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Abstract

Cyanobacterial Harmful Algal Blooms (CyanoHABs) occur when colonies of photosynthetic
bacteria called cyanobacteria grow out of control, usually in warm, nutrient-rich, slow-
moving waters. They are becoming increasingly prevalent around the world and release
harmful toxins called cyanotoxins into bodies of water, which negatively affect human and
ecological health. One such cyanotoxin is microcystin, with microcystin-leucine arginine
(MC-LR) being the most widespread. Exposure to MC-LR inhibits serine and threonine
protein phosphatase 1 and 2A in humans, causing a myriad of health problems. Fortunately,
naturally occurring bacteria may be able to degrade MC-LR and reverse its effects. Mice were
separated into five experimental groups based on three types of pre-treatments (control
drinking water/vehicle, probiotic-supplemented drinking water, and heat-inactivated
probiotic-supplemented drinking water) as well as two types of exposures (microcystin-LR
and water/vehicle). RNA was extracted from kidneys for sequencing because MC-LR
exacerbates kidney disease. Gene expression data were analyzed with 3 Pod Reports, an R
software package for comprehensive transcriptomic pathway analyses. MC-LR exposure was
associated with upregulated cellular respiration and metabolism pathways and downregulated
transcription pathways. Probiotic pre-treatment combined with MC-LR exposure was
associated with upregulated lipoprotein particle pathways and downregulated respiration and
ribosome pathways. Overall, the probiotic mixture reversed the transcriptional profile
resulting from MC-LR exposure. Future high-yield pathways that could be targeted for
therapeutic benefit include VEGFR inhibitors and increased expression of renal indicator
genes such as EGFR.
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1. Introduction

There are many varieties of algae, including brown diatoms
and green algae. However, most Harmful Algal Blooms
(HABs) are chiefly composed of photosynthetic bacteria
called cyanobacteria, also known as blue-green algae (1, 2).
These Cyanobacterial Harmful Algal Blooms (CyanoHABs)
occur when cyanobacteria grow out of control in nutrient-rich,
warm, and slow-moving waters, which are becoming
increasingly common across the world (1, 3). Major causes of
CyanoHABs include climate change and increased
eutrophication of water bodies that provide abundant
resources promoting the proliferation of cyanobacteria (3). In
fact, more than 40% of lakes and reservoirs in Europe, Asia,
and America possess conditions for CyanoHABs, with 25—
75% of resulting blooms being considered toxic (2).

1.1 MC-LR

Some cyanobacteria release toxic chemicals called
cyanotoxins, such as microcystin (MC), into the water, which
have severe consequences for human health at all levels (1).
One cyanotoxin is microcystin, a cyclic heptapeptide
consisting of seven amino acids, two of which are variable and
determine the specific class of microcystin (4). While there are
over 200 congeners of microcystin, one of the most
widespread is microcystin-leucine arginine (MC-LR) (1).

1.2 How does MC-LR cause damage?

There are multiple routes of exposure to MC-LR, mainly
ingestion of contaminated food, water, or supplements,
inhalation of CyanoHAB toxins as aerosols in the air, and
dermal contact through activities such as swimming in
contaminated waters (5). Once MC-LR has entered the human
body, it inhibits serine and threonine protein phosphatase 1
and 2A (1, 6). This leads to hyperphosphorylation, which
disrupts cells and alters the cytoskeleton with major disruption
of cells, such as cell lysis (1, 7). Additionally, since
phosphatases serve vital regulatory functions of cell signaling
related to critical processes, their inactivation by MC-LR has
potent and far-reaching effects. This can lead to downstream
consequences including the promotion of oxidative stress,
inflammation, apoptosis, and carcinogenic effects (1, 8).

1.2 What does MC-LR damage?

Although microcystins are classified as hepatotoxin, they
cause effects throughout the body, including in other vital
organs such as the lungs and kidneys (1). The effects of
microcystin on the kidneys may be of particular importance
due to their contribution to the metabolism of xenobiotics such
as MC-LR. MC-LR and its metabolites, MC-LR-glutathione
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and MC-LR-cysteine, accumulate in the kidneys which can
exacerbate chronic kidney disease, leading to kidney failure
(9). Recently, with the increase in HABs, there has been
increased exposure to harmful microcystins. Most notably,
one such event occurred in Brazil in 1996, when 116 of 130
(89%) patients receiving renal dialysis treatment developed
headaches, eye pain, blurred vision, and nausea as a direct
result of exposure to cyanobacterial hepatotoxins (10). Shortly
after, 100 of these patients with end-stage renal disease
developed acute liver failure, and over half died (10).

Because of the tremendous health effects of these toxins,
several attempts have been made to develop treatments and
discover therapies. Fortunately, recent research has shown that
certain naturally occurring bacteria, including strains of
Lactobacillus and Bifidobacteria, have demonstrated an
ability to degrade MC-LR into a linear form and reverse its
effects both in vitro and in vivo (11, 12). They reverse the
effects of MC-LR by inducing the recovery of antioxidative
levels to reach a balance with reactive oxygen species,
effectively reducing oxidative stress generated by MC-LR. To
remove MC-LR, past studies have suggested that bacteria
degrade it, which makes it non-toxic (13). Thus, we tested the
hypothesis that bacteria with the capacity to break down MC-
LR may reduce its effects. We tested this hypothesis by pre-
treating mice with a probiotic mixture and then assessed the
impact of MC-LR on transcript expression in the renal
parenchyma.

