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Abstract

Despite the growing recognition that gastrointestinal (GI) dysfunction is prevalent in Parkinson’s 

disease (PD) and occurs as a major prodromal symptom of PD, its cellular and molecular 

mechanisms remain largely unknown. Among the various types of GI cells, enteric glial 

cells (EGCs), which resemble astrocytes in structure and function, play a critical role in the 

pathophysiology of many GI diseases including PD. Thus, we investigated how EGCs respond 

to the environmental pesticides rotenone (Rot) and tebufenpyrad (Tebu) in cell and animal 

models to better understand the mechanism underlying GI abnormalities. Both Rot and Tebu 

induce dopaminergic neuronal cell death through complex 1 inhibition of the mitochondrial 

respiratory chain. We report that exposing a rat enteric glial cell model (CRL-2690 cells) to these 
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pesticides increased mitochondrial fission and reduced mitochondrial fusion by impairing MFN2 

function. Furthermore, they also increased mitochondrial superoxide generation and impaired 

mitochondrial ATP levels and basal respiratory rate. Measurement of LC3, p62 and lysosomal 

assays revealed impaired autolysosomal function in ECGs during mitochondrial stress. Consistent 

with our recent findings that mitochondrial dysfunction augments inflammation in astrocytes 

and microglia, we found that neurotoxic pesticide exposure also enhanced the production of pro-

inflammatory factors in EGCs in direct correlation with the loss in mitochondrial mass. Finally, we 

show that pesticide-induced mitochondrial defects functionally impaired smooth muscle velocity, 

acceleration, and total kinetic energy in a mixed primary culture of the enteric nervous system 

(ENS). Collectively, our studies demonstrate for the first time that exposure to environmental 

neurotoxic pesticides impairs mitochondrial bioenergetics and activates inflammatory pathways in 

EGCs, further augmenting mitochondrial dysfunction and pro-inflammatory events to induce gut 

dysfunction. Our findings have major implications in understanding the GI-related pathogenesis 

and progression of environmentally linked PD.
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Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disease, affecting around 6.1 

million people globally. According to a systematic analysis for the Global Burden of 

Disease Study 2016, PD is one of the fastest-growing neurological disorders in prevalence, 

disability, and deaths, imposing a heavy global burden on public health as well as socio-

economic development (Dorsey et al., 2018). Loss of dopaminergic neurons in the substantia 

nigra (SN) of the mid-brain and the widespread accumulation of intracellular α-synuclein 

protein aggregates are usually considered proof for the definitive diagnosis of idiopathic 

PD (Armstrong & Okun, 2020; Poewe et al., 2017). Although the etiopathogenesis of 

PD is still ambiguous, increasing evidence over the past decade suggests environmental 

factors as a trigger for idiopathic PD (Fleming, 2017; Song et al., 2019). Diagnosing PD 

currently relies on clinically evident motor symptoms, which arise only after the loss of 

>50% of dopaminergic neurons during the progression of PD, suggesting its onset occurs 

much earlier than the key PD features (Dijkstra et al., 2014; Poewe et al., 2017; Poirier 

et al., 2016). This would explain the development of non-motor symptoms several years 

preceding the motor symptoms in PD. The non-motor symptoms of PD are varied, ranging 

from neuropsychiatric symptoms like depression and cognitive dysfunction, sleep disorders, 

hyposmia, autonomic symptoms including bladder and erectile dysfunction, gastrointestinal 

(GI) symptoms like constipation, and pain-related sensory symptoms (Chaudhuri & 

Schapira, 2009; Klingelhoefer & Reichmann, 2015).

Identifying early biomarkers of PD has become a crucially important challenge. Although 

the mechanisms are largely unknown, GI dysfunction could potentially serve as a 

disease indicator (Poirier et al., 2016). The common symptoms of GI impairments 
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include dysphagia, gastroparesis, prolonged gastrointestinal transit time, and constipation 

(Cersosimo et al., 2013). Recently, GI pathogenesis in PD has been linked to aggregates 

of α-synuclein fibrils found in the enteric nervous system (ENS) (Chaudhuri & Schapira, 

2009).

The growing number of evidence-based studies in the last couple of decades linking 

the gut and brain through bidirectional communication between the ENS and CNS has 

fueled its current prominence in the field of PD (Arotcarena et al., 2020; Ghaisas et al., 

2016). The ENS, along with enteric glial cells (EGCs), functions as a semi-autonomous 

nervous system that maintains epithelial barrier function and transmucosal fluid movement, 

interacts with the immune and endocrine systems, and regulates GI motility through its 

motor innervation of the smooth muscles of the small and large intestines (Furness, 2012; 

Pellegrini et al., 2015). Within the ENS, enteric neurons do not function alone in manifesting 

the GI dysfunction in PD patients, as gliosis mediated by EGCs, commonly referred to as 

astrocytes of the gut, also contributes to the gut pathogenesis (Clairembault et al., 2015; 

Gershon & Rothman, 1991). Braak’s hypothesis states that a neurotoxic agent initiating 

α-synuclein aggregation in the submucosal plexus of the gut promotes enteric gliosis and a 

local proinflammatory response, leading to the cascades of PD’s pathological process (Braak 

et al., 2006). Indeed, EGCs are known to be involved in the pathophysiology of numerous 

diseases. EGCs have a fundamental role in the inflammatory process, immune responses, 

and bowel function in inflammatory bowel disease and jejunoileitis (Klingelhoefer & 

Reichmann, 2015). Recent data suggest reactive enteric gliosis and its proinflammatory 

phenotype to be a causative factor in PD-related ENS dysfunction (Benvenuti et al., 2020). 

