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Abstract

Diabetic patients suffer from gastrointestinal disorders associated with dysmotility, enteric 

neuropathy and dysbiosis of gut microbiota, however gender differences are not fully known. 

Previous studies show that high-fat diet (HFD) causes type two diabetes (T2D) in male mice after 

4–8 weeks, but only does so in female mice after 16 weeks. This study sought to determine 

whether sex influences the development of intestinal dysmotility, enteric neuropathy and dysbiosis 

in mice fed HFD.

We fed 8-week old C57BL6 male and female mice a standard chow diet (SCD) or a 72% Kcal 

HFD for 8 weeks. We analyzed the associations between sex and intestinal dysmotility, neuropathy 

and dysbiosis using motility assays, immunohistochemistry and next generation sequencing.

HFD ingestion caused obesity, glucose intolerance and insulin resistance in male but not female 

mice. However, HFD ingestion slowed intestinal propulsive motility in both male and female 

mice. This was associated with decreased inhibitory neuromuscular transmission, loss of 

myenteric inhibitory motor neurons, and axonal swelling and loss of cytoskeletal filaments. HFD 

induced dysbiosis and changed the abundance of specific bacteria, especially Allobaculum, 

Bifidobacterium and Lactobacillus, which correlated with dysmotility and neuropathy. Female 

mice had higher immunoreactivity and numbers of myenteric inhibitory motor neurons, matching 

larger amplitudes of inhibitory junction potentials.
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This study suggests that sex influences the development of HFD-induced metabolic syndrome, but 

dysmotility, neuropathy and dysbiosis occur independent of sex, and prior to T2D conditions. 

Gastrointestinal dysmotility, neuropathy and dysbiosis might play a crucial role in the 

pathophysiology of T2D in humans irrespective of sex.
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gut microbiota; diabetes mellitus; gastrointestinal motility; enteric nervous system; diabetic enteric 
neuropathy

INTRODUCTION

Of the 422 million adults living with diabetes globally, 85% are overweight and 90–95% 

have type 2 Diabetes (T2D)(Centers for Disease Control and Prevention 2017). These 

individuals are at great risk of life-threatening complications autonomic nerve cell damage-

(neuropathy-) related conditions including: cardiovascular disease, and gastrointestinal (GI) 

motility disorders(Smyth and Heron 2006). In fact, up to 70% of T2D patients suffer from 

symptoms of GI dysmotility including dysphagia, gastroparesis, constipation, diarrhea and 

fecal incontinence, and pain as a result of neuropathy of the enteric nervous system (ENS) 

(Abrahamsson 1995; Yarandi and Srinivasan 2014).

Damage to the myenteric plexus causing axonal swelling and loss of cytoskeletal filaments, 

disorganization of the neuropil, and loss of myenteric inhibitory motor (VIP/nNOS) neurons 

due to apoptosis or necrosis (Anitha et al. 2006; Stenkamp-Strahm et al. 2013) is associated 

with dysmotility. This is because myenteric neurons play a crucial role in regulating 

gastrointestinal motility mainly by signaling contraction and relaxation of smooth muscle, 

and coordinating propulsive movements (Kunze and Furness 1999; Furness 2012).

High fat diet (HFD) animal models are commonly used to study T2D, diabetic ENS 

neuropathy and accompanying dysmotility because T2D is commonly associated with 

consuming a high fat western diets (Cefalu 2006). In addition, HFD-induces diabetic ENS 

injuries in both laboratory mice and rats (Voss et al. 2013; Stenkamp-Strahm et al. 2013; 

Stenkamp-Strahm et al. 2015) that correlate with ENS injuries in diabetic (T2D) humans 

(Chandrasekharan et al. 2011; Grover et al. 2011; Farrugia 2015). In both animal models and 

humans, ENS injuries are attributed to oxidative stress induced by hyperglycemia and 

inflammation(Vincent et al. 2004; Chandrasekharan and Srinivasan 2007). However, new 

studies link ENS injuries elicited by HFD ingestion and T2D with dysbiosis of bacterial 

communities in the gut through synergist actions of LPS and the saturated fatty acid, 

palmitate (Everard et al. 2014; Reichardt et al. 2017; Van Hul et al. 2017). Increasing 

evidence also suggests that molecules such as saturated fatty acids (palmitate), microbial 

metabolites, and lipopolysaccharide (LPS) have a fundamental role in the pathophysiology 

of T2D, obesity, and the accompanying GI neuropathy and dysmotility (Cani et al. 2007; 

Voss et al. 2013; Aziz et al. 2013; Reichardt et al. 2017). Additionally, it is believed that 

disruption of GI motility and neuropathy occurs before overt symptoms of obesity and 

T2D(Nyavor and Balemba 2017; Reichardt et al. 2017). This suggests a need for a better 
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understanding of the relationship between diet, gut microbiota, GI neuropathy and 

dysmotility in T2D.

The gut microbiota play a role in the development of the ENS, and establishing a healthy 

ENS and maintaining normal GI motility (Grenham et al. 2011; Aziz et al. 2013; Collins et 

al. 2014). Dysbiosis of the gut microbial community has been linked to several motility 

disorders(Quigley 2011; Kashyap et al. 2013) but the association between gut microbial 

composition, intestinal dysmotility and nerve cell damage in T2D is not known. The 

composition of the gut microbiome is shaped by diet, gender and body mass index (Kashyap 

et al. 2013; Haro et al. 2016). Previous studies suggest that gender (sex) also plays a role in 

the incidence and disease severity of obesity and T2D, resultant complications including GI 

motility disorders and deaths attributed to T2D in humans (Kearney et al. 2004; Ford 2005; 

Sugiyama and Agellon 2012). Additionally, in mouse models of HFD obesity and T2D, 

female mice fed HFD for eight weeks do not develop hyperglycemia, hyperinsulinemia and 

low-grade inflammation (Pettersson et al. 2012; Morselli et al. 2014; Bridgewater et al. 

