
Introduction

Type 1 diabetes (T1D) is an autoimmune disease with a 
strong genetic basis, and it is obvious that several envi-
ronmental factors contribute to the disease ( Jerram and 
Leslie 2017; Kugelberg 2017). The gastrointestinal tract 
is colonized by microbiota, a large and complex micro-
bial community, consist of mainly bacteria.  Microbiota 
also includes commensal populations of fungi, viruses, 
archaea, and protists (de Oliveira et al. 2017; Flemer et al. 
2017; Matijašić et al. 2020). The role of the gut microbiota 
in T1D ethology has been the subject of research over 
the last decade to clarify disease development and to 
determine preventive approaches (e.g., diet manipulation, 
probiotic administration) (de  Oliveira et al. 2017; Marino 
et al. 2017; Mishra et al. 2019; Tanca et al. 2018; Tian et 
al. 2017; Wirth et al. 2014). 

Studies corroborated that intestinal dysbiosis affects 

gut permeability via their metabolites and plays a role 
in T1D development, but there is no evidence for the 
specific role of intestinal microbiota in the development 
of autoimmunity to beta-cells and in tissue damage (de 
Oliveira et al. 2017; Knip and Honkanen 2017; Paun et 
al. 2017; Tian et al. 2017).

Investigations along the longitudinal axis of the gastro-
intestinal (GI) tract corroborated a high level of similarity 
between the rat model and humans in the oxygenation 
levels as well as in microbial diversity (Li et al. 2017). 
Oxygen levels in the air (≈21% = 145 mmHg = 19,331.7 
Pa) drop dramatically to around 32 mmHg (4,266.3 Pa) 
in the rat and human duodenum and <3 mmHg (<400.0 
Pa) in the colon (Albe nberg et al. 2014). Due to the radial 
gradients the oxygenation landscape in the GI tract is 
inhomogeneous but with all practical measures it is 
considered an anaerobic environment inhabited by fac-
ultative and obligate anaerobic microbial communities. 
A correlation between the diminishing oxygen levels and 
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the characteristic anaerobic microbes exists along the GI 
tract (Albenberg et al. 2014; Wirth et al. 2014). Previous 
studies have indicated the involvement of perturbed 
microbiota in inflammatory bowel diseases (IBD), i.e. 
Crohn’ disease and ulcerative colitis (Chermesh and 
Shamir 2009). Although there are numerous similarities 
between IBD and T1D, the microbial alterations caused 
by T1D in the mucosa have not been addressed before.

The host-microbiota interactions have been recognized 
as highly site-specific, and the local crosstalk determines 
intestinal function and physiology (Sommer and Backhed 
2016). The overwhelming majority of the samples used to 
study microbial events in the gut were taken from colonic 
stools (Flemer et al. 2017; Hu et al. 2017; Marino et al. 2017; 
Paun et al. 2017; Qi et al. 2016) with the assumption that 
the microbiota of the colon represents the microbiota of 
the entire GI tract. Although the ease of sampling may 
justify the selection of this sampling site, numerous stud-
ies warned that the microbiome of the colon does not 
unequivocally represent the microbial activities in the 
upper GI regions. Our previous experiments investigated 
the possible correlation among the diabetes-related gut 
region-dependent nitrergic myenteric neuropathy, the 
altered mesenteric capillaries (Bodi et al. 2012; Izbeki 
et al. 2008) and the spatially restricted distribution of 
the lumen-associated microbiota (LAM) in the GI tract 
(Wirth et al. 2014). The regionally distinct alterations 
in the microbiome along the longitudinal axis of the GI 
tract correlated well with the regional manifestations 
of diabetes-related enteric neuropathy and mesenteric 
capillary damage (Wirth et al. 2014).

In this study, we investigated the composition of the 
mucosa-associated microbiome (MAM) along the gut 
in the same STZ-induced diabetic and insulin-treated 
diabetic rat model to search for a causal relationship 
between the prevalence of bacteria in the specific parts 
of the GI tract and region-specific myenteric nitrergic 
neuropathy. We noted that surprisingly a significant 
perturbation of the anaerobic microbial community took 
place in the T1D duodenum, which disappeared upon 
insulin treatment although insulin could not restore the 
healthy GI microbiome.

