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Abstract: 

Background: Diet-induced obesity (DIO) and psychological stress are significant 

independent regulators of gastrointestinal physiology, however our understanding of how 

these two disorders influence the host-microbe interface is still poorly characterised. The 

aim of this study was to assess the combined influences of diet-induced obesity and 

psychological stress on microbiome composition and colonic gene expression.  

Methods: C57BL/6J mice (n=48) were subject to a combination of 22wks of Western 

diet (WD) feeding and a chronic restraint stressor (CRS) for the last 4 weeks of feeding. 

At the end of the combined intervention, microbiome composition was determined from 

caecal contents, and colonic tissue gene expression was assessed by multiplex analysis 

using NanoString nCounter System and real-time qPCR.  

Results: WD feeding induced a DIO phenotype with increased body weight, worsened 

metabolic markers, and alterations to microbiome composition. CRS reduced body 

weight in both dietary groups while having differential effects on glucose metabolism. 

CRS improved the Firmicutes/Bacteroidetes ratio in WD-fed animals while expanding 

the Proteobacteria phyla. Significantly lower expression of colonic Tlr4 (p=0.008), Ocln 

(p=0.004), and Cldn3 (p=0.004) were noted in WD-fed animals compared to controls with 

no synergistic effects observed when combined with CRS. No changes to colonic 

expression of downstream inflammatory mediators were observed. Interestingly, higher 

levels of expression of Cldn2 (p=0.04) and bile acid receptor Nr1h4 (p=0.02) were seen 

in mice exposed to CRS.  

Conclusion: Differential but not synergistic effects of WD and CRS were noted at the 

host-microbe interface suggesting multifactorial responses that require further 

investigation. Keywords: chronic stress; western diet; gut-microbiome; colonic gene 

expression; tight junction proteins; intestinal permeability; diet-induced obesity 
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1. Introduction 

Obesity and depression prevalence has increased at an alarming rate over the 

past few decades. Both disorders increase risk for several shared co-morbidities and are 

significant contributors to global morbidity and mortality(1-3). Several studies have 

established that obesity and depression share pathophysiological mechanisms with both 

disorders associated with an increased prevalence of cardiovascular disease, type-2 

diabetes, and neurodegenerative disorders(4-7). Due to the apparent shared pathology of 

these disorders, there is great interest in understanding the link between diet and stress 

and how the interactions between these effectors may contribute to obesity and stress-

related alterations to mood.  

Recently, the gut-brain axis (GBA) has received considerable attention as a 

mediator of both diet and stress-related disorders. In addition to digestive function, the 

role of the gastrointestinal tract (GIT) in systemic homeostasis is now apparent. The GIT, 

in concert with the gut microbiome, the enteric (ENS) and central nervous systems (CNS) 

comprise the GBA and facilitate a range of functions that support digestion, post-prandial 

absorption, satiety, metabolism, immune-modulation, and cognition(8, 9). This network 

includes regulatory and signalling pathways such as; afferent nerve fibres(8); 

neurotransmitters, such as serotonin (5-HT), catecholamines, and GABA(8, 10); immune-

signalling(11); and microbial metabolites(12). Indeed, the gut microbiome is now 

recognised as a potential modifiable modulator of the GBA and a therapeutic target for 

the treatment of both metabolic and stress-related disorders(13, 14).  

Both obesogenic feeding and psychological stress influence several components 

of the GBA, including changes in microbial composition(15), increasing gut pro-

inflammatory signalling(16, 17), increasing gut permeability and the translocation of pro-

inflammatory molecules(18, 19), and impaired function of gastrointestinal regulatory 

pathways such as the serotonergic system(20-22). Due to the absorptive capacity of the 
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GIT several of these disturbances can have impacts outside of the GIT and influence 

peripheral and central systems(12, 23). Although both obesogenic feeding and 

psychological stress can independently disrupt GIT regulatory pathways: few studies 

have assessed the interaction of these lifestyle factors on GIT function.  

This study aimed to assess the impact and interaction of a western diet (WD) and 

chronic restraint stress (CRS) on gut microbial composition and expression of key genes 

encoding tight junction proteins, immune receptors and mediators, and neuroendocrine 

and neurotransmitter receptors in the colon of C57BL/6 mice. Several regulatory genes 

were chosen for analysis, including tight junction proteins (occludin, claudin 1-3, ZO-1, 

JAM), immune receptors and mediators (TLR-4, NF-Kβ), neuroendocrine receptors 

(GLP 1, 2), neurotransmitter receptors (5-HT receptor 3 and 4, Dopamine receptor 2 and 

3), and regulatory receptors (FFAR 2 and 3, and NR1H4). 

2. Methods 

2.1. Study Design and Animal model 

Forty-eight C57BL/6J male mice were obtained from the Animal Resource 

Centre (WA, Australia), and housed at 22°C under a 12-hour-light/dark cycle in the 

animal facility at Griffith University. All investigations were approved, in accordance 

with the policy guidelines “The Animal Care and Protection Act 2001” by the Griffith 

University Animal Ethics Committee (GU Ref No: MSC/05/17/AEC) and comply with 

the Australian Code for the Care and Use of Animals for Scientific Purposes. After one 

week of acclimatisation, 8 week old mice were randomly divided into two groups and 

housed in cages of 6; n=24 were maintained on standard rodent-grade chow (70% of 

calories from carbohydrates, 11% of calories from fat, 17% of calories from protein, and 

2% of calories from crude fibre) and n=24 were maintained on a western-type diet (WD; 

61% of calories from carbohydrates, 27% from fat, 11% from protein, and 1% from crude 

fibre) to induce diet-induced obesity (DIO).  
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After 18 weeks of feeding, 12 mice from each group were randomly subjected to 

CRS for a further four weeks using a modified protocol described previously (24). Briefly, 

mice were restrained within an acrylic chamber for 1h/day for four weeks with restraint 

terminated two days prior to euthanasia. The remaining mice (n=12) from each dietary 

group were not subjected to the stressor. The four experimental groups were (1) Control, 

(2) Control+CRS, (3) WD, and (4) WD+CRS. A glucose tolerance test (GTT) was 

performed a week before euthanasia and tissue harvest. At the end of the experimental 

period (Week 22), mice were anesthetised between 08:00-10:00 h using sodium 

pentobarbital (60mg/kg i.p). Blood and tissue samples were immediately collected.  