Despite this, the pertinent role of EGCs in PD pathology with respect to mitochondrial 

function is still largely unknown and the exact mechanisms of enteric glial activation 

and enteric neuronal loss in PD, including enteric dopaminergic neurons, are yet to be 

determined.

Mitochondrial dysfunction, due to the inhibition of mitochondrial complex I in the 

nigrostriatal system, is a major aspect of PD pathophysiology, and agents inhibiting 

mitochondrial complex I are specifically used in this study to detail GI-associated 

pathogenesis in models of PD. The mitochondrial complex I inhibitor rotenone (Rot) is 

a naturally occurring isoflavone insecticide extracted from the roots of Derris elliptica 
and Lonchocarpus utilis (Soloway, 1976) and has been used in fisheries and agriculture. 

Rot readily crosses the bloodbrain barrier because its highly lipophilic, and even low-

dose exposure can produce PD pathogenic hallmarks (Betarbet et al., 2000; Hernández-

Romero et al., 2012). While epidemiological evidence links PD to Rot exposure (Tanner 

et al., 2011), studies have also implicated that exposure to Rot decreases the number of 

nigral TH neurons, reduces striatal dopamine levels, and increases α-synuclein-positive 

cytoplasmic inclusions in the SN of various rodent models (Johnson & Bobrovskaya, 2015). 

Tebufenpyrad (Tebu) is another class of toxicant used as a pyrazole greenhouse acaricide, 

and similar to Rot, is a mitochondrial complex I inhibitor (Sherer et al., 2007) that is known 

to morphologically and functionally damage mitochondria in SH-SY5Y and HeLa cells 

(Chen et al., 2017). Our previous work emphasizes that treatment with Rot and Tebu induces 

oxidative stress and structural and functional mitochondrial defects in dopaminergic (Charli 

et al., 2016) and microglial cells (Sarkar et al., 2017). This present study delineates the 
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effects of these environmental pesticides on EGCs and the ENS to demonstrate that exposure 

to certain neurotoxicants causes mitochondrial dysfunction, proinflammatory signaling, 

autophagic dysfunction in EGCs, and ultimately ENS dysfunction.

Materials and Method

Cell culture and treatment paradigm

CRL-2690 cell culture: The rat immortalized EGC line (CRL-2690) purchased from ATCC 

(ATCCR CRL-2690™) was originally isolated from the rat myenteric plexus and exhibits 

characteristic GFAP, S-100 and vimentin immunoreactivity (Rühl et al., 2001). CRL-2690 

EGCs were cultured in DMEM (Gibco) medium containing 10% FBS (Gibco), 1% 

glutamine (Invitrogen), 1% penicillin and streptomycin (Gibco) (10% DMEM media) and 

maintained at 37°C and 5% CO2. For treatments, cell cultures were exposed to serum-free 

DMEM with 1% glutamine, 1% penicillin and streptomycin containing 1 μM of Rot (Sigma) 

or 1 μM Tebu (Sigma) reconstituted in dimethyl sulfoxide (DMSO) (Fisher Scientific).

Primary enteric mixed culture: Entire GI tracts isolated from 8–10 embryonic (E14-E15) 

C57BL/6 mice were collected in DMEM medium with 1% glutamine, 1% penicillin 

and streptomycin and then cut into fine pieces as per our previous publication (Ghaisas 

et al., 2021). The resultant suspension was then enzymatically digested in serum-free 

DMEM containing collagenase (0.2 mg/mL) (Sigma) and neutral protease (0.2 mg/mL) 

(Worthington, NJ) at 37°C for 30 min. The tissue sediment was then subjected to trypsin-

EDTA (Gibco) digestion for 20 min followed by 10% DMEM media to halt trypsinization. 

The suspension was centrifuged at 250 × g for 5 min and reconstituted in 10% DMEM 

medium till a single cell suspension was obtained. Cells were then filtered through a 

40-μm cell strainer and plated on poly-D-lysine (Sigma) and laminin (Sigma) pre-coated 

plates. After 24 h, media was changed to DMEM/F-12 medium containing 50 ng/mL 

GDNF (Sigma), 1% N2 (Gibco), 2% B27 (Gibco), 1% glutamine, and 1% penicillin and 

streptomycin supplements and cultured up to 3 wk at 37°C and 5% CO2. Half of the 

media was changed every 2 d. Pesticide treatments of primary cultures were carried out at a 

concentration of 200 nM for both Rot or Tebu in 2% FBS in DMEM with 1% glutamine, 1% 

penicillin and streptomycin for 6 h at 37°C and 5% CO2.

Animal studies

Male Lewis rats (6 to 7 months old) were purchased from Hilltop Lab Animals, Inc. 

