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Abstract

Clinical studies implicated an increased risk of intestinal fibrosis in patients with nonalcoholic
fatty liver disease (NAFLD). Our previous studies have shown that microcystin-LR (MC-LR)
exposure led to altered gut microbiome and increased abundance of lactate producing bacteria and
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intestinal inflammation in underlying NAFLD. This led us to further investigate the effects of the
MC-LR, a PP2A inhibitor in activating the TGF-p fibrotic pathway in the intestines that might be
mediated by increased lactate induced redox enzyme NOX2. Exposure to microcystin led to higher
lactate levels in circulation and in the intestinal content. The higher lactate levels were associated
with NOX2 activation /in vivothat led to increased Smad2/3-Smad4 co-localization and high
alpha-smooth muscle actin (a-SMA) immunoreactivity in the intestines. Mechanistically, primary
mouse intestinal epithelial cells treated with lactate and MC-LR separately led to higher NOX2
activation, phosphorylation of TGFBR1 receptor and subsequent Smad 2/3-Smad4 co-localization
inhibitable by apocynin (NOX2 inhibitor), FBA (a peroxynitrite scavenger) and DMPO (a nitrone
spin trap), catalase and superoxide dismutase. Inhibition of NOX2-induced redox signaling also
showed a significant decrease in collagen protein thus suggesting a strong redox signaling induced
activation of an ectopic fibrotic manifestation in the intestines. In conclusion, the present study
provides mechanistic insight into the role of microcystin in dysbiosis-linked lactate production and
subsequently advances our knowledge in lactate-induced NOX2 exacerbation of the cell
differentiation and fibrosis in the NAFLD intestines.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a condition of excessive accumulation of fat
(steatosis) in the liver cells. It is considered a global pandemic that affects 70% of the obese
population of the United States, according to the Centre for Disease Control and Prevention.
We have shown that microcystin co-exposure in mice advances fatty liver disease. Previous
studies have described NAFLD contributes to several ectopic disorders including intestinal
inflammation. Emerging data have highlighted the co-existence of NAFLD with
inflammatory bowel disease (IBD) (Chao et al., 2016). Previously, we also showed a strong
association of NAFLD with colonic inflammation and IBD (Chandrashekaran et al., 2017).
Environmental and genetic factors have been shown to be associated with progression of
nonalcoholic fatty liver disease (Pappachan et al., 2017).We reported previously that several
factors including environmental toxins induce pathology of NAFLD and intestinal
complications in the murine model and most importantly found that redox stress as one of
the possible mechanisms of intestinal and renal co-morbidities in NAFLD (Alhasson et al.,
2015; Chandrashekaran et al., 2017). Importantly, there are several reports of harmful algal
blooms present in the fresh and brackish waters, which can release a variety of cyanotoxins
that possess a serious threat to humans, as well as other organisms (Funari & Testai, 2008).
Microcystin-LR (MC-LR) is a toxin produced mainly by the cyanobacterium Microcystis
aeruginosa and some other freshwater cyanobacteria. MC-LR is highly toxic with relatively
low doses required for lethal effects (Rao et al., 2002). Being a potential hepatotoxin, MC-
LR not only affects the liver but it is also known to affect various other mammalian organs
like heart, kidney, and intestines (McLellan & Manderville, 2017). Several studies have
reported that MC-LR alters the intestinal gut microbiome, which plays an important role in
gut homeostasis (Adamovsky et al., 2018; Chen et al., 2015). Exposure of MC-LR to mice
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results in accumulation of the cyanotoxin in the small intestinal villi regions and is
correlated with increased apoptosis, loss of epithelial cells and decreased intraepithelial
lymphocyte count (Botha et al., 2004; Ito et al., 2000; Sedan et al., 2015). In a recently
published work, we showed that MC-LR exposure caused an alteration of the gut
microbiome, with an abundance of phylum Firmicutes, Proteobacteria and subsequently a
decrease in the abundance of phylum Bacteroidetes, compared to the control groups. Similar
trends were observed in different microbes in the order, class, family and genus levels. Most
importantly, MC-LR exposure in murine NAFLD causes an abundance of lactate producing
bacteria like Enterococcus and Lactobacillus which led us to believe in the possible cause of
gastrointestinal disturbances in NAFLD. Upon exposure, MC-LR is taken up by the
intestinal epithelia and it disrupts the cellular functions by deactivating and inhibiting
different enzymes. Studies have reported that MC-LR specifically inhibited protein
phosphatase 1 (PP1) and protein phosphatase 2A (PP2A) that lead to tumorigenic phenotype
(Campos & Vasconcelos, 2010; Honkanen et al., 1990; Yoshizawa et al., 1990). MC-LR
interacts with the catalytic subunit of the PP2A enzyme and leads to the uncontrolled
inhibition of the protein phosphatases (Maynes et al., 2006). The interaction of MC-LR and
PP2A follows a two-step mechanism, in which the catalytic subunit of the enzyme PP2A is
first inactivated and then it forms covalent bonds between its side chain and amino acid
residues (Xing et al., 2006). Interaction of MC-LR and PP2A prevents the enzymatic activity
of PP2A, which acts as a potent tumor suppressor (Xing et al., 2006). The PP2A enzyme
plays an important role in regulating the transforming growth factor p (TGF-) fibrotic
pathway (Jiang et al., 2014). Being a phosphatase, it dephosphorylates and thereby
deactivates the activin like kinase-5 (ALK5/TGF-p receptor 1) to inhibit the downstream
signaling pathway (T. Liu & Feng, 2010). In this scenario, MC-LR covalently interacts with
protein phosphatase and allowing the kinases to phosphorylate and activate TGF-pR1 for the
onset of the TGF-B signaling pathway. The following effects of MC-LR as a PP2A inhibitor
are exacerbated in an underlying chronic inflammatory condition like NAFLD. In this
context, it becomes increasingly important to study the role of the PP2A inhibitor, (MC-LR)
in inducing pathogenesis in the gut in the underlying conditions of NAFLD.

The current study investigates the role of the microcystin co-exposure, a PP2A inhibitor
(PP2Ainh) in the onset of fibrotic disease in the murine intestine under an inflammatory
phenotype. We hypothesized that MC-LR exposure led to an increase in the abundance of
several pathogens and lactate-producing bacteria, which in turn increased the serum lactate
levels in the treated mice under the conditions of NAFLD as compared to the control mice.
Over-production of lactate was closely associated with the activation of NADPH oxidase 2
(NOX 2) and the release of reactive oxygen species (peroxynitrite) which activated the TGF-
B signaling pathway. The enzyme PP2A is known to inhibit the progression of the TGF-p-
Smad2/3-Smad4 fibrotic pathway. MC-LR, a PP2A inhibitor, led to the receptor activation
of TGF-BR1 by its phosphorylation, which activated the downstream Smad2/3- Smad4
pathway, leading to a fibrotic pathology in the intestine. The current study used a murine
model of NAFLD and /n vitro studies with mouse primary intestinal epithelial cells to
elucidate the mechanisms.
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MATERIALS AND METHODS

Materials

Specific PP2A inhibitor (Microcystin, MC-LR) was purchased from Cayman Chemical
Company (Ann Arbor, Michigan) and leptin was purchased from BioVision (Milpitas, CA).
Anti-TGF-B, anti-collagen I, anti-alpha smooth muscle actin (a.-SMA), anti-fibronectin,
anti-3 nitrotyrosine primary antibodies were purchased from Abcam (Cambridge, MA).
Anti-Smad?2/3, anti-Smad 4, anti-vimentin, anti-gp91phox, and anti-p47phox primary
antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX). Anti-TGF-BR1,
anti-phospho TGF-BR1 primary antibodies were purchased from Thermofisher Scientific
(Waltham, MA). Apocynin, phenylboronic acid, 5,5-Dimethyl-1-pyrroline N-oxide
(DMPOQ), catalase and superoxide dismutase were purchased from Sigma Aldrich. Wild-type
and gene-specific knockout (KO) mice including p47phox knock out mice were purchased
from The Jackson Laboratories (Bar Harbor, ME). Animal diets were purchased from
Research Diets (New Brunswick, NJ). Species-specific biotinylated conjugated secondary
antibodies and streptavidin-horse radish peroxidase (Vectastain Elite ABC kit) were
purchased from Vector Laboratories (Burlingame, CA). Fluorescence-conjugated (Alexa
Fluor) secondary antibodies, ProLong Gold antifade mounting media with DAPI were
purchased from Thermofisher Scientific (Grand Island, NY). All other chemicals used in this
project were of analytical grade and purchased from Sigma only if otherwise specified.
Paraffin-embedding of tissue sections on slides were done by AML laboratories (Baltimore,
MD).