2.2. Body weight and Serum Analysis  

Body weight measures were performed weekly over the 18-week feeding and 

four-week CRS period. GTTs were performed after the combined intervention as 

described in our previous work (24). Briefly, mice were fasted for four hours prior to 

GTTs. Blood was obtained via tail tipping and blood glucose determined using an Accu-

check II glucometer (Roche Diagnostic, Australia). A 20% (2g/kg) glucose bolus was 

administered via intraperitoneal injection and blood glucose levels recorded at 15, 30, 60, 

120, 180 minutes post injection.  

 At euthanasia, whole blood non-fasted glucose was determined using an Accu-

check II glucometer (Roche Diagnostic, NSW, Australia). Circulating triglycerides and 

insulin levels were assessed in serum using a triglyceride quantification colorimetric kit 

(Biovision Inc, CA, USA) and an ultra-sensitive mouse insulin ELISA kit (Crystal Chem, 

IL, USA). Corticosterone was assessed using a corticosterone ELISA kit (Enzo 

LifeScience, USA) according to manufacturer’s instructions. 
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2.3. Open Field Test 

Locomotor activity and exploratory behavior was assessed for 15-min in all mice 

using the open field test (OFT). The OFT was performed at the endpoint after the 

combined exposure to WD feeding and CRS. The arena (70 x 70 x 56 cm) floor was 

subdivided into a 4x4 marked grid and a center square, with an overhead digital camera 

recording all activity. Mice were transported to the testing room and habituated to the 

arena room for 30 min prior to testing. The arena was cleaned with 80% ethanol (w/v) 

between each test. Videos were analyzed using a custom animal tracking software (25). 

The primary variables assessed using tracking software included horizontal locomotive 

activity (distance traveled in cm) and exploratory behavior via center square entries (CSE) 

and center square duration (CSD).  

2.4. Microbiome analysis  

Once euthanised, the distal end of the large intestine was excised, washed in a 

phosphate buffered saline (PBS) and stored in RNAlater ® (R9091; Sigma-Aldrich, MO, 

USA) at room temperature for 8 h before being moved to -80°C. The caecal contents were 

collected from all animals and snap-frozen. Given that co-housed animals consumed the 

same diet and potential coprophagia, caecal contents from animals housed in a single cage 

(n=6 per cage) were pooled for analysis (n=2 cages per intervention). Pooled caecal 

contents were homogenised in PBS and then subject to repeated cycles of chemical and 

mechanical (bead beating) lysis followed by DNA extraction using a commercially 

available kit (Qiagen, NW, Germany) as described by Yu with modifications (26). 

Isolated DNA was amplified using primers for the V3-V4 region of the microbial 16s 

rRNA gene (F:5’-CCTACGGGNGGCWGCAG-3’; 

R:5’GACTACHVGGGTATCTAATCC-3’), as described previously (27). Amplification 

products were sequenced on an Illumina MiSeq system (Illumina, CA, USA) by a 

commercial supplier (Macrogen, Seoul, South Korea). Raw sequence data were processed 
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with CD-HIT-OTU (28) to remove erroneous and chimeric reads. Taxonomic 

classification and identity assignment were performed using a reference-based approach 

with the NCBI database of 16S rRNA gene sequences. Identified microbial taxa were 

considered as prevalent (present in greater than 50% of the cages) or not-prevalent 

(present in less than 50% of the cages). The relative abundance of the prevalent taxa was 

compared between groups. 

2.5. RNA Extraction of Colonic Tissue 

RNA was isolated from colonic tissue samples using the automated Maxwell ® 

RSC Instrument (Promega, USA) and Maxwell ® RSC simplyRNA tissue kit (Promega, 

WI, USA) as per manufacturers’ instructions. Isolated RNA concentration and integrity 

was assessed using the Quantifluor ® RNA system (Promega, WI, USA) and LabChip ® 

GX Touch system (PerkinElmer, MA, USA).  

2.6. Colonic Gene Expression using Nanostring Technologies. 

A custom Nanostring nCounter Plex-set (NanoString Technologies, WA, USA) 

was used to allow multiplexed gene expression analyses of all 24 identified targets (Supp 

table 1) and an additional three housekeeping genes (Hrpt1, Hmbs, and Ywhaz). Assays 

were completed according to manufacturers’ instructions using 140ng of RNA and a 24-

hour hybridisation at 67°C. Following hybridisation, samples were processed using the 

automated nCounter Prep Station prior to allow direct digital counting on the nCounter 

Digital Analyser platform (Nanostring Technologies, WA, USA) to 555 fields of view. 

2.7. Colonic Gene Expression using qPCR. 

Complimentary cDNA was created from 700ng of isolated mRNA using Applied 

Biosystems Reverse Transcription Kit (Applied Biosystems, MA, USA) and according to 

manufacturer’s instructions. Quantitative PCR (qPCR) amplification was performed 

using pre-designed TaqMan expression assays (Supp table 2) according to the 
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manufacturer’s instructions using 1uL cDNA in a final reaction volume of 10uL and the 

QuantStudio 6 Flex System (Applied Biosystems, MA, USA). The relative amount of 

each studied mRNA was normalised to HMBS as a housekeeper, and the data was 

analysed according to the 2-ΔΔCT method(29).  

2.8. Data analysis  

Data was analysed using GraphPad Prism 8 (GraphPad Software, CA, USA) and 

presented as means ± SD. Normality was assessed using a Shaprio-Wilk test. Outlying 

data points for individual group responses were identified using the Grubbs’ test with an 

α value of 0.05 and were removed from subsequent analyses. Body weight, metabolic 

markers, behavioral indices, corticosterone, and gene expression was compared using 

two-factor ANOVA to assess the effect of WD feeding (Control vs WD) and the CRS 

exposure (-CRS vs +CRS). A two-way ANOVA (pre-CRS vs post-CRS) with time as a 

factor was used to compare the effect of the CRS period on body weight. For all two-way 

ANOVA, a Tukey’s Post-hoc test was performed to identify significant overall effects. 