2017). In contrast, male mice become obese and exhibit hyperglycemia, hyperinsulinemia 

and inflammation. Collectively, these observations suggest that dysbiosis of the gut 

microbial community and gender could influence the incidence of GI neuropathy and 

dysmotility in both diabetic animal models and humans.

The aims of this study were to: a) determine whether 8 week HFD ingestion in male and 

female C57BL6 mice disrupts duodenal and colon motility by injuring myenteric inhibitory 

motor neurons, and reducing inhibitory neuromuscular transmission prior to overt diabetes; 

b) determine if altered intestinal propulsive motility, neuropathy and gut dysbiosis are 

correlated; and c) determine whether there gender differences.

MATERIALS AND METHODS

Mice

The University of Idaho Animal Care and Use Committee approved all study procedures. 

Seven week-old male and female C57Bl/6J mice were purchased from Jackson Laboratories 

(Bar Harbor, ME), and housed in the Laboratory Research Animal Facility. Mice were split 

into two groups and fed either a standard chow diet (SCD) composed of 6.2% fat (Teklad 

Global 2018, Teklad Diets, Madison WI) or a HFD containing 45% fat (70% kcal from lard 

plus 2% kcal from corn oil, TestDiet, Richmond, IN) ad libitum for 8 weeks (Supplementary 

Table S1). Mice were euthanized by exsanguination under deep isoflurane anesthesia.

Obesity and T2D assessment

Weights of mice were monitored weekly throughout the study. Hyperglycemia was assessed 

every two weeks using an Abbott AlphaTrak glucometer (Abbott Park, IL). Glucose 

intolerance was assessed by intra-peritoneal glucose tolerance test at 8 weeks as previously 

described (Stenkamp-Strahm et al. 2013). Briefly, after fasting mice for 6 hours during the 

onset of light cycle, blood was drawn from a tail vein and blood glucose (BG) values were 

obtained using an Abbott AlphaTrak glucometer. Each mouse received an intra-peritoneal 

injection of glucose solution (1 g/kg–1) and BG values were measured at 30, 60, 90 and 120 
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minutes after by tail vein blood draw. Homeostatic model (HOMA) values were generated to 

measure insulin resistance in mice as previously described (Matthews et al. 1985). To 

measure insulin, on the day of euthanasia, mice were fasted for 4 hours during the light cycle 

and blood was collected from a submandibular vein. BG values were measured and serum 

was collected and stored at −80°C. Serum insulin values were measured using a Milliplex kit 

(Billerica, MA).

Measuring intestinal motility (motility assays)

All motility assays were conducted using the Gastrointestinal Motility Monitoring system 

(GIMM, Med-Associates Inc., Saint Albans, VT) for filming duodenal contractions triggered 

by intraluminal superfusion of Krebs, and pellet propulsion in colon as previously described 

(Balemba et al. 2010; Hoffman et al. 2010). Briefly, approximately 6 cm long duodenum 

segments and the whole large intestine from cecum to the anus were immediately removed 

from euthanized animals and placed in ice-chilled Krebs solution. Each sample was pinned 

on either end in a Sylgard-lined 50 mL organ bath, continuously perfused with oxygenated 

Krebs solution (mmol L−1: NaCl, 121; KCl, 5.9; CaCl2, 2.5; MgCl2, 1.2; NaHCO3, 25; 

NaH2PO4, 1.2; and glucose, 8; all from Sigma, St. Louis, MO, USA; aerated with 95% 

O2/5% CO2) at a rate of 10 mL per minute and maintained at temperatures between 35 and 

36 °C. Duodenal segments were cannulated and intraluminally superfused with Krebs (kept 

at room temperature) at a flow rate of 1 mL min−1 to trigger propagating contractile rings. 

Contraction velocities were determined by recording videos of contractions migrating from 

the oral to aboral end of the segment after a thirty-minute equilibration, and constructing 

spatiotemporal maps as previously described (Wu et al. 2013). Contraction frequency was 

determined as the number of contractions per second in spatiotemporal maps.

Colon motility was performed using mouse fecal pellets coated with nail polish. The whole 

colon was pinned loosely in the tissue bath, and after 20 minutes of equilibration, nail polish 

coated pellets were inserted in the oral end and videos of the pellet moving through the 

intestine were recorded. We then used GIMM to determine the pellet propulsion velocity by 

calculating the time taken by the pellet to travel over a minimum distance of 4 cm in the 

aboral direction of the colon.

Measurement of inhibitory junction potentials (IJPs)

One cm long segment of oral distal colon was pinned in Krebs solution in a Sylgard-lined 

petri dish and opened along the mesenteric border. The sample was transferred into a 

recording chamber, pinned-stretched mucosal surface up and mucosal and submucosal layers 

were teased off with sharp forceps and mounted in a recording chamber. Roughly, 1.3 cm 

long × 1.0 cm wide samples of colon muscularis externa were pinned stretched between two 

parallel stainless steel stimulating electrodes (# 571000; A-M Systems, Sequim, WA) in 

Sylgard-lined 3.5 mL recording chambers, mucosal surface up. They were pinned between 

two electrodes for triggering electrical field stimulation. One electrode was placed at near 

the oral and another electrode was placed at close to the aboral ends. Samples were then 

mounted on an inverted Nikon Ti-S microscope and visualized using ×20 objective. IJPs 

were evoked by single electrical field stimulation (train duration, 500 ms; frequency, 10 Hz; 

pulse duration, 0.8 ms; and voltage, 100 V) using established procedures (Spencer et al. 
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2001; Bhattarai et al. 2016). IJPs were measured in the circular muscle by using glass 

microelectrodes (80–120 MΩ tip resistance). Recording was done at 0.5–0.8 cm from the 

aboral end of each sample.

