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Abstract

Nonalcoholic fatty liver disease (NAFLD) has been shown to be associated with extrahepatic 

comorbidities including neuronal inflammation and Alzheimer’s-like pathology. Environmental 

and genetic factors also act as a second hit to modulate severity and are expected to enhance 

the NAFLD-linked neuropathology. Using a mouse model of NAFLD, exposed to microcystin 
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subsequent to the onset of fatty liver, we show that the cyanotoxin could significantly increase 

proinflammatory cytokine expression in the frontal cortex and cause increased expression of 

Lcn2 and HMGB1. The above effects were NLRP3 inflammasome activation-dependent since 

the use of NLRP3 knockout mice abrogated the increase in inflammation. NLRP3 was also 

responsible for decreased expression of the blood-brain barrier (BBB) tight junction proteins 

Occludin and Claudin 5 suggesting BBB dysfunction was parallel to neuroinflammation following 

microcystin exposure. An increased circulatory S100B release, a hallmark of astrocyte activation 

in microcystin exposed NAFLD mice also confirmed BBB integrity loss, but the astrocyte 

activation observed in vivo was NLRP3 independent suggesting an important role of a secondary 

S100B mediated crosstalk. Mechanistically, conditioned medium from reactive astrocytes and 

parallel S100B incubation in neuronal cells caused increased inducible NOS, COX-2, and 

higher BAX/ Bcl2 protein expression suggesting oxidative stress-mediated neuronal cell apoptosis 

crucial for neurodegeneration. Taken together, microcystin exacerbated neuronal NAFLD-linked 

comorbidities leading to cortical inflammation, BBB dysfunction, and neuronal apoptosis.
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Introduction:

Nonalcoholic fatty liver disease (NAFLD) has been characterized by the accumulation of 

excessive fat (steatosis) in the liver followed by a more progressive phase of inflammation 

and fibrosis [1]. Most likely the transition of NAFLD to steatohepatitis and fibrosis requires 

a second or multiple hits [2]. We have shown exclusively that environmental toxins, 

oxidative stress, and proinflammatory cytokines are part of this multiple hit paradigm 

[3], [4]. According to CDC, a significant global population are reported to be diagnosed 

with NAFLD and is considered a major public health burden [5] and comes as no 

surprise as obesity rises globally. NAFLD more often leads to nonalcoholic steatohepatitis 

(NASH) characterized by excessive fat accumulation oxidative stress, fibrosis, and 

hyperinflammatory state that subsequently causes irreversible liver damage [5]. Growing 

evidence including findings from our laboratory strongly implicated that environmental 

pollutants worsen liver pathology, particularly in NAFLD and its progressive inflammatory 

state NASH [6], [3]. Cyanotoxin microcystin (MC) has been recognized as one of such 

pollutants which exacerbates the risk of NAFLD and its progression to NASH and has been 

seen as a serious environmental and public health issue in recent years [7]. Recent studies 

implicated that global climate change and increased temperature promote the proliferation 

and expansion of cyanobacterial harmful algal bloom (HAB) in the aquatic ecosystem and 

these harmful cyanobacteria produce toxins as secondary metabolites [8] ([9]). MCs are the 

most studied among all identified cyanotoxins be as of their potent hepatotoxic activity. MCs 

are taken up into the liver by organic anion-transporting polypeptides (OATPS), expressed 

in hepatocytes [10]. In addition, OATPs are also expressed in other organs such as small 

and large intestines, kidneys, as well as in BBB, the human brain, and primary murine 

neurons suggesting that the toxicity of MC is not only limited to the liver [11] ([12], [13]). 

Among approximately 200 different identified congeners, microcystin-LR (MC-LR) is the 
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most studied and is listed as one of the most important algal toxins in the United States [14] 

and highlighted by Spoof and Catherine.(). MC-LR acts as the protein phosphatase inhibitor, 

that prevents the catalytic activity of Ser/Thr protein phosphatase 1 (PP1) and protein 

phosphatase 2A (PP2A) [15]; [16]. PP2A is responsible for maintaining the balance of major 

cellular functions including cell-cycle regulation, cellular development, tumor suppression, 

and signal transduction [17]. MC-LR binds to the catalytic subunit of PP2A covalently 

and diminishes the catalytic activity of PP2A [16]. The decreased catalytic activity of the 

major dephosphorylating enzyme PP2A alters the normal cellular activities and regulation 

of signal transductions and even may lead to tumorigenesis. In NAFLD, MC-LR can act 

as a ‘second hit’ and result in progression to NASH and liver fibrosis as shown by us 

and others [18], [19], [20]. Over the past few years, our research is exclusively focused 

on the elucidation of the role of MC-LR on organ pathologies, especially on liver NAFLD/

NASH progression. Our studies of MC-LR exposure in NAFLD murine model showed 

worsening liver pathology with subsequent activation of inflammatory miR-21 and oxidative 

stress which led to increased fibrosis and heightened chances of progression to NASH [20]. 

Furthermore, MC-LR-induced oxidative stress led to hepatic insulin resistance and advanced 

metabolic abnormalities via NLRP3 inflammasome activation and thus increased the risk of 

diabetes in NAFLD phenotypes [21].

Previous studies have described that increased secretion of adipokines in NAFLD/NASH 

is associated with several comorbidities associated with NAFLD [22], [23], [24]. Being a 

potent adipokine, Lipocalin 2 (Lcn2) exerts both acute and chronic hepatic inflammation, 

insulin resistance, and lipogenesis [25]. Previously we showed that increased circulatory 

Lcn2 in NASH induces neuroinflammation, blood-brain barrier (BBB) dysfunction [26]. In 

parallel, studies have implicated that MC-LR can cross the BBB and is associated with 

neuroinflammation, neuronal apoptosis, and enhanced expression of phospho-Tau protein, a 

characteristic feature of Alzheimer’s disease (AD) like symptoms [27]. However, the role of 

MC-LR in worsening neuronal health in underlying NAFLD/NASH remains unclear. As a 

potent inducer of NAFLD/NASH phenotype and with known effects on neuronal pathology, 

the role of MC-LR in NAFLD-associated neuroinflammation and BBB dysfunction remains 

a valid line of inquiry.

With obesity and NAFLD reaching pandemic proportions, the present study investigates the 

role of MC-LR in neuropathology in underlying NAFLD/NASH. We hypothesized that MC­

LR exposure led to an increased abundance of Lcn2 in the circulation which subsequently 

activates NLRP3 inflammasome to induce neuroinflammation and BBB dysfunction in the 

murine NAFLD/NASH model. Results showed that MC-LR exposure in NAFLD-associated 

BBB dysfunction caused astrocyte activation, S100B release, and associated neuronal 

apoptosis, a hallmark of neurodegeneration thus articulating a mechanistic pathway of 

NAFLD-linked neuronal comorbidity.