Mouse model

Experimental Models Used—Pathogen-free, adult (8 weeks old), male C57BL/6J wild-
type (WT) mice and similar background, p47phox gene deleted (p47phox KO- B6 (Cg)-
Ncflm1J/J) mice (Jackson Laboratories, Ban Harbor, ME) were used in the study. The
groups used for the experiment were the wild type mice fed with chow diet only (Lean
Control), wild type mice fed with methionine choline-deficient and high-fat diet (MCD-
HFD) only (NAFLD), wild type mice fed with chow diet and then exposed to the PP2A
inhibitor (Chow+ PP2Ainh.), wild type mice fed with methionine choline-deficient diet and
then exposed to PP2A inhibitor (NAFLD+ PP2Ainh.), and another group of p47phox KO
mice fed with methionine choline-deficient diet and then exposed to PP2A inhibitor
(NAFLD+PP2Ainh+p47phox KO). The total number of animals in each group were
assessed based on the calculations that ensured enough statistical power of 0.5. There were 6
mice per group that were allocated to their respective cages following the procedure of
randomization. A total of 30 mice were used in the experiments for the paper. All mice
experiments were carried out based on the approval of the institutional animal ethics
committee (IACUC) at the University of South Carolina.

a. Diet-induced NAFLD model: Pathogen-free, male, C57BL/6J (WT) and the p47phox
gene deleted mice (p47phoxKO) were fed with MCD-HFD diet (Research diets, New
Brunswick, NJ) from 8 weeks to 14weeks for diet-induced NAFLD model until the
experimental dosing was over and were euthanized soon after. The mice weighed about 25
grams during the time of euthanizing. All mice had ad libitum access to food and water and
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were housed in a temperature-controlled room at 23°C —24°C with a 12-hour light/dark
cycle. All animals were treated in strict accordance with the NIH Guide for the Humane
Care and Use of Laboratory Animals and local IACUC standards.

b. Exposure of NAFLD mice to environmental toxin Microcystin: WT control and
gene-specific knockout mice (p47phox KO) were fed with the MCD-HFD diet for 6 weeks
and then administered with MC-LR, a PP2A inhibitor (10ug per kg of a mouse, 5 dosages
per week), through the intraperitoneal route for two weeks. The dosage was given each
afternoon at the same time to eliminate any bias in the study. Since this is a sub-chronic
study, the cumulative effect of the PP2A inhibitor on inflammatory phenotypes was
considered. The mice were euthanized after the completion of the dosage. Blood serum and
small intestine tissue were collected for further processing. The dosage of MC-LR was
optimized to 10ug/ kg of the bodyweight of a mouse for 14 days. The time, dosage and route
of MC-LR administration were decided according to previous studies and background
literature. Heinze et al. demonstrated that the lowest observable effect (LOAEL) in terms of
the limitation of the study to be 50 pg/kg/day for MC-LR toxicity. Also, Li et al.
demonstrated that 5, 10 and 15ug dosage concentration of MC-LR led to toxicity in the
reproductive system of the male rats (Heinze, 1999). Hence the concentration of 10ug/ kg of
the body weight/day was selected to be the most favorable dose for MC-LR toxicity in our
mice model. A schematic representation of the /n vivo experiments is given below:
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Intestinal epithelial cell culture and treatments

Primary mouse intestinal epithelial cell line was grown and maintained in complete
Dulbecco’s Modified Eagle Medium (DMEM) media containing high glucose, Insulin-
Transferrin-Selenium (ITS), epidermal growth factor (EGF) and 2% fetal bovine serum
(FBS) at 37°C in a humidified atmosphere of 5% CO,. After overnight serum starvation
(0.2% FBS) the cells were then treated with vehicle (Control), mouse leptin (100 ng/mL),
lactate (15 ng/ul), apocynin (100 pM), DMPO (100 puM) and phenylboronic acid (100 pM),
catalase (50 pg/ml) and superoxide dismutase (100 ug/ml) separately or in combinations for
24 hours. The lactate concentration was determined from the serum samples of mice. Upon
completion of treatment, cells and supernatant were processed for western blot and
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immunofluorescence imaging. All the /n vitro experiments were performed three times. The
various lactate-treated groups are mentioned in the table below:

Primary mouse intestinal Treated with Group name
epithelial cells

Cells \ehicle Control
Cells Mouse leptin (100 ng/mL) LEP
Cells Lactate (15 ng/pl) LAC
Cells Mouse leptin+ Lactate LEP+LAC
Cells Mouse leptin+ lactate+ apocynin (100 pM) LEP+LAC+APO
Cells Mouse leptin+ Lactate+ DMPO (100 uM) LEP+LAC+DMPO
Cells Mouse leptin+ Lactate+ phenylboronic acid (100 pM) LEP+LAC+FBA
Cells Mouse leptin+ Lactate+ catalase (50 pug/ml) LEP+LAC+CATALASE
Cells Mouse leptin+ Lactate+ superoxide dismutase (100 pg/ml) LEP+LAC+SOD

Another group of cells was treated with the MC-LR to determine its effects on the
downstream pathway. The treatment was done for 24 hours and after completion of
treatment, cells and supernatant were processed for western blot and immunofluorescence
imaging. The PP2A inhibitor-treated groups are listed below in the table.

Primary mouse Treated with Group name

intestinal epithelial
cells
Cells Vehicle Control
Cells Mouse leptin (100 ng/mL) LEP
Cells PP2A inhibitor (201M) PP2Ainh
Cells Mouse leptin+ PP2Ainh LEP+ PP2Ainh
Cells Mouse leptin+ lactate+ apocynin (100 pM) LEP+ PP2Ainh +APO
Cells Mouse leptin+ PP2Ainh + DMPO (100 pM) LEP+ PP2Ainh +DMPO
Cells Mouse leptin+ PP2Ainh + phenylboronic acid (100 pM) LEP+ PP2Ainh +FBA
Cells Mouse leptin+ PP2Ainh + catalase (50 pg/ml) LEP+ PP2Ainh +CATALASE
Cells Mouse leptin+ PP2Ainh + superoxide dismutase (100 ug/ml) LEP+ PP2Ainh +SOD

Laboratory analysis Picrosirius Red staining

Sections of small intestine tissue from each mouse were collected and fixed in 10% neutral
buffered formalin. These formalin-fixed, paraffin-embedded tissues were cut in 5 pm thick
sections. Picrosirius red staining of formalin-fixed, paraffin-embedded small intestine tissue
was done using NovaUltra™ Picro-Sirius Red Stain Kit following manufacturer’s
instructions (IHC-World). Liver sections were observed under a 10X objective of a light
microscope. Morphometric analysis of the stained regions of the tissue sections was
performed using cellSens software (Olympus). The small intestine fibrosis was defined, for a
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small intestine section, as the ratio of the area of stained collagen fibers versus the total area
of the small intestine section, expressed in percent.

Immunohistochemistry

Formalin-fixed, paraffin-embedded small intestine tissue sections were deparaffinized using
standard laboratory protocol. Epitope retrieval solution and steamer (IHC-World,
Woodstock, MD, USA) were used for antigen epitope retrieval of the tissue sections. 3%
H,0, solution was used to block the endogenous peroxidase activity for 5 minutes, followed
by serum blocking (5% goat serum, 1hr). The primary antibody for a-SMA (Abcam,
Cambridge, MA), TGF-B, vimentin (Santa Cruz Biotechnology, Dallas, TX) were used
overnight in recommended dilutions (1:300). Species-specific biotinylated conjugated
secondary antibody and streptavidin-conjugated with HRP were used to perform antigen-
specific immunohistochemistry according to the manufacturer’s standard protocols. 3, 3’
Diaminobenzidine (DAB) (Sigma-Aldrich, St. Louis, and MA) was used as a chromogenic
substrate. Tissue sections were counter-stained with Mayer’s hematoxylin (Sigma- Aldrich).
Tissue sections were washed with 1X PBS-T (Phosphate buffered saline+ 0.05% Tween 20)
between the steps. Sections were finally mounted in Aqua mount (Fisher Scientific) and
observed under a 20X objective using an Olympus BX43 microscope (Olympus, America).
Morphometric analysis was done using CellSens Software from Olympus America (Center
Valley, PA).

