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Abstract

Background: High-fat diet, microbial alterations and lipopolysaccharide (LPS) are thought to 

cause enteric diabetic neuropathy and intestinal dysmotility. However, the role of the gut 

microbiota, lipoteichoic acid (LTA) from Gram-positive bacteria and short chain fatty acids 

(SCFAs) in the development of diabetic enteric neuropathy and intestinal dysmotility is not well 

understood. Our aim was to examine the role of the gut microbiota, LTA and SCFAs in the 

development of diabetic enteric neuropathy and intestinal dysmotility.

Methods: We fed germ free (GF) and conventionally raised (CR) mice either a high-fat (HFD) or 

standard chow diet (SCD) for 8 weeks. We analyzed the microbial community composition in CR 

mice using 16S rRNA sequencing and damage to myenteric neurons using immunohistochemistry. 

We also studied the effects of LPS, LTA, and SCFAs on duodenal muscularis externa contractions 

and myenteric neurons using cultured preparations.

Key Results: HFD ingestion reduced the total number and the number of nitrergic myenteric 

neurons per ganglion in the duodenum of CR but not in GF-HFD mice. GF mice had fewer 

neurons per ganglion compared to CR mice. CR mice fed a HFD had increased abundance of 

Gram-positive bacteria. LTA and LPS did not affect the frequency of duodenal muscularis 

contractions after 24 hours of cultured but reduced the density of nitrergic myenteric neurons, and 

increased oxidative stress and TNFα production in myenteric ganglia. SCFAs did not affect 

muscularis contractions or injure myenteric neurons.
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Conclusions & Inferences: Gut microbial alterations induced increase in Gram-positive 

bacterial LTA may contribute to enteric neuropathy.
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1 INTRODUCTION

Over 70% of diabetic patients suffer from gastrointestinal (GI) motility disorders including 

dysphagia, gastroparesis, constipation, diarrhea, incontinence and pain.1,2 These diabetic GI 

motility-related disorders are associated with enteric nervous system (ENS) neuropathy, 

characterized by loss of nitrergic neurons expressing neuronal nitric oxide synthase (nNOS) 

and vasoactive intestinal peptide neurons (VIP) in the myenteric plexus.1 Enteric neuropathy 

in diabetes is often linked to alterations of the gut microbiota.3,4 Lipopolysaccharide (LPS), 

the cell wall component of Gram-negative bacteria is thought to be the microbial product 

that causes ENS neuropathy.4 However, it was recently shown that LPS and dietary 

palmitate act synergistically to damage ENS neurons mainly through oxidative stress, 3 and 

previous studies suggest that damage to enteric neurons occurs through AMPK activated 

protein kinase.5 These observations suggest that interaction between diet, gut microbes and 

the host have a crucial role in the pathophysiology of GI diabetic neuropathy and motility 

disorders.3,6 Nonetheless, the role of an intact gut microbiota itself in the development of 

enteric neuropathy is not well understood.

The composition of gut microbiota is mainly modulated by diet.7 High fat diet (HFD) 

consumption is associated with alterations of the gut microbiota in mice, 8–10 lower 

concentrations of SCFAs,11,12 type two diabetes (T2D) symptoms,10,13 enteric neuropathy,13 

and intestinal dysmotility.3,4,6 All these conditions are commonly observed in diabetic 

patients.14 Microbiota alterations in T2D humans and animal models of T2D can be 

characterized by significant changes in the abundance ratios of Firmicutes, a phylum 

comprised mostly of Gram-positive bacteria, and in Bacteroidetes, comprising of Gram-

negative bacteria.10,15,16 A previous study found the increased presence of Gram-positive 

gut bacteria in the blood of T2D patients,17 which combined with increased gut 
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permeability18,19 and changes in the abundance of gram positive bacteria in the gut of 

diabetic subjects likely increases the intestinal and circulating levels of LPS20 and Gram-

positive bacterial cell wall component, lipoteichoic acid (LTA). It has been shown that LTA 

binds to TLR-2 receptors,21 and induces neuronal damage in cultured rat cerebellum cells 

through glia activated oxidative- stress.22,23 LTA also enhances IL-6 expression in various 

cells,24 and could have a role in increasing IL-6 levels observed in mice fed HFD10 and T2D 

patients.18 Apart from LPS and LTA, gut microbes also influence host health by producing 

short chain fatty acids (SCFAs) derived from fermenting indigestible carbohydrates and 

proteins.25 Although increased concentrations of SCFAs are involved in reducing obesity 

and inflammation, and increasing insulin sensitivity,26,27 there is evidence suggesting that 

butyrate damages nitrergic myenteric neurons, ex vivo.28 Despite all of the observations 

above, most studies of enteric neuropathy and dysmotility have focused on LPS,3,4 leaving a 

knowledge gap regarding the role of LTA and SCFAs in the development of GI dysmotility 

and enteric neuropathy.

