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ABSTRACT 

Background & Aims: A strong association between human inflammatory 

biliary diseases and gut inflammation has led to the hypothesis that gut 

microbes and lymphocytes activated in the intestine play a role in biliary 

inflammation. The NOD.c3c4 mouse model develops spontaneous biliary 

inflammation in extra- and intra-hepatic bile ducts. We aimed to clarify the role 

of the gut microbiota in the biliary disease of NOD.c3c4 mice.  

Methods: We sampled cecal content and mucosa from conventionally raised 

(CONV-R) NOD.c3c4 and NOD control mice, extracted DNA and performed 

16S rRNA sequencing. NOD.c3c4 mice were rederived into a germ free (GF) 

facility and compared with CONV-R NOD.c3c4 mice. NOD.c3c4 mice were 

also co-housed with NOD mice and received antibiotics from weaning. 

Results: The gut microbial profiles of mice with and without biliary disease 

were different both before and after rederivation (unweighted UniFrac-

distance). GF NOD.c3c4 mice had less distended extra-hepatic bile ducts 

than CONV-R NOD.c3c4 mice, while antibiotic treated mice showed reduction 

of biliary infarcts. GF animals also showed a reduction in liver weight 

compared with CONV-R NOD.c3c4 mice, and this was also observed in 

antibiotic treated NOD.c3c4 mice. Co-housing of NOD and NOD.c3c4 mice 

indicated that the biliary phenotype was neither transmissible nor treatable by 

co-housing with healthy mice. 

Conclusions: NOD.c3c4 and NOD control mice show marked differences in 

the gut microbiota. Germ free NOD.c3c4 mice develop a milder biliary 

affection compared with conventionally raised NOD.c3c4 mice. Our findings 
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suggest that the intestinal microbiota contributes to disease in this murine 

model of biliary inflammation. 

Electronic word count, Abstract: 250 

 

LAY SUMMARY 

Mice with liver disease have a gut microflora (microbiota) that differs 

substantially from normal mice. When these mice, that under normal 

circumstances spontaneously develops disease in their bile ducts, are raised 

in an environment devoid of bacteria, the disease in the bile ducts diminishes. 

Overall this clearly indicates that the bacteria in the gut (the gut microbiota) 

influences the liver disease in these mice. 
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INTRODUCTION 

NOD.c3c4 mice spontaneously develop biliary inflammation in intra-hepatic 

and extra-hepatic bile ducts [1]. The NOD.c3c4 model is developed on the 

NOD background [2], a genetic background with increased susceptibility to 

autoimmune phenotypes similar to what is seen in human biliary diseases [3], 

and the regular NOD mice develop diabetes [4]. In contrast, NOD.c3c4 mice 

do not develop diabetes [2]. The NOD.c3c4 mouse has been used as a model 

of the human biliary disease primary biliary cirrhosis (PBC) as it develops 

autoantibodies and lymphocytic infiltrates similar to PBC [2]. The 

pathogenesis in NOD.c3c4 mice is not completely clarified, but the biliary 

disease is considered to be immune mediated [5]. The NOD.c3c4 mouse is 

the only known mouse model that spontaneously develops dilatation and 

inflammation of the common bile duct [6]. These features are hallmarks of the 

human biliary disease primary sclerosing cholangitis (PSC) and as such this 

mouse model can also be used to model aspects of PSC. 

Inflammatory biliary diseases are strongly associated with gut diseases [7,8]. 

This clinical association has led to the hypothesis that gut microbes and 

lymphocytes activated in the intestine play a role in biliary inflammation [7]. 

That gut microbiota could play an important role in bile duct disease is 

experimentally supported by studies showing that small bowel bacterial 

overgrowth in rats leads to bile duct inflammation that can be treated with 

antibiotics [9,10]. From human cholangiopathies it has recently been 

demonstrated in several independent studies that patients with PSC have a 

different gut microbiota compared to healthy individuals [11–14] and in line 

with this, manipulation of the gut microbiota using antibiotics in PSC patients 
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has shown beneficial effects [15]. A recent study demonstrated that germ free 

(GF) multidrug resistance knock out (Mdr2-/-) mice developed more severe 

liver disease compared with conventionally raised (CONV-R) Mdr2-/- mice 

[16]. The Mdr2-/- mouse is a common mouse model of PSC [6], as it develops 

periductal fibrosis due to regurgitation of bile into portal tracts [17]. The 

NOD.c3c4 model contrasts the Mdr2-/- model as the biliary disease of the 

NOD.c3c4 model is largely immune driven, but with minimal fibrosis [1]. 

