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Abstract

Background Nonalcoholic fatty pancreatitis (NAFP) presents a pressing challenge within the domain of metabolic
disorders, necessitating further exploration to unveil its molecular intricacies and discover effective treatments. Our
focus was to delve into the potential therapeutic impact of ZBiotic, a specially engineered strain of probiotic B. subtilis,
in managing NAFP by targeting specific genes linked with necroptosis and the TNF signaling pathway, including

TNF, ZBP1, HSPA1B, and MAPK3, along with their upstream epigenetic regulator, miR-5192, identified through
bioinformatics.

Methods Rats were subjected to either a standard or high-fat, high-sucrose diet (HFHS) for eight weeks.
Subsequently, they were divided into groups: NAFP model, and two additional groups receiving daily doses of ZBiotic
(0.5 mland 1 ml/kg), and the original B. subtilis strain group (1 ml/kg) for four weeks, alongside the HFHS diet.

Results ZBiotic exhibited remarkable efficacy in modulating gene expression, leading to the downregulation of
miR-5192 and its target MRNAs (p <0.001). Treatment resulted in the reversal of fibrosis, inflammation, and insulin
resistance, evidenced by reductions in body weight, serum amylase, and lipase levels (p <0.001), and decreased
percentages of Caspase and Nuclear Factor Kappa-positive cells in pancreatic sections (p <0.01). Notably, high-dose
ZBiotic displayed superior efficacy compared to the original B. subtilis strain, highlighting its potential in mitigating
NAFP progression by regulating pivotal pancreatic genes.

Conclusion ZBiotic holds promise in curbing NAFP advancement, curbing fibrosis and inflammation while

alleviating metabolic and pathological irregularities observed in the NAFP animal model. This impact was intricately
linked to the modulation of necroptosis/TNF-mediated pathway-related signatures.
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Background

Pancreatic fat infiltration, documented for nearly a cen-
tury, raises numerous unanswered questions in scientific
research [1]. Emerging evidence links pancreatic fat infil-
tration to various illnesses such as metabolic syndrome,
type 2 diabetes, pancreatitis, and pancreatic duct adeno-
carcinoma (PDAC) [2, 3]. Pancreatic fat accumulation
associated with obesity in the absence of substantial alco-
hol consumption is known as nonalcoholic fatty pancre-
atitis (NAFP) [4, 5].

There exists a reciprocal relationship between NAFP
and nonalcoholic fatty liver disease (NAFLD) as both
conditions are linked to fat deposition in the liver and
pancreas, respectively [6]. Moreover, fatty pancreas
comorbidity has been reported in 50-80% of patients
with NAELD [6, 7].

NAFP pathogenesis is complex process, and like
NAFLD is increasingly diagnosed yearly [8]. The meta-
bolic stress resulting from obesity and insulin resistance
(IR) in NAFP can cause acute pancreatitis and severe cell
damage, which initiate a cascade of signaling pathways
and result in acinar cell death and necrosis [9]. The meta-
bolic oxidative stress has an impact on multiple signaling
cascades, which in turn induces the tumor necrosis fac-
tor (TNF) and nuclear factor kappa beta (NF-kB) signal-
ing pathways to generate proinflammatory cytokines and
trigger fibrogenesis [10]. As a result, additional research
into these signaling pathways may be helpful in develop-
ing new treatments for NAFP.

There are not enough biomarkers currently recognized
for the early detection of NAFP. As a result, precise thera-
peutic targets and non-invasive biomarkers are needed. A
small non-coding RNA known as microRNAs (miRNAs)
regulates protein-coding gene expression [11]. They are
critical controllers of insulin signaling, inflammation, and
lipid metabolism [12]. Undoubtedly, bioinformatic analy-
sis makes it easier to determine the relationships between
novel applicant RNA species and their use as biomarkers
for diagnosis and treatment [13].

Research over the past two decades has highlighted
the crucial role of gut dysbiosis in the pathogenesis of
numerous diseases, including obesity [14] and diabetes
mellitus [15]. Alterations in the diversity, proportions,
and dominant species of the gut microbiome are linked
to intestinal barrier dysfunction, which can impact the
onset and progression of various diseases, including pan-
creatic disorders [16]. Advances in sequencing methods
have revealed the therapeutic potential of interventions
targeting gut microbiome composition. Such interven-
tions aim to eliminate harmful taxa or restore beneficial
ones, thereby manipulating the host-microbiome com-
munity for improved health outcomes [17]. Recent find-
ings indicate that probiotics have anti-inflammatory
properties and may reduce the duration of hospital stays
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for individuals with acute pancreatitis. The mechanisms
driving these therapeutic effects likely entail the suppres-
sion of the TNF pathway, mitigation of necrosis, and inhi-
bition of adipogenesis [18]. According to [19], ZBiotic is a
genetically engineered B. subtilis ZB183 that is capable of
constitutively expressing the enzyme AcoD, acetaldehyde
dehydrogenase. It assists in preventing harmful aldehyde
buildup which impacts disease progression by induc-
ing inflammation and oxidative stress [20]. The ZBiotic
impact on NAFP, however, is not well demonstrated.

Extensive rodent studies have shown that diets simi-
lar to those commonly consumed in modern societies
significantly deteriorate various metabolic systems [21].
High-fat and high-sucrose (HFHS) diets lead to excess
calorie intake, causing a positive energy balance and obe-
sity. This shift is linked to a rapid decline in whole-body
insulin sensitivity, resulting in compensatory hyperinsu-
linemia and a pre-diabetic state similar to that in humans
and is associated with metabolic dysfunction [22].

Considering all of the previously mentioned data, our
main goal was to investigate the potential therapeutic
benefits of ZBiotic in addressing NAFP by enhancing the
inflammatory response and mitigating cell death induced
by metabolic stress. Our focus was on analyzing genes
associated with the pancreatic necroptosis and TNF sig-
naling pathways (TNEF, ZBP1, HSPA1B, and MAPK3),
along with their upstream regulator miR-5192, identified
through bioinformatics in HFHS-induced NAFP animal
model.

Materials and methods

Chemicals and drugs

Urethane was obtained from Ralin B.V. (Lijinbaan, The
Netherlands). The bacterial culture broth for the origi-
nal B. subtilis strain was procured from Fisher Scientific
International Inc. (Cambridge, MA, USA). The engi-
neered form of B. subtilis, Zbiotic (ZB183), was acquired
as a lyophilized formula (Lot no. 300 L engineering batch
ZBT-002a) from The Saskatchewan Research Council
(Saskatoon, Canada).

Preparation and determination the dosage of the original B.
subtilis strain and Zbiotic

Previous research on probiotic B. subtilis has indicated
no safety concerns even at high doses, as demonstrated
in studies by [23-25]. Furthermore, when administer-
ing lyophilized B. subtilis ZB183 spores orally to Wistar
rats over a 90-day period, no toxicological effects were
observed [20]. Consequently, the dosages for our study
were selected based on prior research recommending a
dosage of 1079 CFU/kg, which is considered optimal for
most probiotic strains. The original B. subtilis strain was
cultivated at 30 °C, 220 rpm overnight in LB medium,
with or without 5ug/ml chloramphenicol. Following
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Table 1 Details of CFU/g and doses administered

Count of Desired Count of Calculated Dose Dose

Lyophilized Lyophilized Zbiotic volume

Zbiotic

~52x10™ 10" CFU/kg/day =20 mg/kg/day -1 ml/kg

CFU/g ZB-1ml
group)
-0.5 ml/kg
(ZB-0.5 ml
group)

Table 2 Ingredients of the Standard chow and high-fat and
high-sucrose (HFHS) diets

Diet Composition (gm) HFHS Diet Standard Chow
Casein 160.0 140.0

L-cysteine 1.8 1.8

Corn starch 220.7 620.7

Sucrose 300.0 100.0

Fiber 500 50.0

Soybean oil 40 40.0

Lard 180.0 0

Vitamin & mineral mix 45 45

Choline 25 25

overnight growth, the bacterial culture was diluted ten-
fold and further cultured at 37 °C, 220 rpm until the opti-
cal density at 600 nm (OD600) reached a range between
0.6 and 0.8. Subsequently, the bacteria were preserved
in a formulation buffer (comprising KH2PO4, K2HPO4,
glycerol, pH 7.5) at a concentration of 10° CFU/ml at
-80 °C [26].

