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LIST OF ABBREVIATIONS

ACh — acetylcholine

AP — acute pancreatitis

Cer — cerulein

CBS — cystathionine -synthase

CDC - chenodeoxycholate

CTH — cystathionine -y-lyase

DATS — diallyl trisulfide

DMSO — dimethyl sulfoxide

DMTS — dimethyl trisulfide

EtOH-POA —ethanol and palmitoleic acid

GAPDH - glyceraldehyde-3-phosphate dehydrogenase
GPX4 — glutathione peroxidase 4

GSH - glutathione

ic[Ca?'] — intracellular Ca?" concentration

LC-MS/MS — liquid chromatography-tandem mass spectrometry
L-arg — L-arginine-HCl

MDA — malondialdehyde

MPO — myeloperoxidase

MTT — 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NF-«B — nuclear factor xkB

Nrf2 — nuclear factor-erythroid 2 related factor 2
NSAID — non-steroidal anti-inflammatory drug

PI — propidium iodide

Poly80 — polysorbate 80

PS — physiological saline

ROS - reactive oxygen species

SDS — sodium dodecyl sulfate
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INTRODUCTION

I. The physiology of the pancreas

The pancreas is a retroperitoneal gland of the gastrointestinal tract located in the upper
abdomen and possesses both exocrine and endocrine functions. The endocrine component
comprises the islets of Langerhans and is responsible for the synthesis and secretion of various
hormones, such as glucagon, insulin, and pancreatic polypeptide, which are vital for the
regulation of the body’s metabolism. The exocrine pancreas consists primarily of acinar and
ductal epithelial cells, and its function is to produce pancreatic juice, a mixture of digestive
enzymes and electrolyte-rich fluid [1]. Acinar cells account for more than 80% of the organ’s
tissue and synthesise, store, and excrete digestive enzymes as inactive precursors (zymogens),
which become active in the duodenum. Zymogens are secreted in an isotonic, NaCl- and H'-
rich fluid from which CI™ is then exchanged for HCO;™ by ductal cells [2]. The resulting high
HCOs™ concentration (up to 140 mM) ensures that the secretion maintains an alkaline pH,
thereby neutralising the acid chyme from the stomach and providing an optimal pH in the
intestinal lumen for enzyme activity [3]. Approximately 1.5-2 litres of pancreatic juice are
secreted daily into the duodenum to flush down the digestive enzymes and prevent their
premature activation. In the duodenum, enterokinase catalyses the conversion of trypsinogen to
trypsin, initiating an activation cascade. The resulting trypsin then further activates trypsinogen

and converts all other proenzymes into their active forms.
II. Acute pancreatitis

II.1.  Definition, epidemiology, classification, and aetiology

Acute pancreatitis (AP) is a sudden inflammatory disease of the exocrine pancreas and is
a leading cause of non-malignant gastrointestinal-related hospitalisation [4]. Although the
overall mortality is ~2 %, approximately 20 % of patients will develop a more severe form of
AP associated with organ failure, in which the mortality can reach 30 % [5]. The annual
incidence of the disease exceeds 30/100,000 population and shows an increasing tendency in
developed countries [6].

AP typically presents with sudden, severe epigastric pain radiating to the back, often
accompanied by nausea and vomiting. The severity of the disease varies widely and can be
categorised as mild, moderately severe, or severe forms based on the Revised Atlanta
Classification system [7]. Mild AP is limited to the pancreas and has no local complications or

organ failure. The majority of AP cases are mild, and patients typically recover within a week.



Moderately severe AP resolves more slowly and is associated with local (e.g. peripancreatic
fluid accumulation, pseudocyst, necrosis) or systemic complications, accompanied by transient
organ failure that resolves within 48 hours. Severe AP is characterised by persistent organ
failure lasting more than 48 hours. The most commonly affected extrapancreatic organs in AP
are the lungs, heart, and kidneys. Approximately 25-30% of patients experience recurrent
episodes of AP, which carries a significant risk of progression to chronic pancreatitis or
pancreatic cancer. The diagnosis of AP requires at least two of the following three criteria: (i)
characteristic symptoms (epigastric upper abdominal pain); (ii) elevated serum lipase activity
(or amylase activity), at least three times greater than the upper limit of normal; (iii) imaging
consistent with the diagnosis [8].

The most common causes of AP include gallstones, alcohol consumption, and
hypertriglyceridemia (HTG). Biliary pancreatitis and alcohol-induced AP account for about 60—
80 % of AP cases, whereas AP induced by HTG with serum triglyceride levels above 11.3 mM
is less common (approximately 9 %) [9]. Biliary pancreatitis may occur when a gallstone
obstructs either the bile duct or the pancreatic duct [10]. Alcohol-induced AP is characterised
by regular and excessive alcohol consumption, often accompanied by a high-fat diet [11]. HTG-
induced AP is associated with demographic factors (e.g. younger age, higher male
predominance) and a history of obesity or type-2 diabetes mellitus [12]. Less common causes
of AP include endoscopic retrograde cholangiopancreatography, hypercalcemia, genetic

polymorphisms, toxins, and drugs.
I1.2.  Pathogenesis

The pathomechanism of the disease is complex and not yet fully understood. The
disruption of normal intracellular Ca®" signalling, a key mechanism of AP, triggers the
premature activation of digestive enzymes by blocking the secretion of zymogens into the
ductal space and by promoting the colocalization of proenzymes with lysosomal enzymes, such
as cathepsin B (Fig. 1) [13,14]. Under physiological conditions, the inositol trisphosphate
receptor and ryanodine receptor Ca®" release channels on the endoplasmic reticulum (ER), the
store-operated Ca** channels on the plasma membrane, and several two-pore channels are
sources of global and sustained Ca?" influx. Prolonged ER Ca*" release and cellular Ca** entry,
due to continued toxic stimulation, overload the mitochondria and trigger the opening of the
mitochondrial permeability transition pore, leading to the loss of mitochondrial membrane
potential [15]. Disruption of mitochondrial membrane function results in the release of

mitochondrial contents (e.g. cytochrome ¢) and a low-energy state due to ATP depletion.



Decreased ATP production impairs Ca?" clearance, thereby facilitating sustained and peaked

cytosolic Ca®" concentrations.
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FIG 1. The pathogenesis of acute pancreatitis. The disruption of normal intracellular Ca?* signalling by a
pathological stimulus initiates the premature activation of digestive enzymes and the activation of nuclear factor
kB (NF-kB). The colocalisation of lysosomal and zymogen compartments leads to cathepsin B leakage into the
cytosol, resulting in premature activation of trypsinogen and, consequently, acinar cell death in the early stages
of pancreatitis. The activation of NF-kB occurs independently of trypsinogen activation and leads to the release
of inflammatory mediators, as well as the recruitment of inflammatory cells. These processes contribute to

acinar cell death in the later stages of pancreatitis and drive the systemic inflammatory response. Abbreviations:
PKC, protein kinase C. Source: Saluja et al., 2019.

Independent of trypsinogen activation, pathologic Ca®' signalling also induces the
translocation of nuclear factor kB (NF-kB) into the nucleus, and NF-kB activation leads to the
release of cytokines (e.g. interleukins 1 and 6, tumour necrosis factor-a)), which contribute to
leukocyte recruitment and promote the inflammatory response [16,17]. Among the first immune
cells recruited into the pancreas, neutrophils produce numerous enzymes (e.g. myeloperoxidase
— MPO), chemokines, and cytokines, while also activating additional intrapancreatic digestive
enzymes [18]. Damage-associated molecular patterns (e.g. ATP, cytokines) are released from

damaged and necrotic cells and can induce further inflammation. In addition, the intra-acinar



generation of reactive oxygen species (ROS) increases with the decreasing capacity for
systemic clearance [19]. Excessive ROS accumulation and ATP depletion promote necrosis, a
hallmark of the severe form of the disease [20].

Other critical cellular processes during AP include impaired autophagy, ER stress, and
decreased ductal HCO3™ and fluid secretion [13]. The reduced ductal function further aggravates
the early enzyme activation and acinar cell damage. Low concentrations of AP-triggering
factors (alcohol or bile acids) stimulate, whereas high concentrations inhibit HCO;™ secretion.
In addition, pancreatic duct obstruction can alter acinar cell membrane trafficking, thereby
facilitating the progression of AP. Decreased lysosomal functions and altered maturation of
lysosomal hydrolases have been shown to impair autophagy, leading to mitochondrial
dysfunction, ER stress, dysregulated lipid metabolism, and increased AP severity (Fig. 1). ER
stress 1s known to disrupt the physiologic apical secretory process and may be associated with
the development of an autophagic response and the colocalisation of zymogens with lysosomal
enzymes, both of which are directly known to lead to trypsinogen activation [15]. Although
many of the critical pathways of AP have been identified, unfortunately, the disease’s

management is still based on supportive therapy.
IL.3.  Ferroptosis and its role in AP

During the pathogenesis of AP, acinar cells are damaged and die via various cell death
pathways, including necrosis, apoptosis, necroptosis, ferroptosis, and pyroptosis [21]. The type
of cell death can determine the severity of the disease, and necrosis, necroptosis, and ferroptosis
are associated with the severe forms of AP. Ferroptosis is an iron-dependent, non-apoptotic
form of programmed cell death, characterised by the accumulation of iron and the extensive
production of ROS and lipid peroxides [22]. Iron can trigger ROS generation by initiating the
Fenton reaction and acts as a cofactor for lipid peroxidase enzymes [23,24]. Antioxidant
systems, such as glutathione peroxidase 4 (GPX4) and its cofactor glutathione (GSH), convert
phospholipid peroxides into non-toxic lipid alcohols and provide resistance to ferroptosis
[25,26]. Previous reports have demonstrated that iron accumulation in AP may upregulate
ferroptosis-related proteins in the pancreas, and that early trypsin activation can degrade the
GPX4 enzyme [27,28]. Deregulated autophagy was also shown to initiate ferroptosis by
degrading ferritin, the primary iron ion-storing protein, leading to oxidative injury [29].
Increased lipid peroxidation can activate multiple inflammatory pathways, and the release of
pro-inflammatory mediators will further exacerbate lipid peroxidation and intracellular

oxidative stress, suggesting a close relationship between ferroptosis and inflammation [30,31].