Preparation of Tissues for immunohistochemistry analysis

After motility assays, tissues were placed in ice-chilled HEPES buffer (mmol L-1: NaCl 

134; KCl 6; CaCl2 2; MgCl2 1; HEPES 10; Glucose 10), immediately opened along the 

mesenteric border, stretched mucosa side-up and pinned flat in Sylgard (Dow Corning, 

Midland, MI) lined glass dishes. Tissues were fixed in 4% paraformaldehyde with 0.2% 

picric acid overnight at 4 °C. They were washed three times for 30 minutes each in 1× PBS 

and stored in 1× PBS with 0.01 M sodium azide (NaN3). 2 cm long oral segments of 

duodenum and distal colon were dissected under a stereomicroscope using fine forceps to 

obtain longitudinal muscle-myenteric plexus (LMMP) whole-mount preparations. 

Preparations were stored at 4 °C in 1× PBS containing 0.01 M NaN3.

Immunohistochemical staining

Immunohistochemistry staining for nitric oxide synthase (nNOS, Abcam, Cambridge, MA) 

and vasoactive intestinal peptide (VIP, Abcam, Cambridge, MA) to localize myenteric 

inhibitory motor neurons was performed as previously described (Stenkamp-Strahm et al. 

2013). LMMPs were washed 6 × 20 minutes each in 1× phosphate buffered solution with 

0.5% Triton X. Tissues were then incubated in 5% Normal Donkey serum overnight, and 

then in primary antibody solutions for 48 hours. After 6 × 20 minutes washes, tissues were 

incubated in secondary antibody solution for 3 hours, washed 3 × 20 minutes each and 

mounted. Total neuron population analysis was completed using an antibody for anti-

neuronal nuclear antibody 1 (ANNA1 positive human serum, kind gift from Dr. Vanda A. 

Lennon, Mayo Clinic). ANNA1 positive serum was pre-adsorbed for 2 hours in beef liver 

powder and used at 1:20,000 to co-label tissues stained with nNOS and VIP. We used 

Donkey anti-rabbit 594 and donkey anti-human 488 secondary antibodies (Jackson 

ImmunoResearch, West Grove, PA), both at 1:300, to stain for nNOS/VIP and ANNA1, 

respectively.

Tissues were mounted on objective slides using VectaShield Mounting Medium (Vector 

Labs, Burlingame, CA).

Measuring the packing density and density indices in myenteric ganglia

Myenteric ganglia were visualized with both TRITC and FITC filters and photographed 

using a wide field camera on a Nikon/Andor Spinning disk microscope with a 40× objective 

lens (Nikon, Melville, NY). Images were analyzed with Nikon NIS Elements software using 

the approach we previously described (Stenkamp-Strahm et al. 2013). Briefly, at least 60 

fields of view were uniformly randomly selected per tissue and marker. Ganglionic areas 

were measured and recorded as described previously (Stenkamp-Strahm et al. 2015). Then, 

nNOS and ANNA1 positive neurons per ganglia were counted and used to generate neuronal 

densities (number of neurons/ganglionic area; packing density). For both nNOS and VIP 

stained LMMPs, images were manually thresholded to allow software to detect only stained 

neurons and nerve fibers (immunoreactive varicosities) within the ganglia, and this area was 
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measured to compute density index (stained area/ganglionic area). To determine changes in 

ganglionic size, average ganglionic sizes were calculated using ganglionic areas measured 

from all images. Images for qualitative demonstration of nNOS, VIP and ANNA1 staining 

were acquired with a 60× objective lens with the Nikon Spinning disk laser confocal 

microscope and Nikon NIS elements acquisition software.

Analysis of nerve cell injury by Transmission Electron Microscopy (TEM)

Approximately 0.5 cm long, oral duodenal segments were cut along the mesenteric border, 

pinned flat and fixed in 2.5% glutaraldehyde with 4% paraformaldehyde (Electron 

Microscopy Sciences, Hatfield, PA) for 24 hours at 4 °C. Tissues were washed three times in 

1× PBS, sectioned, stained and mounted as we previously described (Stenkamp-Strahm et al. 

2013). Image acquisition and analysis were done using a Zeiss SIGMA electron microscope 

(Zeiss, Germany). After washing tissues three times in 1× PBS, they were dehydrated in 

graded ethanol and stained with OsO4 and uranyl acetate. Tissues were then embedded in 

Durcupan Fluka resin and polymerization for 48 hours at 56 °C. Tissue blocks were trimmed 

and cut into ultrathin 55 nm sections on an ultra-microtome. After collection on Formvar-

coated single-slot grids, sections were incubated in lead citrate. Imaging was conducted on a 

Zeiss Sigma electron Microscope (Zeiss, Germany).

Analysis of the gut microbiota by 16S rRNA sequencing and taxonomic assignment of 
reads

Genomic DNA was extracted from fecal pellets using enzymatic and mechanical lysis as 

previously described (Yuan et al. 2012). Fecal pellets from individual mice were collected in 

sterile containers and stored at −80°C. All pellets were then thawed on ice and one pellet (~ 

38mg) per mouse transferred into a sterile 2.0 mL glass tube with cell lysis buffer composed 

of 50 μL lysozyme (10 mg/ml, Sigma-Aldrich, St. Louis, MO, USA), 6 μL mutanolysin (25 

KU/ml; Sigma-Aldrich, St. Louis, MO, USA), and 3 μL lysostaphin (4000 U/ml, Sigma-

Aldrich, St. Louis, MO, USA) and 41 μL of TE50 buffer (10 mM Tris·HCl and 50 mM 

EDTA, pH 8.0). After incubating at 37°C for 1 hour, pellets were mechanically disrupted by 

vortexing at high speed. 600 mg of 0.1-mm-diameter zirconia/silica beads (BioSpec, 

Bartlesville, OK, USA) were added to the mixture to lyse bacterial cells by using Mini-