In the present study, we explored the role of the intestinal microbiota in the 

biliary inflammation observed in NOD.c3c4 mice. We found significant 

differences between the gut microbiota of NOD.c3c4 mice and NOD control 

mice. In experiments with rederivation into a GF environment we found that 

GF NOD.c3c4 mice were protected from biliary disease compared with 

CONV-R NOD.c3c4 mice. Also, when NOD.c3c4 mice were treated with 

antibiotics we saw a milder liver phenotype corroborating the GF results. 

Collectively, the present results suggest that intestinal bacteria contribute to 

disease in this murine model of biliary inflammation. 

  



  

    

 

 8

MATERIALS AND METHODS 

Mice  

NOD.c3c4 and NOD mice were purchased from The Jackson Laboratory (Bar 

Harbor, ME, USA). All CONV-R mice were housed in a Minimal Disease Unit 

(MDU) at the animal facility at Oslo University Hospital Rikshospitalet, Oslo, 

Norway.  

NOD.c3c4 and NOD mice housed in the MDU facility, were harvested at 10 

weeks of age and cecal content and mucosa was sampled. NOD.c3c4 and 

NOD strains were then rederived into a new MDU facility by caesarean 

sections, and after three generations sampling of cecal content and mucosa 

was repeated. These rederived NOD.c3c4 mice were then rederived as 

axenic mice at the Core Facility for Germfree Research at Karolinska 

Institutet, Stockholm, Sweden by caesarean sections, housed in a GF 

environment and regularly monitored to ensure their GF status. GF and 

CONV-R NOD.c3c4 mice were sampled at 9 weeks and 18 weeks of age. GF 

NOD mice were housed at a GF facility at the University of Gothenburg, 

Sweden. In co-housing experiments age- and gender- matched CONV-R 

NOD.c3c4 mice and NOD mice were co-housed in a MDU facility from the 

age of 4 weeks (after weaning) for 4 weeks. CONV-R NOD.c3c4 mice were 

treated with non-absorbable antibiotics; Ampicillin 1.0 g/l (Bristol-Myers 

Squibb, Solna, Sweden) and Neomycin 0,5 g/l (Fisher Scientific, Geel 

Belgium) in drinking water from weaning for 4 weeks. The number of animals 

in each experiment was determined by power calculations and experience 

from similar experiments. 
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All animal experiments were approved by the Norwegian National Animal 

Research Authority (project license no FOTS 6809/14) and/or the Ethics 

Committee on Animal Care and Use in Gothenburg and Stockholm, Sweden. 

The animal experiments were performed in accordance with the European 

Directive 2010/63/EU and The Guide for the Care and Use of Laboratory 

Animals, 8th edition (NRC 2011, National Academic Press). All mice had ad 

libitum access to water and standard rodent diet.  

Tissue collection and extraction of primary lymphocytes from liver  

Mice at the indicated age were sacrificed and weight of the mice and weight of 

the liver, spleen and cecum were registered. Dilatation of the common bile 

duct (CBDD) was measured. Collection of blood, serum, liver tissue, and 

extraction of primary lymphocytes from perfused livers was also performed as 

described in the Supplementary Material. Cecal content and mucosal 

samples were taken from the cecum with sterile equipment, and immediately 

snap-frozen in liquid nitrogen and later stored at -80°C until DNA extraction. 

DNA extraction 

DNA from cecal content or 15-20 mm of cecal tissue was extracted as 

previously described [18], and a more detailed description included in the 

Supplementary Material.  

Library preparations, sequencing and bioinformatic processing 

Library preparations and 16S rRNA sequencing of the V4 region were 
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performed at BGI (Shenzhen, China), on the Illumina MiSeq platform (San 

Diego, CA, USA). The Quantitative Insights Into Microbial Ecology (QIIME) 

platform (version 1.8.0) [19], was used for further bioinformatic processing 

using closed-reference operational taxonomic unit (OTU) mapping to the 

Greengenes database [20]. Detailed methods are included in the 

Supplementary Material. 

