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In the present project, we investigated further those regional molecular differences, which
are thought to be responsible for the diabetes-related gut region-specific damage of the enteric
neurons [*21 of streptozotocin (STZ)-induced chronic diabetic rat model.

According to the work plan, we used STZ-induced rats to model type 1 diabetes. The rats
were divided randomly into three groups: STZ-induced diabetics, insulin-treated diabetics, and
sex- and age-matched controls. Hyperglycaemia was induced by a single intraperitoneal
injection of STZ (60 mg/body weight kg). The animals were considered diabetic if the non-
fasting blood glucose concentration was higher than 18 mmol/L. From this time on, one group
of hyperglycaemic rats received a subcutaneous injection of insulin each morning and
afternoon. Equivalent volumes of saline were given subcutaneously to the rats in the other
hyperglycaemic and the control groups. Non-fasting blood glucose levels were determined, and
the animals were weighed weekly in each group. Ten weeks after the onset of hyperglycaemia,
animals were anesthetized and sacrificed by cervical dislocation. Blood samples, gut segments
from duodenum, ileum and colon as well as the pancreas were collected and stored under
appropriate conditions and processed for haematological analysis, histological,
immunohistochemical and molecular studies. To ensure sufficient amount of samples for the
detailed immunohistochemical and molecular investigations the STZ-induced diabetic rat
model was reproduced in all years of the project period.

At the end of the 10-weeks experimental period, the diabetic rats were characterized by a
reduced body weight and an increased blood glucose concentration as compared with the age-
and sex-matched controls. The insulin-treated diabetic rats did not differ significantly from the
control animals in weight or blood glucose concentration. The blood samples of experimental
animals were investigated by blood chemistry and haematological tests (routine blood count)
in each year.

The quantitative immunohistochemical studies planned within the present project were
extremely labour intensive; therefore, these were started in the first year and continued
throughout the entire project period as we planned. According to the work plan, in the first
year of the project, we evaluated the matrix metalloproteinase 9 (MMP9) and its tissue
inhibitor (TIMP1) expression in myenteric ganglia and their microenvironment from different
gut segments and conditions. Using electron microscopic morphometry, double-labelling
fluorescent immunohistochemistry, post-embedding immunogold electron microscopy and
gPCR, we demonstrated that ten weeks after the onset of hyperglycaemia, the ganglionic
basement membrane was significantly thickened in the diabetic ileum, while it remained intact
in the duodenum. The immediate insulin treatment prevented the diabetes-related thickening of
the basement membrane surrounding the ileal myenteric ganglia. Quantification of particle
density showed an increasing tendency for MMP9 and a decreasing tendency for TIMP1 from
the proximal to the distal small intestine under control conditions. In the diabetic ileum, the
number of MMP9-indicating gold particles decreased in myenteric ganglia, endothelial cells of
capillaries and intestinal smooth muscle cells, however, it remained unchanged in all duodenal
compartments. The MMP9/TIMPL1 ratio was also decreased in ileal ganglia only. However, a
marked segment-specific induction was revealed in MMP9 and TIMP1 at the mRNA levels.
These findings support that the regional decrease in MMP9 expression in myenteric ganglia
and their microenvironment may contribute to extracellular matrix accumulation, resulting in a
region-specific thickening of ganglionic basement membrane (published in World Journal of
Diabetes 12(5):658-672, 2021).

In the second year of the project period, we focused our attention on the investigation of
diabetes-related expressional changes of different pro-inflammatory cytokines and their
receptors. For that, fluorescent immunohistochemistry on paraffin sections, quantitative



immunogold electron microscopy on ultrathin sections and ELISA on homogenized tissue
samples were applied, and revealed a gut region-specific and also intestinal layer-dependent
induction of tumour necrosis factor alpha (TNFa) in rats with STZ-induced diabetes and after
insulin replacement. Increasing density of TNFa-labelling gold particles was observed in
myenteric ganglia from proximal to distal segments and TNFa tissue levels were much more
elevated in smooth muscle/myenteric plexus homogenates than in
mucosa/submucosa/submucous plexus samples in healthy controls. In the diabetics, the number
of TNFa gold labels was significantly increased in the duodenum, decreased in the colon and
remained unchanged in the ileal ganglia, while insulin did not prevent these diabetes-related
TNFa changes. TNFa tissue concentration was also increased in muscle/myenteric plexus
homogenates of diabetic duodenum, while decreased in mucosa/submucosa/submucous plexus
samples of diabetic ileum and colon (published in Cells 10(9):2410, 2021).

Using post-embedding immunohistochemistry and ELISA, we also evaluated the distribution
of TNF receptor 1 and 2 (TNFR1, TNFR2) in the myenteric ganglia and intestinal tissue
homogenates of different segments and experimental groups. Our findings showed diabetes-
related region-dependent changes in TNFR expression and suggested that TNFR2 is more
affected than TNFR1 in myenteric ganglia in the duodenum of type 1 diabetic rats. Briefly, a
distinct region-dependent TNFRs expression was detected in controls. The density of TNFR1-
labeling gold particles was lowest, while TNFR2 density was highest in duodenal ganglia and
a decreased TNFRs expression from proximal to distal segments was observed in homogenates.
In diabetics, the TNFR2 density was only significantly altered in the duodenum with decrease
in the ganglia, while no significant changes in TNFR1 density was observed. In diabetic tissue
homogenates, both TNFRs levels significantly decreased in the duodenum, which markedly
influenced the TNFR2/TNFR1 proportion in both the ganglia and their muscular environment.
Insulin treatment had controversial effects on TNFR expression (published in World Journal of
Diabetes 14(1):48-61, 2023).