Materials and Methods

Animal model
The experiments were performed on male Wistar rats 
(Crl: WI BR; Toxi-Coop Zrt., weighing 210-260 g) with 
strict adherence to the National Institutes of Health 
(Bethesda, MD, USA) guidelines and the EU directive 
2010/63/EU for the protection of animals used for scien-
tific purposes. The study was approved by the National 

Scientific Ethical Committee on Animal Experimentation 
(National Competent Authority), with the license number 
XX./1487/2014. The rats were kept in the animal care 
facility of the Institute of Surgical Research of the Uni-
versity of Szeged in Type III plastic cages in a 12/12-h day/
night cycle under standard air temperature and humidity 
conditions. Standard laboratory chow (Farmer-Mix Kft., 
Zsámbék, Hungary) and water were provided ad libitum.

The rats were divided randomly into three groups: 
STZ-induced diabetics (n = 3), insulin-treated diabetics 
(n = 4), and sex- and age-matched controls (n = 5). Hyper-
glycaemia was induced as described previously (Bodi et 
al. 2012; Izbeki et al. 2008). The animals were considered 
diabetic if the non-fasting blood glucose concentration 
was higher than 18 mM. From this time on one group of 
hyperglycaemic rats received a subcutaneous injection of 
insulin (Humulin M3; Eli Lilly Nederland, Utrecht) each 
morning (2 IU) and afternoon (2 IU). The non-fasting 
blood glucose concentration and the weight of each animal 
were measured weekly.

Tissue handling
Ten weeks after the onset of hyperglycaemia, the animals 
were sacrificed by cervical dislocation under chloral 
hydrate anaesthesia (375 mg/kg i. p.). The pancreas and 
gut segments of the control, STZ-induced diabetic and 
insulin-treated diabetic rats were dissected and rinsed 
in sterile distilled water (Milli-Q).

Immunohistochemical staining
For immunohistochemistry, paraffin-embedded pancreas 
sections were immunostained with insulin marker. Briefly, 
after blocking in PB containing 0.1% bovine serum al-
bumin, 10% normal goat serum and 0.3% Triton X-100, 
the samples were incubated overnight with anti-insulin 
(mouse; Sigma-Aldrich, Budapest, Hungary; final dilution 
1:100) primary antibody. After washing in PB, sections 
were incubated with anti-mouse Cy3 ( Jackson Immuno 
Research Laboratories, Baltimore Pike, PA; final dilution 
1:200) secondary antibody for 2 hours. All incubations 
were carried out at room temperature. Negative con-
trols were performed by omitting the primary antibody, 
when no immunoreactivity was observed. Sections were 
mounted on slides in FluoroshieldTM with DAPI histology 
mounting medium (Sigma-Aldrich, Budapest, Hungary), 
observed and photographed with a Zeiss Imager Z.2 
fluorescent microscope equipped with an Axiocam 506 
mono camera.

DNA isolation and next-generation sequencing
Three-cm-long samples were taken from the duodenum (1 
cm distal to the pylorus), the ileum (1 cm proximal to the 
ileocaecal junction), and the proximal colon and processed 
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for metagenomic studies. For removing the intestinal 
contents, the dissected gut segments were washed thor-
oughly twice with a strong jet of sterile distilled water 
(2 x 10 ml, Milli-Q), and the 3-cm-long intestinal tissue 
samples were placed and shaken in 10 ml sterile distilled 
water (Milli-Q) in sterile Falcon tubes.