Immunofluorescence staining and microscopy

In vivo, formalin-fixed, paraffin-embedded small intestine tissue sections were subjected to
deparaffinization according to standard instructions. Epitope retrieval of the deparaffinized
sections was done with an epitope retrieval solution and steamer (IHC World) according to
the manufacturer’s protocol. The primary antibodies anti-gp91phox, anti-p47phox, anti-
smad2/3, anti-smad4, anti-3-nitrotyrosine, anti-collagen I, and anti-fibronectin were used at
recommended dilutions (1:300). Species-specific anti-lgG secondary antibodies conjugated
with Alexa Fluor 488 or 633 (Invitrogen) were used. The sections were mounted in a
ProLong Gold antifade reagent with DAPI (Life Technologies, Carlsbad, CA). Images were
taken under 20X, 40X and 60X magnification with Olympus BX43 and BX63 microscope.
In vitro, after completion of the treatments under serum-starved conditions as in cell culture,
cells attached to coverslips were fixed with 10% neutral buffered saline. After the cells were
washed with PBS containing 0.1% Triton X (Sigma), they were blocked with 3% BSA,
0.2% Tween (Fisher), 10% FBS in PBS. Cells were incubated with primary antibodies anti-
gp-91-phox, anti-p47phox, anti-Smad2/3, anti-Smad4, anti-3-nitrotyrosine followed by
species-specific Alexa Fluor 633 or 488. The stained cells attached to the coverslips were
mounted on slides with ProLong Gold antifade reagent with DAPI (Life Technologies) and
viewed under 40X and 60X magnifications with Olympus BX43 and BX63 microscope.

Morphometric analysis

The morphometric analysis was done in five different microscopic fields by using the Cell
Sens Software and the dataset was generated by the software. The co-localization events
were calculated by the relative yellow area of immunofluorescence in the respective fields.
Morphometry for the separate red and green channels was carried out by using the above-

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sarkar et al. Page 8

mentioned CellSens software which generated an unbiased dataset based on the relative area
of immunofluorescence.

Western blot analysis

Protein lysates from respective small intestine tissues and cells were extracted using RIPA
lysis buffer supplemented with protease and phosphatase inhibitor cocktail and subsequently
quantified by the BCA assay kit (Thermo Fisher Scientific, Rockford, IL). Approximately,
30 pg of denatured protein was loaded on per well of Novex 4%-12% bis-tris gradient gel
and subjected to standard SDS-PAGE. Resolved protein bands were then transferred to a
nitrocellulose membrane using the Trans-Blot Turbo transfer system (Bio-rad, Hercules,
CA). After Ponceau S staining, the membrane was blocked with 5% bovine serum albumin
(BSA) for 1 hour, followed by incubation with primary antibody overnight at 4°C. Primary
antibodies of anti-TGF-BR1, anti-phospho-TGF-BR1 (ThermoFisher Scientific), anti-a-
SMA (Abcam), anti-p-actin (Santa Cruz Biotechnology) were used at recommended
dilutions, and compatible horseradish peroxidase-conjugated secondary antibodies were
used. Pierce ECL Western Blotting substrate (Thermo Fisher Scientific, Rockford, IL) was
used for detection. The blot was imaged using G: BoxChemi XX6 (Syngene imaging
systems) and subjected to densitometry analysis using Image J. software.

Lactate assay

Serum lactate was measured in the blood serum of the murine models using the Lactate
Assay kit from Sigma Aldrich using the manufacturer’s protocol. Serum was collected from
the samples of lean mouse control (Lean Control), chow diet-fed mice treated with MC-LR
referred in the figures as PP2Ainh (Chow+ PP2Ainh), the high-fat diet fed mice (NAFLD),
and high-fat diet fed mice treated with PP2A inhibitor (NAFLD+ PP2Ainh). The experiment
was repeated thrice with triplicates of each sample. Lactate concentration was also measured
from fecal pellets from the samples Lean Control, (Chow+ PP2Ainh), NAFLD and (NAFLD
+ PP2Ainh) groups, by homogenizing the samples with sterile PBS. The pellet samples were
spun down at 4500 rpm for 15 minutes at 4°C, the supernatant was collected and filtered
through a 0.45um syringe filter. The purified supernatant was then used for the lactate assay.
The experiment was repeated thrice with triplicates of each sample.

Proximity ligation assay

The small intestine sections were deparaffinized using a standard protocol used in
immunofluorescence and immunohistochemistry procedures. Epitope retrieval of the
deparaffinized sections was done with an epitope retrieval solution and steamer (IHC World)
according to the manufacturer’s protocol. The tissues were then blocked for 60 minutes at
37°C by DuoL.ink blocking solution (Sigma Aldrich). The primary antibodies were then
diluted (1:250) using the provided DuoL ink antibody diluent (Sigma Aldrich) and incubated
for overnight at 4°C. The tissues were then washed using Wash Buffer A (Sigma Aldrich) as
recommended and were incubated for 60 minutes at 37°C with the PLA PLUS and MINUS
probes (1:5 dilution) (Sigma Aldrich), according to the manufacturer’s protocol. After
subsequent washes, the Ligase was diluted (1:40) in DuoLink Ligation Buffer (Sigma
Aldrich) and incubated for 30 minutes at 37°C. The polymerase diluted (1:80) in the
DuoLink Amplification Buffer (Sigma Aldrich) was added to the tissues and incubated for
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100 minutes at 37°C. The tissues were then washed with Wash Buffer B according to the
manufacturer’s protocol and mounted with ProLong Gold antifade reagent DAPI (Life
Technologies, Carlsbhad, CA). The tissues were viewed under 40X magnification with an
Olympus BX43 microscope.

Statistical analyses

RESULTS

All in vivo experiments were repeated three times with at least six mice per group (n=6) data
from each group of six mice were pooled). The statistical analysis was carried out by
unpaired t-test and analysis of variance (ANOVA) for assessing the difference between
multiple groups. For all analyses p < 0.05 was considered statistically significant. For
experiments involving 2 groups where the distribution of data was not clearly parametric,
Mann-Whitney U tests were performed with GraphPad Prism Software Inc, CA, and Version
5.03. For experiments involving 3 or more groups, data were evaluated using one-way
ANOVA with multiple comparison Bonferroni Dunn post hoc analysis. Data are expressed
as mean + SEM, or as an absolute number or percentage for categorical variables. The
significance level was set at a = 5% for all comparisons. Correlation analysis of serum and
fecal lactate levels with NOX2 activation was carried out by estimating the R-value
following individual data points from 6 samples.

Pathology of the murine small intestine following exposure to microcystin (referred to
hereafter as PP2A inhibitor) under the conditions of NAFLD

In our study, we observed that specific inhibition by MC-LR (PP2A inhibitor, PP2Ainh) led
to a fibrotic pathology in the murine small intestine. Small intestine tissues were analyzed
for fibrosis by Picro Sirius red staining. Increased collagen fiber deposition in the (NAFLD
+PP2Ainh) group of mice was observed compared to the NAFLD mice (*p <0.05) (Fig. 1A
(i-iv), C). A slight increase in the collagen fiber deposition in the (Chow+PP2Ainh) group
compared to the Lean Control was also observed (Fig. 1A (i-iv), C). Several studies have
revealed that the expression of vimentin is required for epithelial to mesenchymal transition
(Wang et al., 2018). It is also known to play an important role in the development of fibrosis
by stabilizing the collagen mRNA (Challa & Stefanovic, 2011). Our results showed a
significant increase in the vimentin expression in the (NAFLD+PP2Ainh) group compared
to the NAFLD mice control (*p <0.05) (Fig. 1B (i-iv), D). A similar marked increase of
vimentin expression was observed in the (Chow+PP2Ainh) group compared to the Lean
Control group (Fig. 1B (i-iv), D), indicating a condition for the development of fibrosis in
the small intestine. Our results showed a significant increase in the serum lactate levels in
both Chow and NAFLD mice exposed to the PP2A inhibitor as compared to the Lean
Control and NAFLD groups respectively (0.05<**p < 0.01) (Fig.1E). Also, a significant
increase of the lactate concentration determined from the fecal pellets in (Chow+PP2Ainh)
and (NAFLD+ PP2Ainh) mice groups were observed as compared to the Lean Control and
the NAFLD only group of mice (#p< 0.01) (Fig. 1F). The results of a significant increase in
lactate levels in both serum and fecal pellet were consistent with our recently published
study that showed a higher abundance of lactate producing bacteria following PP2A
inhibition by MC-LR (Sarkar et al., 2019).
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Exposure to MC-LR alters the redox status of the murine intestine

