United States [60], and
given the known hepatic effects of MCs, patients with pre-existing liver diseases represent
a potentially vulnerable population. Non-alcoholic Fatty Liver Disease (NAFLD) is a
spectrum of liver conditions defined by the presence of steatosis in more than 5% of the
hepatocytes with little to no alcohol consumption [61]. This condition is more prevalent
in obese and diabetic individuals but is also present in lean, non-diabetic people and is
considered a metabolic syndrome [61–63]. NAFLD is rapidly increasing in the United
States as well as in other developed countries. NAFLD is a benign condition with excess
fat accumulation in the liver. The more severe form of NAFLD is called as Non-alcoholic
Steatohepatitis (NASH). NASH is a progressive form of NAFLD and is characterized by
hepatocellular ballooning, steatosis, inflammation, and fibrosis. In an attempt to regenerate
the lost liver tissue, NASH can progress to cirrhosis leading to an increase in the formation
of scar tissue. Cirrhosis is an end stage organ failure that can lead to liver carcinoma and
may require liver transplantation [61]. According to Fazel et al., around 27–34% of the
general population throughout North American is affected by NAFLD. This condition
affects almost 75–92% of obese individuals and around 60–70% of diabetic patients [64].
Although diabetes and obesity are the primary risk factors promoting NAFLD condition,
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factors such as ethnicity, body weight, body-mass index, sex, and exposure to environmental
toxins also play a role in NAFLD onset and progression [65,66].

Some studies have demonstrated a potential link between MC-LR exposure and its
contribution to the development of NAFLD pathogenesis. In 2015, Zhang et al. performed
a unique study correlating incidences of algal blooms and the prevalence of NAFLD
cases in the United States using a satellite imaging technique [67]. Other studies have
shown that intraperitoneal or oral exposure to low doses of MC-LR altered hepatic lipid
content, increased steatosis and markers of oxidative stress such as catalase and superoxide
dismutase, as well as glutathione content in the plasma of exposed rodents [39,40,66,68].

Although results from all these studies suggest that cyanotoxin exposure may lead
to the development and progression towards NAFLD, they do not consider the effect of
the MC exposure when liver diseases such as NAFLD are pre-existing. This is an important
distinction, because of the impact that diseases such as NAFLD and NASH have on
xenobiotic metabolism. For instance, it is well-known that the presence of NASH alters
hepatic drug transporter mechanisms. In a study performed by Canet et al. [69], the authors
investigated diet-induced as well as genetic models of NASH in both rats and mice and
observed the induction of efflux transporters and repression of uptake transporters in
both liver mRNA and protein expression analyses. Due to the similarity of the human
transporter mRNA and protein expression to the rodent models, their data suggested
that these rodent models can aptly be used to infer similar altered drug metabolism and
toxicokinetics in humans.

To bridge the gap in knowledge regarding MC-LR toxicity in the presence of pre-
existing NAFLD, we used a genetic murine model of NAFLD to mimic the various aspects
of NAFLD in human populations [31]. In this study, we observed that chronic low dose
oral exposure to MC-LR even at levels 2.5–4.5 times lower than the acceptable limits
lowered their survival rate and increased hepatic injury via excess fat accumulation in the
hepatocytes. It was also observed that exposure to low levels of the toxin upregulated
genes associated with hepatotoxicity, cholestasis and oxidative stress as well as affected the
phosphorylation pattern of proteins that are involved in inflammation, immune response
cycle and development. It should also be noted that there were significant differences
observed in the toxin excretion levels of healthy mice as compared to the NAFLD mice
indicating differential biodistribution and metabolism in the NAFLD mice, where healthy
mice excreted nearly 60 times more MC in their urine compared to NAFLD mice.

Similarly, two studies performed by Clarke et al. lend support to these findings [66,70].
In one study, the authors demonstrate that presence of high fat/high cholesterol diet-
induced NAFLD in rats altered the toxicokinetics of acute MC-LR toxicity by causing
the rats to have increased hepatic inflammation, plasma cholesterol, proteinuria, and
renal injury after a single acute dose of MC-LR given via intravenous or intraperitoneal
injection [66]. In another study, the authors performed a sub chronic exposure to MC-LR in
Sprague Dawley rats that were fed with either normal, methionine and choline-deficient
(MCD) or high fat/high cholesterol (HFHC) diet for 10 weeks. After 6 weeks on the diet,
the rats were injected intraperitoneally with either 0, 10, or 30 µg/kg of MC-LR every 48 h
for 4 weeks. The authors observed increased inflammation and fibrosis in the liver as well
as alteration in the expression of genes involved in de novo lipogenesis and fatty acid
esterification in the rats exposed to MC-LR as compared to the control group indicating
that MC-LR toxicity in the context of pre-existing NASH may drive the liver to a more
severe phenotype that resembles end-stage NASH [70].