III. Endogenous hydrogen sulfide

Hydrogen sulfide (H2S) is recognised as a signalling molecule that appears to regulate
diverse cellular physiological processes, and alterations in endogenous H»S synthesis have been
associated with the development of various diseases [32,33]. In mammalian cells, HoS is
produced mainly from L-cysteine and homocysteine by three enzymes: cystathionine -
synthase (CBS), cystathionine y-lyase (CTH), and 3-mercaptopyruvate sulfurtransferase. All
three enzymes are widely distributed across tissues but differ in their locations and expression
levels. In addition to the enzymatic synthesis of H>S, there exist bound sulfur sources capable
of releasing free H2S upon acidification or reduction of the parent molecule.

Emerging research indicates that H»S reduces oxidative stress and exerts cytoprotective
effects by scavenging ROS and enhancing antioxidant enzyme activity [34,35]. Reduced HoS
production has been described in various conditions, including atherosclerosis, hypertension,
and hepatic steatosis [36—38]. Conversely, its protective role has been shown in Alzheimer’s
and Parkinson’s diseases, ischaemia-reperfusion injury, diabetes mellitus, and arthritis. Its
complex interaction with lipid peroxides, as well as its ability to promote GPX4 expression,
also emphasises its role in preventing ferroptotic processes [34,39]. Currently, more than 300
clinical trials (ClinicalTrials.gov) are associated with H>S research, emphasising its significant
translational potential.

Although the upregulation of HS synthesis or its administration confers protective effects
in inflammatory conditions, the overexpression of enzymes responsible for H>S production may
exacerbate inflammation through the activation of NF-kB [40]. Whiteman et al. demonstrated
that the rapid release of H2S at high concentrations exhibits pro-inflammatory effects, indicating
that both the absolute concentration of H>S and the time course of its presence following
inflammation induction are of critical importance [41]. While the physiological and
pathophysiological effects of H2S have been extensively investigated, many questions and

apparent contradictions remain regarding how it acts in living organisms.
IV. Organosulfur molecules

Sulfur-containing organic compounds, known as organosulfurs, are abundantly found in
nature (e.g. cysteine, biotin, penicillin), and synthetic ones also exist. Many of them are
biologically active and can influence specific signalling pathways (e.g. NF-kB, nuclear factor-
erythroid 2 related factor 2 — Nrf2), activate ion channels (K*, Ca?", transient receptor potential

ankyrin — TRPA, or transient receptor potential vanilloid channels), affect protein function
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through persulfidation, and exhibit antioxidant properties [42—45]. Numerous organosulfur
compounds are also potential H>S donors, and their anti-inflammatory effects are most probably
linked to HaS release.

Organosulfurs and H>S donors, such as S-diclofenac, S-propargyl-cysteine, and
sulforaphane, have been shown to attenuate the severity of AP and/or the associated lung injury
[40,46—48]. Administration of diallyl disulfide, a garlic-derived organosulfur compound,
significantly ameliorated the pancreatic tissue injury and the damage in the lungs resulting from
AP. Its anti-inflammatory effect was associated with decreased serum amylase activity, tumour
necrosis factor-a, preprotachykinin A, and neurokinin-1 receptor expression, as well as H,S
production in both the pancreas and the lung [49]. Other organosulfurs, namely dimethyl
trisulfide (DMTS), diallyl trisulfide (DATS), GYY4137, AP39, and ATB-346, have been
reported to exhibit very strong anti-inflammatory and antioxidant effects across various disease

conditions, but no information exists regarding their impact on AP.
IV.l. DMTS

DMTS is a naturally occurring organosulfur compound and the simplest organic
trisulfide. It reacts with haemoglobin, facilitating methaemoglobin formation, and also has a
great potential to reduce cyanide poisoning [50,51]. DMTS was also shown to activate the
TRPA1 ion channel, a Ca®" channel that acts as a sensor for pain, modulate pain sensation, and

reduce inflammation in serum-transfer arthritis [52,53].
IV.2. DATS

DATS is a natural H>S donor organosulfur that can be metabolised by GSH in
erythrocytes to form H»S at a consistent rate over a prolonged period of time. Lee et al. showed
that DATS suppresses the activation of the NF-kB signalling pathway and inhibits
lipopolysaccharide binding to Toll-like receptor 4 in macrophages [45]. It also exhibited
antioxidant activity by mitigating oxidative stress and augmenting the activity of antioxidant

enzymes (e.g. superoxide dismutase — SOD) [54-56].
IV.3. GYY4137

GYY4137 is a synthetic, water-soluble H>S donor organosulfur molecule, designed to
release H»S in a gradual and sustained manner. Previous research has demonstrated its ability
to decrease the levels of pro-inflammatory cytokines (e.g. interleukins 1 and 6, tumour necrosis
factor-a) and to reduce the secretion of nitric oxide and prostaglandin E2 [57]. GYY4137 was

also shown to induce apoptosis and possess potent anti-cancer activity [58,59].
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Iv4. AP39

AP39 is a synthetic, slow-releasing H>S donor organosulfur compound with
mitochondria-targeting capabilities. The molecule comprises a triphenylphosphonium cation
linked to an H>S donor by an aliphatic linker, enabling it to accumulate in the mitochondria.
AP39 has been shown to protect endothelial cells during oxidative stress and maintain
mitochondrial DNA integrity [60]. It also limited mucosal injury and altered the tissue

inflammatory response in necrotising enterocolitis [61].
IV.5.  ATB-346

Due to severe side effects caused by non-steroidal anti-inflammatory drugs (NSAIDs) in
the gastrointestinal tract, novel HS-releasing derivatives were developed to provide
gastrointestinal safety while maintaining or exceeding the efficacy of their parent drugs in pain
modulation and inflammation [62—64]. ATB-346 combines a traditional NSAID, naproxen,
with a covalently attached H>S-donor chemical moiety, 4-hydroxy-thiobenzamide. It has
demonstrated anti-inflammatory effects in various inflammatory diseases by reducing several
inflammatory parameters, including pro-inflammatory cytokine expression, leukocyte
infiltration, and cyclooxygenase activity [44,65]. Dief et al. showed that ATB-346 suppresses
neutrophil adherence and exhibits chondroprotection in a rat model of zymosan-induced
arthritis [66]. It also reduced inflammation in humans in a model of acute dermal inflammation
and provided evidence of significant protection against the development of gastrointestinal

ulcers in a Phase 2B clinical study [67,68].
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AIMS

Given the significant anti-inflammatory potential of organosulfur compounds, our
objective was to comprehensively investigate and compare the five most widely studied
organosulfur molecules in experimental AP: ATB-346, DMTS, DATS, GYY4137, and AP39.
Furthermore, we aimed to provide insights into the mechanisms of action of DMTS and ATB-

346 in both in vivo and in vitro studies. Our detailed aims were the following:

1) to compare the five aforementioned organosulfurs as therapeutic agents against

experimental AP both in vivo (mice) and in vitro (pancreatic acinar cells)

2) to reveal how DMTS influences the severity of AP by investigating its effect on
oxidative stress, cellular viability, and intracellular Ca®" signalling, as well as by

assessing its impact on serum and tissue sulfide levels

3) to investigate the impact of ATB-346 on AP severity by testing its effect on oxidative

stress and ferroptosis
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MATERIALS AND METHODS

I. Materials and solutions

All chemicals were obtained from Merck Life Science Kft. (Budapest, Hungary) unless
indicated otherwise. The solutions utilised for in vivo measurements were freshly prepared
before each experiment. Cerulein (Cer) (Glentham Life Sciences, Corsham, UK) was dissolved
in dimethyl sulfoxide (DMSO), and the working solution (5 ug/mL) was diluted in
physiological saline (PS). Palmitoleic acid (POA) was dissolved in absolute ethanol (EtOH)
(87.67 mg/mL working solution). The organosulfur solutions were prepared in the following
manner: (1) ATB-346 (Cayman Chemical, Ann Arbor, MI, USA) was dissolved in DMSO
(200 mM stock solution) and the solution was diluted to 5 mM in 50 mg/ml polysorbate 80
(Poly80) in PS by stirring overnight; (2) AP39 (Cayman Chemical, Ann Arbor, MI, USA) was
prepared in DMSO (20 mM stock solution) and then further diluted to 20 uM in PS; (3)
GYY4137 (Cayman Chemical, Ann Arbor, MI, USA) was dissolved in PS (5 mM); (4) DATS
(Cayman Chemical, Ann Arbor, MI, USA) was prepared in 50 mg/mL Poly80 in PS (50 mM)
by stirring overnight; (5) DMTS was dissolved in 30 mg/mL Poly80 in PS (79.2 mM) by
stirring overnight. Antibodies used for Western blotting, the tissue culture media and the
Malondialdehyde (MDA) Colourimetric Assay Kit were purchased from Thermo Fisher
Scientific (Waltham, MA, USA)

II. Animals

Eight- to ten-week-old male FVB/N mice weighing 22-30 g were used for the
experiments. The animals were obtained from Charles River Laboratories Inc. (Wilmington,
MA, USA). They were housed in the departmental animal facility at a constant room
temperature of 24°C with a 12-hour light-dark cycle and were allowed free access to water and
standard laboratory chow for rodents (Innovo Kft., Isaszeg, Hungary).

The experiments were conducted in accordance with the European Union Directive
2010/63/EU and the Hungarian Government Decree 40/2013 (I1.14.). Experiments involving
animals were approved by both local (University of Szeged) and national ethical committees

(permit no. X./1714/2020).

14



III.  In vivo experiments: acute pancreatitis induction, treatment with

organosulfurs and tissue harvesting

All in vivo experiments were performed in a dedicated laboratory space. The animals were
randomly allocated into groups using a computer-based random order generator. No criteria for
inclusion and exclusion were set. In the first part of the study, necrotising AP was induced by
intraperitoneal (i.p.) hourly injections of 10 x50 pg/kg Cer. The different organosulfur
treatment doses, administration routes and timing are shown in Table 1. For DMTS and ATB-
346, we employed another necrotising AP model. Here, AP was induced by i.p. hourly
injections of 2 x 1.35 g/kg EtOH and 2 x 150 mg/kg POA in mice.