Previously, we reported that alteration of the gut microbiome induced activation of the
NADPH oxidase 2 (NOX2) which led to increased oxidative stress in the intestine (Sarkar et
al., 2019). NOX2 is activated when the cytosolic p47phox subunit associates with its
membrane-bound counterpart gp91phox subunit. We used immunofluorescence staining to
study the membrane association of the two subunits in mice small intestine. The results were
analyzed based on the number of co-localization events (yellow) (Fig 2A (i-iv), C). We
observed that the (NAFLD+PP2Ainh) and (Chow+PP2Ainh) groups had a significant
increase in the co-localization events when compared to the NAFLD only group and the
Lean Control group respectively (**0.05< p< 0.01) (Fig 2A (i-iv), C). A proximity ligation
assay was performed to further confirm the activation of NOX2 followed by the inhibition of
PP2A. The proximity ligation assay is a method that extends the efficiency of traditional
immunoassays in the detection of protein interactions, modifications, and specificity (Bagchi
et al., 2015). Interactions between the gp91phox and p47phox proteins due to close
proximity were shown by red spots that were detected by immunofluorescence microscopy.
Results showed a significant increase in the red spots in (NAFLD+PP2Ainh) group when
compared to the NAFLD only group (#p <0.01) (Fig 2B (i-iv), D), thereby confirming the
activation of NOX2 on exposure to the PP2A inhibitor. Fecal lactate levels derived from
intestinal content and serum lactate level were correlated with co-localization events
(gp91phox and p47phox) with signifying NOX2 activation. Results showed that both fecal
and serum lactate levels strongly correlated with increased NOX2 activation /n vivo (Fig. 2E
and 2F).

Activation of NADPH Oxidase 2 regulates the TGF- receptor activation following MC-LR

exposure

TGF-B has been shown to play an important role in the activation of the fibrotic pathway by
various research groups (Biernacka et al., 2011; Branton & Kopp, 1999; Meng et al., 2016;
Nakerakanti, 2012). To determine the role of NOX2 in inducing the TGF-p expression
following PP2A inhibitor exposure, p47phox gene deleted (p47phox knockout mice) mice
group was used. Immunohistochemistry was performed to study the TGF-$ occurrence in
the murine intestine induced by the increased oxidative stress. Results showed an increased,
although non-significant immunoreactivity of TGF-g in (NAFLD+PP2Ainh) group
compared to the NAFLD only group (Fig 3A (i-iv), B). A significant increase in TGF-p
immunoreactivity was observed in the (Chow+PP2Ainh) group when compared to the Lean
Control group (#p <0.01) (Fig 3A (i—ii), B). Also, a decrease in TGF-p immunoreactivity
was observed in the (NAFLD+PP2Ainh+p47phox KO) mice group (#p <0.01) (Fig 3A (v),
B) when compared to (NAFLD+PP2Ainh) mice group, suggesting the role of NOX2 in the
activating the TGF-p signaling pathway. The TGF-p molecule binds to the TGF-pRII
receptor complex and activates the activin receptor-like kinase 5 (ALK5) by phosphorylating
the TGF-BR1 receptor (T. Liu & Feng, 2010). We performed western blot to analyze the
protein expression of phospho-TGF-BR1 and total-TGF-BR1 in small intestine tissue lysates.
Our results showed that there was a significant increase in phospho-TGF-BR1 levels in the
(NAFLD+PP2Ainh) group as compared to the NAFLD only group (#p< 0.01) (Fig. 3C, D).
Although, we observed an increase in phospho-TGF-BR1 level in the (Chow+PP2Ainh)
group when compared to the Lean Control group, it was non-significant. A significant

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sarkar et al.

Page 11

decrease was observed in the (NAFLD+PP2Ainh+p47phox KO) group of mice compared to
the (NAFLD+PP2Ainh) group, suggesting a crucial role of NOX2 in activating the
downstream TGF- signaling pathway (#p< 0.01) (Fig. 3C, D). The fold change was
observed by quantifying the protein bands of phospho-TGF-BR1 with respect to the total-
TGF-pR1 (#p< 0.01) (Fig. 3C, D).

NADPH oxidase 2 mediated TGF-BR1 activation regulates the translocation of Smad2/3-
Smad4 assembly in the nucleus

Activated TGF-p signaling pathway induces the association of downstream Smad2/3-Smad4
complex and inhibition of Smad7 leading to collagen deposition (Verrecchia & Mauviel,
2007). The activated TGF-BR1 phosphorylates the Smad2/3 (Ray et al., 2010), which then
binds with Smad4 and translocate to the nucleus leading to the TGF-p signal transduction
(Dattaroy et al., 2015). Mouse small intestine tissues were used to study the
immunoreactivity of Smad2/3 and Smad4, and the co-localization events were studied using
immunofluorescence microscopy. Our results showed that the nuclear co-localization events
were significantly higher in the (NAFLD+PP2Ainh) group compared to the NAFLD only
group (*p <0.05) (Fig. 4A(i-iv), C), and also a similar significant increase was observed in
the (Chow+PP2Ainh) group compared to the Lean Control group (#p <0.01) (Fig. 4A (i-iv),
C). Proximity ligation assay was used to confirm the Smad2/3 and Smad4 protein
interactions in the nucleus due to proximity, and it was visible as red spots when detected by
immunofluorescence microscopy. Results showed a significant increase in the red spots in
the (NAFLD+PP2Ainh) group compared to the NAFLD only group (*p <0.05), and a
marked increase in the (Chow+PP2Ainh) group compared to the Lean Control group (Fig.
4B (i-iv), D). A significant decrease in the Smad2/3-Smad4 co-localization (#p <0.01) (Fig
4A(v), C) and a subsequent significant decrease in the red spots (** 0.05< p< 0.01) (Fig
4B(v), D) in the (NAFLD+PP2Ainh+p47phox KO) mice group, compared to the (NAFLD+
PP2Ainh) group was observed.

TGF-p signal transduction due to nuclear translocation of the Smad2/3-Smad4 assembly
cause extracellular matrix protein deposition and fibrosis

Fibronectin is a component of the extracellular matrix present in the cell (X. Y. Liu et al.,
2016; Matsui et al., 1997; Xu et al., 1997), which is required for collagen matrix assembly
and plays an important role in fibrosis. Expression of fibronectin is often considered as an
important marker for extracellular matrix deposition (Krzyzanowska-Go?ab et al., 2007;
Roeb & Matern, 1993; Sottile & Hocking, 2002; Velling et al., 2002). The expression of a.-
smooth muscle actin (a-SMA) also denotes the presence of myofibroblast cell phenotype,
since it is considered as a marker for collagen-producing fibroblasts and has been known to
play a crucial role in fibrosis (Carpino et al., 2005). Immunohistochemical analysis and
immunofluorescence staining were done using mice small intestine tissues to detect a-SMA
and fibronectin immunoreactivity, respectively. Our results showed a significant increase in
a-SMA immunoreactivity in the (NAFLD+PP2Ainh) group compared to the NAFLD only
group (#p < 0.01) (Fig 5A(i-iv), C). Similar trends of a significant increase in fibronectin
immunoreactivity in (NAFLD+PP2Ainh) and (Chow+PP2Ainh) groups were observed
compared to the NAFLD only and the Lean Control groups respectively (*p < 0.05) (Fig 5B
(i-iv), D). A significant decrease in both a-SMA (#p <0.01) (Fig 5A (v), C) and fibronectin

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sarkar et al. Page 12

(#p <0.01) (Fig 5B (v), D) immunoreactivity was observed in the (NAFLD+PP2Ainh
+p47phox KO) mice group compared to the PP2A inhibitor exposed group.