RNA isolation, reverse transcription and quantitative real-time PCR 

Total RNA from snap-frozen liver tissue was isolated, and reverse 

transcription and quantitative real-time PCR was performed as described in 

the Supplementary Material. Detailed primer information is provided in 

Supplementary Table 1. The relative expression of each sample was first 

normalised to the expression of the reference gene (beta-actin (Actb)), and 

then normalised to the average expression in samples from CONV-R 

NOD.c3c4 mice, and the data were analysed according to the 2-∆∆CT method. 

Flow cytometry 

Following preparation of single-cell suspensions, the cells were incubated with 

anti-mouse CD16/32 clone 93 (BioLegend, San Diego, CA, USA) for blocking 

of Fc-receptors to avoid non-specific binding. Lymphocytes were stained with 

FITC anti-mouse TCRβ, clone H57-597 (BD Biosciences, Franklin Lakes, NJ, 

USA) for an hour. Flow cytometric analysis was performed using a BD FACS 

Verse flow cytometer (BD Biosciences). The results were analysed in FlowJo 

version 9.5.3 (TreeStar, Ashland, OR, USA). Detailed anti-body information is 

stated in Supplementary Table 2.  
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Histology and scoring 

Liver tissue and snap frozen cecal tissue were fixed in 4% formalin in room 

temperature, embedded in paraffin, sectioned and stained with hematoxylin 

and eosin (H&E), or Sirius red staining, and scored in a blinded fashion 

(Supplementary Fig. 1). Detailed methods are included in the 

Supplementary Material. 

Immunohistochemistry 

Immunohistochemical staining of CD3 (T cell marker), Ly6G (neutrophil 

marker), α-smooth muscle actin (α-SMA, myofibroblast marker) and Mac-2 

(macrophage marker) was performed as described in the Supplementary 

Material, and detailed anti-body information is stated in Supplementary 

Table 2. 

Biochemistry  

Alanine transaminase (ALT), aspartate transaminase (AST) and alkaline 

phosphatase (ALP) were measured in serum using a ADVIA 1800 (Siemens, 

Munich, Germany) at The Central Laboratory, Norwegian School of Veterinary 

Science (Oslo, Norway). 

Statistical analysis  

Unless stated otherwise all values are presented as means ± SEM. Statistical 

significance was calculated with unpaired Student's t-test for variables 

meeting requirements of normal distribution or Mann-Whitney U test for 
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variable not meeting the requirements for normal distribution using GraphPad 

Prism version 5.0 b (GraphPad Software, La Jolla, CA). Statistical analyses 

on relative taxa abundances were done using the R statistical software 

environment (version 3.1.2, https://www.R-project.org/), using the Mann-

Whitney U test, and calculations based on beta diversity (unweighted 

UniFrac) was done using the anosim function in QIIME (version 1.8.0). 

Relative abundance ratios were calculated by dividing the mean relative 

abundance of each bacterial taxon in each category. 
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RESULTS 

Bacterial communities in NOD.c3c4 and NOD mice 

We first explored differences in the gut microbiota of mice with and without 

biliary inflammation by comparing the microbial profiles in the cecal mucosa 

and cecal content of NOD and NOD.c3c4 mice at 10 weeks of age (n = 4-5 in 

each group). The experiments were performed before the onset of diabetes in 

the NOD mice (Supplementary Table 3). The gut microbiota in NOD.c3c4 

and NOD control mice showed marked difference in their total bacterial 

community, both in the cecal content and mucosa (Fig. 1A), and the 

phenotype of the mice explained 41.2% of the variation of the bacterial 

community in the cecal content. To further explore whether these differences 

could be replicated in another environment and to rule out potential cage 

effects, NOD and NOD.c3c4 mice were rederived into a new MDU facility by 

caesarean section. The extent of the global differences in both mucosa and 

cecal content was similar in the new facility (Fig. 1B). Bacterial diversity and 

richness were not different in the two strains in any of the experiments (Fig. 

1C). At the genus-level, the abundances of multiple bacterial taxa were 

significantly different between the NOD.c3c4 and NOD mice, both in cecal 

content (p <0.05, Table 1) and mucosa (p <0.05, Supplementary Table 4), in 

both experiments. 

Severity of biliary disease is attenuated in germ free NOD.c3c4 mice 

To evaluate the impact of the intestinal microbiota on the biliary disease in 

NOD.c3c4 mice, we rederived the NOD.c3c4 mice that had been rederived 
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into a new MDU facility (hereafter denoted CONV-R NOD.c3c4) into a GF 

facility (germ free animals denoted GF NOD.c3c4). 