For Zbiotic, the target doses were determined and
administered based on the colony forming units (CFU)
count per weight of the lyophilized spore material. The
CFU count of ZBiotic was evaluated using standard serial
dilution and plating on LB agar plates. The doses were
prepared by suspending lyophilized spores in MilliQ
water to achieve a concentration of 20 mg/mL, as out-
lined by [20], Table 1.

In our present study, two dosages were administered:
approximately 1 ml/kg (equivalent to 20 mg Zbiotic/
mL) and 0.5 ml/kg (equivalent to 10 mg Zbiotic/0.5mL).
The volume of dose administered was calculated for
each individual animal on the first day of treatment and
adjusted based on subsequent body weight measure-
ments recorded at various intervals throughout the study.

Experimental animals and design

Male Wistar rats, weighing between 150 and 170 g, were
purchased from Nile Pharmaceuticals Company in Cairo,
Egypt, and kept in a temperature-controlled environment
(20£2 oC) with a 12-hour light/dark cycle. They also had
unlimited access to water and standard rat chow. The
Banha University Faculty of Medicine Research Ethics
Committee approved the experimental protocol (Ethical
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Approval Number: MoHP0018122017, 1017), and the
experimental research was carried out in compliance
with the Declaration of Helsinki’s guidelines (Figure S1).
Non-alcoholic fatty pancreas model (NAFP) was cre-
ated by giving the rats a diet high in fat and sugar (HFHS)
[27], according to Table 2. An acclimatization period
of one-week was allowed after which six groups of rats
(n=8 for each group) were randomly assigned; the nor-
mal control group (given normal chow diet), NAFP
model group (given a HFHS diet), HFHS+MilliQ group
(given a HFHS diet and received 1 ml/kg/day of MilliQ
water), ZB-0.5 group (given a HFHS diet and received
0.5 ml/kg/day of Zbiotic), ZB-1 group (given a HFHS diet
and received 1 ml/kg/day of Zbiotic) and B. subtilis group
(given a HFHS diet and received 1 ml/kg/day of original
B. subtilis strain) as a control group [20]. The experimen-
tal protocol was executed over 12 weeks where rats were
fed either normal chow or HFHS diet and in the final 4
weeks the treated groups received daily Zbiotic by oral
gavage, alongside the ongoing diet regimen. The HFHS
diet continued throughout the Zbiotic treatment period.

Blood sampling and pancreas tissue collection

Body weight was recorded daily for all rats. Rats were
given an IP injection of a single dose of urethane (1.2 g/
kg) to induce anesthesia at the end of the 12th week [28]
prior to scarification. The retroorbital vein was used to
extract blood samples in order to separate serum fol-
lowed by storage at —20 °C for additional biochemical
analysis. Pancreas tissue was dissected and weighed, and
part of it was immediately kept at -80 °C for protein and
RNA tests, but the other sections were promptly pre-
served in 10% neutral buffered formaldehyde for exami-
nation using histology and immunohistochemistry.

Serum biochemical analysis

Fasting serum glucose and glycated hemoglobin (HbA1C)
The multifunctional biochemistry analyzer (AU680,
Beckman Coulter Inc., Brea, CA, USA) was used to quan-
titatively measure fasting serum glucose and glycated
hemoglobin (HbA1C). The multifunctional biochem-
istry analyzer required approximately 100 puL of serum
samples.

Nonalcoholic fatty pancreas (NAFP)model markers

According to the manufacturer’s recommendations,
serum insulin was tested using a rat sandwich ELISA kit
from Invitrogen (Cat. NO. ERINSX10, Waltham, Massa-
chusetts, USA). Using commercial kits purchased from
Erba Diagnostics (Miami, Florida, USA), serum lipase
and amylase were tested in accordance with the instruc-
tions provided with each assay. The volumes of serum
utilized for insulin, lipase, and amylase assays were deter-
mined in accordance with the manufacturer’s protocols,
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with volumes of 50 pL, 10 pL, and 25 pL, respectively.
The following formula was used to determine the homeo-
stasis model assessment-insulin resistance (HOMA-IR)
= [fasting serum glucose (mg%) x fasting serum insulin
(npU/ml)]/405 [29].

Pancreatic immunohistochemistry assays and histological
examination

Preparation of tissues

Rats underwent a fasting period lasting 8 h before the
rapid dissection of the pancreas through an abdominal
incision. The dissected pancreatic samples were then
fixed in 10% formol saline. Following fixation, the sam-
ples underwent dehydration using a series of increasing
alcohol concentrations, clearing with methyl benzoate,
and embedding in paraffin blocks. Sections, with a thick-
ness of 5 um, were cut and subjected to staining with
hematoxylin and eosin (H&E) as well as Masson’s tri-
chrome stain for collagen fiber identification. Additional
sections of paraffin, arranged on positively charged
slides, underwent an immune reaction for caspase 3.
Positive caspase 3 immune-histochemical reactions man-
ifested as a brown nuclear and cytoplasmic response. A
ready-to-use Caspase-3 kit was employed for apoptosis
detection. Negative controls followed the same proto-
col, excluding the primary antibody. A positive control,
using a liver section, was included in the procedure.
The Lab Vision kit from CA, USA, was utilized for these
experiments. Mayer’s hematoxylin was employed for the
counterstaining of the slides. Positive controls were pro-
cessed in accordance with the same protocol outlined by
Suvarna et al. (2018) [30]. Moreover, more Pancreatic
sections were placed on positively charged slides, under-
went an immune reaction for nuclear factor kappa Nega-
tive controls were conducted in the absence of primary
antibodies. A positive control, using testis section, was
included in the procedure. The Lab Vision kit from Santa
Cruz Biotechnology, Santa Cruz, CA, USA, was utilized
for these experiments. Cells showing staining in both the
cytoplasm and nucleus were considered positive. also,
Positive controls were treated following the identical pro-
tocol as outlined by Suvarna et al. (2018) [30].

A morphometric and statistical analysis was conducted
using the Leica Q win V.3 image analyzer program
installed on a computer in the Department of Histology
and Cell Biology, Faculty of Medicine, Ain Shams Univer-
sity. The computer was linked to a Leica DM2500 micro-
scope located in Wetzlar, Germany. Pancreatic slides
from all experimental groups underwent morphometric
examination. Measurements were taken from five dis-
tinct non-overlapping field from slide derived from every
animal, (i.e., five randomly chosen, non-overlapping
fields studied on every slide). The subsequent parameters
were measured as follows ; a; the mean area percentage
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of collagen fibers in Masson’s trichrome stained sec-
tions at an objective lens magnification of X20, b; the
mean area percentage of positive caspase-3 reaction sec-
tions at X20 magnification, and c; The mean area per-
centage of nuclear factor kappa reaction sections at X20
magnification.

Bioinformatics Set up

Herein to identify RNA signatures that may contribute
to pathogenic inflammatory and cell death processes of
nonalcoholic fatty pancreas, we have analyzed several
microarray databases. Our search focused on RNA spe-
cies, including mRNA and miRNAs, which are highly
involved in necroptosis and the upstream regulat-
ing Tumor Necrosis Factor (TNF)-mediated signaling
pathway.

Selection of the candidate mRNA species

Data resources and analysis of differentially expressed
(DEGs)

The gene chip datasets containing expression profiling
by high throughput sequencing for pancreatic injury
were obtained through the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/,
accessed in Jan 2023) [31]. The search was restricted
to homo sapiens and experimental studies that com-
pared the RNA expression in pancreatitis patients
with healthy controls. As a result, GSE194331 [32] was
selected as it contained samples from 87 pancreati-
tis patients with varying levels of severity (Mild=57,
Moderately Severe=20, Severe=10) and from 32
healthy controls. The annotation information of Gene
Chip was acquired using the GPL16791 Illumina HiSeq
2500 platform.

Then, the microarray data from dataset GSE194331
was analyzed using the online database tool GEO2R
(https://www.ncbi.nlm.nih.gov/geo/geo2r/, accessed in
January 2023) to detect genes with differential expres-
sions. The criteria for screening used in this study
were FDR<0.05 and adj p value<0.05. Probes without
identified gene symbols were removed, and all DEGs
were then displayed through volcano graphs for better
visualization.

Enrichment analyses of DEGs

2013 Enrichr was used to perform KEGG pathway and
biological gene ontology enrichment analyses [33]
(https://maayanlab.cloud/Enrichr/, accessed in Janu-
ary 2023) to identify the biological processes and bio-
logical pathways significantly enriched in the DEGs.
The DEGs then were filtered based on the terms asso-
ciated with necroptosis and the upstream regulating
TNF-mediated signaling pathway.