Lactate causes the formation of peroxynitrite and increased oxidative stress due to
NADPH oxidase 2 activation in mouse primary intestinal epithelial cells

Primary mouse intestinal epithelial cells were exposed to leptin to create the underlying
conditions of NAFLD, followed by stimulation with lactate, which is believed to be present
in the system due to alteration of the gut microbiome. Results showed that cells primed with
leptin and then stimulated with lactate (LEP+LAC) showed significantly increased NOX2
activation when compared to the cells only, leptin only and lactate only treated cells (#p
<0.01) (Fig 6A(i-iv), C). Activation of NOX2 leads to increased oxidative stress through the
formation of peroxynitrite. To estimate peroxynitrite formation in the intestinal epithelial
cells, they were stained for 3-nitrotyrosine (3-NT) immunoreactivity. Results showed a
significantly increased reactivity in the (LEP+LAC) group although having lesser cell
density compared to the cells only, leptin only, and lactate only groups (#p <0.01) (Fig 6B
(i-iv), D). Significantly increased 3-NT production was also observed in the lactate only
group which denoted that lactate released due to altered gut microbiome itself can generate
oxidative stress in the murine intestine. Incubation with the peroxynitrite scavenger
phenylboronic acid (FBA), NOX2 inhibitor apocynin, nitrone spin trap DMPO, hydrogen
peroxide inhibitor catalase, and the superoxide scavenger superoxide dismutase significantly
decreased the 3-NT formation (#p <0.01) (Fig 6B(v-ix), D) compared to the (LEP+LAC)

group.

Increased oxidative stress up-regulates the TGF-B levels leading to nuclear translocation
of R-SMAD assembly

Activation of NOX2 and increased oxidative stress leads to the TGF-p signaling pathway
which subsequently induces the formation of the Smad2/3-Smad4 complex. Western blot
was performed to detect the expression of the phosphorylated TGF-BR1 with respect to total
TGF-BR1 by using the intestinal epithelial cell lysates. We observed that there was a
significant increase of relative phosphorylated TGF-BR1 expression in the (LEP+LAC)
group when compared to the cells only, leptin only or lactate only groups (#p< 0.01, **0.05<
p< 0.01) (Fig7A, C). Interestingly, phosphorylated TGF-BR1 expression was significantly
decreased in the following groups in the presence of inhibitors like apocynin, FBA, DMPO,
catalase, and SOD. The fold change was observed by quantifying the protein bands of
phospho-TGF-BR1 with respect to the total-TGF-BR1(#p< 0.01, **0.05< p< 0.01) (Fig 7C).
Following the activation of the TGF-BR1, a significant increase in the Smad2/3-Smad4 co-
localization (represented by yellow dots in the cells) was observed in the groups treated with
(LEP+LAC) compared to the cells only and lactate only groups (#p< 0.01) (Fig 8A (i-iv),
C). The co-localization events were significantly decreased in the groups that were incubated
with the inhibitors apocynin, FBA, DMPO, Catalase and SOD (#p< 0.01) (Fig 8A (v—ix), C),
suggesting the role of the reactive oxygen species in activating the TGF-f downstream
signaling pathway.
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Activation of the TGF-B signaling pathway causes collagen deposition and a change of the
epithelial to the myofibroblastic phenotype of the cells

Following our observation of TGF-p signaling cascade activation by exogenous PP2A
inhibitor we studied the expression of a-SMA by western blot to detect myofibroblast cells.
Results showed that there was a significant increase in a-SMA expression in the (LEP
+LAC) group compared to the cells only, leptin only, and lactate only groups (#p <0.01) (Fig
7A, B). Collagen 1 immunoreactivity was detected through immunofluorescence staining to
analyze the expression of collagen (represented by red in the cells) which indicated the
formation of the fibrotic phenotype. Results suggested a significant increase in the collagen
levels in the (LEP+LAC) group, compared to the cells only (#p <0.01) (Fig 8B (i-iv), D).
There was a significant decrease in the a-SMA expression (#p <0.01) (Fig 7A,B) and
collagen I immunoreactivity (Fig 8B (v—ix), D) when the cells were incubated with the
inhibitors apocynin (**0.05< p< 0.01), FBA (**0.05< p< 0.01), DMPO (#p< 0.01), catalase
(#p <0.01) and SOD (#p <0.01).

Exposure of MC-LR to intestinal epithelial cells led to the fibrotic pathology in the murine

intestine

Treatment of the mouse primary intestinal epithelial cells with MC-LR, a PP2Ainh led to the
activation of NOX2. Subsequently, NOX2 activation by PP2Ainh triggered the release of
reactive oxygen species in the cellular system, which was then detected by the
immunoreactivity of 3-NT. Results showed that there was a significant increase in the NOX2
activation in the (LEP+PP2Ainh) group (#p <0.01), compared to the control, leptin only, and
the PP2Ainh only groups (Fig 9A (i-iv), C). The immunoreactivity was observed by
detecting the co-localization events of membrane-bound gp91phox and cytosolic p47phox
subunits of NOX2. The results also depicted a significant increase in the 3-NT
immunoreactivity in the (LEP+PP2Ainh) group compared to the control, leptin only, and the
PP2Ainh only group (#p< 0.01) (Fig 9B (i-iv) and D). We observed that the effect of the
PP2A inhibitor alone on the primary intestinal epithelial cells was not as pronounced as the
leptin-primed PP2A inhibitor-treated cells, suggesting that there was a higher possibility of
intestinal fibrotic pathology under inflammatory conditions of NAFLD. The 3-NT formation
was significantly decreased when the cells were incubated with the inhibitors FBA,
apocynin, DMPO, catalase and superoxide dismutase (#p< 0.01) (Fig 9B (v-ix), D).
Immunoblot results implicated that exposure of the cells to PP2Ainh showed a significant
increase of relative phosphorylated TGF-BR1 expression in the (LEP+PP2Ainh) group
compared to the control and leptin only, and PP2A inhibitor only groups (#p< 0.01) (Fig
10A, B). Also, relative phosphorylated TGF-BR1 expression was observed to significantly
decreased in the groups incubated with apocynin, FBA, DMPO, catalase and SOD (#p
<0.01) (Fig 10A, B). Immunofluorescence results also showed a significant increase in the
Smad?2/3-Smad4 co-localization (represented by yellow dots in the cell) in the group treated
with (LEP+PP2Ainh) compared to the control, leptin only, and PP2Ainh only groups (#p
<0.01) (Fig 11A (i-iv), C). The co-localization events were significantly decreased in the
groups incubated with the inhibitors apocynin, FBA, DMPO, catalase and SOD (#p< 0.01)
(Fig 11A(v-ix), C), suggesting that inhibiting the reactive oxygen species might help in
attenuating the onset of the TGF- fibrotic pathway. Similar results of significant increase
were observed for the collagen | immunoreactivity (represented by red dots in the cell) in the
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(LEP+PP2Ainh) group when compared to the control and PP2Ainh only group (*p <0.05)
(Fig 11B (i-iv), D). The immunoreactivity for collagen | was significantly decreased when
the cells were incubated with the inhibitors apocynin, FBA, DMPO, catalase and SOD (*p
<0.05) (Fig 11B (v-ix), D).
DISCUSSION