Control groups were given PS instead of Cer or EtOH-POA, and Poly80, DMSO or the
combination of Poly80 and DMSO instead of the corresponding organosulfur. The animals
were sacrificed 12 h after the first Cer injection or 24 h after the first EEOH-POA by deep
anaesthesia induced with 150 mg/kg i.p. pentobarbital (Bimeda MTC, Cambridge, Canada).
These time points refer to generally accepted timings when Cer-AP or EtOH-POA-AP reaches
the peak severity of the disease. Immediately after opening the abdomen, a small piece of the
pancreas was removed and transferred to TRI-reagent (Zymo Research, Irvine, CA, USA) for
subsequent mRNA expression analysis. Blood was collected via cardiac puncture (~400 pL)
and allowed to clot at 0°C for 30 min. Following centrifugation (3,500 g at 4°C for 15 min), the
serum was obtained and stored at —20°C until use. The pancreas was rapidly removed and
cleaned of fat and lymph nodes on ice, then cut into pieces. One large portion was promptly
frozen in liquid nitrogen and stored at —80°C until biochemical assays were conducted. Another
piece of the pancreas was fixed in 8 % neutral formaldehyde solution for histological analysis.
A third part was stored in Eppendorf tubes at room temperature for dry-wet weight
measurement. To minimise subjective biases, various investigators were involved at different
stages of each in vivo experiment (allocation and administering of the treatments, animal

sacrifice, outcome assessment, and data analysis).
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Table 1. Organosulfur treatment doses, administration routes, and timing.

DMTS DATS GYY4137 AP39 ATB-346
Organosulfur
AP models Cerap ~ FIOHPOA oo up CoraP  Cerap Cer AP E1OH-POA
AP AP
Administration s.c sc ; ; ; 0 0
routes .C. .C. D. D. D p.o. p.o.
2 x 400 3 x 600 2x25 2x25 2x0.125 2x20 3 x40
Doses (umol/kg) 2 x 600 3 x 800 2 x50 2 x50 2x0.25 2 x40 3x80
2 x 800 2x100 2x100 2x0.5 2 %80
Timing of the
treatments
2,5 1,6,12
(hours from the > 2.5 2.5 2.5 2.5 2.6.12
first Cer or or0,3 or0,3 12
EtOH-POA
injection)

Abbreviations: AP, acute pancreatitis, DMTS, dimethyl trisulfide; DATS, dially! trisulfide; Cer, cerulein, EtOH-
POA, ethanol and palmitoleic acid; s.c., subcutaneous; i.p., intraperitoneal; p.o., per os.

IV. Histological analysis

The formalin-fixed pancreatic samples were dehydrated and cleaned before being
paraffin-embedded and sectioned to 3 um. These sections were stained with hematoxylin and
eosin and were evaluated by two independent, blinded observers. Oedema was scored between
0 and 3 points (0: none; 1: patchy interlobular; 2: diffuse interlobular; 3: diffuse interlobular
and inter-acinar), leukocyte infiltration between 0 and 4 points (0: none; 1: patchy interlobular;
2: mild diffuse interlobular; 3: moderate diffuse interlobular; 4: diffuse interlobular and intra-
acinar) [69]. The percentage of cell damage was also assessed, with all forms of cell death

(necrosis and apoptosis) classified as tissue damage.

V. Laboratory measurements

To evaluate pancreatic water content, the wet weight (WW) of the pancreas was measured
immediately after harvesting. The tissues were then dried for 48 h at 100°C, and the dry weight
(DW) was also measured. The wet/dry weight ratio was calculated as [(WW-DW)/WW] x 100.

Serum amylase activity was measured on a FLUOstar OPTIMA microplate reader (BMG
Labtech, Ortenberg, Germany) using a colourimetric kinetic method and a commercial amylase
activity kit (Diagnosticum Zrt., Budapest, Hungary). The absorbance of the samples was
detected at 405 nm.
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Pancreatic MPO activity, a hallmark of neutrophil granulocyte infiltration, was also
determined. Briefly, pancreatic tissues (~50 — 100 mg) were thawed and chopped into small
pieces before being homogenised in phosphate buffer (20 mM KH2PO4 and 20 mM KoHPO4
buffer, pH = 7.4) using an ultrasonic homogeniser (Branson Sonifier 250; Emerson Electric,
Brookfield, CT, USA). on ice. After centrifugation (20,000 g at 4°C for 20 min), the pellets
were collected and resolved in phosphate buffer (50 mM KH>PO4 and 50 mM KoHPO4 buffer,
pH = 6.0) containing 0.5% hexadecyl trimethylammonium bromide detergent (0.5 mL
buffer/sample). Following thorough vortexing, homogenates were centrifuged at 20,000 g at
4°C for 10 min, and aliquots of the supernatant were put in Eppendorf tubes. MPO activity was
assayed using 3,3'5,5 -tetramethyl-benzidine-H,O», and the reactions were carried out in 96-
well microplates at room temperature. The absorbance at 450 nm was measured using a
microplate reader. MPO activities were normalised to total protein content as measured by the

Lowry method [70].

VI. Western blot

The GPX4 protein expression was measured from pancreatic tissue homogenates using
Western blot analysis. Sonication was used to homogenise pancreatic tissue on ice in a buffer
containing: 10 mM Na-HEPES, 1 uM MgCl,, 10 mM KCI, 1 mM DL-dithiothreitol, 5 mM
iodoacetamide, 4 mM benzamidine-HCI, 1 mM phenylmethyl sulfonylfluoride. Sample protein
concentration was determined using the Bradford protein assay, followed by denaturation
through boiling in sodium dodecyl sulfate (SDS)-Laemmli Sample buffer for 10 min. The
samples were separated using SDS polyacrylamide gel (15 %) electrophoresis, and 64 pg of
protein was loaded per lane. The gels were stained with Coomassie brilliant blue (to confirm
equal loading of proteins for Western blot analysis) or transferred to a nitrocellulose membrane
for 1 h at 100 V. The nitrocellulose membranes were blocked in Pierce™ Clear Milk Blocking
Buffer (Thermo Fisher Scientific, Waltham, MA, USA) overnight at 4 °C before incubating
with rabbit anti-GPX4 (cat.no.: MA5-32827) antibody at 1:10,000 dilution for 1 h at room
temperature. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; cat.no.: PA1-987) was
used (at 1:5000) as a loading control. The immunoreactive protein was visualised by enhanced
chemiluminescence, using horseradish peroxidase-conjugated anti-rabbit immunoglobulin
(cat.no.: 31460) at 1:10,000 dilution. Quantitative analysis of the results was achieved using the
Image] software (NIH, Bethesda, MD, USA). The blot images were cropped, and only the

relevant bands are shown in the figures.
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VII. mRNA extraction and reverse transcription

Following the transfer of a small piece of the pancreas to 1 mL of TRI-reagent, the
samples were homogenised using an IKA Ultra Turrax (Type: TP18/10; Janke and Kunkel IKA,
Staufen im Breisgau, Germany) and the homogenates were stored at —80°C until use (for a
maximum of 1 or 2 days). Total RNA isolation was performed utilising chloroform/isopropanol
extraction. Briefly, phase separation was accomplished by adding 200 pL of chloroform to the
samples, shaking vigorously for 15 min, allowing them to stand, and then centrifuging at
12,000 g for 15 min at 4°C. The top aqueous phase was aspirated into an empty Eppendorf tube
from the resulting three phases, and 500 pL of isopropanol was added. After vortexing, the
samples were allowed to stand for a few minutes and centrifuged at 12,000 g for 10 min at 4°C.
The supernatant was removed, and the formed RNA precipitate was washed with 1 mL of 75 %
ethanol. Following centrifugation (7,500 g for 5 min at 4°C), the supernatant was removed
again, and the RNA was redissolved in 70 uL. of RNAse-free water. After quantifying and
assessing purity using a NanoDrop instrument (Thermo Fisher Scientific, Waltham, MA, USA),
RNA integrity was determined by agarose gel electrophoresis. Two micrograms of total RNA
were used for reverse transcription to cDNA. The PCR protocol for reverse transcription was
started at 25°C for 10 min, followed by 37°C for 2 h, 85°C for 5 min, then 4°C. cDNA was

stored at —20°C until further use.

VIII. Quantitative real-time PCR

Quantitative real-time PCR reactions were carried out using the Luminaris Colour
HiGreen qPCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) with specific
primers (listed in Table 2). The total reaction mix volume was 10 puL. The reaction mixture
components were the following: cDNA sample, 0.4 uM forward and reverse primer, Luminaris
Colour HiGreen qPCR Master Mix and nuclease-free water. The thermal cycling protocol for
the quantitative real-time PCR was set according to the manufacturer’s instructions. All primers
used in relative gene expression measurements were verified with the Oligoanalyzer program
from Integrated DNA Technologies (Coralville, IA, USA;
https://www.idtdna.com/pages/tools/oligoanalyzer). Gradient PCR was performed to determine
the appropriate annealing temperature of the primers. The housekeeping gene in mRNA studies

was Gapdh.
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Table 2. Oligonucleotide primer pairs used for the determination of relative gene expression

Gene 5'-3' primer pairs Product (bp)

Cth F: TTTGAATACAGCCGCTCTGGA 192
R: GAAGTACCTGTTGGTGCCTCC

Cbs F: TTGCGGTACTGGTCTAGGATG 178
R: TCATCGTGATGCCAGAGAAG

Hmox1 F: CACAGGGTGACAGAAGAGGCTAA 96
R: CTGGTCTTTGTGTTCCTCTGTCAG

Sodl F: ATTACAGGATTAACTGAAGG 238
R: CAATGATGGAATGCTCTC

Sod2 F: CAGACCTGCCTTACGACTATGG 113
R: CTCGGTGGCGTTGAGATTGTT

Cat F: TCAGGTGCGGACATTCTA 204
R: ATTGCGTTCTTAGGCTTCT

Fthi F: GCAGGATATAAAGAAACCAGACCG 125
R: TGTCAGTAGCCAGTTTGTGC

Txnrdl F: CAGCCCTGAAGCCGAACAA 869
R: TGTGGATTGAGCAGTCACCC

Gapdh F: GACAACTTTGGCATCGTGGA 133

R: ATGCAGGGATGATGTTCTGG

IX. Pancreatic acinar cell isolation

Mouse pancreatic acinar cells were isolated according to Williams et al., with collagenase
digestion [71]. Briefly, after the animals were sacrificed, the pancreas was removed, washed,
and placed into ice-cold PS. The tissue was then cleaned of fat and lymph nodes on ice. The
Digest solution utilised in the following steps contained the following in DMEM/F12: 2 mM
L-glutamine, 0.25 mg/mL soybean trypsin inhibitor (Thermo Fisher Scientific, Waltham, MA,
USA), 2.5mg/mL bovine serum albumin and 4,500 U/g pancreas type 4 collagenase
(Worthington Biochemical Co., Lakewood, USA). Following cleaning, the pancreas was cut
into small pieces in 5 mL Digest solution. The tissue was incubated for 10 min in a shaking
water bath (150 rpm) at 37°C. Then, the digestion medium was replaced with fresh medium,
and the tissue was incubated for an additional 50 min with shaking. After digestion, the acinar
cells were washed twice by centrifugation at 4°C, 50 g for 2 min, then resuspended in acinar
cell culture medium, which contained the following in DMEM without phenol red: 2 mM L-
glutamine, 0.25 mg/mL soybean trypsin inhibitor. The weight of the cellular supernatant was

quantified by an analytical scale, and the final cell suspension was set to 15 mg cells/mL. The
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cells were placed in a 37°C CO; incubator. The viability of the acini was rapidly determined
using the trypan blue technique, and they were used for in vitro measurements if their viability

was greater than 90 %.