Three ml of supernatant was used for total-community 
DNA isolation. The extractions were carried out with 
the Macherey-Nagel Nucleospin Soil kit following the 
supplier’s instructions (Macherey-Nagel: 740780.250, 
Germany, Düren). For efficient cell lysis, SL1 buffer, SLX 
Lysis Enhancer and deadbeat were used. The samples 
originating from the same animal group and the same gut 
segments were pooled. Shotgun metagenome sequencing 
was carried out following the recommendations of the 
Ion Torrent PGM sequencing platform (Life Technologies, 
Hungary, Budapest). The preparation of sample libraries 
was made by the Life Technologies IonXpress fragment 
plus library protocol (4471269). Samples were quantified 
by using the Ion device library quantitation kit (4468802) 
and Step One Real Time PCR (Applied Biosystems Hun-
gary, Budapest). Ion OneTouch 2 and Ion OneTouch ES 
devices were used with the Ion PGM Template OT2 200 
kit (4480974). Barcoding was made by the IonXpress 
barcode kit (4471250). Sequencing was performed using 
the Ion PGM Sequencing kit (4474004) on an Ion Torrent 
PGM 316Chip (Wirth et al. 2014). Quality values were 
determined for each nucleotide. The 100-200 nt indi-
vidual reads were further analysed using the MG-RAST 
software package, which is a modified version of RAST 
(Rapid Annotations based on Subsystem Technology). The 
MG-RAST pipeline performs quality control, protein 
prediction, clustering and similarity-based annotation 
on nucleic acid sequence datasets. The MG-RAST server 
analyses against several reference datasets (protein and 
nucleic acid databases) (Meyer et al. 2008). The acceptable 
percentage of identity was set to >80%, the minimum 
alignment length was 50 nt and the e-value cut-off was 
<10-5. The generated matches of external databases were 
used to compute the derived data (Randle-Boggis et al. 
2016; Wirth et al. 2014). Eukaryotic and unassigned data 

were disregarded during the distribution calculation of 
taxonomical abundance. Data are available under the 
„Microbiome of rat intestinal epithelium” project in 
MG-RAST.

Results

Characteristics of experimental animals
The general characteristics of the control, diabetic, and 
insulin-treated diabetic rats 10 weeks after the onset of 
hyperglycaemia are shown in Table 1. The diabetic rats 
had reduced body weight and an increased blood glucose 
concentration (23.31 ± 0.53 mM) as compared with the 
age- and sex-matched controls (6.30 ± 0.13 mM). The 
insulin-treated diabetic rats did not differ significantly 
from the control animals in this respect. Their average 
blood glucose concentration was significantly elevated 
(9.48 ± 0.14 mM), but it was closer to the control level.

Anti-insulin immunohistochemical staining showed 
smaller Langerhans islets and weaker insulin-immu-
nostaining in the diabetic and insulin-treated diabetic 
animals than in the controls (Fig. 1).

The composition of the mucosal microbiome along the 
rat GI tract

Two sets of metagenomic data were evaluated in the 
present study. The distributions were determined at 
phylum, class and order levels (Fig. 2-4). Eukaryotic 
and unclassified data were disregarded. In this way, we 
present the distribution of abundances of the bacterial 
taxa longitudinally along the diabetic intestinal mucosa 
for the first time.

The mucosa-associated microbiome of the diabetic 
duodenum

Striking differences were observed in the composition of 
the anaerobic microbial community of the duodenum be-
tween the diabetic and the control rats. Within the domain 
Bacteria, the phylum Firmicutes (69%) predominated in the 
control duodenum. The majority of the Firmicutes were 

Weight (g) Blood glucose level (mM)
initial final initial final (average)

Controls (n = 5) 232.2 ± 7.29 486 ± 4.93* 7.08 ± 0.22 6.3 ± 0.13

STZ-induced diabetics (n = 3) 235.3 ± 10.48 382.7 ± 3.53 *, ° 6.6 ± 0.1 23.31 ± 0.53 *, °

Insulin-treated diabetics (n = 4) 251.5 ± 4.35 481.5 ± 13.4 *, + 6.65 ± 0.18 9.48± 0.14 *, °, +

Table 1. Weight and glycaemic characteristics of the three experimental groups of rats (means ± SEM).

*: Initial vs. final (p < 0.0001); °: control vs. diabetic group (p < 0.0001); +: diabetic vs. insulin-treated diabetic group (p < 0.0001). Statistical analysis was 
performed with one-way ANOVA and the Newman–Keuls test. Analyses were carried out with GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, the 
United States of America). A probability of P < 0.05 was set as the level of significance.
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identified to the classes Clostridia (66%) and Bacilli (2%). 
A substantial invasion of the aerobic genus Mycoplasma 
of the phylum Tenericutes (not observed in the controls) 
was apparent in diabetes (14%), and the abundance of the 
phylum Firmicutes decreased massively (about 56% vs. 
69% in controls). The class Bacilli, including the order 
Lactobacillales was not observed in the diabetic samples 
(Fig. 2).