We have previously shown that gut microbiota alterations and the development of enteric 

neuropathy and GI dysmotility occur before the onset of diabetic conditions in female 

C57BL6 mice fed HFD for 8 weeks.10 We also showed that ileocecal contents from HFD 

mice damage nitrergic myenteric neurons and inhibit intestinal motility by blocking 

muscularis contractions.29 The aim of this study was to determine whether an intact gut 

microbiota is required for the development of enteric neuropathy, and what microbiota 

changes are present in the cecum of mice with enteric neuropathy. We also sought to 

determine whether LTA from Gram-positive bacteria, which are increased in mice fed HFD, 

and decreased levels of SCFAs contribute to GI dysmotility by damaging enteric neurons 

and disrupting muscle contractions in the duodenum. We chose to use the duodenum 

because previous studies have suggested that diabetic dysmotility and enteric neuropathy 

affects the proximal intestine first.30 In the later stage of diabetes, alterations of the ENS in 

the proximal part of the intestine leads to hypercontractility. 30 Furthermore, several studies 

have demonstrated that during diabetes there is a loss of inhibitory neurons and an increase 

in cholinergic innervations in the proximal part of the intestine.30 In fact, hypercontractility 

of the intestine 1) is associated with an increase of glucose absorption, and 2) generates an 

afferent signal that informs the brain to block glucose entry in the muscle. These “local” and 

“central” effects participate in the development of hyperglycemia and insulin resistance 

observed during T2D. Obese/diabetic mice and human exhibit an alteration of ENS activity, 

which is associated with intestinal hypercontractility. 31,32 For these reasons, we studied 

changes in motility and damage to inhibitory neurons in the duodenum.

2 MATERIALS AND METHODS

2.1 Mice

The Mayo Clinic Animal Care and Use Committee approved germ free (GF) mouse studies. 

Seven weeks old male Swiss GF mice were fed either a HFD,33,34 (n=5, containing 60% 

kcal fat diet; Research Diets, New Brunswick, NJ, D12492ii), or standard chow diet (SCD, 

n=5, containing 10% kcal fat diet; Research Diets, New Brunswick, NJ, D12450Bi) for 8 

weeks in GF isolators. Duodenal tissues were collected post euthanasia at the end of the 
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experiment. The University of Idaho Animal Care and Use Committee approved the study 

protocols for conventionally raised (CR) C57Bl/6J mice. Six to seven weeks old C57Bl/6J 

male mice were purchased from Jackson Laboratories (Bar Harbor, ME) and housed in the 

Laboratory Research Animal Facility. At 8 weeks, mice were separated into two groups (@ 

n=8) and fed either a SCD composed of 6.2% kcal fat (Teklad Global 2018, Teklad Diets, 

Madison WI) or a HFD whose composition was published previously10,20 containing 70% 

kcal fat diet with 2% additional corn oil (TestDiet, Richmond, IN) ad libitum for 8 weeks. 

Mice were euthanized by exsanguination under deep isoflurane anesthesia. The cecal 

contents were collected and immediately frozen at −80°C for microbial community 

profiling. For experiments with dihydroethidium (DHE), we used samples from eight to ten 

weeks old first generation (F1, n=8) GCaMP6f mice obtained by crossing female B6J.Cg-

Gt(ROSA)26Sortm95.1(CAG-GCaMP6f)Hze/MwarJ (C57BL/6J; stock no. 028865), which 

express the Cre-dependent, fast fluorescent Ca2+ indicator protein GCaMP6 with B6.129-

Nos1tm1(cre)Mgmj/J (C57BL/6J; stock no. 017526), which express Cre recombinase. 

Breeding mice were purchased from the Jackson Laboratories. We bred GCaMP6f mice for 

a Ca2+ imaging studies but use them here because they were readily available. These mice 

were fed SCD only.

2.2 16S rRNA analysis of the gut microbiota and taxonomic assignment of reads

Genomic DNA was extracted from cecal contents using enzymatic and mechanical lysis of 

0.01g of cecal contents from each mouse as previously described.35 The variable V1-V3 

regions of bacterial 16S rRNA genes were amplified and sequenced as previously described.
10 Hierarchical clustering and principal coordinate analysis (PCoA),36 were used to assess 

similarities and differences in bacterial community composition across conventional SCD 

and HFD mice with MicrobiomeAnalyst (https://www.microbiomeanalyst.ca/).