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/geo2r/
https://maayanlab.cloud/Enrichr/

Matboli et al. Diabetology & Metabolic Syndrome (2024) 16:147

Protein—protein network (PPI) analysis

The filtered necroptosis/TNF-mediated signaling path-
way-related After that, DEGs were uploaded to the
STRING database (https://string-db.org/, version 12,
accessed in January 2023) to build networks of protein-
protein interactions (PPIs). We used Cytoscape software
(version 3.7.2) to visualize the PPI networks, which were
constructed using interactions with a combined score of
>0.15. Finally, we analyzed the obtained networks using
the CentiScaPe app [34] to determine the top hundred
hub genes. The degree of each node was calculated, and
we defined genes with a degree>25 as hub genes.

Selection of candidate genes

The study identified two candidate genes, namely Z-DNA
Binding Protein 1 (ZBP1) and Heat Shock Protein Fam-
ily A-Member 1B (HSPA1B), from the hundred hub
genes, as well as two additional genes, TNF and MAPKS3,
which were found to be strongly interacted with the two
selected hub genes and highly related to pancreatic func-
tion-regulating signaling pathways. The STRING data-
base for the PPI network was then utilized to analyze the
four genes that were chosen.

Selection of the candidate miRNA species

To retrieve the upstream epigenetic miRNAs interact-
ing with the four chosen mRNAs, miRWalk 3.0 (http://
mirwalk.umm.uni-heidelberg.de/) was utilized on Jan
2023. To visualize the enrichment of the selected miRNA,
DIANA tools: v.3 of mirPath was utilized (http://www.
microrna.gr/miRPathv3).

Total RNA extraction and quantitative polymerase chain
reaction (qPCR)

Using a miRNEasy extraction kit (Qiagen, Hilden, Ger-
many, Cat. No. 217,004) and the provided procedure,
total RNA extraction, including mRNAs and miRNAs,
was carried out on 60 mg of frozen pancreas tissue sam-
ples. Total RNA concentration and purity were mea-
sured using NanoDrop (Thermo Scientific, USA), and
the purity of the isolated RNAs was set to 1.8—-2 (A260/
A280).

The miScript II RT (Cat. No. 218,161, Qiagen, Ger-
many) was used to reverse-transcribe the pancreas
tissues” RNA into complementary DNA. Using a Quan-
tiTect SYBR Green Master Mix Kit (Qiagen, Germany,
Cat. No. 204,143) for ZBP1, MAPK3, HSPA1B, and TNF
mRNAs and a miScript SYBR Green PCR Kit (Qiagen,
Germany, Cat. No. 218,073) for miR-5192, the relative
expression of the chosen RNA species in the pancreatic
tissue samples was measured.

On using 7500 Fast System (Applied Biosystems, Foster
City, California), real-time (RT)-qPCR was carried out.
As housekeeping genes, SNORD72 and GAPDH have
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been used. Using the formula RQ=2 "4, RNA expres-
sion’s relative quantification was computed [35].

Statistical analysis

All values were presented as meantstandard deviation.
Statistical differences among the groups were analyzed
using one-way analysis of variance (ANOVA), and post-
hoc tests were conducted using SPSS program version
19 (IBM Corporation, Somers, New York, USA). Results
were considered statistically significant if the P-value was
less than 0.05.

Results

HFHS feeding and zbiotic impact the weight of the body
and food intake

In comparison to the control animals, the experimen-
tal HFHS-fed rats and HFHS+MilliQ rats (Table SI,
Fig. 1) revealed significant rise in body weight (2<0.001).
There was no significant change between the NAFP and
HFHS+MilliQ group. Conversely, following a 4-week
ZBiotic treatment, the body weight of HFHS rats (ZB-0.5
& 1 ml) was significantly lower than that of model rats.
Regarding the average food intake, upon ZBiotic treat-
ment, the diet intake among the groups did not differ
significantly and the animals did not reduce their feed-
ing. The original B. subtilis strain had a similar amelio-
rative pattern to ZB-05 ml group. The findings showed
that Zbiotic had an improving effect on the further body
weight gain observed in the untreated FP group.

Impact of ZBiotic therapy on the blood biochemical indices
In contrast with the model and the HFHS+MilliQ
groups, two treated animal groups showed dose-depen-
dent improvements in all of the investigated mentioned
biochemical variables including serum glucose, insu-
lin, and insulin resistance. In comparison to the model
group, ZBiotic treatment also reduced serum amylase
and lipase levels. This beneficial effect was more pro-
nounced in the high dose ZBiotic group (Table S2). In
addition, there were significant differences between the
original B. subtilis group and ZB-1 ml group in the inves-
tigated parameters.

Histological observations

The potential improving effects of Zbiotic on the inflam-
matory and fibrotic changes of pancreatic tissues have
been evaluated using H&E and Masson trichrome stain-
ing. Following microscopic analysis of the pancreatic
H&E sections in the control group, the exocrine pancre-
atic acini (E) demonstrate tightly packed acini, character-
ized by basal basophilia and apical acidophilia. The cells
called acinar reveal nuclei in an open phase at the basal
end. The endocrine component was represented by the
islet of Langerhans (I), it was clearly visible. It consists
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Fig. 1 Impact of ZBiotic treatment on the (A) Body weight, (B) Body weight gain & (c) Food intake. One-way analysis of variance and Tukey’s test yielded
a mean = SD for the data. n=8 rats per group, "p<0.001 in relation to control, #p <0.001 in relation to NAFP group, “p < 0.05 in relation to HFHS +MilliQ
group *p<0.05 in relation to ZB 0.5 ml group and 2p<0.05 in relation to ZB 1 ml group

of branching and anastomosing cords of acidophilic cells
with vesicular nuclei. These cells are separated by spaces
containing blood capillaries (Fig. 2).

As regards the model group, an absence of regular lob-
ulation was evident. Fat cells replace the large sections of
the pancreatic parenchyma, i.e., areas of fat necrosis that
are evident. The intact acini were interspersed within fat,
but residual acini exhibited distortion and vacuolation.
Intense mononuclear cellular infiltration was present,
and the connective tissues between and within the lob-
ules appeared thicker. The endocrine islet of Langerhans
(I) was easily noticed. it showed many congested blood
vessels, some nuclei appear pyknotic at the periphery of
the islet (Fig. 2).

In ZB 0.5 group, it was found that pancreatic lobules
showed tightly packed acini, and certain focal regions
display structural alterations, notably with some acini

featuring pale vacuolated cytoplasm. Both the exocrine
pancreatic acini and the islet of Langerhans were encir-
cled by congested and dilated blood vessels(Fig. 2).

However, in the ZB 1 group, the pancreas displayed
a thin interlobular septa and densely packed pancreatic
acini characterize the normal structure. The majority of
acini were made up of regular acinar cells with vesicular
nuclei, apical secretory granules, and basal basophilia.
Concerning the islet of Langerhans (I), it revealed cords
of cells with vesicular nuclei. These cords exhibited a
branching and anastomosing pattern around the sur-
rounding blood capillaries. it resembled a healthier state
compared to the other experimental groups (Fig. 2). The
observed pathological features in the B. subtilis group
closely resembled those found in the ZB-0.5 ml group.