BeadBeater-96 (BioSpec) at 2100 rpm for 1 minute. Further isolation and purification of the 

total genomic DNA from crude lysates were processed using QIAamp DNA Mini Kit 

(Qiagen, Hilden, GER) according to the manufacturer’s handbook except that DNA was 

eluted into two separate tubes using two 100 μL aliquots. A Nanodrop 2000 was used to 

quantify genomic DNA in each sample according to manufacturer’s instructions (Thermo 

Fisher Scientific, Waltham, MA, USA). Thereafter, DNA was purified on the Qiagen fecal 

DNA kit (Qiagen, Venlo, Netherlands). Bacterial 16S rRNA genes were amplified by PCR 

using barcoded primers flanking hypervariable regions V1 to V3 (Escherichia coli positions 

27F to 534R). The variable V1–V3 regions of 16S rRNA genes in each sample were 

amplified in two rounds of PCR with dual barcode indexing prior to analysis on an Illumina 

MiSeq platform (Illumina, San Diego, CA, USA). The first PCR round amplified the target 

specific regions in 16S rRNA genes (E. coli positions 27F-534R), while the second attached 

sample specific barcodes and Illumina sequencing adapters. The V1–V3 regions of 16S 

rRNA genes were amplified in 96-well microtiter plates using the HotStar HiFidelity PCR 
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kit (Qiagen) and 100 ng of template DNA in a total reaction volume of 50μl with the 

universal 16S rRNA primers 27F and 534R. The first round of PCR was run in a PTC-100 

thermal controller (MJ Research, St. Bruno, Quebec, CAN) using the following cycling 

parameters: 2 min of denaturation at 95°C, followed by 20 cycles of 1 min at 95°C 

(denaturing), 1 min at 51 °C (annealing), and 1 min at 72 °C (elongation), with a final 

extension at 72°C for 10 min. The presence of amplicons was confirmed by agarose gel 

electrophoresis and staining with Gel Red. The second PCR was run in a total reaction 

volume of 20μl using the following cycling parameters: 10 min of denaturation at 95°C, 

followed by 10 cycles of 15 s at 95°C (denaturing), 30 s at 51 °C (annealing), and 1 min at 

72 °C (elongation), with a final extension at 72 °C for 3 min. Negative controls without a 

template were included for each primer pair. The following procedure was performed by the 

Genomics Resources Core of the Institute for Bioinformatics and Evolutionary Studies 

(IBEST) at the University of Idaho: Amplicon concentrations were quantified by 

fluorometry (GeminiXPS, Molecular Devices, Sunnyvale, CA, USA) using PicoGreen, then 

equimolar amounts of the PCR amplicons were pooled in a single tube. Short DNA 

fragments and amplification primers were removed from the pool amplicons using AMPure 

beads (Beckman-Coulter, Indianapolis, IN, USA), and then the purified amplicons were 

qualified on an Advanced Analytical Fragment Analyzer (Ankeny, IA). This cleaned 

amplicon pool was then quantified using the KAPA Illumina library quantification kit 

(KAPA Biosciences, Wilmington, MA, USA) on the Applied Biosystems StepOnePlus real-

time PCR system. This concentration was used as a starting point to normalize the pool to 

10nM. Amplicons were sequenced using an Illumina MiSeq platform and a 300bp paired-

end protocol (Illumina, Inc., San Diego, CA) with custom sequencing primers. 

dbcAmplicons were used to demultiplex all amplicons from other reads in the run after 

identifying the dual-barcoded pair, and further by using the locus-specific primers as an 

additional “barcode.” The final amplicons were sequenced using the Illumina MiSeq 

platform (Illumina, San Diego, CA, USA) at the University of Idaho.

Sequence reads were cleaned, filtered, and taxonomically assigned using the Ribosomal 

Database Project (RDP) (http://rdp.cme.msu.edu) Naive Bayesian Classifier to the first RDP 

level with a bootstrap score of ≥50 for phylum to genus classification. Data were then 

processed using R scripts to calculate taxon relative abundance based on the total number of 

sequences within each sample. To simplify community composition analysis, we only 

included taxa constituting: a) at least 1% of the community in two or more samples or b) 5% 

of the community in at least one sample. Taxonomically assigned reads that did not meet this 

threshold were combined into an “Other Bacteria” category, along with reads that could not 

be taxonomically assigned beyond the level of bacteria. Qualitative assessments of changes 

in genus-level community richness and diversity were performed by calculating Shannon’s 

and Simpson’s indices(Payne et al. 2011). Hierarchical clustering and principal components 

analysis (PCoA) (Ravel et al. 2011) were used to assess similarities and differences in 

bacterial community composition across HFD male and female mice.

Statistical analysis

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

Inc, La Jolla, CA) unless otherwise indicated. A two-tailed unpaired Student’s t-test was 
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used to compare means of SCD and HFD mice. A repeated measure ANOVA with 

Bonferroni post-hoc test was used to correct for multiple comparisons. Correlations were 

performed with a Spearman’s correlation matrix on average data for each group of test 

animals. Statistical significance was determined at P < 0.05. Similarities in gut bacterial 

communities’ composition were assessed with Ward’s linkage and Hellinger distance and 

hierarchical clustering using R. Principal Coordinates analysis (PCoA) was used to assign 

the variability of samples in the dataset to a reduced set of variables termed principal 

coordinates (PCs). Gut microbial communities in male and female mice fed SCD and HFD 

were compared by PCoA utilizing computed Euclidean distances. The first two PCs were 

used to map each sample in a two dimensional space.

Data in bar graphs are expressed as mean ± SEM and analyzed by one-way analysis of 

variance followed by Tukey’s post-tests. In addition, we performed correlation analysis 

between average relative abundance of bacteria and duodenal contraction velocity, number 

of nNOS neurons per ganglionic area in duodenum, colonic pellet propulsion velocity and 

number of nNOS neurons per ganglionic area in the colon. A correlation matrix generated 

by computing Pearson’s coefficient was used to determine r and p values. Data is presented 

in tables.