2.3 Identifying the effects of LTA, LPS and SCFAs on intestinal muscle contractions using 
cultured duodenal muscularis preparations

Twelve-week-old C57Bl/6J mice were purchased from Jackson Laboratories (Bar Harbor, 

ME), and housed in the Laboratory Research Animal Facility for a week. Mice were 

euthanized and the duodenum was removed and placed immediately in ice-cold Hepes buffer 

supplemented with 2% Penicillin-Streptomycin (Sigma, St. Louis, MO, USA). The samples 

were then pin-stretched in Sylgard lined petri dishes and opened along the mesenteric 

border. After multiple washes in Hepes Buffer with 2% Penicillin-Streptomycin, samples 

were dissected with fine forceps to obtain the muscularis externa (muscularis). 

Approximately 1.0 cm long pieces of muscularis were then cultured in Neurobasal A 

medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with the serum 

substitute B27 according to manufacturer’s instructions (Thermo Fisher Scientific, Waltham, 

MA, USA). Tissues were cultured in 24 well plates for 24 hours in a tissue culture incubator 

at a temperature of 37°C, relative humidity of 95% and CO2 concentration of 5%. 30-second 

long videos were recorded with a camera equipped Nikon light microscope using the 5x 

objective lens to determine the effect of test molecules on muscularis contractions. All test 

molecules were solubilized in culture media and filter sterilized before use at the following 

concentrations: 0.5 ng/ml LPS from Escherichia coli O111:B4 (L4391), 0.5 ng/ml LTA from 

Staphylococcus aureus (L2515), 30 mM sodium acetate (S2889), 30 mM sodium propionate 
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(P5436), and 30 mM sodium butyrate (303410) (all from Sigma, St. Louis, MO, USA). 

Samples were videotaped after 1 hour of equilibration before test molecules were added 

(Time 0) and 24 hours later. Videos were analyzed by individuals not aware of the treatments 

to tissues by counting the number of contractions that occurred during 30 seconds. Data 

were normalized by dividing the frequency of contractions after 24 hours to the frequency of 

contractions recorded after 1 hour of equilibration and presented as percentages. The 

samples were then fixed and stained to access myenteric neuronal damage as described 

below.

2.4 Immunohistochemistry analysis of nerve cell damage

After filming tissues for measuring the rates of contractions, tissues were stretched and 

pinned on Sylgard, fixed overnight in 4% paraformaldehyde with 0.2% picric acid and 

dissected as previously described.37 Immunohistochemistry staining for neuronal nitric 

oxide synthase (nNOS, 1:300, Abcam, Cambridge, MA) and vasoactive intestinal peptide 

(VIP,1:1000, Abcam, Cambridge, MA) to localize myenteric inhibitory motor neurons was 

performed as previously described.13 Total neuron population analysis was completed using 

an antibody for anti-neuronal nuclear antibody 1 (ANNA1) positive human serum, 1:20,000, 

kind gift from Dr. Vanda A. Lennon, Mayo Clinic). Tissue inflammation was evaluated by 

staining with an antibody to TNFα (TNFα, 1:500, Abcam, Cambridge, MA). Increased 

antioxidant production in tissue was evaluated with an antibody to glutathione synthase (GS, 

1:200, Abcam, Cambridge, MA). Nitrosative stress was measured by staining with an 

antibody to inducible nitric oxide synthase (iNOS, 1:500, Abcam, Cambridge, MA). We 

used Donkey anti-rabbit 594 or 488 and donkey anti-human 488 secondary antibodies 

(Jackson ImmunoResearch, West Grove, PA), both at 1:300, to label nNOS, iNOS, GS and 

ANNA1, respectively. Tissues were mounted on objective slides using VectaShield 

Mounting Medium (Vector Labs, Burlingame, CA).

2.5 Dihydroethidium Staining

Superoxide levels were measured by quantifying fluorescence of the superoxide marker 

dihydroethidium (DHE)38 as previously described.39 Briefly, LMMP whole mount 

preparations were incubated with 2 μM DHE (Life Technologies, Carlsbad, CA) dissolved in 

culture medium at 37°C for 1 hour. Fluorescence levels were quantified in live ganglia after 

mounting samples and capturing 15 to 20 random fields of view with a 40x objective lens 

and a wide field camera on a Nikon/Andor Spinning disk microscope (Nikon, Melville, NY) 

and analyzed with Nikon NIS Elements software using similar methods as previously 

described13.

2.6 Quantification of number of neurons and density indices

Tissues were photographed using a wide field camera on a Nikon/Andor Spinning disk 

microscope with a 40x objective lens (Nikon, Melville, NY) and analyzed with Nikon NIS 

Elements software using similar methods as previously described13.
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2.7 Statistical analysis

Statistical analyses were conducted using GraphPad Prism 5 software (GraphPad Software 

Inc, La Jolla, CA) unless otherwise indicated. A repeated measure ANOVA with Bonferroni 

post- hoc test was used to correct for multiple comparisons. Statistical significance was 

determined at P < 0.05. The effects of the test molecules on muscle contractions were 

assessed by calculating the percentage of response compared to basal contractions recorded 

at time point 0 in the same samples. Data in bar graphs were analyzed by one-way ANOVA 

followed by Tukey’s post-tests and are expressed as mean ± SEM, or two-way ANOVA 

where appropriate (in Fig. 1& 2) to account for more than one independent variable.