Chronic exposure to HAB toxins such as MC-LR may also exacerbate liver cancer and
is associated with a cellular phenotype that includes hepatocyte necrosis, cell blebbing,
and cell fragmentation [71]. As mentioned above, prolonged low-dose exposure to MC-
LR has also been associated with a NASH phenotype, potentially setting the stage for
hepatocellular carcinomas [72]. In an in vitro study done by Diez-Quijada et al., the authors
investigated the adverse effects of a combination of algal toxins [cylindrospermopsin (CYN)
and MC-LR] in HepG2 cells [73]. The combination induced DNA double-strand breaks
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after 72 h exposure, while cell cycle analysis revealed that CYN and CYN/MCLR arrested
HepG2 cells in G0/G1 phase. Moreover, they also observed upregulation of CYP1A1 and
target genes involved in DNA-damage response (CDKN1A, GADD45A). On the other hand,
MC-LR (1 µg/mL) alone did not have any effect on either cell viability or cell division. The
results from this study underscore the importance of not only examining HAB toxins by
themselves, but also in the various combinations that are sure to exist in nature. In studies
performed by Arman et al., rats with diet-induced NASH that were exposed to sub-chronic
levels of MC-LR showed increased fibrosis and inflammation compared to the control
group [70]. These rats were then put on a 4-week recovery period after MC-LR exposure,
and they observed that mice with pre-existing NASH continued to show dysregulation of
the genes related to cellular differentiation and hepatocellular carcinoma [74]. This indicates
that exposure to HAB toxins in pre-existing liver disease not only impairs hepatic recovery
but that carcinogenic effects may also persist even after withdrawal from the exposure.

To date, clinicians around the world do not have any means to determine definite
exposure to cyanotoxins and must resort to a diagnosis of exclusion as the symptoms of
potential cyanotoxin exposure often overlap those of other illnesses. Therefore, there is a
need to establish diagnostic methods that will aid in the differential diagnosis of potential
HAB exposure. Our group has investigated the suitability of common clinical markers of
liver injury, specifically alanine aminotransferase (ALT) and alkaline phosphatase (ALP), as
potential diagnostic tools for liver damage induced by chronic low dose administration of
MC-LR in the setting of pre-existing NAFLD [75]. We found that while MC-LR induced
significant histopathologically confirmed liver damage in the setting of NAFLD, both gene
expression and serum levels of ALT and ALP failed to increase with MC-LR exposure.
In a human HepG2 liver epithelial cells model which has been used to simulate NAFLD
in vitro [76], we observed that increasing MC-LR exposure did not lead to an increase in
ALT or ALP gene expression, intracellular enzyme activity, or extracellular activity, despite
a significant increase in MC-LR-induced cytotoxicity. These findings suggest that common
liver injury markers such as ALT and ALP may be unsuitable as diagnostic biomarkers for
chronic or low-dose MC-LR-induced liver damage.

4. Microcystins and Gut Health

While much of the literature on MC-LR is focused on liver toxicity, there is a paucity
of knowledge on its effects on other organ systems such as the gastrointestinal (GI) tract.
Indeed, the gut is the first site of MC-LR absorption following ingestion and studies
have shown that the GI tract is the location with the highest bioaccumulation of the
toxin [40,77–79]. Evidence from experimental models has shown that MC-LR is primarily
absorbed by the small intestine, induces intestinal apoptosis, ROS generation, and promotes
intestinal inflammation [40,48,80]. In a study by Botha et al. [48], the authors investigated
the apoptotic effect of intraperitoneal MC-LR administration on the GI tract including duo-
denum, jejunum and ileum of mice. They noted that the apoptotic index was significantly
raised in all portions of the small intestine 8 h after exposure and continued to rise even
32 h after exposure. The duodenum showed the most significant increase in apoptotic
index, followed by the jejunum and ileum. Immunohistochemistry analysis indicated the
presence of MC-LR in the lamina propria, suggesting a role for MC-LR in the induction of
apoptosis in the GI tract of mice exposed to a single sublethal dose of MC-LR. In another
study by Lun et al., the authors investigated the association between MCs in drinking
water and colorectal cancer in humans [47]. The study spanned over a period of 19 years,
collecting 408 cases of colon and rectal carcinoma. The authors noted that the incidence
of colorectal cancer was significantly higher in the population of patients who obtained
drinking water from sources with greater MC concentrations (e.g., rivers and ponds) vs.
those who drank from uncontaminated sources (e.g., well water or treated tap water). Thus,
there is evidence to suggest that HAB toxin exposure may adversely affect the GI tract.