Results

HFD ingestion for 8 weeks caused obesity and type 2 diabetes in male but not female 
mice.

To determine if HFD induced conditions associated with type two diabetes in both male and 

female mice in a similar manner after 8 weeks, we monitored weight gain, glucose 

intolerance, insulin sensitivity and levels of leptin, resistin and plasmogen activator inhibitor 

1 (PAI1) in both SCD and HFD mice. The mean weight gained by male mice on HFD was 

statistically higher than that of male mice fed SCD after 8 weeks (Fig. 1a). Female mice fed 

HFD gained similar amounts of weight as those fed SCD. Immediately after euthanasia, 

epididymal fat pads were collected, weighed, and computed as a fraction of total mouse 

body weight. Compared to SCD mice, fat pad weights were found to be higher only in HFD 

male mice (Fig. 1b). Compared to the SCD group, after 8 weeks on HFD, male mice had 

impaired glucose tolerance and had higher HOMA values, indicating insulin resistance (Fig. 

1c–d). In contrast, female mice on HFD had identical glucose tolerance and HOMA values 

to that of SCD female mice, suggesting HFD did not cause impaired glucose tolerance and 

insulin resistance in female mice. Additionally, while leptin concentrations were elevated in 

the serum of both male and female HFD mice, only HFD male mice had elevated levels of 

resistin and plasmogen activator inhibitor 1 (PAI1) (Supplementary Fig. 1a–c). Taken 

together, these findings suggest that HFD caused obesity, impaired glucose tolerance, insulin 

resistance and inflammation in male, but not female, mice after 8 weeks.

HFD ingestion slowed intestinal propulsion in male and female mice.

To determine if HFD consumption affected intestinal motility in both male and female mice, 

we measured duodenal and colon motility ex vivo. Contraction velocities were significantly 

reduced in the small intestine of both HFD male and female mice (Fig. 2a). Importantly, the 
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duodenums of HFD mice of both sexes were unable to relax and contract properly 

(Supplementary Fig. 2a–f). Colonic pellet propulsion velocities were significantly reduced in 

both HFD male and female mice (Fig. 2b). These results suggest that HFD ingestion reduces 

intestinal propulsion in male and female mice. Slowed intestinal propulsion occurred before 

the development of obesity, impaired glucose tolerance, and insulin resistance in female 

mice.

HFD ingestion diminished inhibitory neuromuscular transmission in male and female 
mice.

Previous studies suggest that diabetes and HFD dysmotility is caused by diminished 

inhibitory neuromuscular transmission as a result of damage to myenteric inhibitory motor, 

which release the inhibitory neurotransmitters NO and VIP to signal smooth muscle 

relaxation (Bhattarai et al. 2016). NO and VIP act by triggering smooth muscle membrane 

hyperpolarizations termed inhibitory junction potentials (IJPs) (Spencer et al. 2001; 

Bhattarai et al. 2016). To analyze whether HFD disrupted relaxation by reducing IJPs, 

intracellular microelectrode recordings was used to measure IJPs in circular smooth muscle 

cells of the distal colon. We observed that the amplitudes and durations of IJPs were 

significantly reduced in both HFD male and female mice (Fig. 2c–f). Noteworthy, IJPs 

amplitudes were significantly larger in SCD female mice than SCD male mice (Fig. 2c–e). 

These results suggest that colonic IJPs were affected similarly by HFD ingestion regardless 

of gender and the absence of obesity and T2D conditions in female mice. Interestingly, 

female mice appear to have greater inhibitory neuromuscular transmission to colon circular 

muscle than male mice.

HFD ingestion damages inhibitory motor neurons in the intestine of male and female mice.

To further analyze the effect of HFD on myenteric inhibitory motor neurons, we determined 

if HFD damaged and reduced the number of myenteric inhibitory motor neurons in both 

male and female mice. This was achieved by analyzing the effect of HFD on nNOS, VIP and 

total number of neurons (ANNA-1 positive neurons) in LMMPs from duodenums and 

colons. The numbers of nNOS positive neurons, and the area of nNOS immunoreactive 

neurons and varicosities (nNOS density index), were significantly reduced in the duodenums 

and colons of both HFD male and female mice (Fig. 3a–h). Additionally, the VIP density 

index of HFD male and female mice was significantly lower than that of SCD mice in both 

duodenum and colon (Fig. 4a–f). HFD also reduced ANNA-1 positive cells per ganglionic 

area in the duodenum and colon of male and female mice (Fig. 5a–b). Of note, female mice 

had greater nNOS density indices compared to male mice in the duodenum and colon (Fig. 

3b, d), greater VIP density index in colon (Fig. 4b) and number of neurons per ganglionic 

area in colon (Fig. 5b).

To compare HFD effects on myenteric neurons further, we analyzed the ultrastructure of 

duodenal myenteric ganglia by TEM (Fig. 5g–j). We observed regular morphology of nerve 

fibers in SCD male and female mice (Fig. 5g, 5i). The myenteric plexus of HFD male and 

female mice exhibited axonal swelling as well as loss of neurofilaments and microtubules. 

These ultra-structural alterations in HFD-fed mice were more noticeable in males than 
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females (Fig. 5h, 5j). Collectively, these findings show that damage to the ENS precedes 

development of obesity and T2D conditions in female mice.

HFD alters the composition of gut microbial community of both male and female mice in a 
similar manner.

The dysbiosis of the gut microbiota is associated with diabetes and intestinal(Kashyap et al. 