In Masson’s trichrome-stained sections, there was
a progressive rise in the deposition of collagen fibers
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Fig. 2 In the (H&E) stained pancreas sections of A: Control group, the exocrine pancreatic acini (E) appear densely arranged, displaying basal basophilia
and apical acidophilia, the acinar cells exhibit nuclei in an open phase at the basal end. the endocrine part in the form of the islet of Langerhans (1) is
evident, it is formed of branching and anastomosing cord of acidophilic cell with vesicular nucleus. The cells are separated by spaces of blood capillaries,
B& B NAFP model group exhibits a disruption in the pancreatic architecture, characterized by the loss of normal structure. Notably, fat deposition (F) is
observed among exocrine pancreatic acini (E) and endocrine islet of Langerhans (1). it reveals a congested and dilated blood vessel (C), This photomicro-
graph reveals the presence of congested dilated blood vessel (C), surrounded by pancreatic acini showing distortion, with certain acinar cells presenting
cytoplasmic vacuolation and pyknotic nuclei (4. Additionally, distinctive clear spaces were evident between the acini (*) showing mononuclear cellular
infiltration. The endocrine islet of Langerhans (I) shows many congested, C: ZB 0.5 ml group shows pancreatic lobules with tightly packed acini, focal
regions exhibited structural alterations, with some acini displaying pale vacuolated cytoplasm. Both the exocrine pancreatic acini and islet of Langerhans
are surrounded by congested dilated blood vessels (C), D: ZB 1 ml group, it reveals that most of pancreatic acini are densely packed exhibited numerous
zymogen granules. The nuclei appeared basal and vesicular.as regarding the islet of Langerhans (1) it showed cords of cells with vesicular nuclei. These
cords are branching and anastomosing surrounding blood capillaries. E: B. subtilis group, shows pancreatic lobules with tightly packed acini, focal regions
exhibited structural alterations, with some acini displaying pale vacuolated cytoplasm ( A ). Both the exocrine pancreatic acini and islet of Langerhans

are surrounded by congested dilated blood vessels. Moreover, there is congested dilated blood vessel within lobule (C)

observed in model, ZB 0.5 ml and B. subtilis groups,
reaching a maximum in model group. It showed a non-
significant increase of collagen deposition in ZB 1
group as compared to the control, collagen fibers were
still evident around blood vessels distorted pancreatic
acini, distorted acini, and thickened interlobular septa.
The amount of collagen fibers in these treated groups
appeared to be less than that observed in the model
group. These findings were further supported by the
results of the statistical study (Fig. 3).

The immunohistochemistry analysis for Caspase-3 and
NF-«xB was conducted to investigate the effect of ZBiotic
on pancreatic cell death and the TNF-signaling pathway,
respectively. Sections stained by Caspase-3 exhibited a
minimal reaction in both acinar cells and islet of Lang-
erhans cells in the ZB 1 ml group. However, a moderate
reaction was noted in the islet of Langerhans, the cyto-
plasm of acinar cells, and the surrounding structures in
both the ZB 0.5 ml and B. subtilis groups, although the
impact was more pronounced in the latter. Positive reac-
tions were notably present in most acinar cells and islet
of Langerhans cell in the model group (Fig. 4).

Sections stained by NF-«kB revealed a minimal reac-
tion in acinar cells in ZB 1 ml group. However, a moder-
ate reaction was observed in both acinar cells and islet of
Langerhans in ZB 0.5 ml group. The maximum positive

reaction was distinguished in most cells in the NAFP
model group. Furthermore, NF-«B reactions were read-
ily detected in the destructed areas in sections of the B.
subtilis group. Nevertheless, the observed effect was less
prominent compared to that in the ZB 0.5 ml group. A
morphometric and statistical analysis of the area per-
centage of NF-kB-stained cells demonstrated a signifi-
cant elevation in the model group compared to the other
experimental groups (Fig. 5).

Selection of the mRNAs-miRNAs panel

Bioinformatics analysis was conducted at two levels to
retrieve the candidate mRNAs-miRNAs Panel associ-
ated with NAFP pathogenesis. Initially, the focus was
on identifying mRNA species, specifically differentially
expressed genes (DEGs), implicated in the inflammatory
TNF pathway contributing to NAFP development. Sub-
sequently, the analysis extended to identifying miRNA
species targeting the identified candidate mRNAs.

Screening for DEGs and functional enrichment analyses

By analysis of the microarray dataset, a total of 11,788
DEGs had been located in GSE194331 according to the
cut-off standards (Supplementary Table S3), (Figure.
$2). 5354 GO biological process terms and 320 KEGG
pathways were obtained (Supplementary Table S4) after
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Fig.3 Masson trichrome- stained pancreas sections of A: Control group illustrates a faint green coloration of collagen fibers dispersed among the closely
packed pancreatic acini and islets of Langerhans, B: NAFP model group exhibits a significant deposition of green-colored collagen fibers in the interlobu-
lar septa, interspersed among the disrupted acini and among endocrine islet of Langerhans, C: In ZB 0.5 ml group, collagen fibers are notably evident,
particularly surrounding blood vessels and distorted acini and surrounding islets of Langerhans, D: ZB 1 ml group, there is mild deposition of collagen
fibers surrounding the acini and islet of Langerhans. E: B. subtilis group, collagen fibers are present, surrounding blood vessels and distorted acini and
islets of Langerhans. F: morphometric and statistical analysis of the area percentage of collagen. One-way analysis of variance and Tukey's test yielded a
mean = SD for the data. n=6 rats per group’p < 0.01 in relation to control, #p <0.001 & *p < 0.05 in relation to NAFP group, °p < 0.05 in relation to ZB 0.5 ml

group and ?p<0.05 in relation to ZB 1 ml group

the functional enrichment analysis of the DEGs. Conse-
quently, the functional analysis was filtered focusing on
the gene sets related to necroptosis and the TNF-Medi-
ated signaling pathway (Table S5).

PPI Network construction and analysis and selection of
candidate genes

The PPI network for necroptosis/TNF-Mediated signal-
ing pathway-related genes was built using the STRING
tool (Figure. S3A). The PPI network had 1538 edges and
146 nodes with a highly significant p-value for PPI enrich-
ment<1.0e-16. The betweenness indices, closeness, and
degree were used to analyze the topological proper-
ties of the filtered enriched genes, and the nodes with a
degree>25 were set as hub genes (Supplementary Table
S6). ZBP1 and HSPA1B from the hundred hub genes, and
the additional two genes, TNF, and MAPK3 were selected

for targeted co-regulatory network construction as were
further validated either by several public databases or
reviews [36—41] to be linked to necroptosis/TNF-Medi-
ated signaling pathway and considered crucial insults in
pancreatic injury diseases (Supplementary Figure S4&
S5). Additionally, the PPI between four candidate genes
was analyzed and presented a combined score>0.3, indi-
cating a significant confidence level. (Figure. S3B).

Selection of candidate miRNAs

The results indicated that miR-5192 (Figure. S6) targets
the four selected TNEF, ZBP1, HSPA1B, and MAPK3
genes with a score of *0.9 (Figure. S7). Further analy-
sis with DIANA tools mirPath revealed that miR-5192
is related to pancreatic function and disease-regulating
pathways (Figure. S8).
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Fig. 4 A-E Caspase-3 immunohistochemistry-stained pancreas sections of A: Control group reveals a minimal response of caspase-3 within the acinar
cells and islet of Langerhans, B: NAFP model group exhibits extensive and widespread positive response among pancreatic acini and islet of Langerhans,
C: ZB 0.5 ml group, there is still evident positive reaction for caspase-3, D: ZB 1 ml group revealed a minimal positive reaction for caspase-3 among pan-
creatic acini and islet of Langerhans. E: B. subtilis group, there is moderate positive reaction for caspase 3. F: morphometric and statistical analysis of the
area percentage of Caspase 3-positive cells. One-way analysis of variance and Tukey's test yielded a mean + SD for the data. n=6 rats per group'’p<0.01
in relation to control, #p < 0.001 & *p<0.05 in relation to NAFP group, *p <0.05 in relation to ZB 0.5 ml group and ?p<0.05 in relation to ZB 1 ml group
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Fig.5 A-E NFkB1immunohistochemistry-stained pancreas sections of A: Control group reveals a minimal reactivity for the nuclear factor kappa among
pancreatic acinar cells and islet of Langerhans, B: In NAFP model group, there is a notable and widespread positive reaction for nuclear factor kappa, C:
In ZB 0.5 ml group, Reaction for nuclear factor kappa in destructed areas were easily detected, D: ZB 1 ml group reveals minimal for reaction of nuclear
factor kappa among pancreatic acini and islet of Langerhans. E: B. subtilis group, a significant decrease in reaction of nuclear factor kappa was evident
in comparison to the Zbiotic treated groups and NAFP model group. G: morphometric and statistical analysis of the area percentage of Nuclear Factor
Kappa-positive cells. One-way analysis of variance and Tukey’s test yielded a mean+SD for the data. n=6 rats per group*p <0.01 in relation to control,
5 <0.001 in relation to NAFP group, $p<0.05 in relation to ZB 0.5 ml group and ?p<0.05 in relation to ZB 1 ml group

The effect of ZBiotic on the pancreatic selected RNA panel in the pancreatic tissue. After 8 weeks of HFHS
species’ expression diet manipulation, the expression of upstream miR-5192
The quantitative polymerase chain reaction (QPCR) assay ~ was highly increased compared to the Control animals.
was performed to determine the effect of ZBiotic on Both the untreated NAFP and HFHS+MilliQ groups
the expression profile of the retrieved mRNAs-miRNAs  continued to exhibit a notable increase in the expression
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level of miR-5192 in comparison to the Control group,
while the results also revealed a significant elevation in
the expression of pancreatic TNF, ZBP1, HSPA1B, and
MAPK3 mRNAs. In addition, ZBiotic administration at
its two dosages (0.5 and 1 ml) significantly decreased the
NAFP group animals’ untreated upregulation in pancre-
atic mRNA signatures expression. Furthermore, the data
showed that the treated groups (0.5 and 1 ml) had signifi-
cantly lower expression of miR-5192 than the untreated
NAEFP group (Fig. 6). In the case of the S. subtilis group,
the findings indicated that the original S. subtilis stains
exhibited an intermediate effect between the ZB 0.5 ml
and ZB 1 ml groups in downregulating the expression of
the investigated mRNA-miRNA panel, as compared to
the NAFP group. Furthermore, there wasn’t any signifi-
cant changes in the expression of the investigated RNAs
between NAFP rats and HFHS +MilliQ animals.