2. Methods

2.1. Mice Treatment and Exposure

All procedures were approved by the University of Toledo
IACUC on 02/09/2016 and performed in accordance with the
US Animal Welfare Act (Office of Animal Welfare Number
10-8663). BALB/c mice were separated into five experimental
groups and comparisons based on three types of pre-
treatments (control drinking water/vehicle, probiotic-
supplemented drinking water, and heat-inactivated probiotic-
supplemented water) as well as two types of exposures
(microcystin-LR and water/vehicle). Each group represented
n = 3 biologically distinct replicates with no technical
replicates. All pre-treatments were administered ad libitum for
the duration of four weeks by preparing an equal volume of all
bacteria each adjusted to OD®° of 0.5. The MC-LR degrading
bacteria present in the live-probiotic solution consisted of an
average mixture of Cellulophaga sp. (8.3x10° CFU/mL),
Sphingobium yanoikuyae (4.7x10° CFU/mL), Rhizobium sp.
(1x10° CFU/mL), Porphyrobacter sp. (71.2x10° CFU/mL), and
Pseudomonas sp. (1.3x10* CFU/mL) as previous isolated and
purified for a total of 1.4x10° CFU/mL. The MC-LR
degrading bacteria present in the heat-inactivated
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Figure 1. Workflow of study. Mice (n = 3 biological replicates per group) were separated into groups and administered the pre-treatment
of control drinking water/vehicle, probiotic-supplemented drinking water, or heat-inactivated probiotic drinking water for four weeks.
Next, mice were exposed to a one-time challenge of either microcystin-LR or water via gavage. After 24 hours, harvested kidneys were
frozen and split in preparation for RNA extraction. Differential Gene Expression data for each group was analyzed and compared using

GSEA, EnrichR, and iLINCS.

probiotic solution consisted of a mixture of Cellulophaga sp.
(2.6x10> CFU/mL), Sphingobium yanoikuyae (7.6x10°
CFU/mL), Rhizobium sp. (7.4x10* CFU/mL), Porphyrobacter
sp. (1.7x10* CFU/mL), and Pseudomonas sp. (2.5x10*
CFU/mL) as previously isolated and purified for a total of
1.2x10° CFU/mL. After four weeks, the mice were exposed to
a one-time challenge of MC-LR (500 ug/Kg) or vehicle
(water) via a gavage. Twenty-four hours after the challenge,
the mice were euthanized, and their kidneys were snap-frozen
at -85°C and prepared for RNA extraction (Figure 1).

RNA was extracted using the RNeasy Plus Mini Kit (Cat #
74136, Qiagen) as previously described (14-16). A sequencing
library for Poly (A) sequencing was prepared according to
Illumina’s mRNA sample preparation, followed by paired-
ended sequencing (14-16). According to FastQC generated
quality control information, low-quality, unknown, and
contaminated bases/reads were removed. HISAT2 with
featureCounts was used to align and count reads to the mouse
genome (GRCm38).

Although there were five total comparisons, we focused on
three: MC-LR vs. Vehicle, MC-LR + Probiotic vs. MC-LR +
Heat-Inactivated Probiotic, and MC-LR + Probiotic vs. MC-
LR. The first group, MC-LR vs. Vehicle, compared mice
given control drinking water then exposed to MC-LR and
mice given control drinking water then exposed to water. This
comparison was necessary to discern the effects of MC-LR on
the kidneys without any pre-treatment. The next group, MC-
LR + Probiotic vs. MC-LR + Heat-Inactivated Probiotic
compared the gene expression of mice given probiotic-
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supplemented drinking water then exposed to MC-LR and
mice given heat-inactivated probiotic-supplemented drinking
water then exposed to MC-LR. This was essential to ensure
any differences between the control drinking water group and
the probiotic drinking water group when exposed to the MC-
LR challenge were caused by the activity of the live bacteria
and not simply its presence. Finally, MC-LR + Probiotic vs.
MC-LR contrasted the effects of MC-LR on mice given
probiotic-supplemented drinking water then exposed to MC-
LR and mice given control drinking water then exposed to
MC-LR. This comparison was imperative to observe the
ability of the bacterial probiotic mixture to reverse the effects
of MC-LR. The order of MC-LR + Probiotic vs. MC-LR +
Heat-Inactivated Probiotic and MC-LR + Probiotic vs. MC-
LR comparisons is healthier vs. exposed, so we expect that the
differentially expressed genes (DEGs) of MC-LR vs. Vehicle
to be inverses of the other two comparisons as it is exposed
(MC-LR with no pre-treatment) vs. healthier (no exposure to
MC-LR).

2.2. Datasets and 3 Pod Reports

Our final processed dataset consisted of the log, fold-
change, p-value, p-adjusted value, gene names, and sample
IDs stored in a .csv file as provided by Azenta Life Sciences,
which was then processed using a bespoke R package, 3 Pod
Reports. 3 Pod Reports takes differential gene expression
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Figure 2. Heatmap comparing the differential gene expression of the three comparisons. MC-LR + Probiotic vs. MC-LR + Heat-
inactivated Probiotic and MC-LR + Probiotic vs. MC-LR are very similar regarding upregulated and downregulated genes, while MC-LR
vs. Vehicle appears to be the inverse of the two. Red means upregulated and blue means downregulated, with the saturation of color
corresponding to the log: fold-change. The Xs below each group indicate which pre-treatment they received. Abbreviations: PB, probiotic,
HI-PB, heat-inactivated probiotic; MC-LR, Microcystin-leucine-arginine.

data and yields a report consisting of Gene Set Enrichment
Analysis (GSEA), EnrichR, and integrative LINCS (iLINCS)
(17).

2.3. Pathway Analysis

Gene Set Enrichment Analysis (GSEA) was used to
perform full transcriptome analyses. The top upregulated and
downregulated pathways were determined using GSEA from
an input of ranked genes by p-value and log, FC, while
(1og2FC) * (-logio(PValue)) was used as a ranking metric. The
fesea R package (version 1.16.0) was used to run GSEA
quickly and accurately. GSEA uses the full list of ranked
genes instead of individual genes, and top pathways are
determined by p-value and enrichment scores (18). The Gene
Ontology pathway package was used to define the gene sets
(18, 19).

The enrichR R package was used to perform gene-set
overrepresentation analysis with the top 10% up and
downregulated differentially expressed genes (p<0.05) by
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log>FC (20). EnrichR was used to generate combined scores
to identify pathways that are significantly up or downregulated
from a given list of DEGs (20).

These two methods provide complementary strengths for a
more comprehensive analysis. GSEA better reflects small,
subtle changes in gene expression, while EnrichR identifies
the top changes (18, 20).