2013; Ussar et al. 2015) dysmotility. We studied the differences in the composition of the 

fecal microbiota of both male and female mice by classifying bacteria based on 16S rRNA 

sequences. Clustering analysis revealed that the microbial communities of mice grouped 

together by diet (SCD vs. HFD clusters), but not by gender (Fig. 6a). PCoA using Euclidean 

distances confirmed that diet influenced community composition. The first 2 PCs explained 

approximately 80% and 8% respectively of the variation observed between samples 

(Supplementary Fig. 3a). These two PCs (clusters) were significantly different from each 

other (Chi square, P<0.00001). In addition, observed community diversity was reduced by 

HFD ingestion in both male and female mice (Supplementary Fig. 3b–c). Samples in the 

HFD cluster were defined by a higher observed relative abundance of Firmicutes, and lower 

relative abundances of Bacteroidetes and Actinobacteria, compared to samples in the SCD 

cluster (Fig. 6b). At the genus level, HFD ingestion caused a tremendous increase in the 

relative abundance of Allobaculum, and a reduction of the abundance of Lactobacillus, 
Bifidobacterium, and Clostridium sensu stricto (Fig. 6b). Our results suggest that HFD 

caused a similar pattern of dysbiosis in male and female mice even though female mice did 

not have obesity, hyperglycemia, glucose intolerance and insulin resistance.

HFD-induced gut microbiota changes correlate with intestinal motility and neuropathy.

To determine the interrelationship between intestinal dysmotility, neuropathy, and gut 

microbiota changes, we performed correlation and regression analyses. We found that 

several bacteria, including Allobaculum, which were increased by HFD ingestion, were 

negatively correlated with intestinal motility and nerve cell health (Table 1). Conversely, 

bacteria with lowered relative abundances in HFD mice, such as Bifidobacterium, positively 

correlated with intestinal motility and nerve cell health (Table 1). All bacteria (except those 

with relative abundances lower than 1%) that showed significant correlations with intestinal 

motility and health may be found in Supplementary Tables S2–5. Dysmotility was positively 

correlated with injury to nNOS neurons both in the duodenum and colon (Supplementary 

Table S6). Collectively, these results suggest that there are specific interrelationships 

between intestinal bacteria, motility and myenteric nerve cell health.

DISCUSSION

The purpose of this study was to determine whether slower intestinal propulsive motility, 

ENS neuropathy, and dysbiosis of the gut microbiota occurred prior to overt diabetes 

conditions using a HFD mouse model. Consumption of a HFD for 8 weeks caused obesity, 

hyperglycemia and insulin resistance, and increased leptin, resistin and PAI-1 in male but 

not female mice. Regardless of these differences in metabolic conditions, both male and 

female HFD mice exhibited slower intestinal propulsive motility, reduced number of 

myenteric inhibitory motor neurons in both duodenum and distal colon, and reduced IJPs in 

Nyavor et al. Page 10

Cell Tissue Res. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



colon. HFD ingestion resulted in dysbiosis of the gut microbiota with an overall loss of 

observed diversity, an increase in the relative abundance of Firmicutes and a reduction in 

Bacteroidetes and Actinobacteria. HFD also led to a dramatic increase in the abundance of 

Allobaculum accompanied by a striking reduction of Lactobacillus, Bifidobacterium, and 

Clostridium sensu stricto. Changes in intestinal motility and neuropathy correlated both 

positively and negatively with shifts in the abundances of specific members of microbiota 

irrespective of gender. Taken together, our results suggest that slower intestinal propulsive 

motility, ENS neuropathy, and dysbiosis of the gut microbiota occur prior to glucose 

intolerance and insulin resistance. Additionally, we found that gender influences the 

development of HFD-induced metabolic syndrome but not gastrointestinal dysmotility, 

neuropathy and dysbiosis, which develops prior to overt T2D.

HFD caused obesity, glucose intolerance, and insulin resistance more rapidly in male than 

female mice. Obesity, glucose intolerance, and insulin resistance, developed in male mice 

fed a HFD for 8 weeks but not in female mice. Additionally, unlike female mice, male mice 

had higher circulating concentrations of resistin and PAI-1. These findings are consistent 

with previous studies showing that 32%−72% Kcal HFD caused increased weight gain and 

adiposity, as well as hyperglycemia and insulin resistance as early as 4 weeks in male mice 

(Stenkamp-Strahm et al. 2013; Reichardt et al. 2017) while female mice were protected from 

HFD-induced metabolic syndrome (Pettersson et al. 2012; Morselli et al. 2014; Bridgewater 

et al. 2017). Reasons for these gender differences are not understood, but it is thought that 

estrogen protects female animals and women against development of the metabolic 

syndrome and T2D (Ozbey et al. 2002; Morselli et al. 2014). It is also possible that 

progesterone protects females against obesity, insulin resistance, and T2D by attenuating 

HFD-induced low-grade inflammation (Lei et al. 2014). Our results are consistent with both 

of these ideas.

One of our main findings is that despite the lack of obesity and diabetic conditions, HFD 

females had decreased intestinal motility. The observations in female mice support the view 

that dysmotility precedes the development of obesity, glucose intolerance and insulin 

resistance (Nyavor and Balemba 2017; Reichardt et al. 2017). It is likely that dysmotility 

occurs in humans of both genders prior to overt obesity and T2D because dysmotility in this 

mouse model of T2D closely matches observations in diabetic humans (Yarandi and 

Srinivasan 2014). Normal rates and patterns of GI motility are crucial for maintaining gut 

microbiota homeostasis and body metabolism, because a decreased motility correlates with 

dysbiosis, and increased nutrient absorption, which exacerbates obesity and T2D conditions 

(Kashyap et al. 2013; Fu et al. 2014). Disruptions in the rate and pattern of GI motility could 

therefore play a vital role in the pathogenesis of obesity and T2D conditions.

In both sexes, HFD-induced slower propulsive motility was associated with neuropathy 

characterized by loss of nNOS neurons, reduced nNOS and VIP varicosities, reduced total 

number of neurons, axonal swelling and loss of cytoskeletal filaments in the myenteric 

plexus. Recorded nerve cell injuries and diminished inhibitory neuromuscular transmission 

match previous findings in HFD male mice (Stenkamp-Strahm et al. 2013; Bhattarai et al. 