The body weight of GF NOD.c3c4 mice (n = 9-11) was reduced compared 

with the weight of CONV-R NOD.c3c4 mice (n = 9-11) (Fig. 2A) at 9 and 18 

weeks of age. The livers of 9 and 18 weeks old GF NOD.c3c4 mice weighed 

significantly less than the livers of age- and gender-matched CONV-R 

NOD.c3c4 mice, both in absolute numbers (Supplementary Fig. 2A), and as 

percentage of body weight (Fig. 2B). To explore whether this was a general 

phenomenon in the NOD mouse strain we compared liver weights of NOD 

mice raised in a GF and a conventional facility (n = 5-9 in each group). The 

decrease in liver weight seen in GF NOD.c3c4 was present to a lesser degree 

in GF NOD mice (Fig. 2C, Supplementary Fig. 2B) pointing to a phenotypic 

specific effect in NOD.c3c4 mice. The extra-hepatic bile duct dilatation seen in 

9 weeks old NOD.c3c4 was significantly reduced in GF NOD.c3c4 mice (p = 

0.0043, Fig. 2D) and a similar trend was seen in 18 weeks old mice (p = 0.13, 

Fig. 2D). There was no recovery of a more normal phenotype in the CONV-R 

animals at 18 weeks as compared to 9 weeks (data not shown). No extra-

hepatic bile duct dilatation was detected in NOD control mice (data not 

shown).  

At 18 weeks of age the biliary inflammation was more pronounced in CONV-R 

NOD.c3c4 mice and CONV-R NOD.c3c4 mice displayed significantly larger 

infiltrates around the intrahepatic bile ducts than GF mice at this age (p = 

0.014, Fig. 3A and B). The percentages of T cells in livers of conventionally 

raised NOD and NOD.c3c4 mice were similar (Supplementary Fig. 3, [1]), so 
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to further assess the disease we evaluated histology and the biliary infiltrates. 

We further investigated the portal infiltrates and demonstrated that CONV-R 

NOD.c3c4 mice had a higher count of CD3, Ly6G and Mac-2 positive cells 

around their bile ducts at 18 weeks of age compared with GF NOD.c3c4 mice 

(Fig. 4A). At 9 weeks of age we observed a tendency towards larger portal 

infiltrates and a significantly higher count of Ly6G positive cells around the 

bile ducts of CONV-R NOD.c3c4 mice compared to GF mice (Supplementary 

Fig. 4A and B). The 9 and 18 weeks old CONV-R NOD.c3c4 mice also 

exhibited a tendency to larger biliary infarcts (Fig. 3A and B, Supplementary 

Fig. 4A and B). A trend towards lower ALT serum levels was demonstrated in 

the GF NOD.c3c4 mice compared with CONV-R mice at 9 and 18 weeks of 

age (Supplementary Fig. 5A). In contrast, AST and ALP values were more 

elevated in the GF NOD.c3c4 mice in both age groups (Supplementary Fig. 

5B and C). As expected, the spleen of GF NOD.c3c4 mice weighed less, 

while their cecum was enlarged and weighed significantly more, than those of 

CONV-R mice (Supplementary Fig. 5D). We were unable to detect any 

difference in the degree of liver fibrosis in GF and CONV-R NOD.c3c4 mice 

(Supplementary Fig. 6). There were no signs of inflammation in cecal tissue 

of neither CONV-R nor GF NOD.c3c4 mice (Supplementary Fig. 7). 

The biliary phenotype of NOD.c3c4 mice is not transmissible  

To explore whether it was possible to transmit the biliary disease phenotype 

of NOD.c3c4 mice to the NOD control mice, we co-housed NOD.c3c4 mice 

and NOD control mice for four weeks from weaning (four weeks of age). We 

were unable to identify a transmittable phenotype, and NOD.c3c4 co-housed 
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with NOD control mice developed biliary disease to the same degree as 

NOD.c3c4 mice housed with their litter mates (Supplementary Fig. 8). 

Antibiotics affects the liver phenotype in NOD.c3c4 mice  

Given the amelioration of biliary disease observed in GF NOD.c3c4 mice, we 

hypothesised that treatment with non-absorbable antibiotics from weaning 

would protect the CONV NOD.c3c4 mice against the biliary phenotype. 