2.4. Leading Edge Gene Analysis

In addition to pathway analysis, GSEA also provides a
leading edge (LE) gene analysis in which the genes that are
most influential for the up or downregulation of significant
pathways are identified. LE genes are a core subset of genes
that contribute significantly to the enrichment score of
pathways. To determine the LE genes of a pathway, three
statistics are used: Tags, List, and Signal. Tags determine the
percentage of genes from a set that contribute to a pathway’s
enrichment score. List ascertains the genes that are before
(positive) or after (negative) the apex of a pathway’s
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Figure 3. (a) Bivariate plot illustrating the correlation between the differential gene expression of MC-LR + Probiotic vs. MC-LR + Heat-
inactivated Probiotic and MC-LR + Probiotic vs. MC-LR alone (n = 16507, r = 0.48; P <.001). There is a significant and moderately strong
positive correlation between the differential gene expressions indicating similarity between MC-LR and MC-LR Heat-inactivated Probiotic.
(b) Bivariate plot illustrating the correlation between the differential gene expression of MC-LR vs. Vehicle and MC-LR + Probiotic vs. MC-
LR (n = 16880, r =-0.63, P < 0.001). There is a significant and strong negative correlation between the differential gene expression of MC-
LR vs. Vehicle and MC-LR + Probiotic vs. MC-LR, indicating that probiotic is reducing the effect of MC-LR on gene expression so that its
expression is like that of vehicle. If the order of the comparison MC-LR vs. MC-LR + Probiotic was flipped, then MC-LR + Probiotic would
be in the same position as Vehicle compared to MC-LR. The blue line is generated from a linear model. Abbreviations: PB, probiotic; HI-
PB, heat-inactivated probiotic; MC-LR, Microcystin-leucine-arginine.

enrichment score from a ranked gene list. Finally, signal
combines the statistics of Tags and List to identify leading
edge genes (18). Leading edge genes can be used to determine
which genes are “driving” the majority of the observed
enrichment. We focused specifically on analyzing the genes
that overlap between multiple leading-edge subsets.

2.5. iLINCS Perturbagen Identification

The Library of Integrated Network-based Cellular
Signatures (LINCS) is an initiative by the National Institute of
Health aiming to create a network of molecular responses to
both environmental and internal stressors. This project uses
the L1000 assay, a gene expression array of 978 landmark
genes, to generate gene signatures that predict the expression
of over 11,000 more genes (21). In the dataset, the log, fold-
change and p-value for genes in the LINCS L1000 project are
extracted and submitted as input to generate a list of the
chemical perturbagens altering gene expression from the
iLINCS portal, which is the third part of the report (22). The
discordant perturbagens with a concordance score < -0.2 and
the concordant perturbagens with a concordance score > 0.2
were identified. These perturbagens were grouped by their
mechanism of action which was found using the L1000
fireworks and DrugBank databases (21). The iLINCS package
was used to identify mechanisms of actions (MOAs) and gene
targets for perturbagens that have a discordant signature to that
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of the MC-LR vs. Vehicle comparison or concordant with
MC-LR + Probiotic vs. MC-LR + Heat-Inactivated Probiotic
and MC-LR + Probiotic vs. MC-LR. We looked at these
specifically because signatures discordant with MC-LR vs.
Vehicle may provide pathways that oppose MC toxin, while
signatures concordant with the other two comparison groups
may reveal potential therapeutic pathways to be targeted in
future studies.

2.6. Figure Generation

The R package ggplot2 created the volcano plot using the
differential gene expression data to show gene expression
changes. ComplexHeatmap R package generated the
enrichment score (ES) or combined score (CS) for pathways.
PAVER (17), a text mining algorithm, clustered Gene
Ontologies. The R Package ggplot2 created the correlation
plots, which only included genes that are present in both
comparisons.

2.7. Statistics

The cor function in R calculated the Pearson correlation
coefficient between MC-LR + Probiotic vs. MC-LR and MC-
LR + Probiotic vs. MC-LR + Heat-Inactivated Probiotic,
which were moderately correlated with an R-value of .48 and
p-value of <.001; MC-LR Probiotic vs. MC-LR and MC-LR
vs. Vehicle were more negatively correlated with an R-value
of'-0.63 and p-value < .001. The log, fold-change of common
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Figure 4. Heatmap comparing the differential gene expression of the three comparisons from GSEA clustered into groups shown in the right
of the figure. To classify the pathways into hierarchical groups, PAVER analysis was performed. This further exemplifies the similarity
between the groups comparing MC-LR with probiotic and MC-LR with and without heat-inactivated probiotic, suggesting that consistent
with our hypothesis, the beneficial effects were due to the pre-treatment of live and active probiotic mixture, not attributable to any indirect
effects caused by the presence of bacteria themselves. The Xs below each group indicate which pre-treatment they received. Abbreviations:
PB, probiotic; HI-PB, heat-inactivated probiotic; MC-LR, Microcystin-leucine-arginine.

genes in each comparison were plotted as points on the
correlation graph.

3. Results

Our results found that Probiotic attenuates the effect of
MC-LR, and that Heat-Inactivated Probiotic does not. We also
identified differences in gene expression between the
comparisons in genes involved in metabolism, ribosomes,
lipoproteins, and cytochrome P450. In addition, we found
similarities between some groups’ concordant and other
groups’ discordant MOAs and Gene Targets.

3.1. DEG Heatmap

Combining the three comparisons, the differentially
expressed genes (DEG) heatmap shows (1) MC-LR +
Probiotic vs. MC-LR and (2) MC-LR + Probiotic vs. MC-LR
+ Heat-Inactivated Probiotic as having similar upregulated
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and downregulated genes while MC-LR vs. Vehicle appears
to be the inverse of the two. From this, it can be inferred that
MC-LR and MC-LR + Heat-Inactivated Probiotic produce
similar effects, while MC-LR + Probiotic and Vehicle also
have similar effects. The heatmap is shown in Figure 2.