Rats were housed on a 12-hour light cycle with ad libitum access to food and water. All 

procedures were approved by the Institutional Animal Care and Use Committee at Iowa 

State University. Rot (2.8 mg/kg/d) was injected intraperitoneally once daily for 4 d and 

the animals under ketamine and xylazine anesthesia were transcardially perfused with PBS 

followed by 4% PFA (paraformaldehyde) solution (0.1 M phosphate-buffered saline, pH 

7.4) for histological procedures. Rot dose and time point were selected based on previous 

publications (Cannon et al., 2009; Sarkar et al., 2017).
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MTS cell viability assay

Cell viability was measured using the Cell Titer 96® AQueous Non-Radioactive Cell 

Proliferation (MTS assay) kit from Promega. Following treatment with Rot or Tebu in 96-

well tissue plates, each well of CRL-2690 cells (plated at 20,000 cells/well) were incubated 

with 10 μL MTS reagent as per manufacturers protocol at 37°C and 5% CO2 for 45 min. 

The resultant formation of formazan crystals was dissolved with 25 μL of DMSO and 

absorbance was measured spectrophotometrically at 490 nm.

Live-cell staining

For experiments using MitoTracker Green (200 nM), MitoTracker Red (200 nM), MitoSox 

Red (5 μM) and LysoTracker Green (50 nM) dyes (all from Molecular Probes), cells were 

stained with the respective dye for 45–60 min as described previously (Charli et al., 2016; 

Sarkar et al., 2017). Cells were treated either on PDL-coated coverslips (plated at 150,000 

cells/well) or in 96-well plates (plated at 150,000 cells/well) and following treatment with 

the toxicants in their respective concentrations, cells were washed twice with HBSS (Gibco) 

and then the respective dye was added according to the dilution recommended by the 

manufacturer. After staining, cells were washed and fixed for immunocytochemistry (ICC). 

A Cytation 3 real-time imaging system (BioTek) was used for MitoSox Red imaging. 

Changes in mitochondrial structure were quantified using the ImageJ plugin “mitochondrial 

morphology”.

Measurement of mitochondrial oxygen consumption

Mitochondrial oxygen consumption was measured using a Seahorse XF96 Extracellular 

Flux Analyzer (Seahorse Bioscience) as described previously (Charli et al., 2016; Heinz et 

al., 2017; Sarkar et al., 2017). CRL-2690 cells were plated at 90,000 cells/well on a 24-well 

Seahorse plate followed by treatment with the respective pesticide for 6 h. A Mito Stress 

report generator was used for the analysis for which 0.75 μM oligomycin, 1 μM FCCP, and 

0.5 μM Rot/antimycin were used.

Quantitative reverse transcription PCR (RT-qPCR)

Following treatment, RNA was extracted using the TRIZOL reagent (Invitrogen) as per the 

manufacturer’s protocol. Conversion of cDNA was performed using a High-Capacity cDNA 

Synthesis kit (Applied Biosystems). RT-qPCR was carried out on an Applied Biosystems 

QuantStudio 3 system with the SYBR Master Mix (Applied Biosystems). QuantiTect Primer 

Assays (Qiagen) for genes coding for the proteins IL-6, NOS2, TNFSF-12, PGP9.5, TH and 

D2R were used for RT-qPCR with 18S rRNA as the housekeeping gene. Dissociation curves 

were run for all completed SYBR Green reactions and fold change was calculated using the 

ΔΔCt method.

Western blotting

Following treatments with Rot or Tebu for 6 h, cells were lysed by sonicating in a modified 

RIPA buffer. The proteins were normalized and 60 μg of protein was loaded in each lane and 

separated using a 12–15% SDS-PAGE gel. After transfer, nitrocellulose membranes were 

blocked with LI-COR blocking buffer. The membranes were then incubated overnight at 4oC 
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with the primary antibody, followed by incubation with IRDye-tagged secondary antibodies. 

The membranes were scanned using the LI-COR Odyssey Classic imaging system. The 

primary antibodies used for immunoblotting include anti-p62 (1:1000, ab-56416). The β-

actin antibody was used as a loading control.

Immunocytochemistry (ICC) and Immunohistochemistry (IHC)

ICC: After being treated for 6 h with the respective pesticide, cells plated at 150,000 cells/

well were fixed in 4% paraformaldehyde (Fisher Scientific) for 15–30 min followed by 

blocking with 1.5% BSA (Sigma), 0.05% Tween (BioRad), and 0.5% Triton (Sigma) for 1 h. 

Primary antibodies were prepared in 1% BSA and incubated overnight at 4°C. The following 

primary antibodies were used: anti-MFN2 (1:500, cs-D2D10), anti-iNOS (1:500, ab-3523) 

and anti-LC3 (1:500, ab-48394). After incubating in the appropriate secondary antibody for 

1 h at RT, cell nuclei were stained with Hoechst (Molecular Probes) (1:5000) and mounted 

on slides using Fluoromount mounting medium (Sigma). Slides were dried overnight and 

then imaged using a Nikon Eclipse C1 microscope or a Keyence BZ-X800 microscope. 