The present study reports a novel effect of the MC-LR exposure in an underlying condition
of NAFLD. We show that increased circulatory lactate mediated NOX2 activation led to the
fibrotic phenotype in the murine small intestine, a frequent co-morbidity in the diagnostic
pathology of the human NAFLD. The higher lactate in the serum was presumably due to the
result of dysbiosis observed in our previously reported study that caused an increased
abundance of lactate producing bacteria following MC-LR exposure. This assumption is
based on two main findings. The higher fecal lactate, an evidence of lactate in the intestinal
lumen and serum lactate that represents a likely higher lactate sequestration in the
circulatory system though the portal vein from the lumen. The results that there is no
stoichiometric assessment of the concentration of lactate that actually is produced by the gut
bacteria limits the ability of this study to conclude clearly that an overall increase in fecal
lactate or serum lactate is a direct consequence of gut dysbiosis. It can be speculated that
increased sophistication of techniques primarily via metabolomic analysis and tracing
techniques might help clearly define the cause and effect relationship of dysbiosis associated
lactate sequestration following MC-LR exposure. Our previous studies suggested that the
exposure of MC-LR to mice led to the activation of an inflammatory pathway and disruption
of the intestinal barrier thereby forming a leaky gut (Sarkar et al., 2019). MC-LR also led to
a significant increase in the expression of lactate producing bacteria Lactobacillus and
Enterococcus (Sarkar et al., 2019). Our previous results of increased lactate production in
the same model correlated well to the increase of the serum lactate levels in the mice which
were exposed to MC-LR (Sarkar et al., 2019). Latsenko et al. reported that the intestinal
NOX2 enzyme was activated by lactate which was produced in drosophila (latsenko et al.,
2018). This led us to study the potential role of lactate in activating NOX2 in the diseased
model of NAFLD following MC-LR exposure. The lactate thus released is believed to cause
the activation of the NOX2 enzyme that leads to increased oxidative stress in the murine
intestine as indicated by our data that showed an R-value of >0.7 in the correlation analysis
(Fig. 2E and 2F). NOX2 knockout mice with p47phox gene deleted were used to prove the
role of NOX2 in activating the downstream signaling pathway leading to the fibrotic
phenotype. In our previous studies, we showed that NOX2 led to the generation of
peroxynitrite that caused increased oxidative stress (Das et al., 2015). In our present study,
serum lactate activated NOX2following MC-LR exposure led to the formation of the
peroxynitrite species. There was no peroxynitrite generation observed in the p47phox
knockout mice thereby confirming that NOX 2 had a significant role to play in activating the
important proinflammatory reactive nitrogen species. The use of specific peroxynitrite
scavenger phenylboronic acid (FBA) (Zielonka et al., 2010) also showed a significant
decrease in the peroxynitrite generation, thereby confirming its formation.

The present study is also of significance because it establishes the effects of the MC-LR in a
downstream TGF- signaling pathway in the intestinal epithelia with lactate induced NOX2
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being the primary mediator. The activated NOX2 enzyme then leads to the formation of
reactive oxygen species that transforms the latent form of TGF-p molecule to the active form
as described before (Barcellos-Hoff & Dix, 1996). The activated TGF-beta then binds to the
TGF-p receptor leading to the likely activation of the fibrotic pathway. Our studies showed
an increased TGF-B immunoreactivity in the small intestine of mice group fed with MCD-
HFD and exposed to MC-LR, while it was significantly decreased in the p47phox knockout
mice group, suggesting a role of NOX2 derived oxidative stress leading to TGF-p
production. Since PP2A inhibitors act as major serine-threonine phosphatases, it is likely
that MC-LR being a PP2A inhibitor covalently binds with the protein phosphatase 2A and
inhibits it from dephosphorylating the TGF-pR1. The TGF-pR1, therefore, remains
activated and leads to the phosphorylation of Smad2/3 and its subsequent association with
Smad4. The associated moiety then translocates to the nucleus for its effect on triggering the
profibrotic mechanisms. In our results, we observed that there was a very significant
colocalization of both Smad2/3 and Smad4 proteins in the mice treated with the MC-LR,
while the colocalization significantly decreased in the p47phox knockout group suggesting
the prime role of NOX2 in triggering the profibrotic pathway following MC-LR exposure.
Finally, we also observed increased levels of a-SMA, collagen I, vimentin, and fibronectin,
denoting the formation of myofibroblast cell phenotypes and also extracellular matrix
protein deposition in the MC-LR-treated group compared to the control group. These levels
were significantly decreased in the mice with the p47phox gene deleted mice. The fibrotic
phenotype in the murine intestine was also observed in the treated groups via Picrosirius Red
staining, where increased collagen fiber deposition was observed, compared to the control
group. The mechanisms were also confirmed in the in vitro experiments where we mimicked
the profibrotic microenvironment by exposing intestinal epithelial cells to leptin and MC-
LR. The fact that the use of Apocynin, DMPO and FBA significantly decreased SMAD2-
3/4 colocalizations is further proof of a likely NOX-2 mediated redox mechanism for
fibrosis induced my MC-LR in an ectopic site.

In conclusion, in this study, we show that exposure to MC-LR under chronic inflammatory
conditions of NAFLD can lead to a fibrotic phenotype in the murine intestine, through the
activation of the NADPH oxidase 2 enzyme. NOX2, in turn, caused the phosphorylation of
TGF-BR1 and downstream fibrotic pathology presumably by generating redox species
dominated by peroxynitrite through independent species such as superoxide radicals or
hydrogen peroxide cannot be ruled out. Both /7 vivo and in vitro evidence point to the fact
that PP2A inhibition in NAFLD is mediating the fibrotic pathology via likely higher lactate
from the gut and subsequent NOX2 activation. More direct studies should be conducted to
find a concrete role of environmental toxins-induced microbiome alterations and its effect on
higher lactate production, and subsequent NOX2 activation via metabolomic analysis and
tracing techniques to understand disease pathology. By far our present study is first of its
kind which tries to establish a strong connection between our previously reported
microcystin-induced dysbiosis, and higher lactate-associated redox pathology as increased
emphasis is placed on the role of environmental toxins and microbiome alterations in fatty
liver disease. Furthermore, our results also show the importance of redox signaling inhibitors
and broadly, antioxidants as potential candidates for therapeutic applications in chronic
inflammatory and fibrotic pathology that establish the role of lactate induced NOX2 in such
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conditions. However, one limitation of the present study is the non-inclusion of an IBD
model to study whether a similar dysbiosis associated and lactate-linked redox activation of
NOX2 exists to cause ectopic inflammatory manifestations in the liver. We understand that it
is very crucial to study the above pathway to help create an effective strategy of cure
NAFLD complications in IBD patients.
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Highlights
. Co-exposure to microcystin led to higher lactate levels in circulation and
intestine.
. The higher lactate levels were associated with NOX2 activation /n vivo
. Lactate increased Smad2/3-Smad4 co-localization and early fibrosis.
. Study provides insight into the role of microcystin in dysbiosis-linked lactate

production in intestinal fibrosis

. Advances our knowledge in lactate-induced NOX2 exacerbation of intestinal
fibrosis
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Fig. 1.

Formalin-fixed, paraffin-embedded 5 um intestinal slices from Lean control, wild type
mouse control fed with MCD-HFD (NAFLD), wild type mouse group fed with chow diet
exposed to PP2A inhibitor (Chow+PP2Ainh) and another NAFLD group of mice exposed
with PP2A inhibitor (NAFLD+ PP2Ainh) were used for Picrosirus Red imaging. (A)(i-iv)
Representative Picrosirius Red stained (PSR) images of intestinal sections showed collagen
fiber deposition in the small intestine. Images were taken at 20X magnification. (B)(i-iv)
Representative Immunohistochemistry images depicting Vimentin immunoreactivity in the
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small intestine of the mice groups. Images were taken at 20X magnification. (C) Automatic
digital imaging quantification of % fibrosis area (*p < 0.05). (D) Morphometric analysis of
Vimentin immunoreactivity (*p < 0.05). (E) Measurement of serum lactate concentration
(ng/uL) in the Lean Control, (Chow+PP2Ainh), (NAFLD) and (NAFLD+ PP2Ainh) groups.
(F) Measurement of lactate concentration (ng/uL) from the fecal pellets in the Lean Control,
(Chow+PP2Ainh), (NAFLD) and (NAFLD+ PP2Ainh) groups. Significance was tested by
performing unpaired t-test between the groups (*p< 0.05, 0.05<**p < 0.01, #p< 0.01),
followed by Bonferroni Dunn Post hoc corrections. Results were expressed as mean + SEM.
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Fig. 2.

Formalin-fixed, paraffin-embedded 5 pm intestinal slices from Lean Control, (Chow
+PP2Ainh), NAFLD, (NAFLD+PP2Ainh) groups were used for immunofluorescence
imaging. (A) (i-iv) Immunofluorescence images depicting gp91phox (red) and p47phox
(green) co-localization events in the small intestine, counterstained with DAPI (blue) of
Lean Control, (Chow +PP2Ainh), NAFLD and (NAFLD+PP2Ainh) mice groups. Images
were taken at 40X magnification, (B)(i-iv) Immunofluorescence images depicting the
proximity ligation (red) of gp91phox and p47phox proteins in the small intestine,
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counterstained with DAPI (blue) of Lean Control, (Chow+PP2Ainh), NAFLD, (NAFLD
+PP2Ainh) mice groups. Images were taken at 40X magnification. (C) Morphometric
analysis of gp91phox- p47phox co-localization events. Y-axis shows % positive
immunoreactive area (% ROI) (n=3, analysis from three separate microscopic fields)
(0.05<**p < 0.01). (D) Morphometric analysis of gp91phox and p47phox proximity
ligation. Y-axis shows % positive immunoreactive area (%ROIl) (n=3, analysis from three
separate microscopic fields) (#p < 0.01). (E and F) Correlation analysis of fecal and serum
lactate with NOX2 activation. Significance was tested by performing unpaired t-test between
the groups (*p< 0.05, 0.05<**p < 0.01, #p< 0.01), followed by Bonferroni Dunn Post hoc
corrections. Results were expressed as mean + SEM.