3.2. Bivariate Correlation Plots

To confirm the correlation between MC-LR + Probiotic vs.
MC-LR and MC-LR + Probiotic vs. MC-LR + Heat-
Inactivated Probiotic, as seen in the DEG heatmap, we created
a bivariate correlation plot shown in Figure 3A. There was a
statistically significant (p<0.001) positive correlation between
the two comparisons, suggesting that MC-LR and MC-LR +
Heat-inactivated Probiotic have similar effects. This indicates
that the heat-inactivated probiotic is ineffective at protecting
the kidney from MC-LR, demonstrating that the activity of the
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Symbol Name N log: FC p-value
Upregulated
Ndufa?7 NADH:ubiquinone oxidoreductase subunit A7 59 0.452 0.032
Ndufs3 NADH:ubiquinone oxidoreductase core subunit S3 53 0.497 0.005
Ndufs6 NADH:ubiquinone oxidoreductase core subunit S6 53 0.798 0.001
Ndufs8 NADH:ubiquinone oxidoreductase core subunit S8 53 0.592 <0.0001
mt-Nd2 mitochondrially encoded NADH dehydrogenase 2 53 0.63 <0.0001
Ndufs1 NADH:ubiquinone oxidoreductase core subunit S1 52 0.358 0.005
Ndufs4 NADH:ubiquinone oxidoreductase core subunit S4 52 0.746 0.001
Birc5 baculoviral IAP repeat-containing 5 50 1.509 0.004
Ndufb6 NADH:ubiquinone oxidoreductase subunit B6 50 0.82 <0.0001
Ndufb7 NADH:ubiquinone oxidoreductase subunit B7 50 0.541 0.002
Downregulated
Smarca4 SWI/SNF related, matrix associated, actin dependent 54 -0.258 0.048
regulator of chromatin, subfamily a, member 4
Gata3 GATA binding protein 3 47 -0.531 0.002
Notchl notch 1 47 -0.586 0.004
Tbx3 T-box 3 45 -0.884 0.008
Yapl yes-associated protein 1 44 -0.364 0.002
Setd2 SET domain containing 2 38 -0.428 0.01
Nfatcl nuclear factor of activated T cells, cytoplasmic, 34 -0.5 0.005
calcineurin dependent 1

Crebbp CREB binding protein 33 -0.581 <0.0001
Hdac7 histone deacetylase 7 33 -0.449 0.007
Jun jun proto-oncogene 33 -0.51 0.001

Table 1. Top 10 up and downregulated leading-edge genes for the MC-LR vs. Vehicle comparison. Abbreviations: MC-LR, Microcystin-
leucine arginine; NADH, nicotinamide adenine dinucleotide + hydrogen, IAP, inhibitor of apoptosis; N, number of pathways gene is

involved with, log2FC, log2Fold Change; DEGs, differentially expressed genes.

bacteria, not the presence of the bacteria alone, was
responsible for the observed gene expression levels. Likewise,
we created a bivariate correlation plot for MC-LR + Probiotic
vs. MC-LR and MC-LR vs. Vehicle, which shows a
statistically significant (p < 0.001) negative correlation
between the two comparisons (Fig. 3B). Since these two
groups are statistically negatively correlated, this suggests that
MC-LR and MC-LR + Probiotic have opposite effects. This
implies that the probiotic effectively reverses the toxic effects
of MC-LR.

10.46570/utjms.vol12-2024-823

3.3. GSEA PAVER Heatmap

A PAVER heatmap was generated to identify general
reoccurring themes between upregulated and downregulated
pathways (Fig. 4). The dendrograms at the top of the figure
again indicate similarity between MC-LR + Probiotic vs. MC-
LR and MC-LR + Probiotic vs. MC-LR + Heat-Inactivated
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Symbol Name N log2 FC p-value
Upregulated
Apoa4 apolipoprotein A-IV 21 1.729 <0.0001
Apoal apolipoprotein A-I 20 1.132 <0.0001
Apoa2 apolipoprotein A-II 20 0.6 0.001
Apoc3 apolipoprotein C-I11 19 0.487 0.029
Apob apolipoprotein B 18 0.552 <0.0001
Lcat lecithin cholesterol acyltransferase 16 0.74 0.02
Apoa5s apolipoprotein A-V 15 1.285 <0.0001
Cyp7al cytochrome P450, family 7, subfamily a, polypeptide 1 13 1.865 <0.0001
Cyp2b13 cytochrome P450, family 2, subfamily b, polypeptide 13 12 1.036 0.005
Cyp2b9 cytochrome P450, family 2, subfamily b, polypeptide 9 12 0.832 0.003
Downregulated

Ndufa?7 NADH:ubiquinone oxidoreductase subunit A7 40 -0.535 0.01
Grin2d glutamate receptor, ionotropic, NMDA2D (epsilon 4) 34 -0.795 0.048
Ndufs6 NADH:ubiquinone oxidoreductase core subunit S6 34 -0.634 0.008
Cacna2d1l calcium channel, voltage-dependent, alpha2/delta subunit 1 33 -0.84 0.011
mt-Nd2 mitochondrially encoded NADH dehydrogenase 2 33 -0.342 0.045
Ndufb6 NADH:ubiquinone oxidoreductase subunit B6 32 -0.719 0.002
Ndufs3 NADH:ubiquinone oxidoreductase core subunit S3 32 -0.366 0.05
Ndufs8 NADH:ubiquinone oxidoreductase core subunit S8 32 -0.423 0.009
Ndufs4 NADH:ubiquinone oxidoreductase core subunit S4 31 -0.57 0.015
Scn8a sodium channel, voltage-gated, type VIII, alpha 31 -1.75 0.003

Table 2. Top 10 up and downregulated leading-edge genes for the MC-LR + Probiotic vs. MC-LR comparison. Abbreviations: MC-LR,
Microcystin-leucine arginine; PB, probiotic; NADH, nicotinamide adenine dinucleotide + hydrogen; N, number of pathways gene is

involved with; log2 FC, logz fold-change.

Probiotic. Notably, pathways relating to metabolism, cellular
respiration, and nucleic acids appear frequently.

3.4. Volcano Plots

To quickly identify up and down regulated genes with
respect to their log2-fold change and p-values, volcano plots
were generated for each comparison. These are shown in
Figure 5. The differential gene expression levels are on the x-
axis, quantified by log, fold-change, and statistical
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significance on the y-axis, measured by —logio (p-value).
Notably, genes such as Duxf3, Gml10800, Gm10801, and
Gm26870, are upregulated in MC-LR vs. Vehicle and
downregulated in MC-LR + Probiotic vs. MC-LR.