A)
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'
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Discussion

Nonalcoholic fatty pancreatitis (NAFP) is increasingly
prevalent worldwide [42] and knowing the pathogenic
mechanisms underlying NAFP serves as the foundation
for identifying risk factors that contribute to the progres-
sion of the disease and for finding novel therapeutic tar-
gets [43].

Emerging evidence suggests that necroptosis and the
related TNF pathway are the primary drivers of Fibrogen-
esis and acute pancreatitis in the course of NAFP [44].

Using in silico data analysis, we created an mRNA-
miRNA panel (ZBP1, HSPA1B, MAPK3 & mir-5192)
associated with pancreatic cell dysfunction and meta-
bolic syndrome and involved in necroptosis-related TNF
pathway. Next, we assessed how ZBiotic treatment might
modulate NAFP and how that might affect the RNA
panel in the NAFP animal model.

Adipocyte infiltration into pancreatic tissue is the main
mechanism responsible for explaining the incidence of
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Fig. 6 Impact of Zbiotic therapy on the expression of the pancreatic selected RNA (A) ZBP1, (B) MAPK3, (C) HSPA18B, (D) TNF, (E) miR-5192. One-way analy-
sis of variance and Tukey's test yielded a mean =+ SD for the data. n=6 rats per group*p <0.01 in relation to control, *p <0.001 in relation to NAFP group,
"p<0.05 in relation to HFHS + MilliQ group *p < 0.05 in relation to ZB 0.5 ml group and ?p<0.05 in relation to ZB 1 ml group
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fatty pancreas. Given that obesity and gaining weight are
the main causes of this disease [9].

Disorders brought on by lipid infiltration impair
metabolic processes in addition to morphology. B-cell
exposure to free fatty acids has been shown to increase
insulin release, while chronic exposure to high FFA levels
induces insulin hypersecretion and B-cell hypertrophy,
ultimately resulting in dysfunction and death of p-cells
[45, 46].

Consequently, all previously discussed can be used
to demonstrate the outcomes of the current study. As
an experimental NAFP animal model, we used a high-
fat and high-sucrose (HFHS) diet. A growing body of
research has examined the effects of the HFHS diet on
laboratory rats, and the results indicate that this diet
causes insulin resistance and obesity [9, 47—49]. Further-
more, it was discovered that the hyper lipidic model was
successful in inducing comorbidities related to inflamma-
tion and oxidative stress [50].

The nutritional model in this study effectively repro-
duced the spectrum of pathological and metabolic abnor-
malities linked to NAFP. The HFHS diet feeding caused
elevated body weight, hyperinsulinemia, insulin resis-
tance, hyperglycemia, and dyslipidemia in the untreated
NAFP group. Along with intense mononuclear cellular
infiltration, large areas of fat cells with obvious necro-
sis in the fat were observed in the pancreatic sections.
Elevated blood levels of lipase and amylase were also
observed in the animals, indicative of pancreatic damage.

Z-DNA-binding protein (ZBP1) mediates RIPK3-
dependent necroptosis cell death [51] and causes pan-
creatic cell injury [44]. Necroptosis, a recently discovered
mode of cell death, has slowly been revealed in inflam-
matory diseases [44]. Furthermore, recent research iden-
tified ZBP1, an IFN-inducing protein, as a key upstream
regulator of proinflammatory signaling [52].

The current findings align with previously reported
data, which showed that the NAFP group significantly
overexpressed genes related to the pancreatic necrop-
tosis/TNF-mediated signaling pathway (TNEF, ZBP1,
HSPA1B, and MAPK3) in comparison to the control
group [53, 54]. These results are corroborated by immu-
nohistochemistry and histology assays, which demon-
strated the highest positive immunostaining reaction for
the NFkB1 marker, along with noticeable positivity for
Caspase-3, found in acinar cells, and intense mononu-
clear cellular infiltration in pancreatic tissue of FP group,
relative to the control group. Additionally, concurrent
research has confirmed that pancreatic cell injury is asso-
ciated with an upregulation of NFkB1 [55, 56].

However, it has been discovered that TNF pathway,
which causes apoptosis, can also cause necroptosis under
specific circumstances [57]. Caspases, NF-B, and MAP
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kinases are among the main pathways activated by TNF
[58].

It has been noted that observed that inflammatory
responses and apoptosis contribute to increased cas-
pase-3 expression. Because caspase-3 can cleave and acti-
vate cytokines to contribute to inflammatory responses
[59]. Additionally, it has been noted that the animal fed
a high-fat diet exhibited elevated levels of caspase-3,
which was linked to notable rise in the level of inflamma-
tory cytokines in the liver. This suggests that enhanced
apoptosis could be an aggravating factor in inflamma-
tion of the liver [60]. Our findings consistently showed
that the caspase-positive cell area percentage within the
pancreas of NAFP model rats was noticeably greater than
that of the control group, both morphometrically and
statistically.

Via daily Zbiotic treatment for four weeks, among the
NAFP rats that were not given treatment, all noticed
disruptions were significantly alleviated. Moreover, the
ZB 1 ml group demonstrated a superior effect over the
original B. subtilis strain group in ameliorating these
disturbances. At ZBiotic, researchers used homolo-
gous recombination to create new strains of B. subtilis
ZB183TM probiotic bacteria by transferring a trait for
acetaldehyde breakdown from the liver. Acetaldehyde is
an alcohol metabolite that can potentially cause consider-
able damage, especially to the liver, pancreas, and brain.
However, ZBiotic, the first genetically engineered probi-
otic in the world, can break down this metabolite [61].

The key enzyme responsible for acetaldehyde metab-
olism in the liver is acetaldehyde dehydrogenase 2
(ALDH2). ALDH is involved in various biological pro-
cesses along with acetaldehyde molecule conversion.
Because it has anticancer properties and can act as ‘alde-
hyde scavenger’ during lipid peroxidation [62]. The role
of ALDH expression in NAFLD, liver fibrosis and liver
cancer has been the subject of numerous investigations
[63].

According to a study assessing ZBiotic toxicity, When
Wistar animals were given lyophilized B. subtilis ZB183
spores orally via gavage for 90 consecutive days at doses
of 10%, 10'°, and 10" CFU/kg body weight/day, there was
no effect on the rats’ body weights, food consumption,
ophthalmological examinations, mortality, or functional
observational battery in both sexes [20].

The current study’s findings were consistent with pre-
viously available publications. The findings indicated
that ZBiotic on a daily basis slowed the NAFP progres-
sion. It reduced body weight significantly, lowered insulin
and blood sugar levels, improved insulin resistance, and
decreased serum amylase and lipase levels.

Remarkably, both ZBiotic groups (ZB 0.5 and ZB 1)
exhibited significant reductions in biochemical variables
compared to the model group, indicating ZBiotic’s ability
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Fig. 7 Schematic representation and summary and of the study hypothesis

to halt pancreatic exocrine injury and reverse initial path-
ological changes induced by HFHS diet. Additionally,
treatment reduced the expression of genes related to
the necroptosis/TNF-mediated signaling pathway (TNE,
ZBP1, HSPA1B, and MAPK3), as well as Caspase area
percentage and positive cells for nuclear factor kappa,
compared to untreated NAFP animals. In contrast to the
model group, the treated groups (ZB 0.5 group) had a
typical structure featuring slender interlobular septa and
closely spaced pancreatic acini, as well as a significant
reduction in collagen fiber percentage area. The findings
suggest that ZBiotic could reduce pancreatic tissue injury
by modulating the necroptosis/TNF-mediated pathway.