3 RESULTS

3.1 The gut microbiota is required for the development of enteric neuropathy and 
dysmotility

Gut microbiota alterations has been correlated with enteric neuropathy, however it is unclear 

if gut microbiota is directly involved in enteric neuropathy.10 To determine whether gut 

microbiota is involved in the loss of inhibitory motor neurons observed in the myenteric 

ganglia of CR HFD mice, we examined the duodenal myenteric plexus of GF and CR mice 

fed HFD or SCD for 8 weeks. HFD ingestion decreased the total number of neurons per 

ganglionic area in CR mice but not GF mice (Figure 1A). In addition, HFD decreased the 

number of nNOS neurons (Figure 1B), the density of nNOS immunoreactivity (Fig. 1C) and 

percentage of nNOS neurons per total number of neurons (Figure 1D) per ganglionic area in 

CR mice. In contrast, GF mice fed HFD did not display a decrease in either the number 

(Figure 1B) or percentage (Figure 1D) of nNOS neurons per ganglionic area. Of note, GF 

mice fed both SCD and HFD had fewer myenteric nitrergic neurons compared with CR mice 

(Figures 1A–D) but GF HFD mice had higher amounts of nNOS immunoreactive 

varicosities per ganglionic area (Figure 1C). HFD ingestion reduced the VIP 

immunoreactivity in CR mice, but not in GF mice (Figures 2A–B). These results suggest 

that the gut microbiota is required for the development of enteric neuropathy, and likely 

contributes molecules that play a role in the disruptive effects of HFD on motility and 

enteric neurons.

3.2 HFD ingestion increases the population of cecal Gram-positive bacteria

We have previously shown that neuropathy in CR mice is associated with shifts in the fecal 

microbiota including increased Firmicutes and decreased Bacteroidetes.10 We sought to 

determine whether HFD fed CR mice with neuropathy demonstrated alterations in the 

microbial community in the cecum, and in particular if Gram-positive bacteria increased. 

PCoA revealed that diet determined the composition of the microbial community (Figure 

3A). HFD ingestion increased the abundance of Gram-positive Firmicutes in the cecum of 

CR-HFD while Gram-negative Bacteroidetes abundance was reduced (Figure 3B). Specific 

genera were also affected by HFD ingestion. Notably, Allobaculum was increased by HFD 

ingestion while Lactobacillus and Akkermansia were decreased (Figure 3C). These results 

match our previous observations using fecal samples.
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3.3 Microbiota LTA, LPS, and SCFAs do not affect contractions of cultured duodenal 
muscularis externa

We have previously shown that ileocecal supernatants from CR mice fed a HFD inhibits 

contractions in duodenum and in cultured duodenal muscularis externa.29 We next 

determined whether LTA, LPS and SCFAs inhibit intestinal smooth muscle contractions 

using cultured muscularis externa preparations from CR mice fed SCD. After 24 hours of 

culture, the frequency of contractions in untreated muscularis preparations was unchanged 

compared to initial contractions recorded after 1-hour equilibration (0 hour time point). 

Treatment with LPS and LTA did not affect the frequency of muscle contractions after 24 

hours (Figures 4A–B). Similarly, 30 mM concentrations of acetate, propionate and butyrate 

had no effect on contractions (Figure 5A). These results suggest that these bacterially 

derived molecules do not affect muscle contractions at used concentrations.

3.4 LTA induces injury to myenteric neurons which is similar to that elicited by LPS

LPS is known to damage ENS neurons and reduce the number of nitrergic myenteric 

neurons, which is similar to the neuropathy elicited by HFD and diabetes in animal models 

and diabetic humans.4 We next determined whether LTA could also reduce the number of 

myenteric nitrergic neurons using cultured duodenal muscularis preparations. We observed 

that in muscularis cultured for 24 hours, LPS and LTA decreased the number of nNOS 

neurons per ganglionic area (Figure 4C) and the percentage of nNOS neurons per total 

number of neurons per ganglionic area (Figures 4D–E). These results suggest that similar to 

HFD ingestion and LPS, LTA reduces the number of myenteric nitrergic neurons.

3.5 SCFAs do not affect duodenal myenteric neurons

It was previously shown that 1 mM butyrate decreased the proportion of nNOS neurons in 

primary rat myenteric neurons cultured from colon,28 and 30 mM SCFAs impaired colon 

propulsion in guinea pigs.40 We studied whether 30mM acetate, propionate and butyrate 

could also reduce the number of myenteric nitrergic neurons in cultured duodenal 

muscularis. We found that compared to untreated controls, SCFAs did not affect the number 

(Figure 5B) and percentage (Figures 5C–D) of nNOS neurons in cultured muscularis 

preparations. 30 mM concentrations of SCFAs did not cause a reduction in the number of 

myenteric nitrergic neurons.