1. Materials and Methods:

Microcystin-LR (MC-LR) was purchased from Cayman Chemical Company (Ann Arbor, 

MI, USA). Primary antibodies which include anti-matrix metallopeptidase 9 (MMP9), 

anti-3-nitrotyrosine, anti-β-tubulin were purchased from Abcam (Cambridge, MA, USA), 
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and anti-Interleukin-1β (IL 1β), anti-Interleukin 6 (IL 6) antibodies were purchased from 

Santacruz Biotechnology (Dallas, TX, USA). Anti-Tumor Necrosis Factor α (TNFα), 

anti-High mobility group box 1 (HMGB1), anti-Zonula occludens-1 (ZO1), anti-B-cell 

lymphoma 2 (Bcl2), anti-β-actin antibodies were purchased from ProteinTech (Rosemont, 

IL, USA) whereas anti-Lipocalin 2 (Lcn2) antibody was obtained from R&D Systems 

(Minneapolis, MN, USA), anti-Glial fibrillary acidic protein (GFAP) antibody was 

purchased from Novus Biologicals (Centennial, CO, USA) and anti-Claudin5, anti-S100B, 

anti-inducible nitric oxide synthase (iNOS) antibodies were bought from Invitrogen 

(Rockford, IL, USA). Also, anti-Cleaved Caspase3, anti-Bax primary antibodies were 

purchased from Cell Signaling Technology (Danvers, MA, USA), anti-cyclooxygenase-2 

(COX-2) primary antibody was obtained from Abclonal Technology (Woburn, MA, 

USA). Species-specific biotinylated conjugated secondary antibodies and Streptavidin-HRP 

(Vectastain Elite ABC kit) were obtained from Vector Laboratories (Burlingame, CA, 

USA). Fluorescence-conjugated (Alexa Fluor) secondary antibodies, ProLong Gold antifade 

mounting media with DAPI were bought from Thermo Fisher Scientific (Rockford, IL, 

USA). Mouse brain tissues were sent to AML laboratories (Baltimore, MD, USA) for 

Paraffin-embedding and sectioning purposes. All other chemicals used in this project were 

purchased from Sigma and analytical grade, only if otherwise specified.

2.1 Animals:

Pathogen-free, adult (8 weeks old), male, wild-type (WT) C57BL/6 J mice, and NLRP3 

knock-out (NLRP3KO) mice (B6N.129-Nlrp3tm3Hhf/J) with C57BL/6J background were 

purchased from Jackson Laboratories (Ban Harbor, ME, USA) and used in this study. Mice 

experiments for this study were carried out by strictly following the National Institutes 

of Health (NIH) NIH guidelines for human care and use of laboratory animals and local 

Institutional Animal Care and Use Committee (IACUC) standards. The animal handling 

procedures for this study were approved by the University of South Carolina, Columbia, SC, 

United States. All mice were housed at 22–24 °C with a 12 h light/12 h dark cycle upon 

arrival and had ad libitum access to food and water throughout this study. Every mouse 

used for this study was sacrificed after completion of the experiment and frontal cortex from 

individual mouse was collected and fixed in Bouin’s solution (Sigma Aldrich St. Louis, MO, 

USA). Serum samples were prepared from fresh blood of mice obtained by cardiac puncture 

method immediately after anesthesia and were kept at −80°C for further analysis.

2.2 Diet-induced NAFLD model and exposure to Microcystin-LR:

The groups used for the study were: WT mice fed with chow diet only (Chow), WT mice 

fed with methionine choline deficient-high fat diet only (MCD-HFD), WT mice fed with 

chow diet and then exposed to MC-LR (Chow + MC), WT mice fed with methionine choline 

deficient-high fat diet and then exposed to MC-LR (MCD-HFD + MC), and another group 

of NLRP3KO mice fed with methionine choline deficient-high fat diet and then exposed to 

MC-LR (MCD-HFD+MC/NLRP3KO). Six mice per group (n=6) were randomly allocated 

to their respective cages. Mice were fed with chow diet or methionine choline deficient-high 

fat diet (to induce NAFLD in mice) consecutively for 6 weeks and subsequently were 

exposed to vehicle (PBS) or MC-LR (10 μg/ kg body weight; 5 dosages per week) through 

the intraperitoneal route for 2 weeks while continuing the same diet. MC-LR dosing was 
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started after the mice had prominent symptoms of NAFLD confirmed by ALT levels, liver 

histology. The dosage was given each afternoon at the same time to eliminate any bias in the 

study.

2.3 Cell Culture:

2.3.1 Mouse primary astrocyte cell culture: Primary mouse astrocytes C8-D1A 

[Astrocyte type I clone] (ATCC CRL-2541) were purchased from ATCC (Manassas, 

VA, USA). The cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) (Catalog number: 11995065, Thermo Fisher Scientific, Rockford, IL, USA) and 

supplemented with 10% fetal bovine serum (FBS) (Catalog number: F-0500-D, Atlas 

Biologicals, Fort Collins, CO, USA). The cells were plated in 12- and 6-well tissue 

culture plates and growth were allowed until 70% confluency. The cells were sera starved 

using a 1% fetal bovine serum FBS in DMEM for 18 h and then exposed with mouse 

recombinant Lcn2 (100 ng/mL) or MC-LR (20 μM) or both for 24 h. To inhibit NLRP3 

inflammasome, cells were treated with CRID3 (TOCRIS Life Sc, Minneapolis, MN, USA) 

at a concentration of 7 µM or with a RAGE antagonist FPS-ZM1 at 230 nM for 3 h prior to 

treatment.

Cell supernatants were collected for ELISA and proteins were extracted by RIPA buffer.

2.3.2 Mouse neuronal cell culture: Mouse neuroblastoma cell line Neuro-2a (N2a) 

(ATCC® CCL-131™) was purchased from ATCC (Manassas, VA, USA). These N2a cells 

were maintained on Eagle’s Minimum Essential Medium (EMEM) (ATCC® 30–2003™) 

supplemented with 10% FBS, 100 U/mL Penicillin, 100 µg/mL Streptomycin (Gibco, NY, 

USA) and incubated in a humidified 5% CO2 incubator at 37°C.

Cells were plated on a 6 well plate with a seeding density of 0.3×106 cells/well and were 

grown till the cells reached almost 70% confluency. Then, the N2a cells were serum-starved 

for 18 h using EMEM supplemented with 1% FBS. Following serum starvation, the cells 

were then exposed with mouse recombinant S100B (Sino-Biological, Chesterbrook, PA, 

USA) or with supernatant collected from astrocyte cells, treated with Lcn2 and MC-LR. 

For inhibition experiments for RAGE receptor, cells were exposed with 230 nM FPS-ZM1 

(Sigma-Millipore, St. Louis, MO, USA) for 3 h prior to treatment.