X. Acinar viability measurements

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Calcein-AM, and
propidium iodide (PI) methods were employed to determine cellular viability. Actively
respiring cells convert MTT via mitochondrial reductases, thereby reflecting cellular metabolic
activity. Calcein-AM is retained by viable cells with intact membranes and indicates
intracellular esterase activity, whereas PI indicates cellular necrosis. Isolated pancreatic acinar
cells were seeded on 8-well microscope slides and treated with the following treatment
solutions or with a specific combination of them: 30 uM ATB-346; 240 uM DMTS; 100 uM
DATS; 10 uM GYY4137; 0.3 uM AP39; 0.17 mg/ml Poly80 with 0.4 % DMSO (vehicle
control); 90 mg/ml Poly80 (vehicle control); 0.5 uM 1S,3R-RSL 3 (RSL 3); 5 uM erastin, 1 uM
CCT137690 (CCT); 0.5 uM staurosporine (MedChemExpress; Monmouth Junction; NJ; USA);
I nM Cer; 50 mM EtOH with 20 uM POA; 500 uM hydrogen peroxide (H>0O2); 50 uM
menadione; 60 mM L-arginine-HCI (L-arg); 0.1, 0.3, and 0.5 mM sodium chenodeoxycholate
(CDC); or 1 % Triton X-100. All treatment solutions were prepared in acinar cell culture
medium.

For the MTT assay, acinar cells were treated for 5 h at 37°C. Then, 0.5 mg/mL MTT was
administered to the cells, and they were incubated for an additional 3 h with the dye and the
treatments. After 8 h (5 and 3 h incubations), the formed formazan crystals were dissolved in
DMSO, and the absorbances were measured by a microplate reader using a 595 nm filter. The
Triton X-100 treatment served as the negative control, while untreated cells were the positive
controls (considered 100 % viable).

For the Calcein-AM and PI assays, 1 uM Calcein-AM, 0.7 pug/ml PI, and 1.25 pg/ml
H33342 were applied to the cells 30 min before the end of the treatment times, where Calcein-
AM stained only viable cells with intact membranes, PI stained the nuclei of cells with
compromised membranes, and H33342 stained all the cell nuclei. At the end of the treatment
times, images of pancreatic acinar cells were captured (4 images / well) by an Axio Observer 7
(Carl Zeiss, Oberkochen, Germany) fluorescent microscope with Zen 2.6 Pro software. The
following excitation/emission wavelengths were utilised: 495/515 for Calcein-AM; 533 —
558/570 — 645 for PI; 365/420 — 470 for H33342. Image] software was used to measure the
areas of Calcein-AM, PI, and H33342 stainings. The percent of metabolic activity was
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calculated by dividing the areas of Calcein-AM and H33342. Cellular necrosis was quantified
by calculating the area of PI divided by the area of H33342. Triton X-100 treatment was

considered to result in 100% toxicity.

XI. Measurement of reactive oxygen species

The intracellular ROS was determined by a microfluorescence method. Pancreatic acinar
cells were seeded into a 96-well plate and exposed to the following treatment solutions either
individually or in combination, all prepared in acinar cell culture medium: 30 uM ATB-346;
240 uM DMTS; 0.17 mg/ml Poly80 with 0.4% DMSO; 0.5 uM RSL 3; 5 uM erastin, 1 uM
CCT; 1 nM Cer; 50 mM EtOH with 20 uM POA; 10, 30, and 50 pM menadione; 60 mM L-
arg; 0.5mM CDC.10 uM 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-
H2DCFDA), and 1.25 pg/ml H33342 were applied to the cells 30 min before the end of the 8 h
treatment. Following the 8 h treatment, the 96-well plate was placed into a FLUOstar OPTIMA
plate reader, and every 4 min a measurement was performed for 3 h, utilising 490/544 (carboxy-
H2DCFDA) and 390/445 — 455 (H33342) excitation/emission wavelengths. ROS was
quantified by dividing the carboxy-H2DCFDA and H33342 fluorescence intensities at 2 h.

XII. Real-time measurement of intracellular Ca?* concentration

The intracellular Ca?* concentration (ic[Ca?']) was monitored in real time using an Axio
Observer 7 fluorescent microscope. Acinar cells were seeded in standard HEPES solution and
loaded with 5 uM FURA-2-AM (Biotium, Fremont, CA, USA) for 30 — 90 min in a humidified
atmosphere at 37°C containing 5 % COx. Then, the cells were placed on a poly-L-lysine-coated
(5 pL, 0.01 % w/v) coverslip and incubated for 20 min to allow attachment to the surface.
During the measurement, cells were perfused with the following solutions in the indicated
order: (1) standard HEPES solution; (2) DMTS (0 or 240 uM); (3) 0.1 nM Cer or 1 nM Cer
with or without 240 uM DMTS; (4) DMTS (0 or 240 uM); (5) standard HEPES solution; (6)
100 uM carbachol. The perfusion rate was 4 — 6 mL/min, and five to fifteen small areas (regions
of interest) of 3 — 10 cells were monitored. 340 and 380 nm excitation wavelengths were
utilised, and the 340/380 fluorescence excitation ratio was measured at 510 nm. One ic[Ca**]
measurement was obtained per second. For the quantitative assessment of Ca>" responses, the
number (shown as frequency) and height (shown as calcium response) of individual spikes
recorded between 480 and 960 s (8 min) were counted and averaged to be presented as mean +

standard deviation (SD). In case of supramaximal (1 nM) Cer administration, the area under the

curve and the decreasing slope of ic[Ca?*] response were calculated.
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XIII. LC-MS/MS measurement of low molecular weight metabolites from

pancreatic tissue and serum samples

Measurements were based on the method published by Akaike et al [72]. The following
low-molecular-weight metabolites were determined: cysteine, cysteine persulfide, glutathione,
glutathione persulfide, and sulfide. Briefly, frozen pancreatic tissue was homogenised with a
dismembrator, then resuspended in ice-cold methanol containing S5mM [-(4-
hydroxyphenyl)ethyl iodoacetamide (HPE-IAM). After sonication, the derivatisation was
performed at 37°C for 20 min, followed by centrifugation (14000 g; 10 min; 4°C). Then, 100 ul
of the supernatant was acidified with 10 % formic acid (FA) and diluted two-fold with 0.1 %
FA/H>0 before injection. Tissue pellets were dissolved in 1 % SDS in phosphate-buffered
saline, and following sonication, protein content was measured using a BCA assay (Pierce BCA
Protein Assay Kit, Thermo Fisher Scientific, Waltham, MA, USA).

75 ul of ice-cold methanol containing 5 mM HPE-IAM was added to 25 pl of the serum
sample. Then the mixtures were incubated at 37°C for 20 min and centrifuged at 14000 g, for
10 min, at 4°C. The supernatant was acidified with 10 % FA and diluted two-fold with 0.1 %
FA/H>0 before injection.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) measurements were
carried out on a Thermo Q-Exactive Focus Orbitrap mass spectrometer coupled to a Thermo
Vanquish UHPLC (ultra-high-performance liquid chromatograph), and the samples were
analysed with two different methods. MS/MS detection was conducted in positive ionisation
mode, and higher-energy collisional dissociation was used to detect the analytes.

Measurement of derivatised analytes was conducted on a Phenomenex Kinetex C18 (50
x 2.1 mm, 2.6 um) column with eluents 0.1 % FA/H>0 (A) and 0.1% FA/MeOH (B). The initial
5% B was linearly increased first to 13 % in 2 min, then to 95 % in 4 min, held there for
0.5 min, then lowered back to 5% B in 0.1 min and held there for 3.4 min before the next

injection. The flow rate was 0.5 ml/min, and the column was thermostated at 40°C.

XIV. Measurement of MDA

The level of MDA, an indicator of oxygen radical-induced lipid peroxidation, was
measured in tissue samples using a commercial MDA Colourimetric Assay Kit, as described

by the manufacturer.
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XV. Statistical analysis

The sample size calculation was performed prior to in vivo studies with G x Power (effect
size: 1.8; power: 0.95; alpha error probe: 0.05). Values represent means with SD. Experiments
were evaluated by one- or two-way ANOVA followed by Dunnett’s or Tukey’s post-hoc test
(GraphPad Prism, GraphPad Software LLC, version 10.5.0). Normality was verified utilising
visual assessment (Q-Q plot) and statistical testing (Shapiro-Wilk test). The Brown-Forsythe
test was used to assess the homogeneity of variances. If necessary, the Kruskal-Wallis test was

performed, followed by Dunn’s post-hoc test. P <0.05 was accepted as statistically significant.
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RESULTS

I. Comparison of organosulfurs against experimental AP

I.1.  Organosulfur molecules dose-dependently ameliorate the severity of Cer-

induced AP in mice

Three different doses of each organosulfur molecule (ATB-346, DMTS, DATS,
GYY4137, AP39) were employed to assess their effects on Cer-induced AP in FVB/N mice.
The pancreata of the control group exhibited normal morphology (Fig. 2A). AP induced by
supramaximal doses of Cer resulted in increased pancreatic water content, intensive leukocyte
infiltration, MPO activity, serum amylase activity, and 40—-50% tissue damage (Figs. 2-4). The
administration of 2 x 20 umol/kg ATB-346 did not affect the severity of the disease. In contrast,
the 2 x40 umol/’kg ATB-346 treatment significantly reduced the histological (oedema,
leukocyte infiltration, cellular damage) parameters (Figs. 2B-D), and the highest dose of ATB-
346 (2 x 80 umol/kg) markedly decreased both histological and laboratory (water content,
MPO, serum amylase) parameters as well (Figs. 2B-G).