MiRNAs dysregulation may impact various tissue sta-
tus and functions, such as the liver [28, 64, 65] and pan-
creas [66—68]. This dysregulation may also contribute to
metabolic problems linked to disorders including obesity
and insulin resistance, such as NAFP [12].

The miRWalk database identified miR-5192, with a
score of >0.9, as an upstream regulator targeting TNE,
ZBP1, HSPA1B, and MAPK3 mRNAs. Further analysis
with DIANA tools mirPath revealed miR-5192’s asso-
ciation with pancreatic function and disease-regulating

Necroptosis

Created in BioRender.com bio

pathways. Previous studies have linked miR-5192 to
cancer development [69]. Surprisingly, miR-5192’s func-
tional enrichment analysis revealed that it is strongly
linked to necroptosis and related TNF signaling path-
ways. MiR-5192 may regulate the activity level of these
genes by directly or indirectly activating gene expression
in response to different types of cells and circumstances
[70].

As a consequence, the results indicated a notable rise
in the pancreatic miR-5192 expression level among those
with untreated NAFP as opposed to the control. In com-
parison to the NAFP group, ZBiotic administration sig-
nificantly reduced its expression.

We postulated that (Fig. 7) pancreatic TNF, ZBP1,
HSPA1B, and MAPK3 were all upregulated as a result
of miR-5192 being expressed more frequently in HFHS-
induced lipotoxicity (untreated NAFP). In addition to
stimulating several downstream signaling pathways and
promoting the expression of inflammatory responses
(NFkB1 and caspase 3), activating the associated TNF
signaling pathway and necroptosis also increased the
fibrosis and elevated the levels of serum lipase and amy-
lase. As a result, pancreatic cell damage increase. The
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current study may contribute to enhanced comprehen-
sion of the pathophysiology and etiology of NAFP, along
with helpful knowledge regarding possible genetic targets
for NAFP therapy. Nevertheless, until more preclini-
cal research is done, ZBiotic—an example of genetically
modified bacteria—might not be an appropriate basic
therapy approach.

However, the study is subject to certain limitations,
notably the necessity for additional mechanistic inves-
tigations to explore the potential effects of Zbiotic on
oxidative stress markers, as well as the examination of
protein levels of the constructed TNF pathway/necrop-
tosis-related RNA panel. Furthermore, there is a need
for further implementation of comparative studies. The
authors are forging ahead with 16s rRNA gene sequenc-
ing of stool samples to uncover precise B. subtilis ZB183
strain-induced transformations in gut microbiota diver-
sity and abundance across the experimental groups.

Conclusion

ZBiotic has shown promise in reducing the develop-
ment of NAFP, preventing fibrosis and inflammation of
pancreatic cells, as well as lessening the metabolic and
pathological abnormalities observed in the used NAFP
animal model. Moreover, the Zbiotic in its high dose
proved a superior effect over the original B. subtilis strain
in ameliorating these disturbances. The observed impact
was related to decreased expression of miR-5192 and
decreased expression of pancreatic TNF, ZBP1, HSPA1B,
and MAPK3 mRNAs (Fig. 7).

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513098-024-01378-w.

[ Supplementary Material 1 ]

Acknowledgements

We would like to acknowledge the contributions of [Doaa M. A. Elzoghby,
Ghida Hassan, Rasha A. Eimansy, Hagir HT Ahmed, Enshrah ME Ahmed,
Heba Fikry, & Lobna A. Saleh] for their assistance with the preparation of the
experimental diets.

Author contributions

M. M, S. H.&N .F & A. H; Shared in Study design, methodology, statistical
analysis, and drafting and revising the manuscript. A.H, S. A, Y A, E. G, H. K, (A)
M&H.FEM.K G HHAE,LMFEM®B A, RAEHHTAEMEAHFELS;
shared in methodology and drafting the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB). This study was supported by Academy of Science and Technology
(ASRT), Jesor call 2019, Project ID: jesor_5269.

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB).

Page 13 of 15

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate

The handling and experimentation protocols were approved by the Research
Ethics Committee (Number; MoHP0018122017, 1017), Faculty of Medicine,
Benha University. The experimental study was performed according to the
Declaration of Helsinki guidelines.

Informed consent
All authors give their consent for publication.

Competing interests
The authors declare no competing interests.

Received: 6 April 2024 / Accepted: 10 June 2024
Published online: 03 July 2024

References

1. Mahyoub MA, Elhoumed M, Maqul AH, Aimezgagi M, Abbas M, Jiao Y et al.
Fatty infiltration of the pancreas: a systematic concept analysis. Front Med.
2023.

2. Dite P, Blaho M, Bojkova M, Jabandziev P, Kunovsky L. Nonalcoholic fatty
pancreas disease: clinical consequences. Dig Dis. 2020.

3. Osman MAA, Alkhouly M, Elmohaseb GF, Nassef EM, Mohamed IGR, El Mancy
IM et al. Relation between non-alcoholic fatty pancreas and clinical and
biochemical parameters in women with polycystic ovary syndrome: a multi-
centric study. Int J Gen Med. 2022.

4. Shah N, Rocha JP, Bhutiani N, Endashaw O. Nonalcoholic fatty pancreas
disease. Nutr Clin Pract. 2019.

5. Truong E, Pandol S, Jeon C. eBioMedicine. Uniting epidemiology and experi-
mental models: pancreatic steatosis and pancreatic cancer-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). 2022.

6. Wongtrakul W, Untaaveesup S, Pausawadi N, Charatcharoenwitthaya P.
Bidirectional association between non-alcoholic fatty liver disease and fatty
pancreas: a systematic review and meta-analysis. Eur J Gastroenterol Hepatol.
2023.

7. Uygun A, Kadayifci A, Demirci H, Saglam M, Sakin YS, Ozturk K et al. The effect
of fatty pancreas on serum glucose parameters in patients with nonalcoholic
steatohepatitis. Eur J Intern Med. 2015.

8. Sevim BC, Chela H, Ertugrul H, Malik LS, Malik S, Basar O et al. Non-Alcoholic
Fatty Pancreas Disease: The Unsung Disease. Endocrine, Metab Immune
Disord - Drug Targets. 2022.

9. Albadawy R, Hasanin AH, Agwa SHA, Hamady S, Mohamed RH, Gomaa E
et al. Prospective insight into the role of benzyl propylene glycoside as a
modulator of the cGAS-STING signaling pathway in the management of non-
alcoholic fatty pancreas animal model. Biol Res [Internet]. BioMed Central;
2023;56:11. https://doi.org/10.1186/540659-023-00423-8.

10. MaY,Lee G, Heo SY, Roh YS. Oxidative stress is a key modulator in the devel-
opment of nonalcoholic fatty liver disease. Antioxidants. 2022.

11. Xiang H,Tao X, Xia S, Qu J, Song H, Liu J et al. Targeting microRNA function in
acute pancreatitis. Front Physiol. 2017.

12. lacomino G, Siani A. Role of microRNAs in obesity and obesity-related
diseases. Genes Nutr [Internet]. 2017;12:23. http://genesandnutrition.
biomedcentral.com/articles/10.1186/512263-017-0577-z.

13. Matboli M, Gadallah SH, Rashed WM, Hasanin AH, Essawy N, Ghanem HM et
al. Mrna-Mirna-Lncrna regulatory network in nonalcoholic fatty liver disease.
Int J Mol Sci. 2021,22.

14.  Liu Z,Wang N, Ma2 Y, Wen D. Hydroxytyrosol improves obesity and insulin
resistance by modulating gut microbiota in high-fat diet-induced obese
mice. Front Microbiol. 2019.

15. Zhang B, Yue R, Chen'Y,Yang M, Huang X, Shui J et al. Gut microbiota, a
potential New Target for Chinese Herbal Medicines in Treating Diabetes Mel-
litus. Evidence-based Complement Altern Med. 2019.

16. Patel BK, Patel KH, Bhatia M, lyer SG, Madhavan K, Moochhala SM. Gut
microbiome in acute pancreatitis: a review based on current literature. World
J Gastroenterol. 2021.


https://doi.org/10.1186/s13098-024-01378-w
https://doi.org/10.1186/s13098-024-01378-w
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s40659-023-00423-8
http://genesandnutrition.biomedcentral.com/articles/10.1186/s12263-017-0577-z
http://genesandnutrition.biomedcentral.com/articles/10.1186/s12263-017-0577-z

Matboli et al. Diabetology & Metabolic Syndrome

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.
35.

36.

37.