For co-localization, a 3D color plotter (Image J analysis software) was used to plot all the 

different colors seen in the RGB images.

IHC: After treatment, rats were perfused as mentioned in the animal study. The entire 

fixed colon was removed and was additionally post-fixed in 4% PFA for 24 h. Tissues 

were then embedded in paraffin and sectioned at 5 μm thickness. Paraffin-embedded colon 

sections were deparaffinized and subjected to antigen retrieval in citrate buffer. Sections 

were then incubated in blocking reagent (10% normal goat serum, 1% BSA and 0.5% Triton 

X-100 in PBS) for 1 h before incubating in the appropriate primary antibodies anti-iNos 

(1:500) and anti-PGP9.5 (1:500, ab-10404). Sections were then incubated in the appropriate 

secondary antibody for 1 h at RT, followed by cell nuclei staining with Hoechst (1:5000) 

and slide-mounting using Fluoromount mounting medium and then imaged using a Keyence 

BZ-X800 microscope.

Statistical analysis

All statistical analyses were performed using Prism 7.05 (GraphPad Software). Data were 

analyzed using one-way ANOVA followed by Dunnett’s post hoc test for comparing all 

treatment groups with that of the control. For the correlation assessment in Fig. 3, we used 

linear regression analysis. Differences with p ≤ 0.05 were considered statistically significant.

Results

Rot and Tebu treatments induce mitochondrial dysregulation in EGCs

Our initial test to determine the metabolic activity of the rat CRL-2690 EGCs following Rot 

and Tebu treatments through MTS assay shows significantly decreased metabolic activity 

in the treatment groups as compared to the control (Fig. 1A). Since both Rot and Tebu 

are considered to be mitochondrial inhibitors (by IRAC), we next determined the extent 

of their effects on mitochondrial morphology in CRL-2690 EGCs. Using MitoTracker 

Green FM as an indicator of mitochondrial mass and health (Krohn et al., 1999; Métivier 

et al., 1998), we show that mitochondrial mass was considerably reduced in CRL-2690 
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cells treated with Rot and Tebu at the dose of 1 μM for 6 h when compared to control 

cells (Fig. 1B). Then, using MitoTacker Red to visualize mitochondrial morphology, we 

found that the pesticide-treated groups lost their tubular mitochondrial structure, appearing 

more circular indicating increased mitochondrial fragmentation as seen in the ICC image 

and the quantification of mitochondrial circularity (Fig. 1C). Depending upon respiratory 

conditions, mitochondria undergo cycles of fission and fusion to regulate their function and 

maintain a dynamic population of cellular mitochondria (Chan, 2012; Westermann, 2012). 

Since dysregulated mitochondrial fusion can cause the mitochondrial fragmentation and 

abnormal mitochondrial physiology seen in PD pathogenesis (Arduíno et al., 2011; Pham 

et al., 2012), we investigated the state of mitochondrial fusion under pesticide treatment 

by probing CRL-2690 EGCs with the mitofusin protein MFN2, which is a mitochondrial 

outer membrane GTPase crucial for mitochondrial fusion (Filadi et al., 2018). MFN2 

protein levels were greatly reduced in the treatment groups (Fig. 1D), which indicates 

that neurotoxic pesticide treatments can inhibit mitochondrial fusion in EGCs. A similar 

trend is also seen in our Western blot results (Fig. S1). A co-localization ICC study further 

reveals a correlated decrease in both MFN2 and MitoTracker Red in the treatment groups, 

which was evaluated by Pearson’s correlation analysis (Fig. 1E). The 3D color plot further 

illustrates the degree of colocalization and its marked reduction in the treatment groups seen 

by the merging of red and green channels. Collectively, these results show a dysregulation in 

mitochondria of EGCs treated with Rot and Tebu.

Rot and Tebu alter mitochondrial dynamics and increase oxidative stress in EGCs

After demonstrating their effects on mitochondrial fission and fusion in EGCs, we 

investigated the effects of Rot and Tebu on other mitochondrial functional parameters. 

CRL-2690 EGCs were similarly treated with 1 μM Rot and Tebu for 6 h, and 

mitochondrial bioenergetics was assessed through oxygen consumption rate (OCR), 

basal mitochondrial respiration and ATP-linked respiration as measured using an XFe24 

extracellular flux analyzer (Seahorse Bioscience). Both pesticides decreased OCR capacity, 

basal mitochondrial respiration and ATP production in CRL-2690 cells, indicating the state 

of functionally damaged mitochondria (Fig. 2A-C). Impaired mitochondrial function is 

known to be associated with free radical production such as reactive oxygen species (ROS) 

(Murphy, 2009). To determine whether EGC mitochondrial dysfunction results in higher 

cellular ROS production, we probed CRL-2690 cells with the MitoSox dye. Our ICC 

results and their quantification show that mitochondrial superoxide increased significantly 

in pesticide-treated EGCs (Fig. 2D). These findings suggest that the neurotoxic pesticides 

Rot and Tebu impair mitochondrial dynamics and induce mitochondrial oxidative stress in 

EGCs.