Similar to GF NOD.c3c4 mice NOD.c3c4 mice treated with antibiotics had 

livers that weighed significantly less than the livers of age- and gender-

matched control NOD.c3c4 mice and a tendency to lower ALT levels in their 

serum (Fig. 5A and 5C), but there was no difference in CBDD between 

antibiotic treated and control mice (Fig. 5B). Antibiotic treated NOD.c3c4 mice 

had less biliary infarcts compared to control NOD.c3c4, but no difference was 

observed in other histological parameters such as portal inflammation (Fig. 

5D).  
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DISCUSSION 

In the present study we demonstrate that there are clear differences in the gut 

microbiota in NOD.c3c4 mice with biliary disease and NOD control mice. 

Furthermore, when raised in a GF environment, NOD.c3c4 mice develop less 

biliary disease compared with CONV-R NOD.c3c4 mice. Likewise, treatment 

with non-absorbable antibiotics in NOD.c3c4 mice partially dampens the liver 

phenotype. Our findings implicate the gut microbiota as a contributor to biliary 

disease in the NOD.c3c4 mouse model. 

We observed distinct differences in the global bacterial community between 

mice with and without biliary disease. The results represent a parallel to the 

human biliary disease, where the gut microbiota of both stool and mucosa is 

characterised by distinct differences from healthy individuals [11–14]. 

Differences in gut microbiota have not been well explored in other human 

biliary diseases than PSC or murine models of biliary inflammation, but 

induction of cholestasis in mice by means of bile duct ligation, does not seem 

to alter either global bacterial composition or diversity [21]. This could indicate 

that the differences in bacterial composition demonstrated develop at an 

earlier time point in life and that a later induction of cholestasis will not 

contribute to a global shift in the microbiota. To rule out potential cage effects 

as far as possible, the mice were rederived into a new conventional animal 

facility. Although we cannot formally rule out that new cage effects can 

establish after rederivation, we consider it as unlikely that the differences 

observed are driven by cage effects as the differences in global bacterial 

communities were demonstrated in two different environments. The use of 
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NOD mice as controls could be challenging as NOD mice develop diabetes 

and this can potentially affect the microbiota [22], but the NOD mice used in 

the present analysis of gut microbial profiles were harvested before the 

development of diabetes as confirmed by blood glucose measurements. 

Following the identification of differences in the bacterial communities we 

hypothesised that GF NOD.c3c4 would have an altered biliary phenotype. 

Indeed, the GF NOD.c3c4 mice were protected from biliary disease in terms 

of several clinical and pathological features. The common bile duct dilatation 

was less pronounced in GF NOD.c3c4 mice and we demonstrated the 

development of larger portal infiltrates and higher counts of CD3, Ly6G and 

Mac-2 positive cells around the bile ducts of CONV-R mice. Several factors 

could potentially contribute to the observed differences in biliary phenotype of 

CONV-R and GF mice. First of all, the total amount of bile acids is reduced in 

feces and serum of GF mice, and the composition of bile acids vary greatly 

between GF and CONV-R mice, also in the liver [23]. Secondly, the immune 

system and lymphocyte populations of GF mice are also known to be altered 

with mucosal accumulation of natural killer T cells and absence of mucosal 

associated invariant T cells in GF mice [24,25]. This likely can affect an 

inflammatory disease phenotype, nevertheless, it is striking that several 

components of the biliary inflammation are altered in a GF environment. In 

line with the observation in GF animals, treatment of NOD.c3c4 mice with 

non-absorbable antibiotics after weaning resulted in reduced liver weight and 

less biliary infarcts. Although using antibiotics to deplete the microbiota 

constitutes a less controlled situation than using GF animals, there is no 

indication that the biliary disease of NOD.c3c4 mice is possible to cure with 
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antibiotics [26]. Since co-housing of animals has been shown to affect the 

development of non-alcoholic fatty liver disease (NAFLD) [27] and colitis [28] 

in other animal models, we investigated whether this was the case for the 

biliary phenotype of NOD.c3c4 mice. These experiments clearly demonstrated 

no sign of transmissibility or protection from biliary disease. Taken together 

the results from the GF, antibiotics and co-housing experiments indicate that 

the majority of effects of the microbiota is initiated before weaning during the 

time when the host immune system is developed and tolerance to 

environmental exposures is achieved [29]. 

Another murine model of PSC is the Mdr2-/- mouse. In contrast to our findings, 

a recent study by Tabibian et al. [16] demonstrated that GF Mdr2-/- mice 

developed more severe liver disease measured by ALP, AST and bilirubin in 

serum, as well as more severe fibrosis compared with CONV-R Mdr2-/- mice. 