2.3.3 Mouse brain endothelial cell culture: Mouse brain endothelial cells were 

purchased from Cell Biologics Inc (Chicago, IL, USA). Cells were grown and maintained 

according to the manufacturer’s instructions. Cells were treated with Lcn2 (100 ng/mL) or 

MC-LR (20 μM) or both for 24 h. To inhibit the NLRP3 inflammasome, cells were treated 

with CRID3 (TOCRIS Life Sc, Minneapolis, MN, USA) in a concentration of 7 µM for 3 h 

prior to treatment. Cell supernatants were collected for ELISA and proteins were extracted 

for Western blot analysis.

2.4 Laboratory analysis:

2.4.1 Immunohistochemistry: Paraffin-embedded, 5 μm thick brain tissue sections 

were deparaffinized using our standard laboratory procedure. Briefly, brain tissues were 
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immersed successively in 100% xylene, 1:1 solution of xylene and ethanol, 100% ethanol, 

95% ethanol, 70% ethanol, 50% ethanol, deionized water for 3 min each. Epitope retrieval 

of the deparaffinized sections was performed using the epitope retrieval solution and steamer 

(IHC-World, Woodstock, MD, USA) for 45 min. To block the endogenous peroxidases, 

3% H2O2 solution was used on the tissue sections for 15 min. The brain sections were 

blocked with 5% goat serum, followed by overnight incubation with primary antibodies 

of IL 1β, IL 6, TNFα, and MMP9 in recommended dilutions overnight at 4°C. After 

washing with 1X PBS-T20 (PBS + 0.05% Tween 20) 3 times, species-specific biotinylated 

conjugated secondary antibodies and streptavidin-conjugated with horseradish peroxidase 

(HRP) were diluted in recommended dilutions and applied on the sections. Finally, 3,3’ 

Diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA) was used as a chromogenic 

substrate and the sections were counterstained with Mayer’s hematoxylin (Sigma-Aldrich, 

St. Louis, MO, USA). Mounting of the sections was done by using Aqua-Mount (Lerner 

Laboratories, Kalamazoo, MI, USA). Tissue sections were observed using an Olympus 

BX63 microscope (Olympus, USA) under a × 20 objective. CellSens Software from 

Olympus America (Centre Valley, PA, USA) was used for morphometry analysis of images.

2.4.2 Immunofluorescence staining and microscopy: Paraffin-embedded, 5 μm 

thick brain tissue sections were subjected to deparaffinization using standard laboratory 

protocol. The tissue sections were permeabilized using PBS-T100 (PBS + 0.1% Triton 

X-100) solution for 1 h, followed by serum blocking using 5% goat serum following epitope 

retrieval. The brain sections were incubated with primary antibodies which include anti­

HMGB1, anti-Lcn2, anti-Claudin5, anti-CD31, anti-ZO1, anti-GFAP, anti-S100B, anti-3­

nitrotyrosine, anti-β-tubulin and anti-Cleaved Caspase 3 at recommended dilutions for 

overnight at 4°C. Species-specific secondary antibodies conjugated with Alexa Fluor 

(633-red and 488-green) (Invitrogen) were used at recommended dilutions. The sections 

were mounted with ProLong™ Diamond Antifade Mountant 4’,6-diamidino-2-phenylindole 

(DAPI) (Life Technologies, Carlsbad, CA, USA). Sections were observed under the BX63 

Olympus fluorescence microscope using × 40 and × 60 objective lenses. CellSens Software 

from Olympus America (Centre Valley, PA, USA) was used for morphometry analysis of 

images.

2.4.3 Western blot: Protein samples from the brain tissues were first extracted 

using 1X RIPA-lysis buffer supplemented with protease and phosphatase inhibitors and 

then quantified by the BCA assay kit (Thermo Fisher Scientific, Rockford, IL, USA). 

Approximately, 50 μg of tissue lysate were resolved using SDS-PAGE, protein bands were 

transferred to nitrocellulose membrane using pre-cut nitrocellulose/filter paper sandwiches 

(Bio-Rad Laboratories, Hercules, CA, USA) and Trans-Blot Turbo transfer system (Bio­

Rad). Ponceau S staining was performed to ensure proper transfer of proteins onto 

the nitrocellulose membrane and blocking was done using 5% bovine serum albumin 

(BSA) for 1 h. Primary antibodies against iNOS, COX-2, Bax, Bcl2, ZO-1, Claudin5, 

β-Actin were probed at recommended dilutions overnight at 4°C. Species-specific HRP­

conjugated secondary antibodies were used to tag primary antibodies and Pierce-enhanced 

chemiluminescence (ECL) Western Blotting Substrate (Thermo Fisher Scientific, Rockford, 

IL, USA) was applied for immunoreactivity detection. Image of the blot was captured by 
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using G: BoxChemi XX6 (Syngene imaging systems) and densitometry analysis of the blot 

images was performed using Image J software.

2.4.4 Enzyme-linked immunosorbent assay (ELISA): Quantification of Lcn2 and 

S100B was performed by mouse-specific Lcn2 and S100B ELISA kits from R&D Systems 

(Minneapolis, MN, USA) and Abclonal Technology (Woburn, MA, USA) respectively 

using sera collected from the Chow, Chow+MC, MCD-HFD, MCD-HFD+MC, and MCD­

HFD+MC/NLRP3KO mice groups. IL 1β ELISA was performed with the collected 

supernatants from mouse primary brain endothelial cells. IL 1β ELISA kit was purchased 

from ProteinTech (Rosemont, IL, USA). All the ELISAs were performed following the 

manufacturer’s protocol.

2.5 Statistical analyses:

All in vivo and in vitro experiments were repeated 3 times. Statistical analysis was 

performed by unpaired, paired t-test and analysis of variance (ANOVA) followed by 

Bonferroni post-hoc correction for intergroup comparisons. For all statistical analyses, a 

p-value < 0.05 was considered statistically significant.

2. Results:

3.1 MC-LR exposure exacerbates neuroinflammation in NAFLD/NASH:

Previous studies including our research findings have demonstrated that NAFLD/NASH 

exhibited neuroinflammation [26]. To study the role of MC-induced worsening of 

neuroinflammation, we performed immunohistochemistry to study the tissue-based protein 

expression of proinflammatory cytokines IL 1β, IL 6, and TNFα in CHOW, CHOW+MC, 

HCD-HFD, and MCD-HFD+MC mouse groups. Immunoreactivities of proinflammatory 

cytokines were measured in the hippocampus and cerebral cortex of the brain tissue sections, 

displayed in Figures 1A and 1B. Results showed a 1.5-fold increased immunoreactivity of 

IL 6, and TNFα in MC-LR exposure in the CHOW diet group (p<0.01, n=6). However, no 

significant difference was observed in IL 1β expression on MC-LR exposure in the CHOW 

diet group. Notably, MC-LR exposure in the MCD-HFD mouse group showed 16-fold 

increased immunoreactivity of IL 1β (p<0.01, n=6), and 2-fold increased TNFα expression 

(p<0.05, n=6). Moreover, results showed a 5-fold increased immunoreactivity of IL 1β 
(p<0.01, n=6) and 1.5-fold higher immunoreactivity of both TNFα and IL 6 (p<0.05, n=6) 

in MCD-HFD+MC when compared to MCD-HFD alone. The above results suggested an 

increased neuroinflammatory response following MC-LR exposure in underlying NAFLD/

NASH pathology.