3.6 LTA induces oxidative stress

Previous studies have demonstrated that oxidative stress is the main pathway through which 

LPS-induced enteric nerve cell injury occurs.4,41 We therefore hypothesized that, similar to 

LPS, LTA induced damage to myenteric nitrergic neurons was associated with oxidative 

stress. To test this idea, duodenal muscularis samples were cultured in LTA or LPS and 

stained with the superoxide-specific fluorescent indicator dihydroethidium (DHE).38,42 We 

also stained fixed treated muscularis samples with an anti-glutathione antibody to measure 

the expression of glutathione, an essential antioxidant produced in response to oxidative 

stress.42 Compared to untreated control samples, the total DHE staining per ganglionic area 

(Figure 6A) and in the entire field of view (Figure 6B) was increased by LTA and LPS 

treatment after 12 hours (Figures 6A–C). Additionally, the anti-glutathione staining per 
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ganglionic area (Figure 6D) and the number of anti-glutathione positive cells (Figures 6E–F) 

was dramatically increased in LTA and LPS treated samples. This suggests that like LPS, 

LTA causes increased oxidative stress in myenteric ganglia.

3.7 LTA triggers nitrosative stress and inflammation

TNFα mediated inflammation leading to oxidative-nitrosative stress is the major pathway 

through which LPS induced enteric neuropathy occurs.43 We therefore determined if LTA-

induced TNFα-mediated inflammation and nitrosative stress by staining muscularis 

preparations with antibodies to TNFα and iNOS. Samples treated with LPS and LTA 

demonstrated more TNFα and iNOS staining (Fig. 7) when compared to untreated controls. 

TNFα and iNOS labeling was observed in nNOS and other types of myenteric neurons in 

ganglia from samples treated with LPS and LTA. This suggests that similar to LPS, LTA 

induces inflammation and nitrosative stress, which are known to damage to enteric neurons.

4 DISCUSSION

The goals of this study were to: a) determine whether the gut microbiota plays an essential 

role in the development of HFD-induced enteric neuropathy and b) determine the role of gut 

microbiota derived LTA and SCFAs on enteric neuropathy and dysmotility. Our results 

demonstrate that GF mice fed a HFD do not develop the enteric neuropathy observed in CR 

mice fed HFD suggesting that gut microbiota is required for the development of enteric 

neuropathy. The data presented herein also demonstrates that HFD caused alterations of the 

gut microbiota in CR mice, resulting in higher abundance of Gram-positive Firmicutes 

bacteria in cecum. Furthermore, LTA from Gram-positive bacteria, like LPS from Gram-

negative bacteria, induced enteric neuropathy, oxidative stress- and TNFα-mediated 

inflammation, but did not affect duodenal muscle contractions. The major SCFAs produced 

as a result of gut bacterial fermentation (acetate, propionate and butyrate) did not damage 

myenteric neurons or inhibit duodenal muscle contractions. This is the first study, to our 

knowledge, to establish an association between the increase of Gram-positive gut bacteria 

caused by HFD ingestion and the development of enteric neuropathy through LTA.

One of the main findings from this study is that the gut microbiota is required for the 

development of HFD-induced enteric neuropathy including injury to nitrergic myenteric 

neurons. We report for the first time that HFD ingestion does not affect the total number of 

neurons and the number of nitrergic neurons in the myenteric plexus of GF mouse 

duodenum, which is in contrast to findings in CR mice also fed HFD for 8 weeks.3,10,13 The 

HFD-induced reduction in the total number of neurons and the number of nitrergic 

myenteric neurons in duodenal myenteric plexus of CR mice observed in this study 

correspond with previous observations from our lab and other labs utilizing HFD of different 

compositions ranging from 45% to 70% calorific intake from fat.3,10,13 Three potential 

explanations support the observed differences between GF and CR HFD mice and the 

involvement of gut microbiota in caused enteric neuropathy. First, our results strongly 

suggest that HFD induced changes to the gut microbiota are involved in the development of 

enteric neuropathy likely through end toxemia. This view is supported by previous studies 

showing that LPS is increased in the bloodstream of mice fed the same diet41 as well as 
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other animal models of T2D and T2D patients because of disrupted gut epithelial barrier.
18,44 Additional support for this view include findings suggesting that LPS acts 

synergistically with dietary saturated fat (palmitate) to cause enteric neuropathy in diabetic 

mice,3,4 and findings of the current study that like LPS, LTA damages myenteric neurons via 

inflammation and oxidative stress. Second, it has been shown that hyperglycemia and 

hyperlipidemia are involved in causing enteric neuropathy in CR mice.45,46 Interestingly, GF 

HFD mice do not develop hyperlipidemia, hyperglycemia and obesity after 8 weeks,47,48 

however they develop diabetic conditions upon receiving gut microbiota transplants from 

diabetic patients,47,48 which highlights further the important role of the microbiota in the 

pathophysiology of diabetic conditions including enteric neuropathy. Finally, recent studies 

proposing that HFD-induced damage to ENS neurons can occur in CR mice in the absence 

of hyperglycemia,10,49 is an additional fact suggesting microbial factors have a key role in 

the intricate interaction of factors that cause enteric neuropathy associated with HFD 

ingestion and T2D.