Aggravation of liver fibrosis is also seen in thioacetamide and carbon 

tetrachloride (CCl4) treated GF mice compared with thioacetamide - and CCl4-

treated CONV-R mice [30], while in models of acute hepatic injury such as 

acetaminophen- and alcohol-induced hepatotoxicity mice raised in GF 

facilities seem to be protected from hepatic disease [31,32]. In NOD.c3c4 

mice a minimal degree of fibrosis is seen, and this could suggest that liver 

disease models that are more driven by fibrosis develop an aggravated 

phenotype in the absence of commensal bacteria, while the liver disease of 

other murine models, displaying features of lipid accumulation or portal 

inflammation, is ameliorated in a germ free environment.  
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Our histological analysis and measurements of CBDD demonstrated an 

ameliorated phenotype in GF NOD.c3c4 mice, and there was a trend towards 

lower levels of the liver specific enzyme ALT in GF mice. ALP and AST serum 

levels on the contrary were elevated in GF mice. The use of ALP serum levels 

as a marker of biliary disease in mice has been somewhat debated [33,34] as 

the ALP levels measured in mice seem to be mostly bone-derived ALP 

isoforms, some intestinal ALP isoforms and close to no liver ALP, and it also 

varies between different mouse strains [35]. Intestinal ALP activity is 

increased in GF mice [36] and this could explain some of the discrepancies 

seen in our serum measurements. 

In conclusion, we have demonstrated that there are distinct differences in the 

gut microbiota between mice with and without biliary disease, and that the 

biliary disease of NOD.c3c4 mice is reduced in a germ free environment and 

affected by non-absorbable antibiotics. This indicates that commensal 

bacteria can contribute to biliary inflammation. 
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TABLES 

 

 
Table 1. Bacterial taxa that differ between NOD.c3c4 and control mice in 

cecal content. In the first experiment (“Before rederivation”), several taxa on 

the genus level were different between NOD.c3c4 and control mice in cecal 

content. To examine these results in a new environment and rule out potential 

cage effects, we rederived the mice into another conventional animal facility, 

and again identified differentiating genera between the phenotypes. Data 

analysed using Mann-Whitney U test. Relative abundance ratios were 

calculated by dividing the mean relative abundance of each bacterial taxon in 

each category. Significant values (p <0.05) in bold.  

Taxa enriched in NOD.c3c4 mice 
  

Before rederivation 
After rederivation into 
another conventional 

animal facility 

Order Family Genus 

Relative 
abundance ratio 
NOD.c3c4/NOD p-value 

Relative 
abundance ratio 
NOD.c3c4/NOD p-value 

Bacteroidales S24.7 [unknown] 0.57 0.032 0.64 0.41 

Clostridiales Ruminococcaceae Oscillospira 1.92 0.032 1.04 0.90 

Clostridiales Christensenellaceae [unknown] 3.39 0.016 1.13 0.56 

Erysipelotrichales Erysipelotrichaceae Allobaculum 0.01 0.016 1.77 0.81 

Anaeroplasmatales Anaeroplasmataceae Anaeroplasma 6.57 0.016 3.08 0.73 

YS2 [unknown] [unknown] 2212.32 0.011 5.93 0.23 

Deferribacterales Deferribacteraceae Mucispirillum 0.04 0.011 1.23 0.73 

Gemellaceae Gemellaceae [unknown] 84.21 0.011 3.00 1.00 

Clostridiales Lachnospiraceae Anaerostipes 0.00 0.0097 4.77 0.35 

Clostridiales Lachnospiraceae Coprococcus 0.22 0.0079 0.66 0.90 

Clostridiales Ruminococcaceae [unknown] 2.11 0.0079 1.21 0.29 

Clostridiales Ruminococcaceae Ruminococcus 5.95 0.0079 1.05 1.00 

Clostridiales Mogibacteriaceae [unknown] 0.47 0.0079 0.97 1.00 

Verrucomicrobiales Verrucomicrobiaceae Akkermansia 1281.86 0.0079 1.79 0.37 

Clostridiales Clostridiaceae Clostridium 2.07 0.46 33.93 0.020 

Bacteroidales Porphyromonadaceae Parabacteroides 0.42 0.66 0.47 0.032 

Clostridiales Lachnospiraceae Dorea 1.06 0.84 5.40 0.032 

Burkholderiales Burkholderiaceae Burkholderia 0.92 1.00 0.00 0.042 
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FIGURE LEGENDS 
 