2016; Reichardt et al. 2017) and diabetic humans (Pasricha et al. 2008; Yarandi and 

Srinivasan 2014). Moreover, inhibitory neuromuscular transmission (durations and 
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amplitudes of IJPs) was diminished in both sexes fed HFD. In mouse colon, nitric oxide 

prolongs the waveform of IJPs, while purines determine IJP amplitudes. Our results suggest 

decreased availability of nitric oxide caused by injury and loss of nNOS neurons (Bhattarai 

et al. 2016). Additionally, our results suggest the likelihood of decreased availability of 

purines due to oxidative stress- and inflammation- induced nerve cell damage (Bertrand et 

al. 2011; Roberts et al. 2013; Sandireddy et al. 2014). Our results match with previous 

studies suggesting that injury to interstitial cells of Cajal and enteric neuropathy can occur in 

the absence of hyperglycemia (Horváth et al. 2005; Rivera et al. 2014; Reichardt et al. 

2017). Although inflammation was not evaluated in this study, low serum concentrations of 

resistin and PAI-1 (thought to mediate inflammation) in female mice support the view that 

HFD female mice have a delayed development of low-grade systemic inflammation 

(Pettersson et al. 2012; Lei et al. 2014). However, this claim and the role of inflammation in 

enteric neuropathy in females need to be studied further. The observation of myenteric nerve 

cell damage in female mice support the view that dyslipidemia due to saturated fatty acids 

(primarily palmitate) and LPS (endotoxin from Gram-negative bacteria) trigger damage to 

enteric neurons and dysmotility (Voss et al. 2013; Reichardt et al. 2017). Overall, our 

findings suggest the need for a better understanding of whether neuroinflammation, LPS and 

saturated fatty acids elicit nerve cell injury and dysmotility in the gut before humans develop 

obesity and T2D.

Significant gender differences may exist in ENS neurochemical composition and function. 

The results of this study not only demonstrate the features of T2D enteric neuropathy in 

female mice, but also show a higher number and immunoreactivity of myenteric inhibitory 

motor neurons, that match with larger IJP amplitudes in female mice than in male mice. The 

differences appear to be greater in colon compared to duodenum. These differences support 

previous findings demonstrating sex differences in motility in humans and in jejunum of 

mice (Degen and Phillips 1996; Meleine and Matricon 2014; France et al. 2016). They 

support the need for a better understanding of gender differences in ENS neurochemical 

coding and function.

During the past decade, studies have revealed that diabetes is characterized by specific 

intestinal microbiota (Turnbaugh et al. 2006; Boulangé et al. 2016). Consistent with findings 

from previous studies, 16S rRNA sequencing and analysis of the bacterial community in our 

HFD-mouse model of T2D revealed clustering by diet and not by sex (Turnbaugh et al. 

2006; Boulangé et al. 2016). The relative abundance of Allobaculum, a gram positive (in the 

phylum Firmicutes), non-spore forming rod shaped bacterium first isolated from the canine 

gut (Greetham et al. 2004), was dramatically increased by HFD ingestion in both male and 

female mice. Allobaculum produces SCFAs including butyrate and lactate (Tachon et al. 

2013), suggesting it has beneficial effects on the host. Additionally, previous studies have 

linked the increased abundance of this organism to decreased adiposity, weight loss, and an 

improvement in diabetic symptoms (Van Hul et al. 2017; Li et al. 2017). However, our study 

found increased Allobaculum abundance in HFD mice, and a negative correlation between 

its abundance and intestinal motility and nerve cell health. This result conflicts with previous 

studies, but emphasizes the need to study this bacterium more extensively and examine its 

specific contribution to the pathophysiology of dysmotility and enteric neuropathy in obesity 

and T2D.
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Our study shows significant correlations between gut microbiota dysbiosis, enteric 

neuropathy and dysmotility. Previous evidence suggests that members of the microbiota 

modulate GI motility, and enteric neuronal development, function and health (Quigley 2011; 

Kashyap et al. 2013; Collins et al. 2014). However, the link between specific 

microorganisms, diabetic dysmotility and enteric neuropathy is still in its infancy. Here, we 

show that several bacteria have positive and negative associations with GI motility and nerve 

cell health, both across the whole intestine and specific intestinal organs. While this study 

did not delve into cause and effect relationships, our results pave the way for future studies 

to address the missing link in the interaction between diet, specific members of the gut 

microbiota, specific cells in the gut, and associated diabetic GI dysfunctions.

In conclusion, our results reveal that while female mice do not display HFD effects on 

glucose metabolism and insulin sensitivity after 8 weeks, they still develop slower intestinal 

motility, neuropathy and dysbiosis of gut microbiota similar to HFD male mice. Further, we 

show that gut dysbiosis is associated with intestinal dysmotility and neuropathy. These 

findings suggest that GI dysmotility and neuropathy develop before T2D conditions (mainly 

hyperglycemia, glucose intolerance and insulin resistance), and therefore play a role in the 

pathophysiology of T2D. Future investigations should focus on studying the causes of 

intestinal neuropathy and dysmotility and their cellular mechanisms, and the interactions 

between specific microbes, intestinal motility and nerve cells. Such studies are critical to 

improving our understanding of the gut-microbiota-ENS interrelationships in health and 

disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
HFD has a greater metabolic effect on male mice than on female mice. Male mice fed HFD 

(HFD-M) gained statistically higher amounts of weight by week 5 (a) than male SCD mice 

and this persisted till week 8, while female mice (HFD-F) did not gain weight even after 8 

weeks (a). Unlike in female mice, intraperitoneal fat pads made up a significantly higher 

percentage of the body weights of male mice fed HFD (b). Male HFD mice were glucose 

intolerant at 8 weeks, evidenced by higher area under blood glucose curve (c), while female 

HFD mice were not. HFD ingestion resulted in insulin resistance in male mice, but not 

female mice (d). Data are expressed as mean ± SEM and were analyzed by one-way analysis 

of variance followed by Tukey’s post-tests. Here and here after, number of animals for 

experiments were n=5–10 per group. Symbols denoting statistical significance are: ns = P > 