Pearson’s correlation was performed to assess relationships between the expression of 

genes of interest. Principle Component Analysis (PCA) was performed using 

Metaboanalyst 5.0 (http://metaboanalyst.ca.) using sum normalised relative abundances 

with mean scaling. Differences with a p<0.05 were considered statistically significant.  

http://metaboanalyst.ca/
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3. Results 

3.1. Body weight and Serum Analysis 

The metabolic phenotype of each stress and dietary group is outlined in Table 1. 

After 17 weeks of feeding, both the WD and WD+CRS group were ~20% heavier than 

the control diet fed mice (p=0.0001, p<0.0001, respectively). After the 4-week CRS, a 

significant drop in body weight compared to pre-CRS values was noted in the WD+CRS 

group (p<0.0001), but not the Control+CRS group (p=0.49; Supp Fig 1). Metabolic 

markers further support DIO after 22-weeks of WD feeding with significantly higher 

circulating insulin levels [Diet: F(1, 41)=49.95; p<0.0001); higher non-fasting glucose 

[Diet: F(1, 41)=4.931; p=0.04) and higher levels of circulating triglyceride concentrations 

[Diet: F(1, 35)=8.39; p<0.01] in the WD-fed groups. CRS increased fasting plasma 

glucose in the Control+CRS group compared to the control group (p=0.02), and improved 

glucose tolerance (GTT-AUC) in the WD+CRS group compared to WD-fed mice 

(p=0.09). Serum corticosterone levels were not significantly different in mice exposed to 

the 4-week CRS protocol (Table 1).  

3.1. Locomotive and Anxiety-like Behaviour in the Open-Field test  

Open-field test behavioral indices can be found in Table 1. At the study endpoint, 

WD-fed animals showed evidence for reduced locomotion [Diet: F(1,41)=4.22; p=0.05] 

and exploratory behavior as evidenced by a lower number of entries into the center square 

[Diet: F(1,41)=8.97; p=0.005], however no significant group differences were observed 

in post-hoc analysis. Animals exposed to CRS tended to have increased locomotion 

[Stress: F(1,41)=3.45; p=0.07], but exhibited no alterations in exploratory behaviour 

indices.  
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3.2. Microbiome Results 

3.2.1. Gut microbial composition: Diversity 

Gut microbial diversity indices tended to be lower in the WD-fed animals 

compared to Controls (Table 2). There were no consistent impacts of stress on diversity 

metrics for either dietary group.  

 

 

Table 1. Overview of body weight, metabolic, and behavioral markers  

 Mean ± SD 

 Control 
(n=12) 

Control+CRS 
(n=12) 

WD 
(n=12) 

WD+CRS 
(n=12) 

Body weight (grams)     

Body weight (Week 17) 30.3 ± 1.5 31.0 ± 1.90 36.7 ± 5.0*** 38.0 ± 3.5**** 

Body weight (Endpoint) 30.9 ± 1.2 30.6 ± 1.5  36.7 ± 5.5*** 35.9 ± 3.2** 

Glucose tolerance test (Week 21)     

Fasting plasma glucose (mmol.L-1) 7.3 ± 1.0 8.9 ± 1.1 * 10.3 ± 1.4**** 9.5 ± 1.4*** 

Total area under the curve 1614 ± 179.1 1668 ± 74.8 2179 ± 351.0**** 1965 ± 169.9** 

Serum (Endpoint)     

Triglycerides (µM.µL-1) 112.5 ± 60.2 144.9 ± 39.9 183 ± 38.2** 158.6 ± 42.5 

Insulin (µU.mL-1) 19.2 ± 7.8 23.7 ± 9.0 54.3 ± 25.7**** 46.3 ± 11.8**** 

Non-fasted glucose (mmol.L-1) 10.9 ± 1.9 10.4 ± 1.8 12.5 ± 1.6* 11.0 ± 1.0 

Corticosterone (pg.mL-1) 34.8 ± 24.3 60.0 ± 41.9 51.9 ± 28.3 41.2 ± 18.5 

Open field Test (Week 21)     

Total distance travelled (cm) 5098.0 ± 1258 6146.0 ± 1744 4186.0 ± 892.7 4998.0 ± 2309 

Centre square duration (sec) 22.0 ± 10.1 25.2 ± 13.8 14.8 ± 14.7 19.2 ± 7.6 

Centre square entries  15.1 ± 8.4 16.6 ± 7.4 7.7 ± 3.6 11.3 ± 7.7 

* Significant compared to control; * p < 0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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Table 2. Diversity indices and relative abundance (%) of phylum and family distribution 
within each intervention group at endpoint. 

 Control 
n=2 

Control+CRS 
n=2 

WD 
n=2 

WD+CRS 
n=2 

Diversity     
OTU 354.00 ± 16.97 349.00 ± 5.66 326.00 ± 2.83 336.00 ± 0.00 
Chao1 392.70 ± 32.50 393.00 ± 6.12 365.52 ± 6.24 382.52 ± 12.14 
Shannon index 5.76 ± 0.00  6.03 ± 0.23 5.87 ± 0.07 5.44 ± 0.02 

Phylum     
Actinobacteria  0.40 ± 0.39 0.52 ± 0.07 0.75 ± 0.12 0.64 ± 0.04 
Bacteroidetes  60.17 ± 4.76 60.47 ± 8.06 50.39 ± 3.89 57.77 ± 2.61 
Firmicutes  30.59 ± 0.63 33.84 ± 8.49 41.47 ± 3.89 35.11 ± 0.08 
Proteobacteria  1.51 ± 0.07 1.97 ± 0.16 3.78 ± 1.27 4.49 ± 1.99 
Verrucomicrobia  4.46 ± 6.24 0.09 ± 0.12 2.37 ± 0.99 0.27 ± 0.37 
Deferribacteres  0.01 ± 0.02 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.02 
Tenericutes  0.03 ± 0.04 0.07 ± 0.06 0.01 ± 0.02 0.04 ± 0.06 
Firmicutes/Bacteroidetes 
ratio  0.51 ± 0.03 0.57 ± 0.22 0.83 ± 0.14 0.61 ± 0.03 