To elucidate MC-LR toxicity in the gut in regard to pre-existing disease setting, our
group has examined one of the most prevalent GI-related disorders, inflammatory bowel
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disease (IBD), as a model of pre-existing GI disease. IBD is an umbrella term, which
includes ulcerative colitis and Crohn’s disease, to describe conditions involving chronic
inflammation of the GI tract. IBD is the result of various genetic and environmental factors
and is one of the most common GI diseases around the world, affecting around 3.1 million
individuals in the US alone [81]. Many of the environmental factors exacerbating IBD
include smoking, diet, various medications, and microbial infections such as H. pylori, M.
avium, and E. coli [82].

To study the effect of MC-LR in pre-existing IBD settings, we chose a dextran sulfate
sodium (DSS)-induced colitis murine model. Exposure to DSS resulted in weight loss,
splenomegaly, and severe colitis marked by transmural acute inflammation, ulceration,
shortened colon length, and bloody stools [57]. On further exposure to MC-LR, the mice
experienced prolonged weight loss and bloody stools, increased ulceration of colonic
mucosa, and shorter colon length as compared with DSS mice. Exposure to MC-LR
also resulted in greater increases in pro-inflammatory transcripts within colonic tissue
(TNF-α, IL-1β, CD40, MCP-1) and the pro-fibrotic marker, PAI-1, as compared to DSS-
only ingestion [57]. Mice with pre-existing colitis that were exposed to the toxin showed
significantly higher macrophage infiltration in the colonic tissues as compared to the non-
exposed mice [83]. Interestingly, the pro-inflammatory mediator CD40 was significantly
upregulated on exposure to MC-LR, a molecular feature shared with IBD progression [84].
Therefore, to identify the mechanism of MC-LR toxicity in the gut, we demonstrated
that a murine CD40 knock-out model attenuates the effects of MC-LR in mice with pre-
existing colitis by decreasing the severity of weight loss, allowing a full recovery in bloody
stools, preventing the exacerbation of colonic shortening, preventing the exacerbation
of colonic ulceration, and preventing the upregulation of the pro-inflammatory and pro-
fibrotic cytokines [85]. Similar effects were also demonstrated by administration of a CD40
receptor blocking peptide that ameliorated the effects of MC-LR exposure [85]. These
findings demonstrate that exposure to MC-LR exacerbates the severity of pre-existing
colitis in a CD40 dependent manner and that targeting this pathway therapeutically may
be conceptually attractive.

MCs’ impact on the gut is not confined to mammalian species. In another study done
in Lithobates catesbeiana (American bullfrog) tadpoles, it was observed that acute, short-term
exposure of tadpoles to HAB toxins containing 1 µg/L (1 nmol/L) of total microcystins
for only 7 days resulted in significant liver and GI toxicity [86]. MC-LR-exposed tadpoles
showed increased intestinal diameter, decreased intestinal fold heights, and a constant
number of intestinal folds, indicating pathological intestinal distension, similar to toxic
megacolon. HAB-toxin-exposed tadpoles also demonstrated hepatocyte hypertrophy with
increased hepatocyte binucleation consistent with carcinogenic and oxidative processes
within the liver. Both livers and intestines of HAB-toxin-exposed tadpoles demonstrated
significant increases in protein carbonylation consistent with oxidative stress and damage.
These findings underscore the need to evaluate the GI-related effects related to HAB toxin
exposure, including MCs. This also highlights the need to evaluate the influence HAB
toxins may have on other vulnerable species within the food web and how those may
ultimately also impact human health [86].