Rot and Tebu treatments upregulate proinflammatory factors in EGCs

After confirming that Rot and Tebu induce mitochondrial functional and morphological 

deficits in EGCs, we next investigated their contributions to the inflammatory response in 

EGCs. EGCs help maintain bowel function, and their ablation in the gut results in fatal 

jejunoileitis (Bush et al., 1998). Furthermore, intestinal inflammation is strongly associated 

with the pathophysiology of PD (Houser & Tansey, 2017). We found that CRL-2690 

EGCs exposed to 1 μM Rot or Tebu for 6 h showed increased mRNA expression of the 
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proinflammatory proteins NOS-2, IL-6 and TNFSF12 (TNF Superfamily Member 12) (Fig. 

3A-C), which also were inversely correlated with mitochondrial mass, further supporting 

that Rot- and Tebu-induced mitochondrial dysregulation is strongly associated with the 

activation of inflammation in EGCs (Fig. 3D-F).

Rot and Tebu treatments impair autophagy in EGCs

Next, we tested if the mitochondrial impairment and inflammation induce the progression of 

the cell cycle towards autophagy, as it is the primary route of elimination of dysfunctional 

organelles like mitochondria (Pan et al., 2008). We determined the levels of two autophagy 

markers, p62 and LC-3, in Rot- and Tebu-treated CRL-2690 EGCs. Klionsky et al. 

(2016) reported that an increase in LC3 expression without a decrease in p62 indicates 

a disrupted autophagic flux. Our Western blot analysis shows that pesticide treatments 

increased the expression of p62 protein, however, the increase was statistically significant 

only in Tebu-treated EGCs (Fig. 4A). Next, we found the autophagy marker LC3 increased 

in both pesticide-treated groups when compared with the control (Fig. 4B-C). Our co-

localization study reveals a correlated increase in the fluorescence intensity of LysoTracker 

Green and punctated LC3 in Rot and Tebu-treated CRL-2690 EGCs (Fig. 4D). Here we 

found enlarged and clustered lysosomes, seen through LysoTracker Green indicating a 

dysregulated state (Hockey et al., 2015) in Rot- and Tebu-treated groups along with a 

significantly increased Pearson’s correlation coefficient. Together, these results indicate that 

Rot and Tebu treatments inhibit an autophagic response in EGCs.

Rot and Tebu causes inflammation with neuronal and functional loss in primary ENS 
cultures

We followed our experiments in CRL-2690 EGCs by studying the effects of Rot and 

Tebu in the ENS using primary enteric mixed cultures. The primary enteric mixed 

cultures from E14–15 C57BL mice were grown in 6-well plates with specific neurotrophic 

factors as specified in Methods. Once the primary cultures had established a functioning 

interconnected network between smooth muscle cells that exhibited “gut-like” peristaltic 

movement in the culture dishes, governed by GFAP+ enteric glia and PGP9.5+ enteric 

neurons (Fig. 5A), we treated the wells with Rot and Tebu (200 μM each) for 6 h. 

Our ICC results show reduced expression of pan-neuronal marker PGP9.5 in primary 

enteric mixed cultures in Rot- and Tebu-treated groups (Fig. 5B), while our qPCR data 

from the primary enteric mixed cultures showed significantly decreased expression PGP9.5 

only in Tebu-treated cells (Fig. 5C). PD patients were reported to have decreased TH 

immunoreactivity and dopamine concentration in the colon, when compared to control 

patients, as far back as Singaram et al. (1995). Supporting this, mRNA expression of Th 
was significantly reduced by both Rot and Tebu in the dopaminergic neuronal cells of our 

primary enteric mixed cultures (Fig. 5D). These effects translated into a functional deficit in 

the primary enteric mixed cultures that was discernible at the scale of peristaltic contractions 

exhibited by the primary enteric mixed cultures as viewed in Video-1 (Ctrl), −2 (Rot) and 

−3 (Tebu). We measured the peristaltic movements in video-recordings of primary enteric 

mixed culture using the TRACKER software and found that Rot- and Tebu-treated cultures 

had decreased motility as measured by velocity, acceleration and kinetic energy (Fig. 5E). 

Like EGCs, pesticide-treated primary enteric mixed cultures had increased expression of 

Palanisamy et al. Page 8

Int J Biochem Cell Biol. Author manuscript; available in PMC 2023 August 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



iNOS at both the protein and mRNA levels as seen by ICC and qPCR, respectively (Fig. 

5F-G). Collectively, these results indicate that Rot and Tebu exert neuronal and functional 

loss with inflammatory changes in mouse primary enteric mixed cultures.

Enteric neuronal degeneration in the submucosal plexus in a rat Rot model of PD

Finally, we investigated the effects of neurotoxic pesticide exposure on the ENS in vivo 
using a Rot rat model of PD. Here, the rats were injected with 2.8 mg/kg/d of Rot for 4 

days and sacrificed after 3 months (Sarkar et al., 2017). In Rot-treated rats, the enteric 

neuronal population of the myenteric plexus did not show marked changes in the expression 

of PGP9.5, whereas the submucosal plexus showed reduced expression (Fig. 6A). GFAP 

expression in the rat colon did not differ significantly between the Rot and control groups 

(Fig. 6B). Additionally, the Rot-treated rat colon also showed increased expression of the 

inflammatory marker iNOS in the myenteric plexus (Fig. 6C). Overall, our in vivo data 

corresponds well with our primary culture results in showing how a mitochondria-impairing 

pesticide treatment alters gut physiology.