Following our observation of increased neuroinflammation in MC-LR exposure in NAFLD/

NASH we were further interested to study the protein expression of Lcn2 and HMGB1 

in the brain tissue sections of the above mouse groups. In a previous study, we found 

that Lcn2 induced neuroinflammation in the murine NASH model by overproduction 

of HMGB1, a Damage-associated molecular pattern (DAMP) [26]. Following the same 

argument, immunoreactivity of both Lcn2 and HMGB1 was performed. Lcn2 and HMGB1 

immunoreactivity was depicted as red fluorescence on the brain tissue sections, and the 
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nucleus was depicted as blue (DAPI) color (Fig 1C and 1D). Results showed that there was 

a 2-fold higher immunoreactivity of Lcn2 (p<0.05, n=6) in the CHOW+MC group compared 

to the control CHOW group. Notably, results showed an increased reactivity of Lcn2 in the 

brain tissue section MCD-HFD+MC mouse group when compared to CHOW+MC (5-fold, 

p<0.001) and MCD-HFD groups (2-fold, p<0.05). Our results on HMGB1 immunoreactivity 

strongly correlated with Lcn2 immunoreactivity in the different mouse groups. Results 

also showed that MC-LR exposure significantly increased the expression of HMGB1 in 

the CHOW diet group. Moreover, we observed a 2-fold increase in HMGB1 expression 

in the MCD-HFD+MC mouse group when compared to the CHOW+MC group while the 

levels were not significant between MCD+HFD and MC+MCD+HFD group (Fig. 1D) 

The following results clearly indicated that MC-LR exposure induced Lcn2 to exacerbate 

neuroinflammation in NAFLD/NASH murine model.

3.2 Elevated neuroinflammation in MC-LR exposure in underlying NAFLD/NASH is 
mediated by NLRP3 inflammasome activation:

Our previous report suggested that increased Lcn2 and HMGB1 in brain tissue of NAFLD/

NASH mouse model induced neuroinflammation via NLRP3 inflammasome activation 

[26]. To study the effect of NLRP3 inflammasome on neuroinflammation on MC-LR­

induced exacerbation of NAFLD/NASH pathology, a NLRP3KO mouse group was used. 

Immunohistochemistry of IL 1β, IL 6, and TNFα was performed with brain tissue 

sections as described previously. Results showed a subsequent decrease of proinflammatory 

cytokines IL 1β and TNFα in the MCD-HFD+MC/ NLRP3KO mouse group when 

compared to the MCD-HFD+MC group (Fig 2A and 2B). Notably, IL 1β expression was 

decreased around 2.5 folds in the NLRP3KO compared to its WT phenotype. However, no 

significant change was observed in IL 6 expression in the NLRP3KO group in comparison 

with its WT phenotype. Furthermore, we studied the expression of Lcn2 and HMGB1 

by immunofluorescence microscopy as described previously. Notably, both Lcn2 and 

HMGB1 expression were significantly decreased in NLRP3KO phenotypes compared to 

the WT group. More than 2-fold decreased immunoreactivity of Lcn2 was observed in 

the NLRP3KO mouse group (Fig 2C and 2D). Interestingly, NLRP3KO mice also had 

decreased serum Lcn2 when compared to its wild type of phenotype fed with MCD-HFD­

MC. Taken together, the above results demonstrated that MC-LR exposure in NAFLD/ 

NASH abrogated brain pathology by inducing excessive neuroinflammation mediated by 

an increased circulatory level and protein overexpression of Lcn2, followed by NLRP3 

inflammasome activation.

3.3 MC-LR induced BBB dysfunction by NLRP3 inflammasome activation in NAFLD/
NASH:

Previous studies have shown that increased expression of IL 1β and TNFα and concomitant 

downregulation of tight junction proteins increase BBB permeability [26]. Brain tissue 

sections from the mentioned mouse groups were stained with a specific endothelial cell 

marker CD31, co-stained with either Claudin 5 or with ZO1. The expression of the tight 

junction protein was confirmed by colocalization analysis (yellow dots). Results showed that 

there was a 2.5-fold decreased expression of Claudin 5 and a 3-fold decreased expression 

of ZO1 in the brain tissue sections, on CD31 positive cells (endothelial cells) of MCD­
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HFD+MC mouse groups when compared to the CHOW control group (Fig 3A–3D). These 

results indicated that it was highly likely that there was a disruption of tight junction 

architecture on brain endothelial cells on MC-LR exposure. Strikingly, MC-LR exposure in 

the MCD-HFD mouse group showed the least immunoreactivity of both Claudin 5 and ZO1. 

Claudin 5 expression was decreased 10-fold, whereas ZO1 expression was decreased 2-fold 

in the MCD-HFD+MC group compared to the CHOW+MC mouse group (Fig. 3A–3D). 

The above observations clearly suggest a likelihood of an exacerbation of BBB dysfunction 

in NAFLD/NASH phenotype following MC-LR exposure. Furthermore, we studied MMP9 

expression by immunohistochemistry. MMP9 has been shown to degrade tight junction 

proteins Claudin 5, Occludin, and ZO1 in cultured brain endothelial cells and an animal 

model of focal cerebral ischemia [28]. Results showed that there was an increased MMP 

9 expression following MC-LR exposure in the CHOW diet group and the MCD-HFD 

group. Notably, a 15-fold higher MMP9 expression was observed in the MCD-HFD+MC 

mouse group when compared to the CHOW+MC group (Fig 3B and D). The above results 

suggested that MC-LR exposure exacerbated BBB dysfunction in NAFLD/NASH. Next, 

we investigated the role of NLRP3 inflammasome on exacerbation of BBB dysfunction 

by MC-LR in the NAFLD/NASH mouse model. We have shown previously that NLRP3 

inflammasome activation may play an important role in BBB pathology via overexpression 

of proinflammatory cytokines IL 1β and IL 6 in NAFLD/NASH. Interestingly, results 

showed that TJ proteins Claudin 5 and ZO1 expression were restored in the endothelial 

cells of BBB followed by a significant decrease in MMP 9 expression in brain sections 

of NLRP3KO mouse exposed with MC-LR and MCD-HFD diet. Claudin 5 expression 

increased 15-fold, whereas a 2-fold increase in expression of ZO1 was observed in MCD­

HFD+MC/NLRP3KO mouse group. The results suggested that MC-LR exacerbates BBB 

dysfunction in NAFLD/NASH, and it is mediated primarily via the NLRP3 inflammasome.