Family     
Bifidobacteriaceae 0.31 ± 0.37 0.38 ± 0.03 0.46 ± 0.06 0.32 ± 0.00 
Atopobiaceae 0.03 ± 0.00 0.08 ± 0.02 0.23 ± 0.05 0.29 ± 0.05 
Bacteroidaceae 1.28 ± 0.13 1.79 ± 0.92 1.50 ± 0.65 1.85 ± 0.77 
Barnesiellaceae 1.03 ± 0.09 1.46 ± 0.08 1.00 ± 0.23 0.93 ± 0.14 
Muribaculaceae 39.75 ± 6.32 38.70 ± 8.83 37.78 ± 3.65 41.58 ± 7.49 
Odoribacteraceae 1.84 ± 1.75 1.94 ± 2.16 1.23 ± 0.94 1.53 ± 0.04 
Prevotellaceae 9.33 ± 2.14 8.67 ± 1.77 6.26 ± 0.30 9.82 ± 4.57 
Rikenellaceae 6.66 ± 2.25 7.65 ± 2.30 2.39 ± 0.00 1.64 ± 0.18 
Tannerellaceae 0.27 ± 0.14 0.26 ± 0.13 0.23 ± 0.02 0.42 ± 0.39 
UC#1; 
Vampirovibrionales order 0.03 ± 0.02 0.02 ± 0.02 0.01 ± 0.00 0.00 ± 0.00 

Lactobacillaceae 0.77 ± 0.78 0.79 ± 0.47 1.24 ± 1.45 0.40 ± 0.25 
UC#2; Clostridial order 1.17 ± 0.30 1.37 ± 0.45 1.04 ± 0.26 0.66 ± 0.12 
Christensenellaceae 0.15 ± 0.11 0.28 ± 0.01 0.10 ± 0.03 0.15 ± 0.08 
Clostridiales Family XIII. 
Incertae Sedis 0.09 ± 0.05 0.06 ± 0.04 0.08 ± 0.02 0.05 ± 0.02 

Defluviitaleaceae 0.74 ± 0.06 0.98 ± 0.25 0.51 ± 0.21 0.43 ± 0.17 
Eubacteriaceae 0.88 ± 0.98 1.19 ± 0.83 0.49 ± 0.15 0.34 ± 0.18 
Hungateiclostridiaceae 1.38 ± 0.39 2.44 ± 1.18 1.75 ± 1.76 1.02 ± 0.03 
Oscillospiraceae 2.31 ± 0.46 1.19 ± 0.23 0.97 ± 0.18 0.79 ± 0.22 
Ruminococcaceae 2.30 ± 0.76 3.14 ± 0.07 2.83 ± 1.04 1.35 ± 0.30 
Erysipelotrichaceae 2.65 ± 3.26 2.16 ± 1.04 11.90 ± 2.34 10.97 ± 7.22 
Sutterellaceae 0.63 ± 0.42 0.80 ± 0.56 3.32 ± 1.19 4.00 ± 1.86 
Desulfovibrionaceae 0.83 ± 0.34 1.11 ± 0.44 0.43 ± 0.07 0.44 ± 0.13 
Akkermansiaceae 4.46 ± 6.24 0.09 ± 0.12 2.37 ± 0.99 0.27 ± 0.37 
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3.2.2. Gut microbial composition: Phylum and Family changes 

At the phylum level, eight phyla were present in more than 50% of the cages (Supp 

table 1). Differences in the abundance of both Bacteroidetes and Firmicutes were observed in 

response to WD feeding (Table 2; Supp table 2). The Firmicutes/Bacteroidetes ratio was 

increased in the WD group compared to Control, however this pattern appeared mitigated for 

the WD+CRS group. Both Proteobacteria and Actinobacteria phyla were more than ~50% 

higher in the WD cages compared to Control. Furthermore, Proteobacteria abundance was 

~15% higher within the CRS cages when compared to their non-stressed dietary counterpart. 

In contrast, Verrucomicrobia abundance was substantially lower in the CRS cages compared 

to non-stressed dietary counterparts; a tendency for reduced Verrucomicrobia abundance 

(~45% lower) in response to WD feeding relative to Control diet feeding was also evident.  

At the family level, 34 of the 65 identified familes were present in more than 50% of 

all cages. For 29 of these 34 families, the prevalence was consistent between the study groups. 

In contrast, it was noted that the Catabacteriaceae, Gracilibacteraceae, and Enterobacteriaceae 

families were absent in half of the WD-fed cages, and the Coriobacteriaceae family was absent 

in all WD fed cages (Supp Table 3). PCA analysis suggested different family compositions 

between the dietary groups (Supp Fig 2), with the first two PCs accounting for ~73% of the 

variance. Differences in the abundance of some families were noted (Table 2), including higher 

Erysipelotrichaceae (~4x higher) and Sutterellaceae (~5x higher) and lower Rikenelllacea 

(~2.5-fold lower) in response to WD feeding and lower Akkermansiaceae (~50-fold lower) in 

CRS animals compared to their dietary counterparts. The noteworthy increase in the 

Erysipelotrichaceae family from the Firmicutes phylum was driven mainly by an increase in 

the Allobaculum genera. Other changes to genera composition can be found in the 

Supplementary information (Supp table 4). 
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3.2.3. Colonic Gene Expression using Nanostring Technologies  

From the 21 genes assessed, 17 genes had counts that were higher than background 

and were assessed further. Nanostring gene counts were compared between groups using a two-

way ANOVA (Table 3). Tlr4 expression was significantly lower in WD fed animals compared 

to the control [Diet: F(1,30)=7.95; p=0.008; Fig 1A] with expression being ~27% lower in WD 

(p=0.09) and ~33% lower in WD+CRS (p=0.04) groups compared to control. A trend for 

reduced expression of Htr4 was also observed in mice fed a WD [Diet: F(1,30)=3.84; p=0.06; 

Fig 1B] with the WD+CRS group being ~50% lower than the Control group (Fig 1B; p=0.13). 