5. Microcystins and Pulmonary Health

While exposure to cyanotoxins is typically investigated after ingestion routes of ex-
posure, MC-LR has recently been detected in aerosols generated from HAB water [87],
suggesting that it may be aerosolized by bubble bursting, wave crashing, and recreational
activity in the HAB-affected water [88–90]. While there are survey reports and case studies
of detectable concentrations of microcystins in airway mucosa as well as clinically signifi-
cant airway irritation in subjects who have been near HAB-containing bodies of water for
short periods [91,92], we are only aware of one study that has modeled MC-LR aerosol
inhalation exposure [93]. In this study, nose-only inhalation exposure to 260-265 µg/m3 for
0.5, 1, or 2 h each day for 7 days resulted in minimal to moderate multifocal degeneration
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and necrosis along with neutrophilic inflammation only in the nasal cavity. However, the
investigators were unable to confirm the delivery of the aerosol to the central or peripheral
airways. In another thorough investigation, MC-LR was delivered by intratracheal injec-
tion to mice at various concentrations resulting in a lethal dose (75 µg/kg) and cause of
death (liver hemorrhaging) seemingly identical to intraperitoneal injection [94]. In a study
conducted by Oliveira et al., 6–7-week-old male Swiss mice were exposed via intranasal
instillation of 10 µL of 6.7 ng/kg MC-LR or vehicle distilled water control once a day for
30 days and significant increases in granulocytes were found in histological analysis of
the lung tissue [95]. Similarly, in other studies in which exposure was systemic, the effects
on lungs were primarily granulocytic inflammation [96,97]. Picanco et al. conducted a
study in which whole cyanobacterial extracts were administered by intraperitoneal injec-
tion to 4-week-old and 12-week-old mice resulting in significant increases in pulmonary
granulocytic inflammation after 2 days in both groups [96]. In a follow-up study, this same
group reported that 6–8-week-old male Swiss mice which were administered 40 µg/kg
of specifically MC-LR by intraperitoneal injection, demonstrated significant increases in
granulocytes found in histological analysis of whole lung tissue at time points of 2, 8,
24, 48, and 96 h after injection [97]. Since these exposures had the common response of
granulocytic inflammation in the pulmonary tissue, even in the context of a systemic expo-
sure, this suggests that an aerosol exposure may have similar effects. Therefore, further
investigations may be warranted to determine the threat to potentially at-risk individuals
with pre-existing airway inflammatory disease.While there are survey reports and case
studies of airway irritation in subjects who have been near affected bodies of water for short
periods, there are no thorough investigations of lung function in recreational or occupa-
tional settings or those living near the affected bodies of water [91,98]. Furthermore, these
aerosols can travel over 30 km from the affected source, thus exposing wide segments of
the population to both inhalation and dermal exposure [99]. These points are underscored
by the fact that while the average human drinks ~2 L of fluid per day, the same average
person respires/processes over 11,000 L of air per day. This fact alone draws attention to
the importance of understanding how cyanotoxins affects the airways and major organ
systems of individuals exposed to its aerosol in order to develop rational and targeted
strategies to deal with these exposures, especially in vulnerable and at-risk populations.

6. New Insights into Microcystin Detection

The public health implications of HAB events have drawn some serious attention
and necessitated the development of highly sensitive, reliable, and selective analytical
tools for detection and identification of HAB toxins. Many studies have been performed
to detect cyanotoxins such as MC-LR in blood, tissues, urine, and feces. Commonly used
methods of detection include enzyme-linked immunosorbent assays (ELISA) [100–102],
High-performance liquid chromatography (HPLC) combined with ultraviolet [103] or mass
spectrometric detection [104–106], protein phosphatase inhibition assay (PPIA) [107–109],
and capillary electrophoresis (CE) [110,111]. Liquid chromatography with tandem mass
spectrometry (LC-MS-MS), however, is a powerful detection tool with the added advantage
of being able to separate and identify various MC congeners and can be used for accurate
and precise quantification of MCs in blood, urine and tissues [112,113]. In fact, we have
developed a robust Solid Phase Extraction method to extract MCs from biofluids (e.g.,
plasma and urine) and tissue (e.g., liver) and combined with LC-MS technique to further
identify the different congeners of MC as well as improve the sensitivity in order to detect
low levels of the toxin. The sensitivity and reproducibility were able to be improved using
a UHPLC-triple quadrupole (QqQ)-MS/MS method [112–114].

To study the biodistribution of the toxin in various tissues, we utilized matrix-assisted
laser desorption/ionization (MALDI) imaging in order to study toxin distribution in solid
organs such as the liver [115]. Both covalently bound and free MC-LR can be found in
the liver of mice exposed to the toxin, and our results indicate that the distribution of free
microcystins in tissue sections from affected organs, such as the liver, can be monitored with
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high-resolution MALDI-MS imaging [115]. These techniques give us a three-dimensional
view of the distribution of those cyanotoxins in different organs and provide biologically
relevant insights regarding the distribution and metabolism of these potent and harm-
ful cyanotoxins.