Similar results were observed when investigating the effects of various doses of DMTS
and DATS in the same Cer-induced AP model (Fig. 3). Representative histological sections
demonstrated that AP caused damage to the pancreatic tissue, while both DMTS and DATS
were able to ameliorate this damage in a dose-dependent manner (Figs. 3A, G). DMTS
treatments at doses of 2x400 and 2 x 600 umol/kg proved ineffective, whereas the
administration of DMTS at 2 x 800 umol/kg significantly reduced the severity of AP (Figs. 3B-
F). Administering 2 x 25 umol/kg DATS did not impact the severity of the disease. However,
both 2 x50 and 2 x 100 pmol’kg DATS treatments significantly reduced the degree of AP-
induced increases in pancreatic oedema, leukocyte infiltration, cellular injury, and water content
(Figs. 3H-K). Only the highest dose of DATS (2 x 100 umol/kg) could decrease tissue MPO
and serum amylase activities (Figs. 3L-M).

To examine the effects of GYY4137 and AP39 on pancreatic injury, varying doses were
administered in Cer-induced AP (Fig. 4). Histological sections revealed severe tissue damage
characterised by oedema, inflammatory cell infiltration, and acinar cell necrosis during the
disease course (Figs. 4A, H). The lowest dose of GYY4137 (2 x 25 umol/kg) significantly
reduced the tissue damage but did not affect other measured parameters during AP.
Administering GYY4137 at a 2 x 50 pmol/kg dose lowered the Cer-induced cellular damage
and serum amylase activity (Figs. 4D, G). However, the treatment with 2 x 100 pmol/kg
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GYY4137 significantly reduced all measured values, thereby alleviating the severity of AP
(Figs. 4B-G). AP39 at a 2 x 0.25 pumol/kg dose significantly reduced both oedema and tissue
damage, as well as serum amylase activity (Figs. 41, K, N), while the lowest AP39 dose
(2x0.125 umol/kg) was ineffective. Treatment with the highest dose of AP39
(2 x 0.5 pmol/kg) markedly decreased all the AP severity parameters (Figs. 41-N).
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FIG 2. The effect of ATB-346 on the severity of cerulein (Cer)-induced necrotising acute pancreatitis
(AP). Mice were treated per os with 2 x 20, 2 x40 or 2 x 80 pumol/kg ATB-346, whereas intraperitoneal
injection with 10 x 50 pg/kg Cer was used to induce AP. Control animals received physiological saline instead
of Cer, or vehicle instead of ATB-346. The animals were sacrificed 12 h after the first Cer or physiological
saline injection. (A) Representative histopathological images of pancreatic tissues of the treatment groups. Bar
charts demonstrate the extent of pancreatic (B) oedema (evaluation of histological sections), (C) leukocyte
infiltration, (D) cellular damage, (E) water content (as measured by the dry-wet weight ratio), (F)
myeloperoxidase (MPO) activity, and (G) serum amylase activity. Values represent means with standard
deviation (SD). (B—G) One-way ANOVA was carried out, followed by Dunnett’s post-hoc test, where all of the
groups were compared to the Cer-only group, *p < 0.05; **p <0.01; ***p <0.001; ****p <(0.0001.
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FIG 3. The effects of dimethyl trisulfide (DMTS) and diallyl trisulfide (DATS) on the severity of Cer-
induced necrotising AP. Mice were treated subcutancously with 2 x 400, 2 x 600 or 2 x 800 pmol/kg DMTS or
intraperitoneally with 2 x25, 2x50 or 2x100 umol’kg DATS, whereas intraperitoneal injection with
10 x 50 pg/kg Cer was used to induce AP. Control animals received physiological saline rather than Cer, or vehicle
instead of DMTS or DATS. The animals were sacrificed 12 h after the first Cer or physiological saline injection.
(A, G) Representative histopathological images of pancreatic tissues of the treatment groups. Bar charts
demonstrate the extent of pancreatic (B, H) oedema (evaluation of histological sections), (C, I) leukocyte
infiltration, (D, J) cellular damage, (E, K) water content (as measured by the dry-wet weight ratio), (F, L) MPO
activity, and (M) serum amylase activity. Values represent means with standard deviation (SD). (B—F, H-M) One-
way ANOVA was carried out, followed by Dunnett’s post-hoc test, where all of the groups were compared to the
Cer-only group, *p < 0.05; **p < 0.01; ***p <0.001; ****p < 0.0001.
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FIG 4. The effects of GYY4137 and AP39 on the severity of Cer-induced necrotising AP. Mice were treated
intraperitoneally with 2 %25, 2x50 or 2x100 umol’kg GYY4137 or with 2x0.125, 2x0.25 or
2 x 0.5 umol/kg AP39, whereas intraperitoneal injection with 10 x 50 pg/kg Cer was used to induce AP. Control
animals received physiological saline instead of Cer, or vehicle instead of GYY4137 or AP39. The animals
were sacrificed 12 h after the first Cer or physiological saline injection. (A, H) Representative histopathological
images of pancreatic tissues of the treatment groups. Bar charts demonstrate the extent of pancreatic (B, I)
oedema (evaluation of histological sections), (C, J) leukocyte infiltration, (D, K) cellular damage, (E, L) water
content (as measured by the dry-wet weight ratio), (F, M) myeloperoxidase (MPO), and (G, N) serum amylase
activities. Values represent means with standard deviation (SD). (B—G, [-N) One-way ANOVA was carried
out, followed by Dunnett’s post-hoc test, where all of the groups were compared to the Cer-only group, *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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1.2.  Invitro protective effects of organosulfur molecules against AP-inducing

agents

To investigate the cytoprotective properties of these organosulfur molecules, cellular
viability studies were conducted using the MTT and PI assays. The following organosulfur
concentrations could be safely administered and were selected for further experiments: 240 uM
DMTS; 100 uM DATS; 10 uM GYY4137; 0.3 uM AP39; 30 uM ATB-346. To investigate the
cytoprotective effects of organosulfur molecules, primary pancreatic acinar cells were treated
with AP-inducing agents, namely Cer, L-arg, and CDC (Fig. 5). The administration of 60 mM
L-arg and 0.5 mM CDC significantly lowered the acinar metabolic activity (Fig. 5A-B) and
caused toxic effects at 8 h (Figs. 5C-D). In contrast, 240 uM DMTS, 0.3 uM AP39, and 30 uM
ATB-346 effectively restored the metabolic activity compared to the L-arg-only group, whereas
only 240 uM DMTS could mitigate the adverse effect of CDC (Fig. 5A-B). All applied
organosulfur treatments markedly decreased the L-arg- and CDC-induced toxicity (Figs. 5C-
D). Administration of 1 nM Cer caused 16.9 + 4.2 % toxicity at 8 h, which was significantly
reduced by all organosulfur treatments, suggesting cytoprotective effects (Fig. SE). In case of
Cer administration, metabolic activity was not assessed, as Cer alone markedly alters the

metabolic activity and can lead to false positive results.
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FIG 5. Metabolic activity and toxicity measurements on isolated pancreatic acinar cells. The effects of
60 mM L-arginine-HCI (L-arg), 0.5 mM sodium chenodeoxycholate (CDC), or 1 nM cerulein (Cer) and their
combination with each organosulfur molecule (240 uM DMTS, 100 uM DATS, 10 uM GYY4137, 0.3 uM
AP39, 30 uM ATB-346) on isolated mouse acinar cells were measured by (A-B) 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) and (C-E) propidium iodide (PI) methods. Both the MTT (metabolic
activity) and the PI (toxicity) methods were used after 8 h of treatment. Values represent means with standard
deviation (SD). One-way ANOVA was carried out, followed by Dunnett’s post-hoc test, *p < 0.05; **p < 0.01;
**%p < 0.001; ****p < 0.0001.
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II. The anti-inflammatory effect of DMTS in experimental AP

II.1. DMTS reduces the severity of AP in mice when administered with AP

induction

Among the five organosulfur molecules, DMTS and ATB-346 were further investigated.
An alternative model of necrotising AP induced by EtOH-POA treatment was also employed
in FVB/N mice (Fig. 6). The treatment doses of DMTS (3 x 600 and 3 x 800 umol/kg) were
given at 1, 6, and 12 h following the onset of the inflammation. The EtOH-POA AP model
significantly increased the pancreatic oedema and leukocyte infiltration (Fig. 6A-C). The
administration of DMTS did not affect the pancreatic water content and oedema during AP
(Fig. 6B); however, it markedly reduced the leukocyte infiltration and MPO activity at both
doses (Fig. 6C-D). Cellular damage was detected in the EtOH-POA AP model, reaching ~35 %
(Fig. 6E). DMTS treatments with 3 x 600 and 3 x 800 pmol/kg doses significantly reduced the

cellular damage.
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FIG 6. DMTS administration reduces the severity of ethanol and palmitoleic acid (EtOH-POA)-induced
necrotising AP. Mice were treated subcutaneously with 3 x600 or 3 x 800 umol’kg DMTS, whereas
intraperitoneal injection with 2 x 1.35 g/kg EtOH and 2 x 150 mg/kg POA was used to induce AP. Control animals
received physiological saline instead of EtOH-POA or vehicle instead of DMTS. The animals were sacrificed 24 h
after the first EtOH-POA or physiological saline injection. (A) Representative histopathological images of
pancreatic tissues of the treatment groups. Bar charts demonstrate the extent of pancreatic (B) water content (as
measured by the dry-wet weight ratio) and oedema (evaluation of histological sections), (C) leukocyte infiltration,
(D) MPO activity, and (E) cellular damage. Values represent means with standard deviation (SD). (B-E) One-way
ANOVA was carried out, followed by Dunnett’s post-hoc test, where all of the groups were compared to the Cer-

only group, *p < 0.05; **p < 0.01; ***p <0.001.
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II.2. DMTS modulates physiological, but not pathophysiological intracellular

Ca?* signalling in acinar cells

The ic[Ca?’] was monitored in real-time in isolated pancreatic acinar cells. To investigate
the effect of Cer on ic[Ca®'], cells were perfused with maximal (0.1 nM) and supramaximal
(1 nM) concentrations of Cer (Fig. 7A-E). Application of 0.1 nM Cer resulted in global,
oscillatory increases in ic[Ca®"] (Fig. 7A). The Ca** stores were subsequently depleted, and a
few minutes later, carbachol, an acetylcholine (ACh) receptor agonist, was unable to elicit a
relevant Ca®* signal. The DMTS pre-treatment had no effect on the Cer-evoked oscillation
frequency (Fig. 7A-B), but there was a significant increase in the average height of Ca®" signals
when the Cer treatment was compared to the Cer + DMTS treatment (Fig. 7A, C). Additionally,
in the Cer + DMTS group, a remarkable increase in ic[Ca®"] could be registered in response to
carbachol at the end of the experiment. The supramaximal concentration of Cer (1 nM) evoked
an initial peak in the Ca?" signal, followed by a return to the basal levels, and showed no further
increase or oscillation during stimulation (Fig. 7D-G). The pre-treatment with DMTS did not
affect the Cer-induced pathological Ca** signals.