Discussion

Environmental toxicant-induced mitochondrial dysfunction as an initiating factor of gut 

pathology has not been studied in depth. Although solid evidence exists supporting CNS 

mitochondrial dysfunction in neurodegenerative diseases like PD, the cause-and-effect role 

of dysfunctional processes of the second brain in the gut, the ENS, remains less certain. 

Our present study ascertained that inducing mitochondrial dysregulation by exposing EGCs 

to the mitochondria complex-1-targeting pesticides Rot and Tebu leads to a series of 

mitochondrial quality control signaling events affecting the ENS. We employed these 

pesticides to study the main mediator of gut pathology, EGCs, to explore their functional 

response in the face of environmentally induced PD. Our work clearly shows that neurotoxic 

pesticides can alter mitochondrial functioning and dynamics and induce proinflammatory 

cytokines accompanied by an impaired autophagic flux in EGCs. We then demonstrated a 

possible EGC-induced loss of function in primary enteric mixed cultures.

Complex-1 inhibition triggers events leading to dopaminergic degeneration in PD (Schapira 

et al., 1990). When we exposed rat CRL-2690 EGCs to potent complex-1 inhibitors Rot 

and Tebu, it resulted in decreased metabolic activity in these cells. We and others (Betarbet 

et al., 2000; Charli et al., 2016; Gao et al., 2002; Sarkar et al., 2017) have previously 

shown these pesticides to induce increased mitochondrial fission and reduced mitochondrial 

fusion in dopaminergic and microglial cells. In our present study, the pesticides dramatically 

impaired EGC mitochondrial function as measured by reduced mitochondrial mass, 

increased mitochondrial fragmentation-associated circularity, and reduced expression of the 

mitochondrial fusion protein MFN2. The resulting imbalance in mitochondrial fission-fusion 

dynamics has been reported in models of genetic and environmentally induced PD (Deng et 

al., 2008; Sarkar et al., 2018). Not only has reduced MFN2 been linked to the degeneration 

of dopaminergic neurons and the associated motor deficits, but also its overexpression 

protects against dopaminergic neuronal loss (Pham et al., 2012; Zhu et al., 2017). 

Furthermore, mitochondria-produced ROS, particularly superoxide, is linked with oxidative 
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damage to mitochondrial proteins and the resultant impairment of ATP generation (Murphy, 

2009). Corroborating this, we found that the pesticides greatly increased mitochondrial 

superoxide generation, and compromised mitochondrial bioenergetics as seen through 

decreased OCR and ATP production.

Our treatment of CRL-2690 cells with pesticides also increased the expression of the 

autophagic substrate p62 and the autophagy protein LC3. Increasing LC3 levels imply 

an increased autophagosome formation, but the lack of decreased p62 infers an impaired 

autophagy-mediated protein degradation and thus a probable blockage of the autophagic flux 

(Klionsky et al., 2016; Lambelet et al., 2018; Lynch-Day et al., 2012; Yoshii & Mizushima, 

2017). Disrupting the autophagic pathway, whether due to environmental, age-related or 

genetic factors, can lead to the accumulation of p62 and fragmented mitochondria and 

ultimately neuronal cell death (Alvarez-Erviti et al., 2010; Zhang et al., 2014). Interestingly, 

in an in vitro model of paraquat-induced PD, (González-Polo et al., 2007), reported finding 

normal autophagy early during paraquat exposure but then impaired autophagy later after 

more prolonged exposure.

Within the ENS, EGCs structurally and functionally play a vital role in maintaining the 

integrity of the ENS, similar to astrocytes in the CNS, and are capable of responding to 

inflammatory insults in the ENS (Bush et al., 1998; Coelho-Aguiar et al., 2015; Ferri et 

al., 1982; Gershon & Rothman, 1991; K. R. Jessen & Mirsky, 1983; Kristjan R. Jessen & 

Mirsky, 1980; Rühl et al., 2001). Inflammation of the gut is a major pathology of many 

neurodegenerative diseases. Liu et al. (2021) report a 44% increased risk of developing 

PD in IBD-diagnosed patients. Inflammation has been implicated as the primary initiating 

factor of PD supporting Braak’s hypothesis of the gut-brain-axis (Braak et al., 2003; 

Houser & Tansey, 2017), and the EGC’s role during the inflammatory response in the 

neuromuscular system of the gut has been previously emphasized (Geboes et al., 1992). 

Supporting this view, we found an upregulation of the proinflammatory proteins NOS-2, 

IL-6 and TNFSF-12 at the gene level in pesticide-treated EGCs.