0.05; * P or +P or # P show P≤ 0.05; ** P or ++ P, or ## P show P≤ 0.01; *** P or +++ P or 

### P show P ≤ 0.001, while **** P, ++++ and #### P show P value ≤ 0.0001.
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Fig. 2. 
HFD results in intestinal dysmotility and disrupts inhibitory intestinal neuromuscular 

transmission in both male and female mice. Duodenal contraction velocities (a) and colon 

pellet propulsion velocities (b) were significantly reduced by HFD ingestion in both male 

and female mice. HFD ingestion resulted in reduced IJP amplitudes and durations in circular 

smooth muscle cells in colons of both male and female mice (c-f). SCD female mice had 

larger IJP amplitudes than SCD male mice (c-e). IJPs were elicited by single stimulus (train 

duration, 500 ms; frequency, 10 Hz; pulse duration, 0.8 ms; and voltage, 100 V) delivered by 

two parallel stimulating steel electrodes in the recording chamber. They were measured 

using glass electrodes penetrating into the circular muscle of muscularis externa from the 

mucosal surface.
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Fig. 3. 
HFD reduces intestinal nitrergic myenteric neurons in both male and female mice. In both 

duodenum and colon, HFD mice of both sexes had lower numbers of nNOS neurons per 

ganglionic area than SCD mice (a, c). Likewise, the overall amount of nNOS 

immunoreactivity (area of stained neurons and varicosities per ganglion area; density index) 

was reduced in HFD mice of both sexes (b, d). nNOS immunoreactivity was higher in SCD 

female mice than SCD male mice (b, d). Pictures are sample images showing nNOS staining 

in colon myenteric ganglia of SCD-M (e), HFD-M (f), SCD-F (g) and HFD-F (h) mice. F 

and h show fewer nNOS neurons compared to e and g, respectively. White asterisks indicate 

areas of reduced nNOS immunoreactivity.
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Fig. 4. 
HFD reduces myenteric VIP immunoreactive varicosities in the myenteric plexus in both 

male and female mice intestines. Similar to nNOS data, SCD male and female mice had 

higher VIP immunoreactivity in the duodenum and colon than HFD male and female mice 

(a-b). SCD female mice had higher VIP immunoreactivity in the colon than SCD male mice 

(b), but male SCD mice had higher VIP immunoreactivity in the duodenum than female 

SCD mice (a). Pictures are sample images showing VIP staining in SCD-M (c), HFD-M (d), 

SCD-F (e) and HFD-F (f) mice duodenal myenteric plexus. White asterisks show areas of 

reduced VIP varicosities (d, f).
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Fig. 5. 
HFD reduces the total number of myenteric neurons, and causes axonal swelling and loss of 

cytoskeletal filaments in the myenteric plexus in both male and female mice. The total 

number of neurons labeled with ANNA-1 per ganglionic area was reduced in both male and 

female mice fed HFD in the duodenum (a) and colon (b). Images of neurons stained by 

ANNA-1 immunohistochemistry in SCD-M (c), HFD-M (d), SCD-F (e) and HFD-F (f) mice 

duodenal myenteric plexus. TEM images of SCD (g, i) and HFD (h, j) male and female mice 

duodenum demonstrate ultrastructural HFD-induced nerve injury. This includes axonal 

swelling and loss of neurofilaments and microtubules. Red arrows show healthy axons and 

swollen axons with disrupted neurofilaments and arrowheads indicate microtubules.
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Fig. 6. 
HFD is the primary determinant of gut bacterial community composition. Hierarchical 

clustering revealed samples grouped together by diet and not by sex (a). The abundance of 

identified bacteria belonging to the phylum Firmicutes was dramatically increased in HFD 

mice, while Bacteroidetes and Actinobacteria were reduced by HFD ingestion (b). Stacked 

bar graphs show specific gut bacteria affected by HFD ingestion regardless of sex (c). 

Among increased genera, Allobaculum was the most prominent, while Lactobacillus, 

Clostridium sensu stricto, and Bifidobacterium were prominently decreased by HFD 

ingestion. *For clarity, bacteria with less than 1% relative abundances were grouped and 

labeled “Other”. Further details on bacteria labeled “Other” may be found on Supplementary 

Table S7.
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Table 1:

Bacterial genera * that show significant correlations with intestinal motility, neuropathy or both in duodenum 

and colon.

Duodenal velocity Duodenum nNOS
a Colon Velocity Colon nNOS

a

Organism P
value

Pearson’s
r

P
value

Pearson’s
r

P
value

Pearson’s
r

P
value

Pearson’s
r

Allobaculum# 0.002 −0.998 0.043 −0.957 0.063 −0.937 0.044 −0.956

Lactococcus# 0.078 −0.922 0.020 −0.980

Bifidobacterium+ 0.012 0.988 0.047 0.953 0.043 0.957 0.013 0.987

Butyrivibrio+ 0.010 0.990 0.051 0.949 0.040 0.960 0.013 0.987

Hallella+ 0.038 0.962 0.163 0.837 0.000 1.000 0.026 0.974

Anaerobacter+ 0.055 0.945 0.024 0.976

Clostridium.sensu.stricto+ 0.048 0.952 0.022 0.978

Lactobacillus+ 0.033 0.967 0.008 0.992

TM7_genera_in certae_sedis+ 0.050 0.950 0.059 0.941

a
nNOS here refers to the number of nNOS neurons per ganglionic area.

*
Only bacterial genera with relative abundances greater than 1% are shown on this table. A detailed list of all organisms with significant 

correlations to enteric neuropathy and motility may be found in supplementary Tables S2–5.

#
These are bacteria increased by HFD ingestion in both male and female mice.

+
These are bacteria decreased by HFD ingestion in both male and female mice.
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