Extending our findings on TJ protein expression in the murine model, we studied the 

expression of TJ proteins (Claudin 5 and ZO1) on mouse primary endothelial cells following 

MC-LR exposure to further explain the mechanism. Cells were incubated with or without 

mouse recombinant Lcn2 (100ng/mL) for at least 18 hrs to mimic the in vivo NAFLD/

NASH condition, followed by MC-LR exposure (20 uM) in the presence or absence of 

CRID3, a NLRP3 inflammasome signaling inhibitor. Claudin 5 and ZO1 expression were 

studied by immunoblot, and IL 1β expression was studied by ELISA with the supernatants 

from all treatment groups including untreated control. Notably, both Claudin 5 and ZO1 

expression were significantly decreased when the cell was co-exposed with MC and Lcn2, 

compared to untreated and MC exposed cells, and expression was restored on NLRP3 

inhibition by CRID3 (Fig 3E and F). However, no change in expression of Claudin 5, ZO1 

was observed when cells were exposed with MC-LR only thereby suggesting MC-LR is 

ineffective in TJ proteins disruption alone but acts synergistically with Lcn2 in exacerbating 

TJ proteins protein expression. Most interestingly, upon inhibition by CRID3 both ZO1 and 

Claudin 5 expression were restored and suggesting an improvement of BBB dysfunction 

via increased TJ protein expression crucial to maintain BBB integrity. Results showed more 

than 5-fold higher expression of ZO1 and 1.5-fold higher Claudin 5 expression in the 

MC+Lcn2+CRID3 group compared to the MC+Lcn2 group (Fig 3E and F). We also studied 

IL 1β secretion in the supernatants of the above groups. Results showed a 5-fold higher 
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IL 1β concentration compared to the untreated group of cells (p<0.001, n=3). Moreover, 

supernatant from the Lcn2+MC group of cells showed a more than 10-fold increase in IL 

1β concentration when compared to untreated control. Upon inhibition with CRID3, IL 1β 
concentration was decreased 10-fold when compared to the Lcn2+MC group. The above 

IL 1β ELISA levels in brain endothelial cell culture supernatants suggested that the Lcn2 

and MC-LR acted synergistically in IL 1β protein overexpression and release and is likely 

mediated by the NLRP3 inflammasome. In lieu of the above findings of exacerbation of 

BBB dysfunction in the murine model and cultured brain endothelial cells, we next studied 

the circulatory S100B levels to confirm BBB dysfunction in MC-LR exposure in NAFLD/

NASH. The study of serum S100B be is based on the rationale that increased S100B in the 

circulation is believed to be a hallmark for extensive BBB disruption [29]. Serum S100B 

results showed a significantly elevated S100B level in the MCD-HFD+MC group when 

compared to all other mouse groups (Fig 3H) and strongly correlated with excessive BBB 

damage in the MC-LR exposure group in underlying NAFLD.

3.4 MC-LR exposure induces S100B expression independent of NLRP3 inflammasome 
activation in murine NAFLD/NASH model:

Following observation of increased circulatory S100B levels in the MCD-HFD+MC group, 

we were keen to study S100B expression in the brain. S100B has been observed to 

be released by reactive astrocytes in models of brain injury and exerts both beneficial 

and detrimental effects on the brain, an effect depending on concentrations in the local 

microenvironment [30]. We studied S100B protein expression along with glial fibrillary 

acidic protein (GFAP), a biomarker for reactive astrocytes in the brain tissue sections 

by immunofluorescence analysis. Dual fluorescence labeling was used to stain GFAP 

(green) and S100B (red) and co-localization was confirmed by yellow dots. Results 

showed, significantly increased immunoreactivity of GFAP-S100B in the MCD-HFD+MC 

mouse group, compared to both CHOW+MC and MCD-HFD groups (Fig 4A and 4B). 

Results also showed a significantly higher expression of GFAP (green fluorescence) 

in the MCD+HFD+MC group when compared to either CHOW+MC or only Chow 

groups, suggesting the presence of increased reactive astrocytes population in the brain 

of underlying NAFLD/NASH with MC-LR exposure group. However, S100B expression 

was not decreased in the NLRP3KO group that had NAFLD and was exposed to MC 

compared to the MCD-HFD+MC group. The following observation suggested that the 

NLRP3 inflammasome is not responsible for the regulation of reactive astrocytes and S100B 

abundance on MC-LR exposure underlying NAFLD/NASH.

Next, we studied the protein expression of COX-2, iNOS, and apoptosis marker Bax and 

Bcl2 with the brain protein extracts. The above proteins have been reported to be induced 

by increased S100B levels as has been previously reported [31]. Notably, results showed 

that iNOS protein expression was significantly increased following MC-LR exposure on 

mice with CHOW diet as well as in NAFLD/NASH mouse group (Fig 4C), however, 

no significant difference was observed in the iNOS levels in groups CHOW+MC and 

MCD-HFD+MC group. Subsequently, results showed significantly elevated expression of 

COX-2 in the MCD-HFD+MC group when compared to CHOW +MC group. Interestingly, 

MCD-HFD+MC/NLRP3KO mouse also showed significantly higher expression of both 
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iNOS and COX-2 proteins expression compared to the MCD-HFD+MC mouse group 

suggesting NLRP3 might not affect the levels of the above proteins in the brain tissue. 

Since neuronal apoptosis is observed in degeneration, we studied apoptosis by analyzing the 

relative expression of pro-apoptotic Bax protein and anti-apoptotic Bcl2 proteins. Results 

showed that MC-LR exposure in the normal chow diet group resulted in a 5-fold increased 

ratio of Bax/Bcl2 when compared to the CHOW control diet group. Interestingly, Bax/Bcl2 

ratio was largely unaltered between MC exposed or unexposed mice that were fed with 

high fat diet+MCD). However, NLRP3 knock-out mice that were exposed to MCD-HFD had 

a significant increase in Bax/Bcl2 ratio suggesting higher neuronal apoptosis triggered by 

the absence of NLRP3 and is consistent with our previous findings that S100B associated 

increased iNOS, COX-2, and subsequent apoptosis were independent of NLRP3.

To advance our understanding of the association of higher S100B levels in the brain tissue 

following MC exposure, we resorted to understand the mechanism by using an in vitro 
model. Primary mouse astrocyte cells were primed with Lcn2 to mimic the condition 

likely prevalent in underlying NAFLD/NASH, followed by treatment with 20 µm MC-LR. 

Expression of S100B was quantified by performing ELISA from the culture supernatants 

of the different treatment groups. Results showed cells, primed with Lcn2 followed by 

MC-LR exposure induced significantly higher extracellular S100B secretion when compared 

to untreated cells. Most importantly, inhibition by CRID3, a NLRP3 inhibitor failed to 

decrease elevated S100B expression (Supplementary Fig. 1). The above results support our 

findings in the in vivo study that showed increased apoptosis in the NLRP3 KO mice group.