Another important finding of our study is the observation suggesting that LTA plays a role in 

HFD-induced and T2D enteric neuropathy. The majority of previous studies linking gut 

microbiota alterations to enteric neuropathy have focused on LPS which is derived from 

Gram-negative bacteria.3,4 However, like several other studies in HFD mouse models and in 

diabetic humans,10,50 the current study found HFD-induced alterations of microbiota in 

cecum was characterized by the increased abundance of Firmicutes (Gram -positive) and 

decreased abundance of Bacteroidetes (Gram-negative) bacteria. These increases in Gram-

positive bacteria correlates with the increase in Gram-positive gut bacteria in the 

bloodstream of T2D patients.17 Gram-positive bacteria are distinguished from Gram-

negative bacteria by the absence of an outer cell membrane,51 and an inner cellular 

membrane composed of LTA and peptidoglycan instead of LPS.51 Therefore, an increase in 

Gram-positive bacteria in the cecum of CR mice fed HFD led us to hypothesize that Gram-

positive LTA induces enteric neuropathy through oxidative- stress and TNFα mediated 

neuroinflammation. In testing this idea, we have established that like LPS, LTA induces 

damage to ENS neurons, particularly nitrergic myenteric neurons, likely through oxidative 

stress and inflammation. It has been shown that LTA damages cerebellar granule neurons by 

activating glial cells to release pro-inflammatory cytokines (TNFα, IL-1β and IL-6), which 

damage neurons via oxidative-nitrosative stress and caspase activation.22 LPS acts via TLR4 

to damage nitrergic myenteric neurons via oxidative-nitrosative stress and inflammation.3,4 

LTA is a TLR2 agonist that induces oxidative and nitrosative stress through a similar 

pathway as LPS,21,52 mainly by activating myd88, NF-kB and Nrf2.21 Therefore, it is likely 

that these mechanisms were involved in the observed LPS and LTA-induced activation of 

inflammation, increased oxidative stress and damage to nitrergic myenteric neurons in 

myenteric ganglia. Nitrergic myenteric innervation modulates the relaxation component of 

intestinal motility, and is therefore essential for the maintenance of healthy motility. 

Decreased nitrergic innervation underlie dysmotility in diabetic patients.1,53,54 Mice and 

isolated neurons that express GCaMP6f in myenteric nNOS neurons could be useful in 

determining HFD-, T2D- and endotoxins-induced alterations in transmission from nNOS 

neurons, and the cellular mechanisms associated with degenerative changes in these neurons. 

Collectively, our results support the need for determining the levels of components of Gram-
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positive bacteria cell wall, including peptidoglycan and LTA in the blood stream, elucidating 

the involvement of glia in LTA-induced enteric neuropathy and analyzing the cellular 

mechanisms by which LTA damages ENS neurons in future studies.

The short chain fatty acids acetate, propionate and butyrate appear to have no role in HFD 

induced damage to nitrergic myenteric neurons and impaired duodenal contractions. We 

have previously shown that HFD causes loss of nitrergic myenteric neurons and impairs 

duodenal contractions in conventionally raised male and female mice.10,13 Other studies 

have demonstrated that HFD ingestion in a rat model of T2D and alterations of the gut 

microbiota in diabetic humans is associated with lower fermentative bacteria and impaired 

production of the major short chain fatty acids acetate, propionate and butyrate.12,55–57 The 

concentrations of all three fatty acids is also reduced by HFD ingestion in humans.11 At the 

30 mM concentration used in this study, acetate, propionate and butyrate did not affect 

duodenal muscle contractions and the number of nitrergic myenteric neurons. These 

concentrations were selected because a previous study had determined that 30 mM 

concentrations affected colonic motility ex vivo, 58 and because we considered 30 mM to be 

representative of the lower SCFA concentrations found in the gut of diabetic subjects.58 

These findings suggest that low concentrations of these SCFAs do not cause neuropathy or 

impair intestinal motility by disrupting muscle contractions. Effects of SCFAs on myenteric 

nitrergic neurons have not been evaluated thoroughly, warranting future studies with 

different concentrations and combinations of SCFAs.