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sarkar et al. Page 24

A. NAFLD+PP2Ainh
Lean Control +p47phox KO

-} \Q. i‘f '? 7
L Y ""; :§
20X e
B. 1.04 e #
22 o l
25 #
Sl M
e S
s8
= < 04
Sa
w
0.0+
> Q
o‘ﬁ‘o Qqu}ée ‘\;" QQ"y}éo é“o#o
Vo"o o_.\x évo" o‘\‘é\
R
&
c ‘\é& D
s " »
S B
> & Na VO 5 #  #
& ¥ L& E o« i |
0° X \9 Q Q\9§ E
R AR A oy
g’bc o \g \al év. Emz-
v & ¥ S ® g}:v
-0
p-TGF-BR1| = 8 = - 56 KDa €2,
Total-TGF .uw_- =
b '--'.-- 53KDa & .
g
B-actin | e W WIS S e | 42 KDa g o
o & &
o°°¢ Q"’v\ ‘\‘3\' o o
Q o4 AR
,bQ 4‘1 x 04
\ro ‘\O Q\/o ‘\;(Q
(@) e?' &
e
QQ
OK
Q\'
&

Fig. 3.
Formalin-fixed, paraffin-embedded 5 um intestinal slices from Lean Control, wild type

mouse group fed with chow diet exposed to PP2A inhibitor (Chow+PP2Ainh), wild type
mouse control fed with MCD-HFD (NAFLD), a NAFLD group of mice exposed with PP2A
inhibitor (NAFLD+PP2Ainh) and another NAFLD+PP2Ainh group with p47phox gene
knock out (NAFLD+PP2Ainh+p47phox KO) were used for immunohistochemistry imaging.
(A)(i-v) Immunohistochemistry images depicting TGF-p immunoreactivity in the small
intestine of Lean Control, (Chow+PP2Ainh), NAFLD, (NAFLD+ PP2Ainh) and (NAFLD

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sarkar et al.

Page 25

+PP2Ainh+p47phox KO) groups. Images were taken at 20X magnification. (B)
Morphometric analysis depicting TGF- immunoreactivity. Y-axis shows % positive
immunoreactive area (% ROI) (n=3, analysis from three separate microscopic fields) (#p<
0.01, ns: non-significant)). (C) Western blot analysis of phospho-TGF-BR1 and total-TGF-
BR1 protein levels in the small intestine tissue lysate. Lanes 1-5 represent Lean Control,
(Chow+PP2Ainh), NAFLD, (NAFLD+PP2Ainh) and (NAFLD+PP2Ainh+p47phox KO)
groups, respectively. (D) Band quantification of phospho-TGF-BR1 immunoblot in Lean
Control, (Chow+PP2Ainh), NAFLD, (NAFLD+PP2Ainh) and (NAFLD+PP2Ainh+p47phox
KO) groups of mice, data were normalized against total- TGF-BR1 (#p< 0.01, ns: non-
significant). Significance was tested by performing unpaired t-test between the groups (*p<
0.05, 0.05<**p < 0.01, #p< 0.01), followed by Bonferroni Dunn Post hoc corrections.
Results were expressed as mean + SEM.
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Formalin-fixed, paraffin-embedded 5 um intestinal slices from Lean Control, (Chow
+PP2Ainh), NAFLD, (NAFLD+PP2Ainh), and (NAFLD+PP2Ainh+p47phox KO) groups
were used for immunofluorescence imaging. (A)(i-iv) Immunofluorescence images
depicting Smad2/3 (red) and Smad4 (green) co-localization events in the small intestine,
counterstained with DAPI (blue) of Lean Control, (Chow+PP2Ainh), NAFLD, (NAFLD
+PP2Ainh), and (NAFLD+PP2Ainh+p47phox KO) mice groups. Images were taken at 20X
magnification, (B)(i-v) Immunofluorescence images depicting the proximity ligation (red) of
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Smad2/3 and Smad4 proteins in the small intestine, counterstained with DAPI (blue) of Lean
Control, (Chow+PP2Ainh), NAFLD, (NAFLD+PP2Ainh), and (NAFLD+PP2Ainh
+p47phox KO) groups of mice. Images were taken at 20X magnification. (C) Morphometric
analysis of Smad2/3-Smad4 co-localization events. Y-axis shows % positive immunoreactive
area (% ROI) (n=3, analysis from three separate microscopic fields) (*p < 0.05, #p< 0.01).
(D) Morphometric analysis of Smad2/3 and Smad4 proximity ligation. Y-axis shows %
positive immunoreactive area (%ROIl) (n=3, analysis from three separate microscopic fields)
(*p < 0.05, 0.05<**p < 0.01). Significance was tested by performing unpaired t-test between
the groups (*p< 0.05, 0.05<**p < 0.01, #p< 0.01), followed by Bonferroni Dunn Post hoc
corrections. Results were expressed as mean + SEM.
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Fig. 5.

Formalin-fixed, paraffin-embedded 5 pm intestinal slices from Lean Control, (Chow
+PP2Ainh), NAFLD, (NAFLD+PP2Ainh), and (NAFLD+PP2Ainh+p47phox KO) groups
were used for immunohistochemistry and immunofluorescence imaging. (A)(i-v)
mmunohistochemistry images depicting a-SMA immunoreactivity in the small intestine of
Lean Control, (Chow+PP2Ainh), NAFLD, (NAFLD+PP2Ainh), and (NAFLD+PP2Ainh
+p47phox KO) mice groups. Images were taken at 20X magnification. (B)(i-v)
Immunofluorescence images depicting fibronectin (green) immunoreactivity, counterstained

Comp Biochem Physiol C Toxicol Pharmacol. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sarkar et al. Page 29

with DAPI (blue) in the small intestine of Lean Control, (Chow+PP2Ainh), NAFLD,
(NAFLD+PP2Ainh), and (NAFLD+PP2Ainh+p47phox KO) mice groups. Images were
taken at 20X magnification. (C) Morphometric analysis of a-SMA immunoreactivity. Y-axis
shows % positive immunoreactive area (% ROI) (n=3, analysis from three separate
microscopic fields) (#p< 0.01). (D) Morphometric analysis of fibronectin immunoreactivity.
Y-axis shows % positive immunoreactive area (% ROI) (n=3, analysis from three separate
microscopic fields) (*p< 0.05, #p< 0.01). Significance was tested by performing unpaired t-
test between the groups (*p< 0.05, 0.05<**p < 0.01, #p< 0.01), followed by Bonferroni
Dunn Post hoc corrections. Results were expressed as mean + SEM.
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Fig. 6.
Mouse primary intestinal epithelial cell line was used as control (Control), NAFLD was

induced in one group of cells with leptin (LEP), a group of cells was treated with lactate
(LAC), and another group of cells was treated with both leptin and lactate (LEP+LAC). The
remaining groups of mouse primary intestinal epithelial cell cells were blocked by Apocynin
(LEP+LAC+APOQ), FBA (LEP+LAC+FBA), DMPO (LEP+LAC+DMPO), catalase (LEP
+LAC+CATALASE), superoxide dismutase (LEP+LAC+SOD) and then treated with leptin
and lactate. The cell groups were used for immunofluorescence imaging and western blot.
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(A)(i-iv) Immunofluorescence images depicting gp91phox (red) and p47phox (green) co-
localization (in yellow, marked by white circles), counterstained with DAPI (blue) in
Control, LEP, LAC, (LEP+LAC) groups of cells. Images were taken at 60X magnification.
(B)(i-ix) Immunofluorescence images depicting 3-Nitrotyrosine immunoreactivity (in green,
marked by white arrows), counterstained with DAPI (blue) in Control, LEP, LAC, (LEP
+LAC), (LEP+LAC+APO), (LEP+LAC+FBA), (LEP+LAC+DMPO), (LEP+LAC
+CATALASE), and (LEP+LAC+SOD) groups of cells. Images were taken at 60X
magnification. (C) Morphometric analysis of gp91phox-p47phox co-localized
immunoreactivity. Y-axis shows % positive immunoreactive area (% ROI) (n=5, analysis
from five separate microscopic fields) (#p< 0.01). (D) Morphometric analysis of 3-
Nitrotyrosine immunoreactivity. Y-axis shows % positive immunoreactive area (% ROI)
(n=5, analysis from five separate microscopic fields) (#p< 0.01). Significance was tested by
performing unpaired t-test between the groups (*p< 0.05, 0.05<**p < 0.01, #p< 0.01),
followed by Bonferroni Dunn Post hoc corrections. Results were expressed as mean + SEM.
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Fig. 7.