Culture supernatant of astrocytes from the above experimental group MC-LR+Lcn2 was 

concentrated and treated (conditioned medium treatment) in mouse neuronal cells Neuro-2a 

for 24 h. 500 µL volume of the concentrated supernatant (119.5 pM S100B) was used 

for treatment in Neuro-2a cells in the presence or absence of a RAGE antagonist 230 nM 

FPS-ZM1 to show the direct involvement of S100B since the above directs its action via 

the RAGE receptor. 3-nitrotyrosine and Cleaved Caspase 3 expressions were studied by 

immunofluorescence to confirm oxidative stress and apoptosis in Neuro-2a cells. Mouse 

recombinant S100B was used as a positive control for this study. Results showed that 

supernatant of astrocyte cells (conditioned medium) significantly increased Cleaved Caspase 

3 and 3-nitrotyrosine expression in Neuro-2a cells (Fig 4E and H). Inhibition of RAGE 

receptor with FPS-ZM1 showed a 3-fold decreased expression of Cleaved Caspase 3 and 

a 2-fold decreased expression of 3NT, respectively. The results suggested that MC-LR via 

its actions on the release of S100B from the astrocytes plays a pivotal role in neuronal cell 

apoptosis and increased oxidative stress.

Discussion:

NAFLD or its progressive inflammatory counterpart NASH has been shown to induce 

ectopic manifestations that include neuroinflammation and AD-like pathology[26] [32]. In 

the current study, we show that environmental MC-LR exposure in an underlying NAFLD 

aggravated neuronal pathology by causing heightened neuroinflammation and blood-brain 

barrier dysfunction primarily through a NLRP3 dependent process. Further, a MC-LR 

exposure could cause astrocyte activation and neuronal apoptosis via S100B that was 
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NLRP3 independent thus pointing to a two-pronged mechanism from the single MC-LR 

trigger. Previous studies have shown that MC-LR can cross BBB and induce neurotoxicity 

by inducing structural, functional, and behavioral changes [10]. Histopathological changes 

and oxidative stress in the hippocampus were observed by Li et al in MC-LR exposed 

rat model [33]. A dose-dependent exposure of MC-LR in nematodes has been shown to 

cause increased neuronal loss due to Tau protein aggregation and apoptosis and can lead 

to behavioral changes in animals [34]. In a recent study, Wang et al showed that MC-LR 

induced BBB dysfunction by impairing tight junction proteins in mouse brain and cultured 

brain endothelial cells [35]. Our current study supports the findings by Wang et al. Notably, 

we observed an extensive degradation of tight junction proteins (TJ) Claudin 5, and ZO1 

in both in vivo and in vitro studies on MC-LR exposure in underlying NAFLD/NASH 

suggesting the role of this environmental cyanotoxin in exacerbation of brain pathology. 

TJ proteins especially Claudin 5 are expressed on brain microvascular endothelial cells 

and maintain the integrity of BBB [36]. Disruption and decreased expression of Claudin 5 

increase the permeability and cause BBB dysfunction. It is to be mentioned though that we 

reported an increased Lcn2 in the circulation in a similar NASH model previously that was 

associated with neuroinflammation [26]. We found a similar increase of Lcn2 in the present 

study that was increased over and above the levels found in our previous NASH study. The 

increased levels of Lcn2 following MC-LR exposure in the serum certainly correlated with 

increased neuroinflammation in the present study. However, mechanistic and clear evidence 

of the systemic Lcn2 involvement is lacking since we did not use liver-specific knockout 

mice to study its specific role. To overcome the lack of specific evidence for the role of 

Lcn2 in the in vivo mouse model, we chose to use a cell-based model to provide mechanistic 

insights into the BBB-TJ protein expression. Our results of a decrease in Claudin5 and 

Occludin following Lcn2 incubation with MC in brain endothelial cells and a corresponding 

increase of the protein expression following the use of CRID3, a NLRP3 inhibitor shows 

that Lcn2 mediation of BBB TJ protein expression is NLRP3 dependent.

It has been shown that IL 1β and TNFα also play active roles in neuroinflammation 

and subsequent BBB dysfunction. In our present study, we showed elevated expression 

of proinflammatory cytokines IL 1β, IL 6, and TNF α in brain tissue sections of the 

NAFLD/NASH murine model when exposed to MC-LR. Furthermore, IL 1β expression was 

found to be significantly high compared to other overexpressed proinflammatory markers 

such as TNFα and IL 6. IL 1β is considered a major proinflammatory mediator in the 

brain that elicits rapid and robust neuroinflammation in vivo by activating microglia and 

astrocytes [37]. Parenchymal expression of IL 1β increases expression of proinflammatory 

cytokines such as IL 6 and TNFα, chemokines, cyclooxygenase 2 (COX-2), and matrix 

metalloproteases [38]. IL 1β also increases BBB permeability by suppressing astrocytic 

sonic hedgehog production and increased chemokine secretion that leads to exacerbated 

BBB dysfunction [39]. MMPs, especially MMP9 has been reported to play an important 

role in BBB impairment by degradation of tight junction proteins Claudin 1, Occludin, and 

ZO1 [40]. Previous studies have described the role of proinflammatory cytokines especially 

IL 1β and TNFα in MMP9 overexpression [41], [42]. In parallel, proinflammatory cytokine 

TNFα also has been shown to increase MMP 9 transcription by AP1 and NF-kB activation. 

Interestingly, our results in vivo showed a robust increase of MMP9 parallel to increases 
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in IL 1β and TNFα suggesting that a plethora of proinflammatory stimuli arising from a 

NLRP3-Lcn2 axis may have played a significant role in exacerbating the MCLR-induced 

neuroinflammation and BBB dysfunction. This is also supported by the fact that IL 1β levels 

in brain endothelial cell culture supernatants decreased significantly following co-incubation 

with the NLRP3 inhibitor CRID3.