Damage to the intestinal tissue through pathogens or environmental substances can evoke 

an enteric inflammatory response, which in turn leads to altered CNS function (Ghaisas 

et al., 2016; Houser & Tansey, 2017). In our study, pesticide-induced glial inflammation 

could be associated with ENS inflammation, which would later lead to CNS inflammatory 

manifestations in vivo. Transmission of enteric neuronal pathology through the vagal nerve 

to the CNS in PD is implicated across many models (Holmqvist et al., 2014; Kim et al., 

2019; Uemura et al., 2018). Chronic ingestion of low-dose Rot can cause α-synuclein 

pathology in the mouse ENS ganglia followed by its accumulation in both the dorsal 

motor nucleus of the vagal nerve and the SN, and surgical intervention with hemivagotomy 

decreased the loss of dopaminergic neurons and α-synuclein accumulation (Svensson et al., 

2015; Tysnes et al., 2015). Supporting this work, an epidemiological study also reported 

an association between truncal vagotomy and decreased risk of PD (Fleming et al., 2004). 

Rot has also been linked with decreased TH immunoreactivity and microglial activation 

in addition to behavioral impairments (Pan-Montojo et al., 2010). Debates over the origin 

of PD pathology in the gut either point to the submucosal plexus as the region of origin 

(Shannon et al., 2012; Singaram et al., 1995)or have been met with contradicting reports of 
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no changes in the calcium responses and mitochondrial membrane potential and lack of loss 

in the submucosal neurons in the ENS in PD (Desmet et al., 2017). Our present findings 

support the hypothesis of the probable initiation of the enteric neuronal dysregulation 

through the mitochondrial dysfunction of EGCs as observed from our primary culture 

studies. Another study has validated that the effects of the mitochondrial complex I inhibitor 

Rot follow Braak’s hypothesis, resulting in α-synuclein accumulation and phosphorylation 

in ENS, which then progressed to the intermediolateral nucleus in the spinal cord (IML) 

and dorsal motor nucleus of the vagus (DMV) and then to the SN in C57BL/6J mice 

(Pan-Montojo et al., 2010). Murakami et al. (2015) show that systemic Rot exposure 

without direct local exposure to the ENS, through subcutaneous administration, induced 

EGC activation and neuronal degeneration in the ascending colon of C57BL/6J mice, 

while previous work (Schaffernicht et al., 2021) has shown intestines from mice treated 

orally with Rot resulted in altered receptor-based enteric neuronal physiology. Differential 

regional and subtype-specific vulnerability of the ENS to mitochondrial dysfunction has 

been shown in transgenic mice with mitochondrial defects in enteric neuronal and glial cells 

induced through targeted deletion of the mitochondrial transcription factor A (Tfam) gene 

in midbrain dopaminergic neurons, demonstrating that healthy mitochondrial function in the 

ENS is necessary for normal GI motility (Viader et al., 2011).

Since EGCs are major functional and structural supporters of the ENS, and actively 

participate in neuron-glia crosstalk in regulating gut physiology (Grubišić & Gulbransen, 

2017; Sharkey, 2015), we further explored how our findings of mitochondrial dysfunction 

in EGCs affect the ENS by conducting similar pesticide exposure experiments in primary 

mixed enteric cultures. Here, we discovered that mitochondria-impairing toxicants greatly 

reduced multiple metrics related to peristaltic movements. Previous work (Yang et al., 

2018) has shown that, in addition to decreased colon motility and fecal water content, 

oral administration of Rot in mice altered fecal microbiota, specifically in the phyla 

Bacteroidetes and Firmicutes. Indeed, one of the most early non-motor symptoms of 

PD is GI motility dysfunction, and our results were in line with this concept and 

Greene et al.’s (2009) report that chronic Rot-treated rats exhibit impaired GI longitudinal 

muscle contraction. Reduced GI motility in PD has been associated with an underlying 

inflammation and neuronal loss. Our probing of pesticide-treated mixed culture for 

proinflammatory and neuronal markers revealed increased expression of Nos-2, and 

diminished expression of the enteric neuronal marker PGP9.5, and the dopaminergic marker 

TH. Our cell culture findings were further supported by our in vivo study, where we found 

that the colon of Rot-treated rats showed neuronal loss in the submucosal plexus and 

increased levels of the inflammatory marker iNOS. Our previous publication (Charli et al., 

2016) shows that, similar to Rot, Tebu also induces ROS in dopaminergic neurons. Hence, 

we expect Tebu to elicit similar enteric neuronal degeneration in rats. Since we only used 

male rats, our results are subject to potential sex-specific biases and must be interpreted 

accordingly. Since human and mouse enteric nervous systems share a core transcriptional 

program for neurotransmitters and transcriptional factors (Drokhlyansky et al., 2020), we 

hypothesis similar glial and neuronal pathologies in humans exposed to these environmental 

pesticides.
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Although, further studies to strengthen our findings can be conducted with either ENS 

treated with conditioned media from pesticide-exposed EGCs or through co-culture of 

EGCs and enteric neurons as a means to identify the factors present in the conditioned 

media that would affect the ENS. This would shed light especially on the neuron-glia 

crosstalk in the event of EGC mitochondrial damage in the gut. Overall, our study 

demonstrates that mitochondrial dysfunction in ECGs can induce autophagic dysregulation 

and proinflammatory response thereby affecting gut motility.
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Figure 1: Rotenone (Rot) and tebufenpyrad (Tebu) treatments induce mitochondrial 
dysregulation in enteric glial cells (EGCs).
(A) Metabolic activity was measured through an MTS assay on EGCs after being treated 

with Rot and Tebu at 1 μM for 6 hrs. (B) MitoTracker Green assay showing decreased 

mitochondrial mass in pesticide-treated groups. (C) Mitotracker Red ICC showing decreased 

fluorescence intensity and increased circularity as a sign of altered mitochondrial mass and 

in the Rot and Tebu groups. Scale bar, 25 μm. Zoomed images are shown as inserts in 

their respective figures. Right: Quantification of mitochondrial circularity measured through 