I1.3. DMTS reduces oxidative stress in mouse pancreatic acinar cells

Intracellular concentrations of ROS were measured using the general oxidative stress
indicator carboxy-H2DCFDA after 8 h (Fig. 7H). Via a redox cycling mechanism, menadione
promotes intracellular ROS production. All applied menadione concentrations (10, 30, 50 pM)
markedly increased the intracellular ROS levels (Fig. 7H), whereas administering 240 uM
DMTS significantly reduced the effect of menadione on ROS formation.
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FIG 7. The effect of DMTS on intracellular Ca®" signalling and its antioxidant property in mouse
pancreatic acinar cells. (A) Representative trace of intracellular Ca*" concentration (ic[Ca?']) in response to
treatment with 0.1 nM cerulein (Cer) with or without 240 uM DMTS. At the end of the observation, acinar cells
were subjected to 100 uM carbachol. The number (shown as frequency) and height (shown as calcium response)
of individual spikes recorded between 480 and 960 s (8 min) were counted and plotted on panels B and C,
respectively. (D-G) Treatment of cells with 1 nM Cer with or without 240 uM DMTS. At the end of the
experiment, cells were subjected to 100 pM carbachol. When the ic[Ca?"] reached the maximum (8 + 0.5 min)
the values were plotted on panel (E). The area under the curve was determined for the 1 nM Cer treatment (F),
and the slope (decreasing part) of the response to Cer treatment (G). (H) Menadione (Menad) treatment at 10,
30, and 50 uM with or without 240 uM DMTS. Values represent means with standard deviation (SD). In the
case of ic[Ca?'], a total of 20 measurements were performed, and the cells were derived from 4 different animals.
Statistics: (H) One-way ANOVA was performed, followed by Tukey’s post-hoc test; and (B—C, E-G) Student’s
t-tests were applied. Statistically significant differences were marked in the following manner: ***p < 0.001;
‘a’, vs. control (p < 0.05).
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I1.4. DMTS increases serum sulfide and persulfide levels

To gain further insights into the protective effects of DMTS against AP, HPLC-MS/MS
(high-performance liquid chromatography coupled with tandem mass spectrometry) based
sulfur metabolome analyses were carried out. Mouse pancreatic tissue and serum samples were
derived from the Cer-AP model (12 h sacrifice time) treated with 2 X 600 and 2 x 800 umol/kg
DMTS doses. DMTS treatments at doses of 2 %600 and 2 x 800 umol/kg increased the
persulfide ratio (Cys-SSH/Cys-SH) in AP compared to the Cer-only group (Fig. 8 A). Moreover,
both 2 x 600 and 2 x 800 pumol’kg DMTS doses significantly increased the GSSH/GSH ratio
(Fig. 8B). We also observed an elevated level of sulfide (H>S) in the serum resulting from both
DMTS doses in AP compared to the Cer-only group (Fig. 8C). In pancreatic tissue, the analyses
revealed no significant differences in any of the measured metabolite levels between the Cer
groups with or without DMTS treatment (Fig. 8D-F). Overall, our results showed that DMTS
increases serum sulfide and low-molecular-weight persulfide levels and counteracts the effect

of Cer on GSH, but it did not alter the levels of any of the measured metabolites in pancreatic

tissue.
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FIG 8. DMTS elevates serum sulfide and persulfide levels but does not affect pancreatic persulfidation
and sulfide. The bar charts show cysteine (Cys-SH) and glutathione (GSH) persulfidation levels in serum (A—
B) and pancreatic tissue samples (D-E), respectively. Sulfur metabolome analyses of sulfide (H»S) levels in
serum (C) and tissue samples (F). Values represent means with standard deviation (SD). (B, D-F) One-way
ANOVA was performed, followed by Dunnett’s post-hoc test, where all of the groups were compared to the
Cer-only group, *p <0.05; **p <0.01. (A, C) Kruskal-Wallis test was performed, followed by Dunn’s post-hoc
test, the groups were compared to the Cer-only group, *p < 0.05; **p <0.01; ***p <(0.001. Abbreviations: Cys-
SSH, cysteine persulfide; GSSH, glutathione persulfide.
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III. The antioxidant and antiferroptotic actions of ATB-346 in

experimental AP

III.1. ATB-346 reduces the severity of EtOH-POA-induced AP

To conduct a more thorough investigation of the impact of ATB-346 on pancreatic injury,
it was employed to assess its effects on EtOH-POA-induced AP in FVB/N mice (Fig. 9). The
treatment doses of ATB-346 (3 x 40 and 3 x 80 umol/kg) were given at 2, 6, and 12 h following
the onset of the inflammation. The EtOH-POA-induced AP elevated the extent of oedema,
leukocyte infiltration, and pancreatic injury compared to the control group (Figs. 9A-E). Both
doses of ATB-346 (3 x40 and 3 x 80 pumol/kg) significantly reduced all histological
parameters, while the highest dose of ATB-346 (3 x 80 umol/kg) decreased the pancreatic
water content during AP (Fig. 9E). The 3 x 40 and 3 x 80 umol/kg ATB-346 doses also reduced
tissue MPO and serum amylase activities compared to the AP-only group (Figs. 9F-G).
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FIG 9. The effect of ATB-346 on the severity of EtOH-POA-induced necrotising AP. Mice were treated
per os with 3 x40 or 3 x80 umol’kg ATB-346, after AP was induced by intraperitoneal injection of
2 x 1.35 g/kg EtOH and 2 x 150 mg/kg POA. Control animals received physiological saline instead of EtOH-
POA or vehicle instead of ATB-346. The animals were sacrificed 24 h after the first EtOH-POA or physiological
saline injection. (A) Representative histopathological images of pancreatic tissues of the treatment groups. Bar
charts demonstrate the extent of pancreatic (B) oedema (evaluation of histological sections), (C) leukocyte
infiltration, (D) cellular damage, (E) water content (as measured by the dry-wet weight ratio), (F)
myeloperoxidase (MPO) activity, and (G) serum amylase activity. Values represent means with standard
deviation (SD). (B—G) One-way ANOVA was carried out, followed by Dunnett’s post-hoc test, where all of the
groups were compared to the EtOH-POA-only group, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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II1.2. ATB-346 attenuates cellular oxidative stress and promotes cytoprotection

To investigate the antioxidant properties of ATB-346, the mRNA expression of genes
involved in oxidative stress defence were determined. The relative gene expression of Hmox!
mRNA markedly increased in both Cer- and EtOH-POA-induced AP (Fig. 10A). All tested
ATB-346 doses (2 x20, 2x40, and 2 x 80 umol/kg) further elevated the Hmox! mRNA
expression compared to the Cer-only group, whilst only the highest dose of ATB-346
(3 x 80 umol/kg) increased the amount of Hmox! mRNA in the EtOH-POA AP model. The
expression of the Sod/ gene was significantly decreased in both employed AP models, and none
of the ATB-346 treatments proved effective in restoring the mRNA of Sod! to control levels
(Fig. 10B). A markedly reduced Sod2 mRNA expression was also observed in Cer-induced AP,
whereas in the EtOH-POA AP model, there was no significant change in the Sod2 mRNA
compared to the control group (Fig. 10C). In both AP models, the highest doses of ATB-346
(2 x 80 umol/kg and 3 x 80 umol/kg) significantly increased the expression of Sod2 mRNA.
The relative gene expression of Cat mRNA decreased in both Cer- and EtOH-POA-induced
AP. Treatments with ATB-346 (3 x 40 and 3 x 80 umol/kg) increased the amount of Cat mRNA
solely in the EtOH-POA AP model (Fig. 10D).

Cellular viability measurements were also conducted to assess the protective effect of
ATB-346 against oxidative stress-inducing agents using the Calcein-AM and PI methods
(Figs. 10E-F). Treatment with 0.5 mM H:O: significantly reduced acinar viability and evoked
a toxic effect at 2 h (Fig. 10E). Conversely, 30 uM ATB-346 lowered the H>O»-induced
toxicity, yet it was ineffective in increasing the cellular metabolic activity. Administering
50 uM menadione markedly decreased the acinar metabolic activity and resulted in 30 + 6%
toxicity at 2 h. In contrast, 30 uM ATB-346 effectively restored the metabolic activity
compared to the menadione-only group (Fig. 10F).