 
Fig. 1. NOD.c3c4 mice have a distinct global bacterial composition 

compared with NOD control mice. Principal coordinate plot based on 

unweighted UniFrac distances illustrating separation of the NOD (n = 4-5) and 

NOD.c3c4 mice (n = 5) in cecal content and mucosa (A) before (p <0.01) and 

(B) after rederivation into another conventional animal facility (p <0.02). (C) 

Intra-individual diversity measured by Shannon Diversity Index in cecal 

content of NOD (n = 4-5) and NOD.c3c4 mice (n = 5) was similar. Data in (A) 

and (B) compared using the anosim function in QIIME. Data in (C) are 

presented as mean ± SEM, unpaired Student's t-test used for comparison. 

 

Fig. 2. Germ free (GF) NOD.c3c4 mice have lower liver weight and less 

distended common bile ducts than conventionally raised (CONV-R) 

NOD.c3c4 mice. (A) Total body weight and (B) liver weight as percentage of 

body weight of CONV-R and GF NOD.c3c4 mice at 9 (n = 9 in each group) 

and 18 weeks (w) of age (n = 11 in each group). (C) Liver weight as 

percentage of body weight of CONV-R and GF NOD mice at 9 (GF: n = 9, 

CONV-R: n = 5) and 18 w of age (GF: n = 4, CONV-R: n = 5). (D) Log-

transformed common bile duct dilatation (CBDD) of CONV-R and GF 

NOD.c3c4 mice at 9 (n = 9 in each group) and 18 w of age (n = 11 in each 

group). Data are presented as mean ± SEM, unpaired Student's t-test used 

for comparison. *p <0.05, **p <0.01, ***p <0.001. 

 

  



  

    

 

 29

Fig. 3. Germ free (GF) NOD.c3c4 mice have reduced inflammatory portal 

infiltrates compared with conventionally raised (CONV-R) NOD.c3c4 

mice at 18 weeks of age. (A) H&E (40X) and Sirius red stained sections 

(40X, 10X) illustrating portal inflammation, bile infarcts and fibrosis. (B) Liver 

pathology in GF (n = 11) and CONV-R (n = 11) NOD.c3c4 mice scored on 

parameters portal inflammation, bile infarcts, fibrosis and dilatation of 

intrahepatic bile ducts (IHBD). Data are presented as mean ± SEM, unpaired 

Student's t-test used for comparison. *p <0.05. 

 

 

Fig. 4. Germ free (GF) NOD.c3c4 mice have less CD3, Ly6G and Mac-2 

positive cells around their bile ducts compared with conventionally 

raised (CONV-R) NOD.c3c4 mice. (A) CD3, Ly6G and Mac-2 positive cells 

around bile ducts (indicated by arrows) in 18 weeks old CONV-R (n = 11) and 

GF (n = 11) NOD.c3c4 mice (40X). (B) Mean CD3/ Ly6G/ Mac-2 positive cell 

count from 6 different areas with bile ducts of CONV-R and GF NOD.c3c4 

mice. CD3, Ly6G and Mac-2 are makers of T cells, neutrophils and 

macrophages, respectively. Data are presented as mean ± SEM, for CD3+ 

count unpaired Student's t-test used, for Ly6G+ and Mac-2+ count Mann-

Whitney U test for used for comparison due to a non-normal data distribution. 

*p <0.05, ***p <0.001. 
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Fig. 5. Antibiotic treated (AB) NOD.c3c4 mice have lower liver weight 

and less biliary infarcts compared with NOD.c3c4 mice receiving normal 

drinking water (control). (A) Liver weight as percentage of body weight of 

AB NOD.c3c4 (n = 19) and control NOD.c3c4 (n = 19) mice. AB NOD.c3c4 

mice received treatment for 4 weeks from weaning. (B) Log-transformed 

common bile duct dilatation (CBDD) and (C) alanine transaminase (ALT) 

levels measured in serum of AB and control NOD.c3c4 mice. (D) Liver 

pathology scored on parameters portal inflammation, bile infarcts, fibrosis and 

dilatation of intrahepatic bile ducts (IHBD). The data represents results from 

two pooled, independent experiments. Data are presented as mean ± SEM, 

unpaired Student's t-test used for comparison. *p <0.05, ***p <0.001. 
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