This study found that the intact gut microbiota is required for the development of the 

optimal number of all neurons and nitrergic neurons in the myenteric plexus of mice. GF 

mice fed SCD had lower myenteric neuronal densities and a lower proportion of nitrergic 

neurons in the duodenum compared to CR mice fed SCD. Our results support previous 

findings showing that GF mice have fewer myenteric neurons and the conclusion that the gut 

microbiota is needed for a healthy development of the ENS.59,60 However, in contrast with 

our study in duodenum, other studies reported an increased proportion of nNOS neurons in 

the jejunum and ileum of GF mice fed SCD. These differences are likely due to regional 

differences in the gut.

Some studies have showed that LPS intraperitoneal injections and in vitro exposure to 

intestinal muscle preparations inhibit muscle contractions. However, responses to LPS differ 

between mouse strains.59,60 For example, the intraperitoneal exposure of intestine to LPS (6 

or 12 mg/kg) for 6 hours decreased in vivo intestinal propulsive motility and ex vivo ileal 

muscularis contractions in BALB/c but increased these parameters in C57BL/6 mice.59,60 In 

contrast, incubating ileal muscularis externa from C57BL/6J mice in 100 μg/ml LPS for 4 

hours inhibited carbachol-induced smooth muscle contraction.59,60 Therefore, observed lack 

of effect of 1 μg/ml LPS on duodenal contractions is likely due to strain differences and the 

concentration of LPS tested. It is thought that endotoxins from Gam-positive bacterial cause 

intestinal Intussusception by inhibiting motility,51 but the effect of LTA on intestinal muscle 

contractions has not been studied.
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5 CONCLUSIONS

In conclusion, our data strongly supports the hypothesis that gut microbiota alterations are 

directly involved in causing enteric neuropathy through LPS and LTA. Additional studies 

need to identify the specific mechanisms used by LTA to trigger neuropathy and investigate 

the role of glial cells.
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Glossary

LPS lipopolysaccharide

LTA lipoteichoic acid

SCFAs short chain fatty acids

GF germ free mice

CR conventionally raised mice

HFD high-fat diet

SCD standard chow diet

GI gastrointestinal

ENS enteric nervous system

nNOS neuronal nitric oxide synthase

iNOS inducible nitric oxide synthase

VIP vasoactive intestinal peptide neurons

T2D type two diabetes

DHE dihydroethidium

PCoA principal coordinate analysis

GS glutathione synthase
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Key Points

• Alterations of the gut microbiota have a potential role in causing diabetic 

enteric neuropathy, which is characterized by loss of nitrergic myenteric 

neurons. However, whether gut microbiota is actually required for high fat 

diet-induced myenteric nerve injury to occur has not been established. By 

using germ free mice fed high fat diet, we show that the gut microbiota is 

required for the development high fat diet- (HFD)-induced loss of nitrergic 

myenteric neurons.

• Diabetes and HFD consumption are associated with increased Gram-positive 

bacteria in the gut. These bacteria are also increased in the blood of diabetes 

patients. We determined whether lipoteichoic acid, a Gram-positive bacterial 

cell wall component, can damage nitrergic myenteric neurons in vitro. Like 

lipopolysaccharide, lipoteichoic acid damaged and caused loss of nitrergic 

myenteric neurons, and induced neuroinflammation and oxidative stress.

• At the concentration found in mice with HFD-induced diabetes conditions 

and enteric neuropathy, short chain fatty acids (acetate, butyrate and 

propionate) did not damage nitrergic myenteric neurons suggesting they do 

not play a role in HFD-induced and diabetic enteric neuropathy.

Nyavor et al. Page 16

Neurogastroenterol Motil. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Nyavor et al. Page 17

Neurogastroenterol Motil. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
The gut microbiota is required for HFD-induced injury to nitrergic myenteric neurons. A, 

HFD reduced the total number of duodenal myenteric neurons in conventionally raised mice 

(CR) but had no effect on myenteric neurons in GF mice after 8 weeks. B, HFD reduced the 

percentage of nNOS neurons out of the total number of myenteric neurons (labeled with 

ANNA1) per ganglionic area in CR-HFD mice but did not affect the percentage of nNOS 

neurons in GF mice. C-D, HFD reduced the number of nNOS neurons per ganglionic area 

(C), and the density of nNOS immunoreactive neurons and varicosities per ganglionic area 
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(D) in CR mice. In contrast, HFD did not affect the number of duodenal myenteric nNOS in 

HFD-GF mice (C), but HFD GF mice had a higher density of nNOS immunoreactivity per 

ganglion (D). Noteworthy, GF mice had fewer total number of neurons and nNOS neurons 

per ganglion compared to CR mice (A-B). E, Sample images showing overlays of nNOS 

(red) and ANNA1 (green) staining in duodenal myenteric ganglia of CR-SCD, CR-HFD, 

GF-SCD and GF-HFD mice. Data were analyzed by one-way analysis of variance followed 

by Tukey’s post-tests and are expressed as mean ± SEM in all figures. Here and here after, 

number of animals (n) for experiments were 5–10 per group. Statistical significance is 

denoted non-significant by ns = P > 0.05 and significant by *P showing P≤ 0.05; **P 

showing P≤ 0.01; ***P showing P ≤ 0.001, and ****P, showing P value ≤ 0.0001.