In regard to the CRS intervention, the bile acid receptor (Nrh14) was significantly affected by 

CRS [Stress: F (1,30)=5.75; p=0.02; Fig 1C]. A significant interaction between diet and stress 

was observed for Crhr2 expression [Interaction: F(1, 30)=5.31; p=0.03; Fig 1D] and a trend 

for an interaction in Glpr1 expression [Interaction: F(1, 30)=3.14; p=0.09]; the interaction 

resulted in elevated expression in Control+CRS group and the WD fed groups.  

Tight junction protein Cldn3 expression was significantly lower in mice fed a WD 

[Diet: F (1, 30)=9.80; p=0.004; Fig 2C] with the WD group (p=0.02) and WD+CRS (p=0.07) 

group having lower Cldn3 expression than the Control group. Similarly, Ocln expression was 

significantly lower in the WD-fed groups [Diet: F(1, 30)=9.86; p=0.004; Fig 2D] with a~26% 

decrease in the WD group (p=0.03) and a ~24% decrease within the WD+CRS group (p=0.08) 

compared to the Control group. Furthermore, F11r expression was also significantly lower in 

the dietary groups [Diet: F(1, 30)=4.87; p=0.04; Fig 2E]. Animal groups exposed to CRS had 

significantly higher levels of Cldn2 [Stress: F (1, 30)=4.41; p=0.04; Fig 2B]. Interestingly, Tjp1 

showed a significant interaction between diet and stress [Interaction: F(1, 30)=4.40; p=0.04; 

Fig 2F] with Tjp1 expression being lower in the Control+CRS and WD group, but not lower 

in the WD+CRS group.  
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Pearson’s correlation matrix revealed a strong relationship between expression 

patterns of several of the colonic genes (Fig 3; Supp Fig 3). Tlr4 was significantly correlated 

with all tight junction proteins (p<0.001); Ocln (r(32)=.88 ; p<0.0001) and Cldn3 (r(31)=.76; 

p<0.0001) had the most significant positive association with Tlr4. Cldn2 had the most 

significant negative association with Tlr4 (r(31)=-.70; p<0.0001). Similar strong associations 

were noted between Tlr4 and regulatory receptors, including Drd3 (r(32)=-.72; p<0.0001), 

Ffar2 (r(32) =-.71; p<0.0001) and Htr4 (r(32)=.90; p<0.0001). Htr4, and Ddr3 were also both 

strongly associated with the tight junction proteins (Fig 3); they however, had contrasting 

relationships with each tight junction protein. Interestingly, Cldn2 was strongly correlated with 

bile acid receptor Nr1h4 expression (r(30)=.89; p<0.0001).  
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Table 3. 2-Way ANOVA statistics for the 17 genes of interest assessed using Nanostring 
Technologies.  
Gene name Effects Post-hoc 

Tlr4 
Interaction: F (1, 30)=0.40; p=0.76 
Diet: F (1, 30)=7.95; p=0.008 
Stress: F (1, 30)=1.86; p=0.18 

Control vs WD; p=0.09 
Control vs WD+CRS; p=0.04 

Nfkb1 
Interaction: F (1, 30)=1.65; p=0.21 
Diet: F (1, 30)=1.96; p=0.17 
Stress: F (1, 30)=1.69; p=0.20 

Control vs Control+CRS; p=0.24 
Control vs WD; p=0.26 
Control vs WD+CRS; p=0.29 

Htr3a 
Interaction: F (1, 30)=1.08; p=0.31 
Diet: F (1, 30)=0.57; p=0.45 
Stress: F (1, 30)=0.016; p=0.90 

n.s 

Htr4 
Interaction: F (1, 30)=0.91; p=0.35 
Diet: F (1, 30)=3.84; p=0.06 
Stress: F (1, 30)=1.96; p=0.17 

Control vs WD; p=0.20 
Control vs WD+CRS; p=0.13 

Ffar2 
Interaction: F (1, 30)=0.88; p=0.35 
Diet: F (1, 30)=2.80; p=0.10 
Stress: F (1, 30)=0.50; p=0.48 

n.s 

Nr1h4 
Interaction: F (1, 30)=0.04; p=0.85 
Diet: F (1, 30)=1.14; p=0.30 
Stress: F (1, 30)=5.75; p=0.02 

Control vs WD+CRS; p=0.12 

Crhr2 
Interaction: F (1, 30)=5.31; p=0.03 
Diet: F (1, 30)=0.00; p=0.98 
Stress: F (1, 30)=0.70; p=0.49 

Control vs Control+CRS; p=0.13 

Glp1r 
Interaction: F (1, 30)=3.14; p=0.09 
Diet: F (1, 30)=0.03; p=0.87 
Stress: F (1, 30)=1.15; p=0.29 

Control vs Control+CRS; p=0.18 

Glp2r 
Interaction: F (1, 30)=0.05; p=0.83 
Diet: F (1, 30)=0.02; p=0.88 
Stress: F (1, 30)=0.31; p=0.58 

n.s 

Drd2 
Interaction: F (1, 30)=0.72; p=0.40 
Diet: F (1, 30)=0.24; p=0.62 
Stress: F (1, 30)=1.07; p=0.31 

n.s 

Drd3 
Interaction: F (1, 30)=1.39; p=0.25 
Diet: F (1, 30)=2.22; p=0.15 
Stress: F (1, 30)=0.25; p=0.62 

n.s 

Cldn1 
Interaction: "F (1, 30)=0.03; p=0.86 
Diet: "F (1, 30)=3.18; p=0.08 
Stress: "F (1, 30)=0.42; p=0.52 

n.s 

Cldn2 
Interaction: F (1, 30)=0.93; p=0.34 
Diet: F (1, 30)=1.06; p=0.31 
Stress: F (1, 30)=4.41; p=0.04 