(A) Western blot analysis of a-SMA, phospho-TGF-BR1 and total TGF-BR1 protein levels
in the mouse primary intestinal epithelial cell lysates. Lanes 1-9 represent Control, LEP,
LAC, (LEP+LAC), (LEP+LAC+APO), (LEP+LAC+FBA), (LEP+LAC+DMPO), (LEP
+LAC+CATALASE), and (LEP+LAC+SOD) groups of cells respectively. Band
guantification of a-SMA immunoblot (B) normalized against B-actin (#p< 0.01), phospho-
TGF-pR1 immunoblot (C) normalized against total TGF-pR1 (0.05<**p < 0.01, #p< 0.01)
in the above-mentioned groups of mouse primary intestinal epithelial cells. Significance was
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tested by performing unpaired t-test between the groups (*p< 0.05, 0.05<**p < 0.01, #p<
0.01), followed by Bonferroni Dunn Post hoc corrections. Results were expressed as mean +
SEM.
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Fig. 8.
(A)(i-ix) Immunofluorescence images depicting Smad2/3 (red) and Smad4 (green) co-

localization (in yellow) events, counterstained with DAPI (blue) in Control, LEP, LAC, (LEP
+LAC), (LEP+LAC+APO), (LEP+LAC+FBA), (LEP+LAC+DMPO), (LEP+LAC
+Catalase), and (LEP+LAC+SOD) groups of cells. Images were taken at 60X magnification.
(B) (i-ix) Immunofluorescence images depicting collagen I immunoreactivity (in red),
counterstained with DAPI (blue) in Control, LEP, LAC, (LEP+LAC), (LEP+LAC+APOQ),
(LEP+LAC+FBA), (LEP+LAC+DMPO), (LEP+LAC+CATALASE), and (LEP+LAC+SOD)
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groups of cells. Images were taken in 40X magnification. (C) Morphometric analysis of
Smad2/3-Smad4 co-localization events. Y-axis shows % positive immunoreactive area (%
ROI) (n=5, analysis from five separate microscopic fields) (#p< 0.01, ns: non-significant).
(D) Morphometric analysis of collagen I immunoreactivity, Y-axis shows % positive
immunoreactive area (% ROI) (n=5, analysis from five separate microscopic fields)
(0.05<**p < 0.01, #p< 0.01). Significance was tested by performing unpaired t-test between
the groups (*p< 0.05, 0.05<**p < 0.01, #p< 0.01), followed by Bonferroni Dunn Post hoc
corrections. Results were expressed as mean + SEM.
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Fig. 9.

Mouse primary intestinal epithelial cell line was used as control (Control), NAFLD was
induced in one group of cells with leptin (LEP), a group of cells was treated with MC-LR,
the PP2A inhibitor (PP2Ainh), and another group of cells was treated with both leptin and
PP2Ainh (LEP+PP2Ainh). The remaining groups of mouse primary intestinal epithelial cell
cells were blocked by Apocynin (LEP+PP2Ainh+APQ), FBA (LEP+PP2Ainh+FBA),
DMPO (LEP+PP2Ainh+DMPO), catalase (LEP+PP2Ainh+CATALASE), superoxide
dismutase (LEP +PP2Ainh+SOD) and then treated with leptin and PP2Ainh. The cell groups
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were used for immunofluorescence imaging and western blot. (A)(i-iv) Immunofluorescence
images depicting gp91phox (red) and p47phox (green) co-localization (in yellow, marked by
white arrows), counterstained with DAPI (blue) in Control, LEP, PP2Ainh, (LEP+PP2Ainh)
groups of cells. Images were taken at 60X magnification. (B)(i-ix) Immunofluorescence
images depicting 3-Nitrotyrosine immunoreactivity (in green, marked by white arrows),
counterstained with DAPI (blue) in Control, LEP, PP2Ainh, (LEP+PP2Ainh), (LEP
+PP2Ainh+APO), (LEP+PP2Ainh+FBA), (LEP+PP2Ainh+DMPO), (LEP+PP2Ainh
+CATALASE), and (LEP+ PP2Ainh+SOD) groups of cells. Images were taken at 60X
magnification. (C) Morphometric analysis of gp91phox-p47phox co-localized
immunoreactivity. Y-axis shows % positive immunoreactive area (% ROI) (n=5, analysis
from five separate microscopic fields) (#p< 0.01). (D) Morphometric analysis of 3-
Nitrotyrosine immunoreactivity. Y-axis shows % positive immunoreactive area (% ROI)
(n=5, analysis from five separate microscopic fields) (#p< 0.01). Significance was tested by
performing unpaired t-test between the groups (*p< 0.05, 0.05<**p < 0.01, #p< 0.01),
followed by Bonferroni Dunn Post hoc corrections. Results were expressed as mean + SEM.
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Fig. 10.
(A) Western blot analysis of phospho-TGF-pR1 and total TGF-BR1 protein levels in the

mouse primary intestinal epithelial cell lysates. Lanes 1-9 represent Control, LEP, PP2Ainh,
(LEP+PP2Ainh), (LEP+PP2Ainh+APQ), (LEP+PP2Ainh+FBA), (LEP+PP2Ainh+DMPQ),
(LEP+PP2Ainh+CATALASE), and (LEP+PP2Ainh+SOD) groups of cells respectively. (B)
Band quantification of phospho-TGF-BR1 immunoblot normalized against total TGF-BR1 in
the above-mentioned groups of mouse primary intestinal epithelial cells (#p< 0.01).
Significance was tested by performing unpaired t-test between the groups (*p< 0.05,
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0.05<**p < 0.01, #p< 0.01), followed by Bonferroni Dunn Post hoc corrections. Results
were expressed as mean + SEM.
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Fig. 11.
(A)(i-ix) Immunofluorescence images depicting Smad2/3 (red) and Smad4 (green) co-

localization events (in yellow), counterstained with DAPI (blue) in Control, LEP, PP2Ainh,
(LEP+PP2Ainh), (LEP+PP2AInh+APO), (LEP+PP2AInh+FBA), (LEP+PP2AInh+DMPO),
(LEP+PP2AInh+CATALASE), and (LEP+PP2AInh+SOD) groups of cells. Images were
taken at 60X magnification. (B) (i-ix) Immunofluorescence images depicting collagen |
immunoreactivity (in red), counterstained with DAPI (blue) in in Control, LEP, PP2Ainh,
(LEP+PP2AInh), (LEP+PP2AInh+APO), (LEP+PP2AInh+FBA), (LEP+PP2AInh+DMPO),
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(LEP+PP2AInh+CATALASE), and (LEP+PP2AInh+SOD) groups of cells. Images were
taken in 40X magnification, (C) Morphometric analysis of Smad2/3-Smad4 co-localization
events. Y-axis shows % positive immunoreactive area (% ROI) (n=5, analysis from five
separate microscopic fields) (#p< 0.01). (D) Morphometric analysis of collagen |
immunoreactivity, Y-axis shows % positive immunoreactive area (% ROI) (n=5, analysis
from five separate microscopic fields) (*p < 0.05). Significance was tested by performing
unpaired t-test between the groups (*p< 0.05, 0.05<**p < 0.01, #p< 0.01), followed by
Bonferroni Dunn Post hoc corrections. Results were expressed as mean £ SEM.
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