(2024) 16:147

Malla MA, Dubey A, Kumar A, Yadav S, Hashem A, Allah EFA. Exploring the
human microbiome: the potential future role of next-generation sequencing
in disease diagnosis and treatment. Front Immunol. 2019.

Werawatganon D, Vivatvakin S, Somanawat K, Tumwasorn S, Klaikeaw N,
Siriviriyakul P et al. Effects of probiotics on pancreatic inflammation and
intestinal integrity in mice with acute pancreatitis. BMC Complement Med
Ther. 2023.

Schroeder JW, Simmons LA. Complete genome sequence of Bacillus subtilis
strain PY79. Genome Announc. 2013.

Appala Naidu B, Kannan K, Santhosh Kumar DP, Oliver JWK, Abbott ZD.
Lyophilized B. subtilis ZB183 spores: 90-Day repeat dose oral (Gavage) Toxicity
Study in Wistar rats. J Toxicol. 2019.

Buettner R, Schélmerich J, Bollheimer LC. High-fat diets: modeling the meta-
bolic disorders of human obesity in rodents. Obesity. 2007.

Burchfield JG, Kebede MA, Meoli CC, Stockli J, Whitworth PT, Wright AL et

al. High dietary fat and sucrose results in an extensive and time-dependent
deterioration in health of multiple physiological systems in mice. J Biol Chem.
2018.

Alkaya B, Laleman |, Keceli S, Ozcelik O, Cenk Haytac M, Teughels W. Clinical
effects of probiotics containing Bacillus species on gingivitis: a pilot random-
ized controlled trial. J Periodontal Res. 2017.

Hatanaka M, Yamamoto K, Suzuki N, lio S, Takara T, Morita H et al. Effect of
Bacillus subtilis C-3102 on loose stools in healthy volunteers. Benef Microbes.
2018.

Sorokulova 1B, Pinchuk IV, Denayrolles M, Osipova IG, Huang JM, Cutting SM
et al. The safety of two Bacillus probiotic strains for human use. Dig Dis Sci.
2008.

ShiL, LinY, Song J, Li H, GaoY, Lin Y et al. Engineered Bacillus subtilis for the
Production of Tetramethylpyrazine,(R R)-2,3-Butanediol and Acetoin. Fermen-
tation. 2023.

Fernandes-Santos C, Evangelista Carneiro R, de Souza Mendonca L, Barbosa
Aguila M, Alberto, Mandarim-de-Lacerda C. Rosiglitazone Aggravates
Nonalcoholic Fatty Pancreatic Disease in C57BL/6 Mice Fed High-Fat and
High-Sucrose Diet. Pancreas [Internet]. 2009;38:e80-6. https://journals.lww.
com/00006676-200904000-00027.

Gadallah SH, Eissa S, Ghanem HM, Ahmed EK, Hasanin AH, El Mahdy MM et
al. Probiotic-prebiotic-synbiotic modulation of (YAP1, LATST and NF2 mRNAs/
miR-1205/IncRNA SRD5A3-AS1) panel in NASH animal model. Biomed
Pharmacother [Internet]. 2021;140:111781. https://linkinghub.elsevier.com/
retrieve/pii/S0753332221005631.

Gadallah SH, Ghanem HM, Abdel-Ghaffar A, Metwaly FG, Hanafy LK, Ahmed
EK. 4-Phenylbutyric acid and rapamycin improved diabetic status in high

fat diet/streptozotocin-induced type 2 diabetes through activation of
autophagy. Arch Physiol Biochem [Internet]. Taylor & Francis; 2021;127:235-
44. https://doi.org/10.1080/13813455.2019.1628069.

Suvarna SK, Layton C, Bancroft JD. Bancroft's Theory and Practice of Histologi-
cal Techniques, Eighth Edition. Bancroft's Theory Pract. Histol. Tech. Eighth Ed.
2018.

Edgar R, Domrachev M, Lash AE. Gene expression Omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res.
2002;30:207-10.

Nesvaderani M, Dhillon BK, Chew T, Tang B, Baghela A, Hancock REW

et al. Gene Expression Profiling: Identification of Novel Pathways and
Potential Biomarkers in Severe Acute Pancreatitis. J Am Coll Surg [Inter-

net]. 2022;234:803-15. https://journals.lww.com/https://doi.org/10.1097/
XCS.0000000000000115.

Chen EY, Tan CM, Kou Y, Duan Q, Wang Z, Meirelles GV et al. Enrichr: interac-
tive and collaborative HTMLS5 gene list enrichment analysis tool. BMC Bioin-
formatics [Internet]. 2013;14:128. https://bmcbioinformatics.biomedcentral.
com/articles/https://doi.org/10.1186/1471-2105-14-128.

Scardoni G, Petterlini M, Laudanna C. Analyzing biological network param-
eters with CentiScaPe. Bioinformatics. 2009;25:2857-9.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2-AACT method. Methods. 2001;25:402-8.
Malleo G, Mazzon E, Siriwardena AK, Cuzzocrea S. Role of tumor necrosis
factor-a in acute pancreatitis: from biological basis to clinical evidence.
Shock. 2007.

Kearney CJ, Cullen SP, Tynan GA, Henry CM, Clancy D, Lavelle EC et al.
Necroptosis suppresses inflammation via termination of TNF- or LPS-
induced cytokine and chemokine production. Cell Death Differ [Internet].
2015;22:1313-27. http://www.ncbi.nlm.nih.gov/pubmed/25613374.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Page 14 of 15

Yoneda S, Imagawa A, Fukui K, Uno S, Kozawa J, Sakai M et al. A Histological
Study of Fulminant Type 1 Diabetes Mellitus Related to Human Cytomega-
lovirus Reactivation. J Clin Endocrinol Metab [Internet]. 2017;102:2394-400.
https://academic.oup.com/jcem/article/102/7/2394/3111245.

Giri B, Sharma P, Jain T, Ferrantella A, Vaish U, Mehra S et al. Hsp70 modulates
immune response in pancreatic cancer through dendritic cells. Oncoimmu-
nology [Internet]. 2021;10. https://www.tandfonline.com/doi/full/https://doi.
0rg/10.1080/2162402X.2021.1976952.

Wu E, He W,Wu C, Chen Z, Zhou S, Wu X et al. HSPA8 acts as an amyloidase to
suppress necroptosis by inhibiting and reversing functional amyloid forma-
tion. Cell Res [Internet]. Springer US; 2023;33:851-66. https://www.nature.
com/articles/s41422-023-00859-3.

Leduc M, Richard J, Costes S, Muller D, Varrault A, Compan V et al. ERK1 is
dispensable for mouse pancreatic beta cell function but is necessary for
glucose-induced full activation of MSK1 and CREB. Diabetologia [Internet].
2017;60:1999-2010. http://link.springer.com/https://doi.org/10.1007/
$00125-017-4356-6.

Teng MLP, Ng CH, Huang DQ, Chan KE, Tan DJH, Lim WH et al. Global inci-
dence and prevalence of nonalcoholic fatty liver disease. Clin Mol Hepatol.
2023.

Otsuka N, Shimizu K, Taniai M, Tokushige K. Risk factors for fatty pancreas and
effects of fatty infiltration on pancreatic cancer. Front Physiol. 2023.

He R, Wang Z, Dong S, Chen Z, Zhou W. Understanding Necroptosis in Pan-
creatic Diseases. Biomolecules [Internet]. 2022;12. http://www.ncbi.nlm.nih.
gov/pubmed/35740953.

Dong G, Adak S, Spyropoulos G, Zhang Q, Feng C, Yin L et al. Palmitoylation
couples insulin hypersecretion with ( cell failure in diabetes. Cell Metab.
2023.

Otero A, Becerril S, Martin M, Cienfuegos JA, ValentiV, Moncada R et al. Effect
of guanylin peptides on pancreas steatosis and function in experimental
diet-induced obesity and after bariatric surgery. Front Endocrinol (Lausanne).
2023.

eSilva L, de LS, Fernandes MS, de Lima S, de Stefano EA, Oliveira JT, Jukemura
CP. J. Fatty Pancreas: Disease or Finding? Clinics [Internet]. 2021,76:22439.
https://linkinghub.elsevier.com/retrieve/pii/S1807593222001028.

Rasool S, Geetha T, Broderick TL, Babu JR. High fat with high sucrose diet
leads to obesity and induces myodegeneration. Front Physiol. 2018.

van der Pennington KA, Pollock KE, Talton OO, Schulz LC. Effects of acute
exposure to a high-fat, high-sucrose diet on gestational glucose tolerance
and subsequent maternal health in mice. Biol Reprod. 2017.