Our quantitative evaluation on serotonergic myenteric neurons in diabetes was also finished
in this year. In this study, we revealed that the 5-HT-immunoreactive myenteric neurons
represent a small proportion (~2.5%) of the total neuronal number in the investigated gut
segments of controls. However, we demonstrated that the proportion of 5-HT- immunoreactive
myenteric neurons was enhanced in type 1 diabetes in a region-specific manner, as well as,
immediate insulin treatment prevented it and restored the serotonergic neuronal proportion to
the control level in each investigated gut segment (published in Applied Sciences 11(13):5949,
2021.)

In the third year of the project, we investigated the diabetes-related expressional changes
of toll-like receptors (TLRs) which play a key role in sensing microbial stimuli. For that,
double-labelling fluorescent immunohistochemistry, post-embedding immunogold labelling
and ELISA were applied, and revealed a gut region-specific and also intestinal layer-dependent
induction of TLR4 in rats with STZ-induced diabetes and after insulin replacement. In controls,
the number and proportion of the TLR4-immunoreactive myenteric neurons showed an
increasing tendency to aboral direction. These values were significantly higher in diabetics
compared to controls in the duodenum and ileum, but were significantly lower in the colon. In
diabetics, the distribution of TLR4-labelling gold particles between the perikaryon and neuropil
of myenteric neurons varied in a different way by intestinal segment. TLR4 tissue concentration
changed only in the diabetic duodenum, and it decreased in muscle/myenteric plexus-
containing homogenates, while it increased in mucosa/submucosa/submucous plexus-
containing samples relative to controls. Insulin had beneficial effects on TLR4 expression
(published in Biomedicines 11(1):129, 2023).

In the last year of the project period, we completed all of our ongoing research started in
former years. Studying of the diabetes-related regional expression of interleukin 1 beta (IL16)
in myenteric neurons has started in the second year, and continued with investigating different
neuronal subpopulations along the duodenum-ileum-colon axis by double-labelling fluorescent



immunohistochemistry. The proportion of ILI1B-immunoreactive myenteric neurons was
significantly higher in the colon than in the small intestine of controls. In diabetics, this
proportion significantly increased in all gut segments, which was prevented by insulin
treatment. The proportion of IL1B-nNOS-immunoreactive neurons only increased in the
diabetic colon, while the proportion of IL13-CGRP-immunoreactive neurons only increased in
the diabetic ileum. Elevated ILIP levels were also confirmed in tissue homogenates. IL13
MRNA induction was detected in the myenteric ganglia, smooth muscle and intestinal mucosa
of diabetics. These findings support that diabetes-related IL1B induction is specific for the
different myenteric neuronal subpopulations, which may contribute to diabetic motility
disturbances (published in International Journal of Molecular Sciences 24(6):5804, 2023).
Analysis of blood and urine samples collected and analysed from the whole project period
revealed hyperglycemia-related metabolic and morphological changes of experimental rats. In
chronic diabetic rats, decreases in albumin, total protein, and antioxidant glutation
concentration were measured, while glutamic-pyruvic transaminase, alkaline phosphatase, red
blood cell (RBC) count, hematocrit, and hemoglobin levels were increased. Moreover, an
increased level of the phenotypic variants was detected in the RBC population of the diabetic
animals. In conclusion, we verified the sensitivity of RBCs to long-lasting hyperglycemia, and
to insulin deficiency, which were both accompanied with an increased level of RBC-derived
parameters and the presence of eccentrocytes, hemolyzed RBCs, and codocytes. Moreover, our
results showed that the response of the RBC glutation system to oxidative stress depends on the
duration of hyperglycemia, and that the short-term activation of this defense system is
exhausted in a long-lasting oxidative environment. Insulin therapy was effective in the case of
most parameters (published in Applied Sciences 13(17):9920, 2023).

Pancreatic measurements were also started in the first year and continued in the entire project
period. Regarding the exocrine function, pancreatic ductal HCOs™ and fluid secretion were
investigated by microfluorometric techniques and swelling method. Experiments regarding
endocrine pancreatic function involved the measurements of a and B cells’ exocytosis; cell
capacitance was measured by whole cell configuration of the patch clamp technique. Using
single- and double-labelling fluorescent immunohistochemistry, the quantification of the
insulin- and glucagon-producing islet cells in different experimental conditions was also
finished. The manuscript including these results is under preparation now and we are planning
to send it for publication soon.

Moreover, in the last year we summarized our knowledge in a review about the key
elements determining the intestinal region-specific environment of enteric neurons in type 1
diabetes (published in World Journal of Gastroenterology 29(18):2704-2716, 2023). Our
commitment for the last year of the project was 1 Hungarian and 2 international congresses, as
well as 2 research articles, which were completed. We participated and presented our 1L18
results at 65" Congress of Hungarian Society of Gastroenterology (Siéfok); results of nuclear
factor kappa B p65 expression in diabetes were demonstrated at 1% International Conference on
Antioxidants (Barcelona) and we also participated at 31% United European Gastroenterology
Week in Copenhagen.

By the end of the project 4 graduates and 1 PhD (Diana Mezei) thesis were performed
and 2 PhD (Afnan AL Doghmi, Bence Pal Barta) thesis are in progress. During the project
period, | successfully completed my habilitation in 2021.

In summary, in the frame and support of this research project, 9 original and review
articles, 2 book chapters and 8 Hungarian or international congress presentations were
published. At the end of the final report, the published cooperation works are also listed.
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