The phylum Proteobacteria showed decreased abun-
dance in diabetes as compared to the controls, and within 
this phylum a remarkable change was observed at the level 
of lower taxonomic units. The abundances of the classes 
Gammaproteobacteria and Betaproteobacteria decreased, 
whereas the class Deltaproteobacteria (not observed in 
the controls) appeared (2%).

From among the other phyla, the phylum Actinobac-
teria was appreciably represented both in the control (4%) 
and in the diabetic (3%) duodenum.

It is noteworthy that insulin treatment eliminated the 
Mycoplasma (1%) infiltration in the duodenum (Fig. 2). In 
other aspects, the diversity and distribution of prokaryotes 
in the insulin-treated diabetic rats did not differ markedly 
from the healthy controls. The majority of the domain 
Bacteria was identified in the phyla Firmicutes (65%) and 
Proteobacteria (~ 25%). The phylum Bacteroidetes (4%) 
was also represented in the insulin-treated duodenum. 
As in the control duodenum, the order Lactobacillales 
was also observed in the insulin-treated samples (3%).

The mucosa-associated microbiome of the diabetic 
ileum

The majority of the domain Bacteria belonged to the 
phyla Firmicutes (63%) and Proteobacteria (~25%) in the 
control ileum. The abundance of the phylum Firmicutes 
increased in the diabetic samples (68%) (Fig. 3).

Although the proportion of the phylum Proteobacteria 
decreased moderately (22%), its composition changed 
strikingly. The class Epsilonproteobacteria, including the 
order Campylobacterales was basically eradicated from 
the diabetic samples, whereas in the control it represented 
10% of the Bacteria.

The diversity and distribution of prokaryotes in the 
insulin-treated diabetic rats did not differ markedly 
from the healthy controls (Fig. 3). The abundances of the 
predominant phyla Firmicutes and Proteobacteria were 
about 62% and 26%, respectively. The class Epsilonpro-
teobacteria, including the order Campylobacterales (9%), 
was also detected in the insulin-treated samples.

The mucosa-associated microbiome of the diabetic 
colon

The phyla Firmicutes, Bacteroidetes and Proteobacteria 
still ruled over the microbial landscape, totaling about 

Figure 1. Insulin immunoreactivity in paraffi  n sections from control (a), 
diabetic (b) and insulin-treated diabetic (c) rat pancreas (red: insulin; 
blue: DAPI). Scale bar: 40 µm.
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39%, 31% and 17% of the population in the control colon, 
respectively. In the diabetic samples the abundance of 
the phylum Firmicutes decreased slightly (~35%); the 
relative number of the bacteria belonging to the phylum 
Bacteroidetes increased strongly (44%) as compared to 
the control values (Fig. 4).

The abundance of the phylum Proteobacteria (6%) was 
almost three times lower in the diabetic colon relative to 
the control. Both Epsilonproteobacteria and Gammapro-
teobacteria showed decreased abundance in the diabetic 
colon, moreover the order Campylobacterales was almost 
eradicated (1% vs. 8% in the control).

The phyla Firmicutes (49%) and Bacteroidetes (26%) 
accounted for the overwhelming majority of bacteria 

present in this gut segment of insulin-treated rats (Fig. 
4), followed by the Proteobacteria (19%).

The abundance of the phylum Firmicutes was notably 
higher (49%) in the insulin-treated samples as compared 
to the controls (39%). In this phylum the proportion of 
the unclassified Clostridiales showed a major increase 
relative to the controls (28% vs. 15% in the control). 

The abundances of the classes Epsilonproteobacteria 
(~7%), Gammaproteobacteria (9%) and the order Cam-
pylobacterales (7%) were similar to the corresponding 
control data.

Figure 2. Compositions of the control (a), diabetic (b) and insulin-
treated diabetic (c) mucosa-associated microbiome in the duodenum 
at phylum, class and order levels. The abbreviated and color-coded taxa 
are indicated on the right side in taxonomic levels. A striking invasion of 
the genus Mycoplasma was apparent in diabetes and the representation 
of the phylum Firmicutes decreased massively. It is noteworthy that 
the insulin treatment eliminated the Mycoplasma invasion.