3.5. MC-LR vs. Vehicle

To first characterize the effects of microcystin exposure on
the kidney, we compared transcriptomes of mice exposed to
MC-LR challenge vs. Vehicle control. In the EnrichR pathway
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Symbol Name N log:FC p-value
Upregulated
Cyp4al0 cytochrome P450, family 4, subfamily a, polypeptide 10 8 2.031 <0.0001
Cyp4al2b cytochrome P450, family 4, subfamily a, polypeptide 12B 8 1.46 0.001
Cyp4al4 cytochrome P450, family 4, subfamily a, polypeptide 14 8 2.33 0.002
Cyp4a3l cytochrome P450, family 4, subfamily a, polypeptide 31 8 0.946 0.025
Cyp4a32 cytochrome P450, family 4, subfamily a, polypeptide 32 8 0.696 0.015
Notchl notch 1 6 0.439 0.004
Adgra2 adhesion G protein-coupled receptor A2 5 0.307 0.026
Efnb2 ephrin B2 5 0.307 0.032
Kdr kinase insert domain protein receptor 5 0.579 0.001
Nr4al nuclear receptor subfamily 4, group A, member 1 5 1.028 <0.0001
Downregulated
Ndufal NADH:ubiquinone oxidoreductase subunit Al 12 -0.322 0.013
Ndufb8 NADH:ubiquinone oxidoreductase subunit B8 12 -0.261 0.021
Ndufs8 NADH:ubiquinone oxidoreductase core subunit S8 12 -0.255 0.021
Ndufb11 NADH:ubiquinone oxidoreductase subunit B11 12 -0.226 0.032
Ndufa5 NADH:ubiquinone oxidoreductase subunit A5 12 -0.233 0.043
Ndufb10 NADH:ubiquinone oxidoreductase subunit B10 12 -0.198 0.044
Ndufal3 NADH:ubiquinone oxidoreductase subunit A13 12 -0.232 0.047
Cox5b cytochrome ¢ oxidase subunit 5B 11 -0.234 0.048
Atpla3 ATPase, Na+/K+ transporting, alpha 3 polypeptide 10 -2.689 <0.0001
Ndufal2 NADH:ubiquinone oxidoreductase subunit A12 10 -0.262 0.03

Table 3. Top 10 up and downregulated leading-edge genes for the MC-LR + Probiotic vs. MC-LR + Heat-Inactivated Probiotic
comparison. Abbreviations: MC-LR, Microcystin-leucine arginine; PB, probiotic; HI-PB, heat-inactivated probiotic; NADH, nicotinamide
adenine dinucleotide + hydrogen; N, number of pathways gene is involved with; log2FC, log: fold-change.; DEGs differentially expressed

genes

analysis, the top ten upregulated pathways are all related to
cellular respiration and metabolism. See Supplementary Table
1 for the full results. For EnrichR pathways, a total of 114
significantly altered pathways were identified in MC-LR vs.
Vehicle (adjusted p-value <= 0.05). In the top 90% of DEGs
(N =997) by log2FoldChange (>0.56 or -0.405<), there were
45 up-regulated pathways.

Similarly, we found all the top ten enriched GSEA
pathways were also related to cellular respiration,
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mitochondrial processes, or ribosomes. GSEA found a total of
418 significantly altered pathways in MC-LR vs. Vehicle
(adjusted p-value <= 0.05). The detailed results of these
analyses are shown in the Supplementary Table 2. Of which,
3 Pod Reports identified 230 up-regulated pathways
containing 1,289 leading edge genes out of 6,068 pathways
tested.

Some of the top leading-edge genes from GSEA pathways
included Ndufsi, Ndufs3, Ndufs4, Ndufs6, Ndufa7, Ndufs8,
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MC-LR vs. Vehicle MC-LR + PB vs. MC-LR MC-LR + PB vs. MC-LR +
HI-PB
Themes Up Down Up Down Up Down
Electron transport chain X X X
NADH dehydrogenase X X X
Ribosomal Subunit X X
Histone modification
Chromatin organization
Lipoprotein particle
Steroid metabolic process
Cytochrome P450 X
Fatty Acid Metabolism X

Table 4. Summary table indicating main themes from different comparisons. The themes were picked from EnrichR, GSEA, and GSEA
leading Edge gene tables from the three comparisons (see full tables in Supplemental Materials). These themes may warrant further
discussion. Abbreviations: MC-LR, Microcystin-leucine arginine; PB, probiotic; HI-PB, heat-inactivated probiotic.

which all code for subunits of the mitochondrial membrane
respiratory chain NADH dehydrogenase (complex 1). Other
top leading-edge genes included Plk/ and Cenpe, which code
for proteins that regulate the cell cycle, and Birc5, which
encodes for proteins that inhibit apoptosis. The top leading-
edge genes are shown in Table 1.

Most of the ten downregulated pathways from EnrichR
involved histones, or the acetylation and methylation of DNA,
as shown in Supplementary Table 3. In the bottom 10% of
DEGs (N = 944) by log2FoldChange (-0.405<), there were 69
down-regulated EnrichR pathways. However, the top ten of
the 188 total downregulated GSEA pathways in this
comparison were related to protein-DNA complexes,
regulation of transcription, chromatin
organization/remodeling, epithelial morphogenesis, and
cardiac development as shown in Supplementary Table 4.

The GSEA analysis produced over 1,887 downregulated
leading-edge genes, the top ten include Smarca4, Gata3,
Tbx3, Yapl, Medl, Pitx2, which all play a role in regulating
transcription. Table 1 shows the full analysis.

3.6. MC-LR vs. MC-LR Probiotic

To next investigate the ability of the probiotic mixture to
attenuate the impact of MC-LR exposure on the kidneys, we
compared the MC-LR exposed vs. MC-LR + Probiotic pre-
treatment groups. While the majority of EnrichR up-regulated
pathways were related to lipoproteins or cholesterol
metabolism, others were related to skeletal morphogenesis
and Eicosanoid transport (Supplementary Table 5). There was
a total of 102 significantly altered pathways identified in pre-
treatment groups compared to control groups with MC-LR
Probiotic vs. MC-LR (adjusted p-value <= 0.05) in the Top
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90% of DEGs (N = 889) by log, fold-change. (>0.352). There
were 56 up-regulated pathways.