Intracellular concentrations of ROS were measured using carboxy-H2DCFDA after 8 h.
1 nM Cer, 50 mM EtOH+POA, 60 mM L-arg, 0.5 mM CDC, and 50 pM menadione treatments
all promoted intracellular ROS production, whereas 30 uM ATB-346 administration
significantly reduced the effects of the aforementioned treatments on ROS formation
(Figs. 10G-K). Administering 1 uM CCT resulted in no change in acinar ROS concentrations
when compared to the control group (Fig. 10L). The treatment with 30 uM ATB-346

significantly decreased the intracellular ROS level, confirming its ability to scavenge ROS.
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FIG 10. Assessment of the antioxidant properties of ATB-346. (A-D) The relative mRNA expression of
genes involved in oxidative stress defence (HmoxI, Sodl, Sod2, Cat) was determined by qPCR in samples
derived from in vivo experiments. (E-F) For in vitro acinar cell viability determination, both the Calcein-AM
(indicated as metabolic activity) and the PI (indicated as toxicity) methods were used after 2 h of treatments.
The effects of 0.5 mM H>0», or 50 uM menadione and their combination with 30 uM ATB-346 on acinar cell
viability ~were measured. (G-L) The general oxidative stress indicator 6-carboxy-2',7'-
dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) was used on acinar cells to measure intracellular
reactive oxygen species (ROS) production after 8 h of treatment. The following treatments and concentrations
were utilised for the ROS method: 1 nM cerulein (Cer), 50 mM ethanol and 20 uM palmitoleic acid
(EtOH+POA), 60 mM L-arginine-HCI (L-arg), 0.5 mM sodium chenodeoxycholate (CDC), 50 uM menadione,
1 uM CCT137690 (CCT). Values represent means with standard deviation (SD). (A-L) One-way ANOVA was
carried out, followed by Dunnett’s post-hoc test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p <0.0001.
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Cth and Cbs are genes involved in the transsulfuration pathway and encode two of the
three essential H,S-producing enzymes. Both applied AP models decreased the expression of
Cth and Chbs mRNA (Fig. 11A-B). In Cer-induced AP, the highest dose of ATB-346
(2 x 80 umol/kg) markedly increased the relative expression of Cbs mRNA; however, it proved

ineffective in all other instances.

A Cth B Chs

%k %k %k %k *

Relative
gene expression
—
$ Z 7 ®
L 1 1 L
Relative
gene expression

Cer = + + + ~+ Cer - + -+ + +
ATB-346 - - 2x20 2x40 2x80 ATB-346 - - 2x20 2x40 2x80
(nmol/kg) (pmol/kg)

2.0 * k% k 2.0+

S ] o § ] kokok k

7 1.5 = 1.5
L L »n
22 =2 1 X
3 & 1.0 52 104 2°
<3 R
Ko i o i o

5 0.5- S 0.5

Y | b | o & ﬁ

0.0- 0.0
EtOH-POA - + + + EtOH-POA - + + +
ATB-346 . - 3x40  3x80 ATB-346 - - 3x40  3x80
(nmol/kg) (nmol/kg)

FIG 11. The effect of ATB-346 on enzymes responsible for endogenous H:S production. The relative mRNA
expression of genes involved in the transsulfuration pathway (Cth, Cbs) was determined by qPCR. Values
represent means with standard deviation (SD). One-way ANOVA was carried out, followed by Dunnett’s post-
hoc test, *p < 0.05; ****p < 0.0001.
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Antioxidant molecules can help combat oxidative stress and guard against lipid
peroxidation, thereby offering protection against ferroptosis. Therefore, the effect of ATB-346
on ferroptosis was also investigated by measuring the mRNA expressions of Fthl and Txnrdl,
the presence of MDA and GPX4, and the ability of ATB-346 to reduce the effects of ferroptosis-
evoking agents (erastin, RSL-3). The relative expression of Fthl mRNA decreased in both Cer-
and EtOH-POA-induced AP, whereas the highest doses of ATB-346 (2 x 80 umol/kg and
3 x 80 umol/kg) significantly increased the amount of Fthl mRNA (Fig. 12A). The mRNA
expression of Txnrdl, an antioxidant gene, was markedly increased in the Cer AP model, whilst
in EtOH-POA-induced AP, there was no significant change in the 7xnrdl mRNA compared to
the control group (Fig. 12B). ATB-346 treatments with 2 x 80 umol/kg and 3 x 80 pmol/kg
doses significantly increased the expression of 7Txnrdl mRNA. The increased expression of
Fthl and Txnrdl mRNA following ATB-346 treatments indicates enhanced protection against
ferroptosis.

MDA is a biomarker of oxidative stress and lipid peroxidation, and the detection of MDA
can reflect the level of cellular damage from ferroptosis. Markedly elevated pancreatic MDA
levels were observed in both Cer- and EtOH-POA-induced AP, and the highest doses of ATB-
346 (2x80 umol’kg and 3 x 80 umol/kg) effectively reduced the MDA concentration
(Fig. 12C). GPX4 is considered an essential regulatory factor in ferroptosis and a key target to
counteract it. The protein expression of GPX4 was decreased in both employed AP models;
however, the 2 x 80 umol/kg and 3 x 80 umol/kg ATB-346 doses significantly increased the
GPX4 levels compared to the AP group (Fig. 12D).

Viability assays demonstrated that treatments with 5 uM erastin and 0.5 uM RSL 3, two
ferroptosis inducers, significantly reduced the acinar metabolic activity and caused 54 + 16 and
33+ 11% toxicity at 8 h, respectively (Figs. 12E-F). Administering 30 uM ATB-346 restored
the metabolic activity and significantly decreased the erastin- and RSL 3-induced toxicity. The
5 uM erastin and 0.5 uM RSL 3 treatments also increased the intracellular concentration of
ROS, while 30 uM ATB-346 markedly reduced the ROS production caused by erastin or RSL
3 (Figs. 12G-H).
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In vivo study: PCR, MDA detection, Western blot
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FIG 12. The effect of ATB-346 on ferroptosis. (A-B) The relative expression of ferroptosis-related genes (Fthl,
Txnrdl) was determined by qPCR in samples derived from previously presented in vivo experiments. (C)
Malondialdehyde (MDA), a biomarker of oxidative stress and lipid peroxidation, was measured in pancreatic tissue
samples derived from in vivo experiments. (D) The representative Western blot images of pancreatic glutathione
peroxidase 4 (GPX4) expression (samples derived from in vivo experiments) are depicted at the bottom, and the
bar chart shows the densitometry of Western Blot images for pancreatic GPX4 level. Band intensities were
assessed by using ImageJ software, and the GPX4 expression was normalised to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) levels (E-F) For in vitro acinar cell viability determination, both the Calcein-AM
(metabolic activity) and the PI (toxicity) methods were used after 8 h of treatment. The effect of 5 pM erastin, or
0.5 uM 1S,3R-RSL 3 (RSL 3) and their combination with 30 uM ATB-346 on acinar cell viability was measured.
(G-H) The general oxidative stress indicator carboxy-H2DCFDA was used on acinar cells to measure intracellular
ROS production after 8 h of treatment. The following treatments and concentrations were utilised for the ROS
method: 5 pM erastin, 0.5 uM RSL 3. Values represent means with standard deviation (SD). (A—H) One-way
ANOVA was carried out, followed by Dunnett’s post-hoc test, *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001.
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DISCUSSION

I. Comparison of organosulfurs against experimental AP

AP remains a life-threatening inflammatory disease with no specific therapy, making it
crucial to explore management options. Organosulfur compounds hold significant potential as
drug candidates for various disease conditions, especially those linked to inflammation. In our
study, treatments with all five organosulfur compounds (ATB-346, DMTS, DATS, GYY4137,
and AP39) dose-dependently reduced the severity of Cer-AP by lowering both histological
(oedema, leukocyte infiltration, cellular damage) and laboratory (water content, MPO, serum
amylase) parameters. We also demonstrated that AP-inducing agents (L-arg, CDC, and Cer)
caused cellular injury, and the administration of organosulfurs significantly reduced the
resulting cytotoxic effects. All the organosulfur compounds we tested have been shown to
exhibit cytoprotective effects, which can be attributed to various processes. These include the
protection of protein function through protein persulfidation [73], the modulation of specific
signalling pathways to mitigate the effects of oxidative stress, and the activation of the Kelch-
like ECH-associated protein 1/Nrf2 system [74,75]. Based on the viability and toxicity
measurements, GYY4137 and DATS exhibited less potent cytoprotection in comparison to
ATB-346, DMTS, and AP39. Furthermore, we showed that ATB-346 and DMTS exert a more
beneficial effect on disease severity relative to DATS, GYY4137 and AP39. Overall, DMTS
and ATB-346 demonstrated the strongest cytoprotective effects and had similar impacts on the
disease course. Our in vivo and in vitro results, along with the existing literature, confirm the
anti-inflammatory potential of organosulfur compounds and suggest their suitability as drug

candidates in AP.

II. The effect of DMTS on the severity of experimental AP

DMTS effectively safeguarded acinar cells and provided evidence of significant
protection against experimental AP. To verify this anti-inflammatory effect, DMTS was
employed in another AP model induced by EtOH-POA. DMTS administration decreased the
pancreatic leukocyte infiltration, MPO activity, and cellular damage, thereby alleviating the
severity of AP.

Intracellular Ca®" signalling is a vital process that regulates cellular functions. However,
pathophysiological events can cause abnormally elevated ic[Ca**], which in the case of acinar
cells will initiate AP [76,77]. High but physiological concentration of Cer (0.1 nM) caused

global ic[Ca?"] oscillations, but these oscillations diminished within 5-7 min, and thereafter, the

42



ACh receptor agonist carbachol could not stimulate further Ca?" release from the intracellular
stores. Nevertheless, when the DMTS pre-treatment was applied, the 0.1 nM Cer-induced Ca**
oscillations were sustained for longer periods, and carbachol could evoke a marked increase in
ic[Ca®']. We assume that the intracellular Ca** stores become depleted in response to maximal
Cer (0.1 nM) stimulation, and DMTS can prevent this. In addition, acinar cells become
unresponsive to carbachol after maximal Cer administration, but their responsiveness was
maintained in the presence of DMTS. However, the DMTS treatment did not affect the cellular
ic[Ca®'] response when the supramaximal and pathological Cer (1 nM) concentration was
applied. Based on these observations, we can conclude that DMTS can moderate physiological,
but not pathophysiological ic[Ca?'].