Control vs Control+ CRS; p=0.14 
Control vs WD+CRS; p=0.19 

Cldn3 
Interaction: F (1, 30)=2.5; p=0.12 
Diet: F (1, 30)=9.80; p=0.004 
Stress: F (1, 30)=0.15; p=0.70 

Control vs WD; p=0.02 
Control vs WD+CRS; p=0.07 

Ocln 
Interaction: F (1, 30)=0.97; p=0.33 
Diet: F (1, 30)=9.86; p=0.004 
Stress: F (1, 30)=0.46; p=0.50 

Control vs WD; p=0.03 
Control vs WD+CRS; p=0.08 

F11r 
Interaction: F (1, 30)=0.63; p=0.43 
Diet: F (1, 30)=4.87; p=0.04 
Stress: F (1, 30)=0.12; p=0.72 

Control vs WD; p=0.16 

Tjp1 
Interaction: F (1, 30)=4.40; p=0.04 
Diet: F (1, 30)=1.82; p=0.19 
Stress: F (1, 30)=0.90; p=0.35 

Control vs WD; p=0.10 
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Figure 1. The combined effect of 4 weeks of CRS and 22 weeks of WD on colonic regulatory gene 
expression. (A) Tlr4, (B) Htr4, (C) Nr1h4, (D) Crhr2. 

Data expressed as means ± SD (n=7-11). A two-way ANOVA followed by a Sidak post-hoc was used for 
statistical analysis. *Indicates significant differences. * p <0.05 vs Control. 
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Figure 2. The combined effect of 4 weeks of CRS and 22 weeks of WD on colonic tight junction protein 
expression. (A) Cldn1, (B) Cldn2, (C) Cldn3, (D) Ocln, (E) F11r, and (F) Tjp1 or ZO-1.  

Data expressed as means ± SD (n=7-11). A two-way ANOVA followed by a Sidak post-hoc was used 
for statistical analysis. *Indicates significant differences. * p <0.05 vs Control 
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3.3. Colonic gene expression using qPCR Taqman assays 

Additional genes were assessed via qPCR Taqman assays for verification and to 

expand on the exploration of relevant pathways highlighted in the Nanostring nCounter 

analysis. qPCR genes assessed are expressed as the fold change with reference to the 

housekeeper gene and control group (Table 4). Two-Way ANOVA effects are also presented 

in the supplementary information (Supp Table 7). Tlr4 gene expression assessed by qPCR 

confirmed the lower colonic expression observed in the WD groups [Diet: F(1,38)=10.97; 

p=0.0020]. Both WD (p=0.02) and WD+CRS (p=0.02) groups had significantly lower Tlr4 

expression compared to the controls. A trend for increased expression of Tnfa in the dietary 

groups was also noted [Diet: F(1,37)=3.56; p=0.06]. Myd88 expression was not significantly 

impacted by either intervention, however the Control+CRS group showed evidence for lower 

levels of expression of Myd88 compared to the control with no change in the WD+CRS group. 

Interestingly, a strong correlation between Ido1 and Tph1 ΔCT (r(40)=.77; p<0.0001; Fig 4A), 
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Figure 3. Pearson’s correlation matrix of the 17 genes assessed by Nanostring 
Technologies. 

 



Kyle Hatton-Jones  Griffith University 

between Tnf and Ido1 (r(40) =.42; p=0.003), and Tnf and Tph1 (r(40) =.49; p=0.004; Fig 4B) 

was noted.  

  

Table 4. qPCR results presented as the fold change compared to control (mean ± SD) 

Gene Control (A) 
(n = 11) 

Control+CRS (B) 
(n = 11) 

WD (C) 
(n = 9) 

WD+CRS (D) 
(n = 11) Significance 

Tlr4 1.00 ± 0.41 0.81 ± 0.70 0.60 ± 0.69 0.64 ± 0.73 A vs C; p=0.02 
A vs D; p=0.02 

Tnf 1.00 ± 0.54 1.03 ± 0.35 1.24 ± 1.31 1.40 ± 0.97 n.s 

Ido1 1.00 ± 0.46 0.93 ± 0.88 0.69 ± 0.93 0.68 ± 0.65 n.s 

Tph1 1.00 ± 0.76 1.10 ± 0.70 1.12 ± 0.90 0.87 ± 0.72 n.s 

Pparg 1.00 ± 1.6 1.61 ± 2.46 1.65 ± 1.40 1.94 ± 2.01 n.s 

Myd88 1.00 ± 0.35 0.72 ± 0.14 1.00 ± 0.58 0.96 ± 0.37 n.s 

Gpbar1 1.00 ± 0.48 0.93 ± 0.21 1.00 ± 0.33 1.03 ± 0.46 n.s 

Figure 4. (A) Relationship between Ido1 ΔCT and Tph1 ΔCT (B) Relationship between Tnfa ΔCT 
and both Ido1 and Tph1.  

ΔCT=CT difference between gene of interest and housekeeper gene. 
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4. Discussion 

In the last decade, several lines of evidence have indicated that the GIT and gut 

microbiome plays a role in the pathogenesis of chronic dietary and stress-related disorders. In 

this study we utilised a combination of a WD and CRS in a murine model to investigate the 

interactions of obesogenic feeding and mild stress on microbial composition and gene 

expression of regulatory and tight junction proteins in the colon. Our data indicates that while 

WD and CRS individually impact the microbiome and colonic gene expression. Neither 

synergistic nor antagonistic effects were noted in the combined intervention groups.  

We successfully established a murine model of DIO as evidenced by significantly 

higher body weights, hyperinsulinemia, hyperlipidaemia, and a loss of glucose tolerance. The 

study also noted a modest decrease in exploratory behaviour in response to WD feeding, which 

is indicative of anxiety when confronted with the open-field arena; this supports prior evidence 

that high fat and high sucrose diets promote anxiety-like behaviour in rodents (30, 31). 