Figure 3. Compositions of the control (a), diabetic (b) and insulin-
treated diabetic (c) mucosa-associated microbiome in the ileum at 
phylum, class and order levels. The abbreviated and color-coded taxa 
are indicated on the right side in taxonomic levels. In the domain 
Bacteria the phyla Firmicutes and Proteobacteria predominated. The 
composition of the phyla Proteobacteria changed strikingly. The class 
Epsilonproteobacteria was basically eradicated from the diabetic 
samples.
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Discussion

A growing number of evidences support site-specific 
host-microbiota interactions and local host-microbiota 
crosstalk determining intestinal functions and physiol-
ogy (Bashir et al. 2016; Kelly et al. 2017; Sommer and 
Backhed 2016; Wang et al. 2010; Wirth et al. 2014). Our 
previous results (Wirth et al. 2014) showed strong cor-
relation between the regionally distinct alterations of 
LAM in STZ-treated rats with the regional manifestations 
of diabetes-related enteric neuropathy and mesenteric 
capillary damage (Bodi et al. 2012; Izbeki et al. 2008). 
These data suggested that the myenteric neurons in a 

specific gut segment are not only targets of T1D, but a 
significant factor in the pathogenesis of autoimmune 
diabetes and enteric neuropathy initiated by the gut 
region-specific alteration of the LAM. The massive 
invasion of the Gram-negative Klebsiella in the ileum 
could be directly associated with the inflammation, and 
it could be a critical environmental trigger, initiating the 
pathological cascade from the epithelium to the enteric 
neurons, resulting altered neuro-immune interactions, 
enteric neuropathy and GI motility disorders. Members 
of the genus Klebsiella are known facultative anaerobe 
pathogenic bacteria (Li et al. 2017), which have not been 
implicated in T1D before, but can be a major causative 
agent in type 2 diabetes associated pyrogenic liver ab-
scess (Lee et al. 2017). The lumen of the rat GI tract is an 
anaerobic environment (Li et al. 2017) where the faculta-
tive anaerobe Klebsiella may not be unprecedented but 
indicated an aerobic intrusion into the T1D microbiota.

While the LAM can only indirectly interact, MAM 
interacts both directly and indirectly with the host epi-
thelium (Bajaj et al. 2012; Gevers et al. 2014; Van den 
Abbeele et al. 2011). It has been reported recently that the 
MAM but not the LAM of patients changed in various 
pathological states, like IBD or hepatic encephalopathy. 
These findings substantiate that mucosal host-microbiota 
interactions may be of importance (Sommer and Backhed 
2016). Therefore, in this study our first goal was to explore 
the gut region-specific differences in the composition of 
the MAM, and secondly to determine the effect of chronic 
hyperglycaemia and immediate insulin treatment on the 
composition of MAM.

The results showed significant intestinal region-
dependent differences in the composition of the MAM 
microbiota in the control rats. In the duodenum, the 
abundance of the phylum Firmicutes predominated, 
followed by the phylum Proteobacteria. In the ileum, 
besides these two phyla, Bacteroidetes also emerged, and 
in the colon samples, the abundance of this latter phylum 
further increased. Although the relative abundance of 
Firmicutes decreased along the GI tract, at the level of 
lower taxonomic units, characteristic signs of increasing 
microbial diversity and rearrangement of the microbiota 
were evident.

Our previous results showed that in STZ-induced 
diabetes the duodenum was the only gut segment in 
which a decrease in the number of nitrergic myenteric 
neurons was not accompanied by a decrease in the total 
number of neurons (Izbeki et al. 2008), and the limited 
diabetes-related structural alterations in the mesenteric 
capillaries were completely prevented by insulin treat-
ment (Bodi et al. 2012). Interestingly, the effect of hy-
perglycaemia on the composition of MAM was the most 
prominent in the duodenum, where a massive invasion of 