Kobi JBBS, Matias AM, Gasparini PVF, Torezani-Sales S, Madureira AR, da Silva
DS et al. High-fat, high-sucrose, and combined high-fat/high-sucrose diets
effects in oxidative stress and inflammation in male rats under presence or
absence of obesity. Physiol Rep. 2023.

Saada J, McAuley RJ, Marcatti M, Tang TZ, Motamedi M, Szczesny B. Oxidative
stress induces Z-DNA-binding protein 1-dependent activation of microglia
via mtDNA released from retinal pigment epithelial cells. J Biol Chem. 2022.
Oh SH, Lee SJ. Recent advances in ZBP1-derived PANoptosis against viral
infections. Front Immunol. 2023.

Albadawy R, Hasanin AH, Agwa SHA, Hamady S, Aboul-Ela YM, Raafat

MH et al. Rosavin Ameliorates Hepatic Inflammation and Fibrosis in the
NASH Rat Model via Targeting Hepatic Cell Death. Int J Mol Sci [Internet].
2022;23:10148. https://www.mdpi.com/1422-0067/23/17/10148.

Wang L, Zhou K, Wu Q, Zhu L, Hu'Y, Yang X et al. Microanatomy of the meta-
bolic associated fatty liver disease (MAFLD) by single-cell transcriptomics. J
Drug Target. 2023.

Fawzy H, Fikry E, Fawzy H, Mohammed A. Mito-TEMPO improved L-Arginine-
induced acute pancreatitis in rats via TLR-4/ NF-kB/ NLRP3 inflammasome
downregulation and antioxidant properties. Azhar Int J Pharm Med Sci. 2021.
Farid A, Moussa P, Youssef M, Haytham M, Shamy A, Safwat G. Melatonin
relieves diabetic complications and regenerates pancreatic beta cells by the
reduction in NF-kB expression in streptozotocin induced diabetic rats. Saudi
J Biol Sci [Internet]. The Author(s); 2022;29:103313. https://doi.org/10.1016/j.
$j0s.2022.103313.

Christgen S, Tweedell RE, Kanneganti TD. Programming inflammatory cell
death for therapy. Pharmacol Ther. 2022.

Sabio G, Davis RJ. TNF and MAP kinase signalling pathways. Semin Immunol.
2014.

Loppnow H, Krzysztof Guzik JP. The role of Caspases in Modulation of
cytokines and other molecules in apoptosis and inflammation. Landes Biosci;
2013.


https://journals.lww.com/00006676-200904000-00027
https://journals.lww.com/00006676-200904000-00027
https://linkinghub.elsevier.com/retrieve/pii/S0753332221005631
https://linkinghub.elsevier.com/retrieve/pii/S0753332221005631
https://doi.org/10.1080/13813455.2019.1628069
https://journals.lww.com/
https://doi.org/10.1097/XCS.0000000000000115
https://doi.org/10.1097/XCS.0000000000000115
https://bmcbioinformatics.biomedcentral.com/articles/
https://bmcbioinformatics.biomedcentral.com/articles/
https://doi.org/10.1186/1471-2105-14-128
http://www.ncbi.nlm.nih.gov/pubmed/25613374
https://academic.oup.com/jcem/article/102/7/2394/3111245
https://www.tandfonline.com/doi/full/
https://doi.org/10.1080/2162402X.2021.1976952
https://doi.org/10.1080/2162402X.2021.1976952
https://www.nature.com/articles/s41422-023-00859-3
https://www.nature.com/articles/s41422-023-00859-3
http://link.springer.com/
https://doi.org/10.1007/s00125-017-4356-6
https://doi.org/10.1007/s00125-017-4356-6
http://www.ncbi.nlm.nih.gov/pubmed/35740953
http://www.ncbi.nlm.nih.gov/pubmed/35740953
https://linkinghub.elsevier.com/retrieve/pii/S1807593222001028
https://www.mdpi.com/1422-0067/23/17/10148
https://doi.org/10.1016/j.sjbs.2022.103313
https://doi.org/10.1016/j.sjbs.2022.103313

Matboli et al. Diabetology & Metabolic Syndrome

60.

62.

63.

64.

65.

66.

(2024) 16:147

Wang Y, Ausman LM, Russell RM, Greenberg AS, Wang XD. Increased apopto-
sis in high-fat diet-induced nonalcoholic steatohepatitis in rats is associated
with c-Jun NH2-terminal kinase activation and elevated proapoptotic bax. J
Nutr. 2008.

Vonlaufen A, Xu Z, Daniel B, Kumar RK, Pirola R, Wilson J, et al. Bacterial
endotoxin: a trigger factor for alcoholic pancreatitis? Evidence from a Novel.
Gastroenterology: Physiologically Relevant Animal Model; 2007.

Singh S, Brocker C, Koppaka V, Chen'Y, Jackson BC, Matsumoto A et al. Alde-
hyde dehydrogenases in cellular responses to oxidative/ electrophilicstress.
Free Radic Biol Med. 2013.

Wang W, Wang C, Xu H, Gao Y. Aldehyde dehydrogenase, liver disease and
cancer. Int J Biol Sci. 2020.

Schueller F, Roy S, Vucur M, Trautwein C, Luedde T, Roderburg C. The role of
miRNAs in the pathophysiology of liver diseases and toxicity. Int J Mol Sci.
2018.

Afshari A, Yaghobi R, Karimi MH, Mowla J. Alterations in MicroRNA gene
expression profile in liver transplant patients with hepatocellular carcinoma.
BMC Gastroenterol. 2021.

Suzuki R, Asama H, Waragai Y, Takagi T, Hikichi T, Sugimoto M et al. Fibrosis-
related miRNAs as serum biomarkers for pancreatic ductal adenocarcinoma.

Page 15 of 15

Oncotarget [Internet]. 2018,9:4451-60. https://www.oncotarget.com/lookup/
doi/https://doi.org/10.18632/oncotarget.23377.

67. HuY,YuY.Dysregulation of mir-192-5p in acute pancreatitis patients with
nonalcoholic fatty liver and its functional role in acute pancreatitis progres-
sion. Biosci Rep. 2020.

68. Eliasson L, Esguerra JLS. MicroRNA networks in pancreatic islet cells: normal
function and type 2 diabetes. Diabetes. 2020.

69. Smolarz B, Durczyriski A, Romanowicz H, Szyto K, Hogendorf P. miRNAs in
Cancer (Review of Literature). Int J Mol Sci. 2022.

70. Orang AV, Safaralizadeh R, Kazemzadeh-Bavili M. Mechanisms of miRNA-
mediated gene regulation from common downregulation to mRNA-specific
upregulation. Int J Genomics. 2014.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.oncotarget.com/lookup/doi/
https://www.oncotarget.com/lookup/doi/
https://doi.org/10.18632/oncotarget.23377

	﻿Experimental investigation for nonalcoholic fatty pancreas management using probiotics
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Chemicals and drugs
	﻿Preparation and determination the dosage of the original ﻿B. subtilis﻿ strain and Zbiotic


	﻿Experimental animals and design
	﻿Blood sampling and pancreas tissue collection
	﻿Serum biochemical analysis
	﻿Fasting serum glucose and glycated hemoglobin (HbA1C)
	﻿Nonalcoholic fatty pancreas (NAFP)model markers

	﻿Pancreatic immunohistochemistry assays and histological examination
	﻿Preparation of tissues

	﻿Bioinformatics Set up
	﻿Selection of the candidate mRNA species
	﻿Data resources and analysis of differentially expressed (DEGs)
	﻿Enrichment analyses of DEGs
	﻿Protein–protein network (PPI) analysis
	﻿Selection of candidate genes

	﻿Selection of the candidate miRNA species
	﻿Total RNA extraction and quantitative polymerase chain reaction (qPCR)
	﻿Statistical analysis

	﻿Results
	﻿HFHS feeding and zbiotic impact the weight of the body and food intake
	﻿Impact of ZBiotic therapy on the blood biochemical indices
	﻿Histological observations
	﻿Selection of the mRNAs-miRNAs panel
	﻿Screening for DEGs and functional enrichment analyses
	﻿PPI Network construction and analysis and selection of candidate genes
	﻿Selection of candidate miRNAs
	﻿The effect of ZBiotic on the pancreatic selected RNA species’ expression

	﻿Discussion
	﻿Conclusion
	﻿References