Consistent with previous findings in human obesity (32) and murine models of DIO (33, 34), 

our study demonstrated reduced microbial diversity, changes to Firmicutes / Bacteroidetes 

ratio, and higher levels of Proteobacteria in response to WD feeding(33, 34). Some findings of 

note include a higher relative abundance of the hypothesised pro-inflammatory 

Erysipelotrichaceae family in response to WD feeding, which is consistent with the 

literature(35, 36). In contrast to other HFD feeding studies (37, 38), we observed a lower 

relative abundance of the Rikenellaceae family in the WD-fed animals. Despite evidence to 

suggest psychological stress can disrupt microbial composition (39, 40), no robust changes in 

microbiome composition were noted with CRS in the current study. The study did however 

note the expansion of Proteobacteria in CRS animals which suggests that this phylum may 

expand under conditions of both psychological stress and poor diet. Interestingly, WD+CRS 

mice showed an expansion of Proteobacteria without noteworthy changes to the 
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Firmicutes/Bacteroidetes ratio. As diets high in fat have been shown to increase 

Firmicutes/Bacteroidetes ratio independent of obesity, the decreased ratio observed in the 

WD+CRS group is likely due to stress suppressing food intake and mitigating the WD effect 

on the Firmicutes/Bacteroidetes ratio while still allowing for Proteobacteria bloom (33, 41, 42). 

Indeed, similar reductions in the Firmicutes/Bacteroidetes ratio have been observed in humans 

with obesity undergoing caloric restriction (43). In contrast, marked decreases in the abundance 

of the beneficial Verrucomicrobia phylum were noted in CRS animals relative to their non-

stressed counterparts(44). The expansion of Proteobacteria genera (Enterobacter) and loss of 

beneficial Verrucomicorbia species (Akkermansia Mucinphilia) in CRS animals is consistent 

with a disease-like phenotype (42, 44, 45).  

A custom Nanostring plex-set was used to allow for multiplex assessment of gene 

expression. Our findings indicated that the WD significantly impacted the expression of several 

tight junction proteins, specifically the transmembrane proteins Ocln, Cldn2, and Cldn3 and 

Tlr4 expression. This finding is consistent with the literature and the prevailing theory that DIO 

contributes to a loss of intestinal permeability through alterations to colonic inflammation and 

the tight junction complex (46). Occludin proteins interact with the scaffolding protein ZO-1 

to appropriately maintain and organise the assembly of the tight junction complex along the 

apical border (47, 48). Our observation of significantly lower levels of Ocln expression in WD-

fed mice is consistent with some studies (49-51), while contrasting with others who observe 

more noteworthy changes to ZO-1 (29, 52, 53). Occludins’ role is controversial as altered levels 

do not always result in abnormalities in the tight junction complex (54-56).  

The claudins are an additional family of transmembrane proteins that form the 

backbone of tight junction protein complexes. Cldn3 expression was significantly reduced in 

WD fed animals only. Cldn1 expression did not change in response to WD feeding or 

psychological stress. Reduced levels of Claudin-3 mRNA and protein expression in response 
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to obesogenic feeding has been reported by others (57), however typically in association with 

similar changes in Claudin-1 (29, 50, 57, 58). Interestingly, even though we observed an almost 

2-fold increase in Crhr2 expression in the CRS exposed groups, no difference in Cldn 

expression was observed which contrasts previous studies (49, 59, 60). Reasons for the absence 

of an effect on Cldn1 in our study are unclear.  

It is now well established that corticotropin-releasing factor and the activation of 

CRHR1 and CRHR2 plays a role in stress-induced inflammation and hyperpermeability along 

the gastrointestinal tract (61-63). However, our understanding of the exact molecular 

mechanisms and the temporal characteristics of this phenomenon is still poorly understood as 

CRHR2 has also been observed to be protective and anti-inflammatory under chronic 

conditions (64, 65). The current study observed an increase in Crhr2 with a concomitant 

decrease in Tlr4 and Mydd88 expression in mice fed a standard diet exposed to CRS. Thus, the 

altered expression levels of Crhr2 observed in CRS groups may in part be an adaptive response 

to the CRS exposure. Few studies have assessed the temporal characteristics of colonic Crhr2 

expression in response to psychological stress and thus it is difficult to ascertain the role of 

Crhr2 in either promoting or preventing chronic stress-induced inflammation and 

hyperpermeability in the current model.  

An increase in Cldn2 expression was noted in CRS exposed mice. This is in contrast to 

other studies reporting an increase in Cldn2 expression in response to DIO(58), but supports 

those that observe an increase in Cldn2 in response to psychological stress (49). Differences in 

dietary fat composition between the two studies may be an explanation for our contrasting DIO 

findings with preliminary evidence supporting a role for bile acids in tight junction protein 

regulation (58). In line with this concept, a significant positive correlation was noted between 

Cldn2 expression and Nr1h4 supporting preliminary findings of a regulatory relationship 

between Claudin-2 and bile acids (66, 67) as well as a potential link between psychological 
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stress and altered bile acid homeostasis (68). Similarly, significant negative correlations were 

observed between Nr1h4 expression and Ocln, Cldn3, Tjp1, and Tlr4 expression. Taken 

together, our findings support a role of DIO and CRS to differentially impact tight junction 

protein expression and a role for bile acid signalling in the dynamic regulation of intestinal 

permeability.  

We also assessed the expression of transcripts in additional regulatory pathways. 