Figure 4. Compositions of the control (a), diabetic (b) and insulin-
treated diabetic (c) mucosa-associated microbiome in the colon at 
phylum, class and order levels. The abbreviated and color-coded taxa 
are indicated on the right side in taxonomic levels. The domain Bacteria 
comprised the phyla Firmicutes, Bacteroidetes and Proteobacteria. The 
phylum Bacteroidetes increased, whereas the phylum Proteobacteria 
decreased in abundance in the diabetic colon. In the insulin-treated 
colon the abundance of the phylum Firmicutes was notably higher 
than in the controls.
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the phylum Tenericutes (including class Mollicutes, genus 
Mycoplasma) was observed. The presence of the aerobic 
Mycoplasma in the diabetic duodenum is unexpected. The 
oxygen availability has been thoroughly mapped along 
the GI tract of murine animals and humans (Albenberg 
et al. 2014; He et al. 1999; Zheng et al. 2015; Zweier et al. 
2003). The various methods employed in these studies 
gave somewhat fluctuating oxygen levels due to both 
longitudinal and radial oxygen gradients (Zheng et al. 
2015). Mycoplasma was not detected in the duodenal lu-
men of the T1D rats (Wirth et al. 2014). Mycoplasma can 
adhere to and to fuse with epithelial and immune cells 
(Rajilic-Stojanovic and de Vos 2014). In addition, the 
steep oxygen gradient from the anaerobic lumen towards 
the richly vascularized mucosa may explain the diabetes 
associated Mycoplasma attack. Although Mycoplasma infec-
tion has been reported in rare enteropathy (Roca-Lema 
et al. 2019), in IBD (Chen et al. 2001) and Crohn’s disease 
(Roediger and Macfarlane 2002; Roediger 2004), it has 
not been implicated with diabetes related inflammations 
before (Sicard et al. 2017). A recent paper showed higher 
abundance of the phylum Tenericutes (class Mollicutes) 
in obese rats as compared to their lean counterparts. 
Some representatives of Mollicutes have been shown 
to import certain types of carbohydrates common in 
westernized diet for both mice and humans (e.g., glucose, 
fructose, and sucrose) and to metabolize these imported 
sugars to short-chain fatty acids, which could be readily 
absorbed by the host (Yan et al. 2016). Studies proved 
that the intestinal dendritic cells and macrophages are 
hyporesponsive to pathogen-associated molecular pat-
terns (de Oliveira et al. 2017), but when epithelial barrier 
breakdown occurs, like in diabetes (Li and Atkinson 2015; 
Vaarala et al. 2008), the pattern recognition receptors, 
which are present in innate immune cells, recognize 
gut microbiota and trigger an inflammatory cascade, 
proinflammatory cytokine secretion, and the activation 
of adaptive immune responses. The number of intestinal 
immune cells is the lowest in the duodenum (Mowat and 
Agace 2014), which may augment the inflammation and 
prevent myenteric neuronal loss in this intestinal segment 
even in the presence of the pronounced reorganization of 
the mucosa-associated microbiota. It is perhaps of great 
importance that insulin treatment eliminated the genus 
Mycoplasma from the diabetic duodenum. This indicates 
that among other therapeutic functions of insulin, it helps 
to restore the healthy anaerobic microbial community 
in the GI tract.

In the ileum, where a significant decrease in the total 
number of myenteric neurons is accompanied by severe 
structural damage of the mesenteric capillaries in rats 
with STZ-induced diabetes (Bodi et al. 2012; Izbeki et 
al. 2008), the abundance of the phylum Proteobacteria 

decreased moderately, but its composition changed strik-
ingly (Wirth et al. 2014). The class Epsilonproteobacteria, 
including the microaerophilic genera Helicobacter and 
Wolinella was basically eradicated from the diabetic 
samples, whereas in the controls this class represented 
10% of the Bacteria.

We suppose that the high number and the diversity 
of immune cells in the ileum contribute to the chronic 
hyperglycaemia-related alterations in this gut segment. 
The resident microbiota regulates the development of 
specific subsets of lymphocytes in the gut. T helper type 
17 (Th17) lymphocytes are essential in defence against 
bacterial infections and play roles in autoimmune disease 
development by producing pro-inflammatory cytokines. 
It was observed that the so called segmented filamen-
tous bacteria (genetic relatives of the genus Clostridium), 
promote the generation of Th17 cells and the induction 
of regulatory T cells in the gut (de Oliveira et al. 2017).