7. Corrective Measures

Over the years, various strategies have been developed and implemented to control the
spread of algal/cyanobacterial blooms [6,116]. First and foremost, there is a need to control
the nutrient input of nitrogen and phosphorus into the water reservoirs. Other physical
controls include aeration or mechanical mixing of the water causing the cyanobacteria
to move in the vertical direction as well as limiting nutrient accessibility. Sonication, i.e.,
using ultrasound technology to rupture the cyanobacterial cells is an effective method for
smaller water bodies, whereas the surface skimming method is used for clearing blooms in
later stages. Chemical methods include the use of algaecide or barley straw to inhibit the
growth of cyanobacteria. Flocculation and coagulation are two other methods that facilitate
sedimentation of nutrients and cyanobacteria, respectively to the bottom anoxic parts of
the water body, thus, depriving them of favorable conditions and successfully controlling
the blooms.

Although all the aforementioned methods are highly effective, there are various other
biotic and abiotic factors that influence the growth of harmful algal blooms. Zuo et al.
investigated the biotic factors that influenced the sustainability of the toxic cyanobacterial
blooms in China’s Lake Taihu and revealed that the α-proteobacteria Phenylobacterium
promoted the growth and dominance of toxic Microcystis aeruginosa strain [117]. Other
abiotic factors include temperature, carbon dioxide (CO2) concentration and oxygen (O2)
availability that influence the growth of toxic cyanobacterial blooms.

While the above-mentioned methods have been used for HAB mitigation efforts, no
optimal method has been developed as yet. Furthermore, there is no effective treatment
that is available for degrading microcystins in the natural environment. Complete removal
of cyanotoxins from drinking water still remains a concern worldwide. As low doses
of HAB toxins can exacerbate pre-existing comorbidities, some researchers have focused
on using lactic acid bacteria such as Lactobacilli and Bifidobacteria as a pro-biotic to effec-
tively degrade MCs. In a study done by Zhao et al., the researchers have shown these
strains have free radical scavenging ability, as well as the ability to inhibit pro-oxidative
enzymes and inhibit oxidative stress [118]. In a series of studies done by Nybom et al.,
the researchers demonstrated that the different strains of lactic acid bacteria can degrade
MC-LR at optimum temperature and bacterial concentrations [119]. In another study by the
same group, the authors have shown that a combination of lactic acid bacteria enhanced the
degradation as compared to individual strains alone [120]. These authors also suggested a
mechanism whereby the bacteria degraded MC-LR via extracellularly located cell-envelope
proteinases [121,122].

Interestingly, MC degrading bacteria have even been reported from HAB-affected
waters around the world, including Lake Erie [123,124]. Thees et al. have isolated and
identified a select group of five MC degrading bacteria from Lake Erie that were found to
degrade MC-LR to non-toxic forms and could potentially be used to remove MCs from
drinking water Erie [123,124]. Additionally, other common bacterial strains belonging to
the Lactobacilli and Bifidobacter species have demonstrated their ability to degrade MCs both
in vitro and in vivo as discussed above [118,119]. The facility of these bacteria to rapidly
degrade MCs suggests their potential to not only remove MC-LR from drinking water but
also potentially to be used as a pro-biotic preventative therapy; however, further research
to explore this area is required.

8. Summary

Cyanobacterial blooms are a persistent and growing problem that will require tremen-
dous and concerted efforts to combat. While various efforts are being made in the way
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of the prevention of HABs, the unfortunate reality is that these blooms have occurred for
years and are expected to continue to occur into the foreseeable future. Therefore, not
only have humans and animals already been exposed for years, but they will continue to
be exposed until the source is eliminated. As pointed out earlier, the current established
guidelines for cyanotoxin exposure are based on studies performed in healthy animals;
however, the potential chronic effects of HAB toxins such as MCs, especially in vulnerable
populations such as those with pre-existing liver, gastrointestinal, or lung disease, deserve
attention as there are limited data in this area. Additional research is required to define
at-risk populations whose underlying comorbidities may confer increased susceptibility to
HAB toxin exposure. A mechanistic understanding of chronic, low dose exposure to HAB
toxins is needed so that appropriate preventative, diagnostic, and therapeutic strategies
can be created in a targeted fashion. Apart from basic control measures such as nutrient
limitation, as well as physical and chemical methods to limit the growth and spread of
HABs, there is an immediate need to provide corrective measures by developing safe and
efficient ways of HAB management in order to mitigate their detrimental effects to humans
and the environment.
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