Nyavor et al. Page 19

Neurogastroenterol Motil. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
The microbiota is necessary for HFD-induced injury to myenteric VIP neurons in mouse 

duodenum. A, In the duodenums of GF mice, HFD did not affect myenteric VIP 

immunoreactivity, but the VIP immunoreactivity was reduced in CR-HFD mice. GF-SCD 

mice had lower VIP immunoreactivity in duodenum myenteric plexus when compared to 

CR-SCD mice. B, Sample images showing overlays of VIP (red) and ANNA1 (green) 

staining in duodenal myenteric ganglia of CR-SCD, CR-HFD, GF-SCD and GF-HFD mice.
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Figure 3. 
HFD ingestion caused microbial alterations in the cecum, which was marked by increased 

Gram-positive bacteria. A, Principal coordinate analysis revealed that cecal microbial 

communities from CR mice clustered together by diet, indicating HFD shifted the 

community composition. B, Cecal microbiota of CR-HFD mice had higher Firmicutes and 

lower Bacteroidetes compared to CR-SCD mice, indicating an increase in Gram-positive 

bacteria in the cecum of CR-HFD mice. C, HFD induced shifts in specific genera in the 
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cecum of CR mice. Notable shifts include HFD increased Allobaculum and decreased 

Akkermansia and Lactobacillus abundances.
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Figure 4. 
Bacterially derived cell wall components LTA and LPS damage nitrergic myenteric neurons 

without affecting contractions of intact duodenal muscularis externa in culture. A, The 

number of muscle contractions per second was not affected by 24 hours of treatment with 

LPS and LTA (0.5 μg/ml) when compared with untreated control samples. B, Representative 

pictures of cultured duodenal muscularis external demonstrating contraction and relaxation 

at 0 hour (hr.) and 24 hours (hrs.). Compare the width changes at sites shown by blue arrows 

in the relaxed and contracted pictures. C-D, Similar to LPS treatment, LTA triggered damage 

to nitrergic myenteric neurons in cultured duodenal muscularis samples. Both LTA and LPS 

reduced the percentage of nNOS neurons per total number of neurons in myenteric ganglia 

and the number of myenteric of nNOS neurons per ganglionic area after 24 hours. E, Sample 

images showing overlays of nNOS (red) and ANNA1 (green) staining in duodenal myenteric 

ganglia of untreated control, LPS and LTA treated duodenal muscularis externa.
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Figure 5. 
Bacterially derived SCFAs do not affect contractions or injure nNOS neurons in cultured 

intact duodenal muscularis externa. A, The number of muscle contractions per second was 

not affected by 24 hours of treatment with 30mM concentrations of SCFAs when compared 

with untreated control samples. B-C, SCFAs did not affect the percentage of nNOS neurons 

per total number of neurons in myenteric ganglia and the number of myenteric of nNOS 

neurons per ganglionic area after 24 hours. D, Sample images showing overlays of nNOS 
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(red) and ANNA1 (green) staining in duodenal myenteric ganglia of untreated control, 

acetate, propionate and butyrate treated duodenal muscularis externa.
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Figure 6. 
LTA induces oxidative stress in myenteric neurons. A-B, Like LPS, LTA increased the 

amount of DHE staining per ganglionic area (A) and in the entire field of view (B) after 12 

hours. C, Sample images showing nNOS (green) and DHE (red) staining in duodenal 

myenteric ganglia (outlined in overlay) of control, LPS and LTA treated samples. D-E, Like 

LPS, LTA increased the anti-glutathione synthase (GS) immunoreactivity (D) and increased 

the GS positive cells per ganglionic area (E). F, Sample images showing nNOS neurons 

Nyavor et al. Page 29

Neurogastroenterol Motil. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(green) and anti-glutathione synthase (red) immunoreactivities in duodenal myenteric 

ganglia of control, LPS and LTA treated (12 hours) muscularis.
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Figure 7. 
LTA treatment caused nitrosative stress and activated the production of TNFα. Images to 

demonstrate qualitative analysis of inducible nitric oxide synthase (iNOS, green) and TNFα 
immunoreactivity (purple) in nNOS neurons (red) in control, LPS and LTA treated samples, 

after 12 hours. Similar to LPS treatment, LTA treatment increased the number of neurons 

expressing TNFα, and increased the number of neurons expressing iNOS compared to 

control samples.
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