ImageJ. (D) Decreased Mfn2 immunoreactivity in EGCs treated with the pesticides. Scale 

bar, 25 μm. Right: Quantification of the integrated density of Mfn2 (E) Colocalization 

of MFN2 and MitoTracker Red and associated Pearson’s correlation coefficient and the 

respective 3D color plot of the focused area. Scale bar, 25 μm. Data analyzed via one-way 

ANOVA and represented as mean±SEM, **p <0.01, ***p<0.001, ****p<0.0001.
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Figure 2: Rotenone (Rot) and tebufenpyrad (Tebu) alter mitochondrial dynamics and increase 
oxidative stress in enteric glial cells (EGCs).
EGCs treated with Rot and Tebu at 1 μM for 6 hrs in Seahorse Mito Stress assay show 

reduced (A) oxygen consumption rate, (B) basal respiration, and (C) ATP production. 

(D) MitoSox assay shows increased mitochondrial superoxide produced in the EGCs 

exposed to pesticides. Scale bar, 25 μm. Right: Quantification of the integrated density 

of MitoSox. Data analyzed via one-way ANOVA and represented as mean±SEM, **p <0.01, 

***p<0.001, ****p<0.0001.
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Figure 3: Rotenone (Rot) and tebufenpyrad (Tebu) treatments upregulate proinflammatory 
factors in enteric glial cells (EGCs).
EGCs treated with Rot and Tebu at 1 μM for 6 hrs probed for proinflammatory markers 

showed increased mRNA expression of (A) Nos2, (B) Il-6, and (C) Tnfsf-12. Correlation 

plots between inflammatory markers and mitochondrial mass of pesticide-treated EGCs 

showing inverse correlations between mitochondrial mass and (D) NOS2, (E) IL-6, and 

(F) TNFSF-12. Data analyzed via one-way ANOVA and represented as mean±SEM and 

correlation coefficient *p≤0.05, **p <0.01.
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Figure 4: Rotenone (Rot) and tebufenpyrad (Tebu) treatments impair autophagy in enteric glial 
cells (EGCs).
EGCs treated with Rot and Tebu at 1 μM for 6 hrs probed for autophagic markers. (A-B) 
Representative Western blot and densitometric analysis showing an increase in (A) p62 and 

(B) LC3 marker in pesticide-treated group. (C) ICC showing increased LC3. Scale bar, 25 

μm. Right: Quantification of the integrated density of LC3. (D) ICC showing colocalization 

of LysoTracker dye and LC3 and increased expression of both in the pesticide group and the 

associated Pearson’s correlation coefficient. Scale bar, 50 μm. Below: Quantification of the 

integrated density of LysoTracker green and Pearson’s correlation coefficient between LC3 

and LysoTracker green. Data analyzed via one-way ANOVA and represented as mean±SEM, 

*p≤0.05, **p <0.01, ***p<0.001.
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Figure 5: Rotenone (Rot) and tebufenpyrad (Tebu) cause inflammation with neuronal and 
functional loss in the enteric nervous system (ENS).
(A) ICC analysis showing primary mouse mixed enteric neuronal culture expressing 

neuronal marker PGP 9.5 and glial marker GFAP. (B) ICC analysis showing decreased 

expression of PGP 69.5 in ENS-treated with Rot and Tebu at 200 nM for 6 h. (C-D) 
RT-qPCR analyses showing reduced mRNA expression in Tebu-treated ENS group for (C) 
Pgp9.5 and (D) Th. (E) Tracker analysis of video-recordings of primary ENS treated with 

the pesticides shows reduced velocity, acceleration and kinetic energy, which correlated with 

the decreased peristaltic function in the pesticide group when compared with the control as 

seen in Video 1 (Control), 2 (Rot) and 3 (Tebu). (F-G) ENS treated with Rot and Tebu at 200 

nM for 6 h shows inflammatory changes as seen through increased expression of NOS2 in 

(F) ICC analysis and (G) RT-qPCR analysis of mRNA. Scale bar, 20 μm. Data represented 

as mean±SEM and analyzed via Student’s t test and correlation coefficient *p<0.05, **p 

<0.01.
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Figure 6: Enteric neuronal degeneration in the submucosal plexus in a rat rotenone (Rot) model 
of PD.
(A) IHC of rat colon treated with Rot (2.8mg/kg/i.p) showing decreased expression of PGP 

9.5 in the submucosal plexus. (B) IHC of rat colon treated with Rot showing no significant 

change in expression of GFAP in the myenteric plexus. (C) IHC of rat colon treated with Rot 

showing increased expression of iNOS in the myenteric plexus (n=2). Scale bar, 20 μm.
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