The GSEA enriched pathways included lipoproteins, lipids,
steroids, triglycerides, and their related activities and
metabolic processes. A total of 168 significantly altered
pathways were identified (adjusted p-value <= 0.05). Of
which, 46 were up-regulated pathways containing 262 leading
edge genes. The tables presenting these pathways are included
in Supplementary Table 6.

Several of the top ten leading edge genes found in these
pathways included Apoa4, Apoal, Apoa2, Apoc3, Apob, and
Apoal, which are related to lipoproteins, and two others were
related to the cytochrome P450 pathway.

In contrast to the MC-LR vs. Vehicle comparison, where
many genes such as Duxf3 were upregulated, the same genes
in the MC-LR vs. MC-LR + Probiotic analysis were
downregulated. This demonstrates an inversion of upregulated
and downregulated genes in the two datasets which is shown
in Fig. 4.

Using the lowest 10% of DEGs (N = 809) by
log2FoldChange (<-0.514), there were 46 down-regulated
pathways identified by EnrichR. Many of these
downregulated pathways were related to mitochondria,
oxidoreduction, respiration, and NADH processes
(Supplementary Table 7). In contrast, the most downregulated
GSEA pathways were related to ribosomes, respirasomes,
mitochondria, and cytoplasm (Supplementary Table 8).
Interestingly, many of these pathways such as respiratory
chain complex, respirasome, mitochondrial respirasome, and
inner mitochondrial membrane protein complex were
upregulated in the MC-LR vs. Vehicle comparison. Overall,
122 were down-regulated pathways containing 911 leading
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edge genes out of 6039 pathways tested. Bottom leading-edge
genes include Ndufa7, Ndufs6, Ndufb6, Ndufs3, Ndufs7,
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Figure 5. Volcano plot graphs demonstrating differential gene expression levels of (a) MC-LR vs. Vehicle (b) MC-LR + Probiotic vs. MC-
LR + Heat-inactivated Probiotic (c) MC-LR + Probiotic vs. MC-LR. Gene expression levels in Figure 5(a) and Figure 5(c) are inverses of
each other indicating strong differences between MC-LR and MC-LR + Probiotic as well as between Vehicle and MC-LR. The R package
ggplot2 created the volcano plot using differential gene expression data collected by the experiment detailed above. Red represents genes
with upregulated expression, blue represents down-regulated genes, and black means not significant, which means p > 0.05. The scale was
maintained to allow visual comparison between the panels using the different axes.

which also all code for subunits of the mitochondrial
membrane respiratory chain NADH dehydrogenase (complex
1). More details can be found in Table 2.

3.7. MC-LR + Probiotic vs. MC-LR + Heat-Inactivated
Probiotic

To determine if differences between the control drinking
water group and the probiotic drinking water group when
exposed to MC-LR challenge were caused by the activity of
the live bacteria and not merely indirect effects of the bacteria,
the probiotic drinking water group and heat-inactivated
probiotic drinking water group were compared after exposure
to MC-LR. The top ten upregulated pathways from EnrichR
included six that involved fatty acid metabolism, among
others such as regulation of extracellular matrix assembly and
regulation of glomerular filtration. Full details can be found in
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Supplementary Table 9. There were a total of 106 significantly
altered pathways (adjusted p-value <= 0.05) in the Top 90%
of DEGs (N = 555) using EnrichR by log, Fold-Change
(>0.256). Of these, 104 were upregulated EnrichR pathways.

For the top ten upregulated GSEA pathways, five involved
catabolic processes and two increased eicosanoid synthesis
and secretion. For MC-LR Probiotic vs. MC-LR heat-
inactivated probiotic, a total of 39 significantly altered
pathways were identified using GSEA (adjusted p-value <=
0.05). 16 were up-regulated pathways containing 186 leading
edge genes. The top ten upregulated leading-edge genes
included Cyp4al0, Cyp4al2b, Cyp4al4, Cyp4a3l, and
Cyp4a32, which encode cytochrome P450 proteins as seen in
Table 3. These proteins catalyze reactions concerning drug
metabolism and synthesis of lipids.
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There were only two downregulated EnrichR pathways,
long-term memory, and collagen-containing extracellular

https://doi.org/10.46570/utjms.vol12-2024-823

OVERLAPPING MOAS MC-LR VS. MC-LR + PB VS. MC- MC-LR + PB VS. MC-
VEHICLE LR LR + HI-PB
VEGFR INHIBITOR 151 118 120
PDGFR TYROSINE KINASE 137 11 115
RECEPTOR INHIBITOR
FLT3 INHIBITOR 118 110 109
HDAC INHIBITOR 130 101 105
CDK INHIBITOR 111 106 101
KIT INHIBITOR 109 92 97
DOPAMINE RECEPTOR
ANTAGONIST 19 % 69

Table 5. Top overlapping MOAs that appeared in all comparison groups. These were picked from the detailed LINCS analysis tables
showing the top ten discordant MOAs for MC-LR vs. Vehicle and the top ten concordant MOAs for MC-LR + Probiotic vs. MC-LR and
MC-LR + Probiotic vs. MC-LR + Heat-inactivated Probiotic, which are found in Supplementary Tables 13-15. Abbreviations: MC-LR,
Microcystin-leucine arginine; PB, probiotic; HI-PB, heat-inactivated probiotic; MOA, mechanism of action.

matrix, both with relatively high p-values (>.01) in the bottom
10% of DEGs (N =492) by log, fold-change. (<-0.321)
(Supplementary Table 11). Additionally, of the top ten
downregulated GSEA pathways, nine involved cellular
respiration (Supplementary Table 12). There were 23 down-
regulated pathways containing 427 leading edge genes out of
5993 pathways tested. The top ten downregulated leading-
edge genes included Ndufal, Ndufa2, Ndufa3, Ndufa),
Ndufa8, Ndufa9, NdufalO, Ndufall, Ndufal3, and Ndufbl0
which code for complex I subunits that transfer electrons from
NADH to ubiquinone. Refer to Table 3 for a complete list of
the top downregulated leading-edge genes.