The significant increase in BBB-TJ proteins in NLRP3 KO mice administered MC-LR 

had parallel decreases in serum S100B levels. Clinical and basic research studies have 

demonstrated that increased serum S100B level is correlated with BBB disruption and 

suggested to be a good prognostic indicator for BBB injury [43]. The primary source of 

S100B is thought to be the reactive astrocytes and it is restricted to brain parenchyma in 

normal physiological conditions. S100B possesses both beneficial and detrimental effects 

on neuropathology depending on its concentration in the microenvironment. Reports also 

suggested that S100B binding to its RAGE receptors expressed on different brain cell types 

in nanomolar concentration promotes neuronal survival and astrocytic proliferation, whereas 

the micromolar concentration of S100B has been shown to be detrimental as it induces 

oxidative stress, neuronal cell apoptosis, and proinflammatory responses and that has been 

correlated with several neuropathology such as AD and Down syndrome [44], [45], [46], 

[47]. Astrocyte activation as shown by increased S100B protein was evident in MC-LR 

exposed NAFLD mice that was not NLRP3 dependent. Our results also showed that MC-LR 

exposure in NAFLD/NASH triggered robust increased levels of COX-2, and iNOS that are 

known to be associated with oxidative injury in the neurons following MC-LR exposure 

underlying NAFLD/NASH. Further, to show the causal link between increased astrocyte 

activation-led S100B release in causing neuronal apoptosis and associated pathology, 

we used a neuronal cell culture model where conditioned medium from MC-LR-Lcn2 

stimulated Astrocyte culture was used in addition to a S100B stimulation. Supernatants 

from MC-LR- Lcn2- treated astrocytes showed maximum S100B release compared to all 

corresponding treatment groups and hence was used for treatment in neuronal cells hoping 

that S100B might be the prime driver for neuronal cell death. Our results of increased 

oxidative stress and apoptosis in the cultured neurons that used cultured supernatants of 

MC-LR-Lcn2 containing approximately 120 pM of S100B, showed that increased release of 

S100 B, presence of Lcn2 and MC-LR in the culture supernatants can all act synergistically 

to induce cell death in the neurons. However, the use of S100B inhibitor in restricting 

cell death in the same neurons suggested that S100B may be the principal mediator in the 

cellular process. Further, though traces of Lcn2 and MC-LR effects may not be ruled out, 

the effects of such a mechanism might also depend on the residual half-life and effectiveness 

of MC-LR in the culture supernatant. The independent effects of either Lcn2 or MC-LR in 

neuronal cells irrespective of the crosstalk should be probed further to ensure the molecular 

effects of this toxin after they are transported across the BBB. The above results not 

only showed the role of S100B and MC-LR but also demonstrated a crosstalk between 

activated astrocytes and neurons in causing a damaged neuronal pathology. This mechanism 

bears relevance to environmental factors such as HAB toxins to not only advance NAFLD 

pathology but their ability to induce neuronal comorbidity.

In summary, we show that an environmental cyanotoxin exposure can advance NAFLD 

pathology not only by acting on the liver but can have longstanding neuronal inflammation 

Mondal et al. Page 13

Toxicology. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and degenerative pathology. To our knowledge, this is the first mechanistic demonstration 

of a long-term ectopic consequence of microcystin exposure in a translatable model though 

the results in large human cohorts comprising of NAFLD patients would need to be verified. 

Further, the significance of cyanotoxin exposure and its effect on human health needs to 

be taken on a serious footing as more incidents of harmful algal blooms are discovered 

and we find ourselves being reminded that along with HABs, NAFLD is also now a global 

pandemic ([48], [49], [50], https://doi.org/10.1186/s12302–019-0212–2).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
MC-LR exposure results in increased expression of Proinflammatory cytokines, HMGB1, 

and Lipocalin 2 in brain sections of NAFLD/NASH mice. The in vivo experimental 

groups include WT Chow diet-fed mice (Chow), WT chow diet-fed mice exposed to 

MC-LR (Chow+MC), WT mice fed with methionine choline-deficient and high-fat diet 

(MCD-HFD), and another WT methionine choline-deficient and a high-fat diet-fed group 

of mice exposed to MC-LR (MCD-HFD+MC). (A.) Immunoreactivity of IL 1β, IL 6, 

and TNFα expression as depicted by immunohistochemistry images in brain sections 

from Chow, Chow+MC, MCD-HFD, and MCD-HFD+MC mice groups. All images were 

taken at × 20 magnification (Scale: 100 μm) and immunoreactivity was indicated by black 

arrows. (B.) Morphometric analysis of IL 1β, IL 6, and TNFα immunoreactivity [mean 

data plotted on y-axis was measured as % positive immunoreactive area (% ROI) in 

arbitrary light units from three different microscopic fields] in Chow, Chow+MC, MCD­

HFD, and MCD-HFD+MC mice groups (*p< 0.05, **p< 0.01, ns=non-significant). (C.) 
Immunoreactivity of HMGB1 (red) and Lcn2 (red) in brain sections counterstained with 

DAPI from Chow, Chow+MC, MCD-HFD, and MCD-HFD+MC mice groups as shown 

by immunofluorescence microscopy. All images were taken at × 40 magnification (Scale: 

50 μm) (D.) Morphometric analysis of HMGB1, and Lcn2 immunoreactivity [mean data 

plotted on y-axis was measured as % positive immunoreactive area (% ROI) in arbitrary 

light units from three different microscopic fields] in Chow, Chow+MC, MCD-HFD, and 

MCD-HFD+MC mice groups (*p< 0.05, **p< 0.01, ***p< 0.001, ns=non-significant). All 

statistical significance was tested by performing unpaired t-test between the groups (*p< 
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0.05, **p< 0.01, ***p< 0.001, ns=non-significant), followed by Bonferroni Dunn Post hoc 

corrections.
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Fig. 2. 
Pathological signs of MC-LR toxicity on WT, NAFLD/NASH mice brain are attenuated 

in NLRP3KO, NAFLD/NASH mice. (A.) Immunoreactivity of IL 1β, IL 6, and TNFα 
expression as depicted by immunohistochemistry images in brain sections of methionine 

choline-deficient and high-fat diet-fed, MC-LR exposed WT mice (MCD-HFD+MC) 

and NLRP3KO mice (MCD-HFD+MC/NLRP3KO). All images were taken at × 20 

magnification (Scale: 100 μm) and immunoreactivity was indicated by black arrows. (B.) 
Morphometric analysis of IL 1β, IL 6, and TNFα immunoreactivity [mean data plotted on y­

axis was measured as % positive immunoreactive area (% ROI) in arbitrary light units from 

three different microscopic fields] in MCD-HFD+MC and MCD-HFD+MC/NLRP3KO 

mice groups (**p< 0.01, ***p< 0.001, ns=non-significant). (C.) Immunoreactivity of 

Lcn2 (red) and HMGB1 (red) in brain sections counterstained with DAPI from MCD­

HFD+MC and MCD-HFD+MC/NLRP3KO mice groups as shown by immunofluorescence 

microscopy. All images were taken at × 40 magnification (Scale: 50 μm) (D.) Morphometric 

analysis of HMGB1, and Lcn2 immunoreactivity [mean data plotted on y-axis was measured 

as % positive immunoreactive area (% ROI) in arbitrary light units from three different 

microscopic fields] in MCD-HFD+MC and MCD-HFD+MC/NLRP3KO mice groups (*p< 

0.05, ***p< 0.001). (E.) Lcn2 level (ng/mL) was quantified by ELISA using serum from 

Chow, Chow+MC, MCD-HFD, MCD-HFD+MC, and MCD-HFD+MC/NLRP3KO mice 

groups and plotted as a bar graph (**p< 0.01, ***p< 0.001, ns=non-significant). All 

statistical significance was tested by performing unpaired t-test between the groups (*p< 