Significant myenteric neuronal loss was observed 
earlier in the diabetic colon, which was completely pre-
vented by insulin treatment (Izbeki et al. 2008). Unlike 
the ileum, the structural alterations of the microvessels 
remained unchanged in insulin-treated rats relative 
to their diabetic counterparts (Bodi et al. 2012). In the 
control samples the phyla Firmicutes, Bacteroidetes and 
Proteobacteria predominated. In the diabetic colon, the 
abundances of the phyla Firmicutes and Proteobacteria 
decreased, as described in other studies (Emani et al. 
2015), whereas that of the phylum Bacteroidetes increased 
relative to the control rats.

The important role of gut microbiota dysbiosis was 
demonstrated in driving enteric neurodegeneration in 
mice colon via Toll-like receptor 4 exhibiting increased 
plasma lipopolysaccharide concentrations (Anitha et al. 
2016; Reichardt et al. 2017).

Similarly to previous data (Galley et al. 2014; Van 
den Abbeele et al. 2011), our results show that the MAM 
differed substantially from LAM (Wirth et al. 2014). The 
duodenum presented the most prominent difference 
between the mucosa-associated and luminal microbiota. 
Although the abundance of the phylum Firmicutes was 
similar in the MAM and LAM, the proportions of Lacto-
bacillales (LAM 31% vs. MAM 2%), Actinobacteria (LAM 
21% vs. MAM 4 %) and Clostridia (LAM 20% vs. MAM 
67%) were different.

In the ileum the differences were also significant 
(Lactobacillales LAM: 55% vs. MAM 0%, Clostridia LAM 
1% vs. MAM 64%, Bacteroidetes LAM 0% vs. MAM 6%, 
Proteobacteria LAM 33% vs. MAM 23%), whereas the 
slightest difference was observed in the colon (Lacto-
bacillales LAM 5% vs. MAM 1%, Clostridia LAM 33% 
vs. MAM 37%, Bacteroidetes LAM 40% vs. MAM 35%).

The effect of immediate insulin treatment on the 
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composition of MAM had a significant beneficial effect 
in all investigated gut segments, although, like the LAM, 
the normal gut flora was not totally restored.

Conclusions

In comparison to our earlier results on the LAM (Wirth 
et al. 2014) with the new data reported here on the MAM 
along the GI tract in the same STZ-induced rat model of 
T1D, we conclude that chronic hyperglycaemia has the 
most prominent effect on the LAM in the ileum, whereas 
in the case of MAM major changes were encountered in 
the duodenum. The facultative anaerobe Klebsiella inva-
sion of the ileum in LAM (Wirth et al. 2014) and a similar 
assault by the aerobic Mycoplasma in the MAM indicate 
that local perturbation of the anaerobic environment and 
microbiota may play important role in the autoimmune 
inflammation related to T1D. This environmental factor 
has not been considered before and should be considered 
in understanding the ethology and treatment of T1D as 
well as similar gastrointestinal inflammatory diseases. 
The results presented here also confirmed two previous 
assumptions. First, the composition of the intestinal 
microbiota did not change significantly in diabetes in 
the colon, where the diversity of bacteria is the highest in 
the entire GI tract, but it changed seriously in the small 
intestine, which has received less attention so far in spite 
of the obvious diagnostic and therapeutic consequences. 
The variations due to the disturbed physiological status 
are more pronounced in the small intestine due to the 
lower diversity of the community. The hyperglycaemia-
related alterations of microbiota were region-specific 
in the small intestine and were distinctly affected by 
insulin replacement. Second, the investigation of both 
the LAM and the MAM is necessary for exploring the 
details of the alteration of the gut microbiota in different 
pathological states, such as T1D. A particular attention 
should be paid to the oxygen gradients developing in the 
diseased GI tracts.

With the detailed characterization of both the LAM 
and MAM in the various parts of the GI tract, the in-
triguing question remains: how does the microbiota 
contribute to malnutrition in the duodenum, intestinal 
inflammation in the ileum and colon, and cancer in 
the colon? Future studies must reveal the details of the 
sensitive crosstalk and delicate interactions between the 
members of the complex microbial community and the 
host’s epithelial barrier and immune system to combat 
diseases such as T1D.
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