LINCS analysis identifies the mechanisms of action
(MOAs) and gene targets of perturbagens producing a
discordant signature to that of the MC-LR vs. Vehicle
comparison, and a concordant signature to that of MC-LR
Probiotic vs. MC-LR and MC-LR Probiotic vs. MC-LR Heat-
inactivated Probiotic. Further analysis found that several
MOA:s for the discordant MC-LR vs. Vehicle group, such as
VEGFR inhibitor, PDGFR tyrosine kinase receptor inhibitor,
and HDAC inhibitor also appeared in the top concordant
MOA:s for the other two comparison groups. Table 5 lists all
overlapping MOAs and identifies them as potentially high
yield pathways that could be targeted for therapeutic benefit.
A full list of top MOAs for each individual comparison can be
found in Supplementary Tables 13-15. Interestingly, several
discordant MC-LR vs. Vehicle gene targets, such as EGFR,
also appear in the top concordant gene targets MC-LR
Probiotic vs. MC-LR and MC-LR Probiotic vs. MC-LR Heat-
inactivated Probiotic. See Table 6 for all overlapping gene
targets and refer to Supplementary Tables 16-18 for lists of the
top gene targets in each comparison.

10.46570/utjms.vol12-2024-823

4. Discussion

As MC-LR is a potent toxin released during cyanoHABs,
treatments for it have been a subject of investigation. We
investigated if pre-treatment with MC-LR-degrading bacteria
can reduce its effects in the kidney through differential gene
expression data analysis. We found that probiotic pre-
treatment reverses the transcriptional effect of MC-LR which
makes it like Vehicle. We observed this visually through the
shared heat map and statistically with the correlation plots [Fig
2,3]. We found significant differences in gene expression both
between and within the comparisons. This analysis revealed
several key common themes in up and downregulated genes
related to mitochondria, cellular respiration, ribosomes,
lipoproteins, and Cytochrome P450.

4.1. Mitochondria and Cellular Respiration

Other studies have also looked at the effect of MCs on
mitochondria, the organelle responsible cellular respiration. In
particular, one study tested the effects of MC-RR and —LR on
rabbit liver and hearts (23). They found damage to
mitochondria in both organs and focused on how microcystin
affects cellular respiration by inhibiting NADH
dehydrogenase activity (complex 1) (23). NADH
dehydrogenase is the first enzyme in the respiratory electron
transport chain and catalyzes the electron transfer from NADH
to ubiquinone while pumping a proton out of the matrix (24).

In our study, we found that the pathways and expression of
genes related to metabolism was upregulated in the MC-LR
vs. Vehicle comparison but downregulated in MC-LR +
Probiotic vs. MC-LR and MC-LR + Probiotic vs. MC-LR +
Heat-Inactivated Probiotic. There was increased expression in
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MC-LR VS. MC-LR + PB MC-LR + PB VS.
SYMBOL VEHICLE VS. MC-LR MC-LR + HI-PB NAME
Number of Gene Targets

EGFR 42 29 25 epidermal growth factor receptor
KDR 39 26 32 kinase insert domain receptor

MTOR 32 29 23 mechanistic target of rapamycin kinase
KIT 26 19 23 KIT proto-oncogene, receptor tyrosine

kinase

Table 6. Top overlapping perturbagen gene targets found in all comparisons. These were picked from the detailed LINCS analysis tables
showing the top ten discordant gene targets for MC-LR vs. Vehicle and the top ten concordant gene targets for MC-LR + Probiotic vs. MC-
LR and MC-LR + Probiotic vs. MC-LR + Heat-inactivated Probiotic, which are found in Supplementary Tables 16-18.

the groups with mice exposed to MC-LR without any pre-
treatment and mice exposed to MC-LR having received the
heat-inactivated probiotic pre-treatment. The expression of
genes and pathways related to the mitochondria was higher
when these groups were in the numerator and lower when in
the denominator of comparisons. This supports our hypothesis
as it suggests some sort of compensation for its inhibition with
increased expression and suggests the probiotic reduces this
effect.

As mentioned previously, oxidative stress in cells is a major
mechanism of MC-LR-exposed toxicity, which is caused by
an increase in reactive oxygen species (ROS) and a decrease
in antioxidant levels (11). Interestingly, ROS primarily
originate from the mitochondrial transport chain during
oxidative phosphorylation (11). Specifically, the main source
of ROS formation, as demonstrated in vitro and in vivo, is up
to 2% electron leakage from respiratory complex 1 and
complex III before they are reduced to water at cytochrome ¢
(25-27). This electron leakage mediates the reduction of
oxygen to superoxide (O>7), a ROS (25, 28, 29).

Our results are in line with this information because
pathways pertaining to mitochondrial processes such as
mitochondrial respirasome, respiratory chain complex,
respirasome, and inner mitochondrial membrane protein
complex were upregulated in the MC-LR vs. Vehicle
comparison. This suggests that when mice are exposed to MC-
LR without any probiotic pre-treatment, mitochondrial
activity increases, allowing more electrons to leak. This
generates more reactive oxygen species, increasing oxidative
stress. In contrast, the same pathways relating to
mitochondrial function and cellular respiration were
downregulated in the MC-LR + PB vs. MC-LR comparison
and the MC-LR + PB vs. MC-LR + HI-PB comparison groups.
This suggests the mice that received a probiotic treatment
experienced a decrease in mitochondrial activity, lowering the
amount of ROS generated.

The effects of MC-LR exposure on mice lungs were studied
with experimental groups given non-lethal doses of MC-LR
for 20 days (30). Animals exposed to MC-LR had impaired
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mitochondrial function with increased electron leakage and
ROS formation in complex one of the electron transport chain
(ETC) (30). Our results support this because mitochondrial
pathways, many related to the ETC like mitochondrial
respirasome, respiratory chain complex, and respirasome, as
well as genes that code for complex I subunits are upregulated
when comparing MC-LR vs. Vehicle (Table 1-3). These can
lead to more electron leakage and ROS from MC-LR because
mitochondria and specifically complex 1 can generate ROS
(25-27). The comparisons with MC-LR probiotic had
mitochondrial, and ETC complex 1 pathways downregulated,
suggesting less ROS and effects from MC-LR (Table 1-3).