Unexpectedly, WD-fed animals had lower levels of Tlr4 expression relative to controls, with 

WD+CRS mice having the lowest Tlr4 expression. Our observation of reduced Tlr4 expression 

in our WD groups contrasts the almost two-fold increase in protein expression of colonic TLR-

4 observed by Kim et al., after their 8-week HFD feeding study (50). However, our Tlr4 

findings were confirmed by qPCR. Recurrent and chronic exposure to LPS can induce transient 

tolerance in TLR4 signalling (69, 70) and similarly there are examples of LPS-induced 

downregulation of Tlr4 mRNA (71, 72). In this regard, reduced Tlr4 expression may be induced 

by chronic stimulation of this signalling pathway. Interestingly, no noteworthy changes were 

observed in the expression of downstream signalling molecules such as Myd88, Nfkb1, and 

Tnfa, suggesting that these changes may be impacting MyD88-independent signalling 

pathways. Furthermore, while WD-induced alterations to Ocln and Cldn3 expression were 

slightly lessened in WD+CRS mice, no improvements were noted in Tlr4 expression. TLR-4 

signalling is essential for appropriate protection against epithelial injury, inflammation, and 

bacterial translocation and is required for gastrointestinal homeostasis (73, 74). Reduced 

expression of Tlr4 may compromise appropriate regulation of the colonic microenvironment 

in response to local microbial load; our noted associations between reduced Tlr4 expression 

and reduced tight junction protein expression (Ocln and Cldn 3) and increased leaky TJP 

expression (Cldn2) support this possibility.  
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Tryptophan is metabolised by tryptophan hydroxylase 1 (TPH1) to synthesise 5-

hydroxytryptamine (5-HT) and indoleamine-2,3-dioxygenase (IDO) to synthesise kynurenine. 

Tryptophan and its metabolites have received considerable attention as mediators of intestinal, 

peripheral, and central disorders (75). Bioavailability of the tryptophan metabolites is also 

governed by both TNFα and IFN-γ inflammatory signalling (76, 77) and the microbiome and 

its metabolites (78, 79). Despite evidence of changes to colonic Tlr4 expression in our study, 

no group differences in Tph1, Ido1, or Tnfa expression were observed. Significant correlations 

between these enzymes and Tnfa were however noted, supporting the interplay between 

gastrointestinal tryptophan metabolism and inflammatory signalling. Interestingly, while no 

group differences were observed in Tph1, lower expression of the serotonin receptor Htr4 was 

noted in WD fed animals. This change was strongly correlated with reduced Tlr4 expression. 

As one of the primary serotonin receptors found within the colon epithelial lining, reduced Htr4 

expression may increase risk for functional gastrointestinal disorders in DIO mice (80). 

Previous studies support a role for WD feeding in 5-HT signalling dysfunction (22, 81) and a 

relationship between 5-HT receptor 4 expression and inflammation (82, 83). Taken together, 

these findings suggest a relationship between inflammatory and serotonin signalling in WD-

fed animals, however further research is required to characterise the relevance of this 

relationship in disease.  

A noteworthy observation of the current study is the lack of a consistent changes 

observed in response to CRS. We did not observe changes in expression of the tight junction 

proteins such as Ocln, Tjp1, and Cldn1 that previous studies have confirmed to be stress-

susceptible (49, 59, 60, 84). Inconsistent and contrasting responses to stress have been noted 

previously in metabolic studies (24, 49, 85-91). Our findings may reflect heterogeneity in 

gastrointestinal stress-responses when utilising varying models of stress (90, 92, 93). Another 

possible explanation for the heterogeneity in outcomes when using CRS is habituation to the 
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chronic stressor, which has been described previously in mice exposed to a homotypic stressor 

like the restraint stressor (89, 94, 95). The current study did note a generalised hyperactivity in 

the open-field arena in CRS exposed mice, which is supported by similar studies utilising mild 

stressors (96, 97). Despite this, entries into the centre square, which is associated with 

exploratory behaviour, was unaltered by CRS in either dietary group which contrasts our 

previous work and others using restraint and social isolation stressors (24, 98, 99). In our 

previous work, we demonstrated that after 9-weeks of feeding, a 3-week CRS intervention 

(30min per day) induced synergistic effects on cardiometabolic parameters resulting in elevated 

insulin levels and worsened myocardial tolerance to ischemic/reperfusion injury. The current 

study did not observe this same synergistic response in cardiometabolic parameters with a 4-

week CRS intervention (extended to 60min per day), nor did it see robust changes to behavioral 

indices in CRS mice. This suggests that the increased duration and frequency of the CRS 

altered the outcomes of the stress-response. Taken together with unaltered corticosterone 

levels, our findings may be more reflective of a habituated stress phenotype and not indicative 

of a chronic stress response. The current study also has limitations in its ability to assess the 

change in microbial composition before and after the diet and stress interventions that would 

allow us to identify microbial taxa that may be contributing to our heterogeneous gene 

expression findings in CRS mice. Irrespective of these limitations, the direct assessment of 

colonic mRNA expression of a collection of regulatory genes using a multiplex methodology 

has allowed simultaneous consideration of multiple targets relevant to intestinal permeability 

and associated signalling pathways. Furthermore, the combination of chronic stress in a DIO 

model allowed us to investigate microbial taxa and colonic regulatory genes that may be 

susceptible to both combined diet and stress interventions. Future directions would be to also 

assess functional changes in intestinal permeability across the time course of the stress-



Kyle Hatton-Jones  Griffith University 

response. Similarly, investigations should be performed to determine whether WD feeding and 

chronic stress interact to alter functional indices of permeability and endotoxemia. 

In summary, our findings do not support a synergistic interaction between WD feeding 

and CRS at the host microbe interface, however modest changes were noted. Animals from the 

WD+CRS cages presented with improvements to the Firmicutes/Bacteroidetes ratio but the 

concurrent expansion of Proteobacteria, suggesting multifactorial phenotype changes with 

combined interventions. The study also observed significantly lower levels of Tlr4, Ocln, 

Cldn3 expression in WD-fed animals. Interestingly, lower levels of Tlr4 did not translate into 

changes to the expression of downstream inflammatory mediators. The current study did not 

observe changes to tight junction protein expression after 4-weeks of CRS but did observe 

higher Cldn2 and Nr1h4 expression levels. Taken together, the study supports a multifactorial 

response to combined WD and CRS interventions that warrants further investigation. 
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