Mondal et al. Page 20

Toxicology. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



0.05, **p< 0.01, ***p< 0.001, ns=non-significant), followed by Bonferroni Dunn Post hoc 

corrections.
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Fig. 3. 
(A.) Colocalization events of CD31 (red) and Claudin5 (green) immunoreactivity in 

brain sections from Chow, Chow+MC, MCD-HFD, MCD-HFD+MC, and MCD-HFD+MC/

NLRP3KO mice groups as shown by immunofluorescence microscopy. Colocalization of 

CD31 and Claudin5 was represented by yellow dots and highlighted by white circles. All 

images were taken at × 40 magnification (Scale: 50 μm). (B.) Colocalization events of CD31 

(green) and ZO1 (red) and Immunoreactivity of MMP9 expression in Chow, Chow+MC, 

MCD-HFD, MCD-HFD+MC, and MCD-HFD+MC/NLRP3KO mice groups as depicted by 

immunofluorescence microscopy and immunohistochemistry, respectively. Colocalization of 

CD31 and ZO1 was represented by yellow dots and highlighted by white circles whereas 

MMP9 immunoreactivity was indicated by black arrows. Morphometric analysis of (C.) 
Claudin5/CD31 and ZO1/CD31 colocalization events, (D.) MMP9 immunoreactivity [mean 

data plotted on y-axis was measured as % positive immunoreactive area (% ROI) in arbitrary 

light units from three different microscopic fields] in Chow, Chow+MC, MCD-HFD, MCD­

HFD+MC, and MCD-HFD+MC/NLRP3KO mice groups (*p< 0.05, ***p< 0.001). (E.) 
Western blot analysis of ZO1, Claudin5 protein expression levels in the mouse primary brain 

endothelial cell lysates. Lanes 1–5 represent untreated cells, MC+Lcn2, MC+Lcn2+CRID3, 

MC, and MC+CRID3 groups of cells, respectively. (F.) Band quantification of ZO1, and 

Claudin5 immunoblot normalized against β-actin (*p< 0.05, **p< 0.01, ns=non-significant). 

(G.) IL −1β level (pg/mL) was detected by ELISA in supernatants obtained from untreated 

cells, MC, MC+CRID3, Lcn2+MC, and MC+Lcn2+CRID3 groups of mouse primary brain 

endothelial cells and displayed by bar graph. (***p< 0.001) (H.) S100B level (pg/mL) was 

quantified by ELISA using serum from Chow, Chow+MC, MCD-HFD, MCD-HFD+MC, 

and MCD-HFD+MC/NLRP3KO mice groups and plotted as a bar graph (**p< 0.01). All 
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statistical significance was tested by performing unpaired t-test between the groups (*p< 

0.05, **p< 0.01, ***p< 0.001, ns=non-significant), followed by Bonferroni Dunn Post hoc 

corrections.
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Fig. 4. 
(A.) Colocalization events of GFAP (green) and S100B (red) immunoreactivity in brain 

sections from Chow, Chow+MC, MCD-HFD, MCD-HFD+MC, and MCD-HFD+MC/

NLRP3KO mice groups as shown by immunofluorescence microscopy. Colocalization 

of GFAP and S100B was represented by yellow dots. All images were taken at × 40 

magnification (Scale: 50 μm). (B.) Morphometric analysis of GFAP/S100B colocalization 

events [mean data plotted on y-axis was measured as % positive immunoreactive area 

(% ROI) in arbitrary light units from three different microscopic fields] in Chow, 

Chow+MC, MCD-HFD, MCD-HFD+MC, and MCD-HFD+MC/NLRP3KO mice groups 

(***p< 0.001, ns=non-significant). (C.) Western blot analysis of iNOS, COX-2, Bax, 

Bcl2 protein expression levels in Chow, Chow+MC, MCD-HFD, MCD-HFD+MC, and 

MCD-HFD+MC/NLRP3KO mice groups. Lanes 1–5 represent Chow, Chow+MC, MCD­

HFD, MCD-HFD+MC, and MCD-HFD+MC/NLRP3KO mice groups, respectively. (D.) 
Band quantification of iNOS, COX-2 immunoblots normalized against β-actin and 

Bax immunoblot normalized against Bcl2 (*p< 0.05, **p< 0.01 ***p< 0.001, ns=non­

significant). (E.) Immunoreactivity of 3-nitrotyrosine (3NT) (green) counterstained with 

DAPI in Neuro-2a cells exposed without or with FPS-ZM1 (S100B inhibitor) and treated 

with Vehicle, 1nM S100B, 1 μM S100B, and Astrocyte cell culture supernatant (MC+Lcn2) 

separately. All images were taken at × 40 magnification (Scale: 50 μm). (F.) Morphometric 

analysis of 3NT immunoreactivity [mean data plotted on y-axis was measured as % positive 

immunoreactive area (% ROI) in arbitrary light units from three different microscopic fields] 

in Neuro-2a cells treated with Vehicle, 1nM S100B, 1 μM S100B, and Astrocyte culture 

Sup (MC+Lcn2) separately (**p< 0.01, ns=non-significant) (G.) Comparative analysis of 

3NT immunoreactivity, in Neuro-2a cells, exposed with Astroctye culture Sup (MC+Lcn2) 
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or with Vehicle (Control) in presence of S100B inhibitor FPS-ZM1, or in its absence 

(***p< 0.001, ns=non-significant). (H.) Colocalization events of β-tubulin (red) and Cleaved 

Caspase3 (green) immunoreactivity counterstained with DAPI in Neuro-2a cells exposed 

without or with FPS-ZM1 and treated with vehicle (Control), 1nM S100B, 1 μM S100B, and 

Cell culture Sup (MC+Lcn2) separately. All images were taken at × 40 magnification (Scale: 

50 μm). (I.) Morphometric analysis of β-tubulin and Cleaved Caspase3 colocalization 

events [mean data plotted on y-axis was measured as % positive immunoreactive area 

(% ROI) in arbitrary light units from three different microscopic fields] in Neuro-2a cells 

treated with vehicle (Control), 1nM S100B, 1 μM S100B, and Astrocyte culture Sup (MC 

+Lcn2) separately (*p< 0.05, **p< 0.01, ***p<0.001, ns=non-significant). All statistical 

significance was tested by performing unpaired t-test between the groups (*p< 0.05, **p< 

0.01, ***p< 0.001, ns=non-significant), followed by Bonferroni Dunn Post hoc corrections. 

(J) Comparative analysis of Cleaved caspas3 and β-tubulin colocalization in Neuro-2a cells, 

exposed with Astroctye culture Sup (MC+Lcn2) or with Vehicle (Control) in presence of 

S100B inhibitor FPS-ZM1, or in its absence (**p< 0.01, ns=non-significant).
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