4.2. Ribosome

Furthermore, studies have investigated the effect of
microcystin on ribosome genes. One study tested the effects
of MC-LR on seven ribosomal protein genes in carp organs
using Q-PCR (31). It found an increase in expression in those
ribosomal genes after exposure to MC-LR, which it suggested
was a result of greater protein expression overall in response
to MC-LR exposure (31). This is because ribosomes facilitate
the translation of proteins, and the expression of those genes
also decreased over time as the level of MC-LR in measured
areas was reduced (31). Our study found increases in the
differential expression of pathways related to ribosomes in
MC-LR vs. Vehicle and a decrease in MC-LR Probiotic vs.
MC-LR, which supports the other study as having exposure to
just MC-LR resulted in higher expression compared to groups
without MC-LR or with probiotic. Our results also suggest that
the probiotic reduced the response to MC-LR because there
may not be as much of MC-LR absorbed, leading to less
expression of ribosome genes.

4.3. Lipoproteins

Additionally, studies have investigated the effect of
microcystin on lipid metabolism. A cross-sectional study
evaluating the effects of microcystin on blood lipids and
dyslipidemia found that the amount of microcystin exposure
and the risk of dyslipidemia showed a dose-response
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relationship. Microcystin exposure was also associated with
increased triglyceride levels and decreased high-density
lipoprotein cholesterol levels (32). This is supported by a
study that examined the effects of MC-LR exposure on lipid
metabolism in mice, which discovered that serum triglyceride
and low-density lipoprotein cholesterol levels were increased
while high-density lipoprotein cholesterol levels were
decreased in mice exposed to MC-LR (33). In our analysis,
high-density lipoprotein pathways were upregulated in the
MC-LR Probiotic vs. MC-LR comparison, which shows that
the effects of MC-LR were reversed. Furthermore, it was
concluded that MC-LR exposure blocks fatty acid beta-
oxidation while increasing enzymes for lipid synthesis (33).
The former is consistent with our results because the MC-LR
+ Probiotic vs. MC-LR + Heat-Inactivated Probiotic
comparison saw upregulated fatty acid beta-oxidation
pathways, meaning that the probiotic reversed the signature of
MC-LR. However, the latter is inconsistent with our results
because the MC-LR + Probiotic vs. MC-LR + Heat-
Inactivated Probiotic comparison showed upregulated
eicosanoid synthesis and secretion. This may be because the
increased lipid synthesis associated with MC-LR exposure
may not refer to eicosanoids specifically.

4.4. Cytochrome P450

Additionally, other studies have inquired on the effect of
microcystin on cytochrome P450s. One study by Zhang et al.
looked at the effect of MC-LR on the expression of certain
cytochrome P450s in mouse liver using PCR (34). It found
unchanged expression for CYP1A1 and increased expression
for CYP3A11 at doses and measurement times most similar
but still different to our study, with mixed results for the
expression of those genes overall (34). In comparison, we
found increased expression of CYP1A1 in MC-LR compared
to vehicle and to MC-LR probiotic, as well as decreased
expression of CYP3Al1l in MC-LR compared to MC-LR
probiotic (Supplementary Tables 19-21). These divergent
results could be due to different target organs (liver vs.
kidney), sequencing techniques (PCR vs. RNA sequencing),
dosage (0-8 micrograms per kg vs. 500 micrograms of MC-
LR), and time between measurements (1-7 days vs. 1 day).

4.5. MOAs and Gene Targets

Finally, the LINCS analysis identified several MOAs that
overlap between the discordant MC-LR vs. Vehicle group and
the concordant MC-LR + Probiotic vs. MC-LR and MC-LR +
Probiotic vs. MC-LR + Heat-Inactivated Probiotic groups.
These overlapping MOAs may be high yield targets for future
therapeutic intervention, including vascular endothelial
growth factor receptor (VEGFR) inhibitors, PDGFR tyrosine
kinase receptor inhibitor, and FLT3 inhibitor [Table 5].
VEGFR inhibitors were unanimously the top MOA for each
comparison and would be of particular interest. Fortunately,
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previous studies have looked at how MC-LR affects VEGFR.
One study found that MC-LR facilitates the downregulation of
mRNA expression of angiogenesis-related signaling
molecules contributing to obesity, including VEGFR-2 (35).
Our findings contradict these results since VEGFR inhibitor
was identified as a discordant MOA to MC-LR vs. Vehicle,
meaning that inhibiting VEGFR should reverse the effects of
MC-LR. However, this difference in results could be due to
varying experimental methods using different cell types. The
researchers in the former study used human umbilical vein
endothelial cells (HUVECs) to investigate the effects of MCs
on the gene expression of signaling molecules, including
VEGFR, while our study used kidney tissues from mice to
identify the effects of MC-LR.

In addition to overlapping MOAs, the LINCS analysis also
revealed several common gene targets for perturbagens
discordant to MC-LR vs. Vehicle and concordant to MC-LR
+ Probiotic vs. Vehicle or Heat-Inactivated Probiotic. These
include EGFR, KDR, MTOR, and KIT (Table 6). Past studies
have identified epidermal growth factor receptor (EGFR) as a
key gene in the malignant transformation induced by MC-LR,
as well as a renal function indicator (RFI) (36). In a cross-
sectional study conducted in Southwest China, researchers
found that participants with abnormal RFIs had a much higher
mean level of microcystin-LR estimated daily intake than
those with normal (36). Particularly, those with lower levels
of EGFR expression were associated with higher MC-LR (36).
Our results are in line with theirs because EGFR was identified
as a discordant gene target to MC-LR vs. Vehicle, suggesting
that increased EGFR expression would behave similarly to the
probiotic, reversing the effects of MC-LR on the kidneys.

5. Conclusion

We present the first analysis of the impact of microcystin
on the mouse kidney in the presence and absence of a probiotic
mixture. Our results have identified a number of key pathways
using a variety of methods in agreement with existing
literature, suggesting their involvement in microcystin
toxicity. Furthermore, using a novel iLINCS approach, we
identified pathways that could be targeted for future therapies
for microcystin toxicity. Future study is warranted to validate
these findings.
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