Sulfur-donor molecules, such as polysulfides, are effective antioxidants, and this property
may contribute to their beneficial effects in various diseases [78]. During AP, a significant
amount of ROS is generated, and excessive ROS production and ATP depletion promote
necrotic cell death rather than apoptosis [20]. Thus, we tested how DMTS protects primary
acinar cells during oxidative stress. DMTS was protective when acinar cells were treated with
the oxidative stress inducer, menadione, confirming its antioxidant capability. We hypothesised
about the underlying mechanisms of this antioxidant effect. DMTS contains a sulfane sulfur
(S%), which makes it redox reactive [79]. Via transpersulfidation, DMTS can act as a sulfane
sulfur donor, generating low-molecular-weight persulfides or persulfidate protein cysteine
residues to conserve their activity by utilising the thioredoxin system [73]. Beyond its direct
effect, DMTS, as a similar molecule to DATS, may also induce antioxidant enzymes via the
Nrf2 pathway, but this warrants further investigation [80,81]. As mentioned earlier, excessive
ROS production results in ATP depletion and necrosis. It would also be valuable in the future
to examine intracellular ATP production during AP and DMTS treatment. Acinar necrosis,
resulting from sustained ic[Ca®'], loss of mitochondrial membrane potential, and oxidative
stress, leads to the release of ATP, kallikrein, and trypsin into the extracellular space [14]. ATP
and kallikrein will then activate macrophages and stellate cells, respectively, and elevate
ic[Ca®'] [82]. Thus, further studies aimed at elucidating how DMTS influences the disease
pathophysiology should also investigate this aspect of the disease.

It has been proposed that H>S signalling occurs via oxidative posttranslational
modification of cysteine residues to persulfides [83—85]. Literature data indicate that, generally,
in inflammatory diseases, H2S production and increased persulfidation levels exert protective
roles, but their synthesis is disrupted and decreased [86,87]. Interestingly, other studies focusing

on AP reported opposite effects: experimental AP increased H>S production, with enhanced
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CBS and CSE expression [40]. Our sulfur metabolome analysis showed that, in experimental
AP, the serum and pancreatic tissue levels of sulfide and protein persulfidations were
unchanged. Here, we should note that the detection methods for sulfide and persulfidation
significantly affect the outcomes and vary across papers, which could explain the diverse results
[88]. Therefore, validated detection methods for sulfide and persulfidation are needed, and the
result should not be overinterpreted [89,90]. In our experiments, DMTS increased the serum
levels of sulfide and low-molecular-weight persulfides. This rise in persulfide levels may also
suggest increased H>S production. Our observations suggest that DMTS acts as an H2S/S%-
donor, as evidenced by elevated serum H>S levels and increased protein persulfidation, which
might contribute to the observed protective effects against oxidative or inflammatory processes.
It is also noteworthy that although H2S may play a significant role in the potential mechanism
of DMTS protecting against AP, it is currently very difficult to differentiate whether this effect
is mediated by H»S or persulfides/polysulfides. This is due to the fact that the currently available
state-of-the-art detection protocols are limited and may artificially alter the speciation of these

reactive sulfur compounds [89].

III. The effect of ATB-346 on the severity of experimental AP

NSAIDs, such as aspirin or naproxen, have anti-inflammatory, analgesic, and potential
chemopreventive properties. ATB-346 is a naproxen derivative with a covalently attached H»S
donor moiety, which has shown its anti-inflammatory effect on various inflammatory diseases
[44,65-67]. Taking into account the existing literature and our in vivo and in vitro results,
ATB-346 was selected for further investigation. To confirm the potent anti-inflammatory effect
of ATB-346 on AP severity, it was also utilised in a second necrotising AP model in mice
induced by EtOH-POA. In line with the findings in Cer-AP, ATB-346 attenuated the severity
of AP by decreasing all histological and laboratory parameters.

It is likely that the cytoprotective and anti-inflammatory properties of H>S released from
ATB-346 complement the anti-inflammatory effect of cyclooxygenase inhibition, resulting in
the enhanced beneficial effects of ATB-346 compared to those of naproxen. Based on literature
data, exogenous H»S exerts its anti-inflammatory effect by activating the antioxidant Nrf2 [91],
inhibiting the pro-inflammatory NF-xB [92], and suppressing the mitogen-activated protein
kinase signalling pathways [93]. Given the H>S-donor potential of ATB-346, the mRNA
expression of genes involved in oxidative stress defence were determined in our study. The
expression of HMOXI1, SOD1, SOD2, and CAT reflects the antioxidant defensive ability of the

pancreas [94-96]. ATB-346 treatments markedly increased the relative gene expression of
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Hmoxl1, Sod2, and Cat in a dose-dependent manner, which may contribute to its protective
effect. The activation of the transsulfuration pathway, induced by genes such as CBS, can
attenuate oxidative stress by increasing cellular glutathione levels [97]. ATB-346 significantly
elevated the relative expression of Chs mRNA in Cer-AP, likely due to the exogenous HoS
release. Viability assays demonstrated that ATB-346 protects acinar cells against cytotoxicity
caused by two commonly used oxidative stress inducers, H>O> and menadione, confirming its
antioxidant properties. During AP, in response to elevated ic[Ca*'], acinar and inflammatory
cells generate a significant amount of ROS [20]. The resulting oxidative stress and
mitochondrial Ca*" influx lead to a reduction in mitochondrial membrane potential and,
consequently, to the inhibition of ATP production in acinar cells [14]. Therefore, we tested
whether ATB-346 reduces intracellular ROS production and offers cytoprotection against both
exogenous and endogenous ROS in primary acinar cells. AP-inducing agents (namely Cer,
EtOH+POA, L-arg, and CDC) and menadione increased the intracellular ROS formation,
whereas administering the necroptosis inducer aurora kinase inhibitor CCT resulted in no
change in acinar ROS concentrations. ATB-346 markedly decreased the ROS production when
used in combination with the aforementioned treatments, confirming that ATB-346 likely acts
as a scavenger of ambient and induced ROS through H,S release, thereby reducing oxidative
damage.

Emerging research highlights the regulatory function of HaS in lipid peroxidation and its
complex interaction with lipid peroxides [34,39]. With growing experimental evidence that
ferroptosis is involved in various diseases, including AP, its inhibition by antioxidants has
become the focus of several studies [98,99]. As an antioxidant, ATB-346 may offer protection
against ferroptosis by counteracting oxidative stress and preventing lipid peroxidation, possibly
due to its HaS-donor property and anti-inflammatory effects. Therefore, we investigated the
impact of ATB-346 on the mRNA expression of genes involved in ferroptosis. FTHI plays a
crucial role in maintaining cellular iron balance during ferroptosis and is involved in
ferritinophagy, a selective form of autophagy [100]. The administration of ATB-346
significantly elevated the relative gene expression of Fthl mRNA, thereby likely limiting free
iron and inhibiting the formation of lipid peroxides. TXNRDI maintains cellular redox balance
by reducing thioredoxin and serves as a key regulator of various antioxidant pathways [101].
ATB-346 markedly increased the relative expression of Txnrdl, through which ATB-346 may
reduce the accumulation of lipid peroxides. Lipid peroxidation products increase during
ferroptosis, and catabolites such as MDA serve as valuable markers for oxidative stress [102].

MDA concentrations were markedly increased in both Cer- and EtOH-POA-induced AP, and
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ATB-346 effectively decreased the MDA levels, indicating that ATB-346 mitigated the cellular
damage caused by ferroptosis. GPX4 neutralises lipid peroxides and protects cells and
membranes against peroxidation [103]. Wang et al. showed that exogenous H:S released from
NaHS activates the Nrf2/GPX4/GSH pathway and suppresses ferroptosis [104]. ATB-346
significantly increased the GPX4 protein expression, likely through the activation of the Nrf2
pathway triggered by the H:S-releasing capacity of ATB-346. Inhibiting the GPX4/GSH
antioxidant system with the ferroptosis inducer erastin (depleting GSH) or RSL 3 (inhibiting
GPX4) led to cell death and increased intracellular ROS formation. ATB-346 administration
effectively safeguarded acinar cells, indicating its capacity to support antioxidant defence by

enhancing GSH levels and GPX4 activity, as well as independently of this pathway.

IV. Conclusion

This work provides evidence that all five tested organosulfur compounds exert anti-
inflammatory and cytoprotective effects. Of the five, DMTS and ATB-346 provided significant
protection against experimental AP and were selected for further investigation to gain insights
into their mechanisms of action (Fig. 13). DMTS effectively alleviated the severity of two
necrotising AP models, and we demonstrated that DMTS modulates physiological Ca**
signalling, reduces ROS levels, and elevates serum sulfide and persulfide levels. These effects
may result from its antioxidant properties, its role as an H2S donor, and/or its ability to decrease
leukocyte infiltration and inhibit MPO activity. ATB-346 attenuated the severity of two
experimental AP models and demonstrated antioxidant properties by increasing the expression
of antioxidant enzymes and reducing intracellular ROS concentrations. Additionally, it
increased the expression of genes involved in ferroptosis, lowered MDA levels, and protected
acinar cells from ferroptosis-inducing treatments. ATB-346 exerted this effect via the
enhancement of the GPX4/GSH antioxidant system and also independently from it. The release
of HaS from ATB-346’s donor moiety, combined with cyclooxygenase inhibition, may account
for the aforementioned effects.

Our results demonstrate that organosulfurs have anti-inflammatory and cytoprotective
effects, thus making them promising therapeutic agents in the treatment of AP. Overall,

organosulfur compounds are worth further investigation in this potentially lethal disease.
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Organosulfurs in acute pancreatitis
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SUMMARIES

Summary of the thesis

Introduction: AP, an acute inflammatory disorder of the exocrine pancreas, is a
potentially life-threatening disease with no specific treatment. Slow-releasing H>S donor
organosulfur compounds administered exogenously have been reported to exhibit anti-
inflammatory and antioxidant effects across various disease conditions, but limited information
exists regarding their impact on AP. Our objective was to comprehensively investigate and
compare the five most widely studied organosulfurs (ATB-346, DMTS, DATS, GYY4137,
AP39) as therapeutic agents against experimental AP in mice. Furthermore, we aimed to
provide insights into the mechanisms of action of DMTS and ATB-346 in both in vivo and in
vitro studies.

Methods: AP was induced in FVB/n mice either by hourly i.p. injections of Cer, or EtOH
and POA. Different doses of organosulfur treatments were administered i.p., subcutaneously or
per os simultaneously with AP induction. Disease severity was determined by evaluating
pancreatic histological scoring, pancreatic water content, MPO and serum amylase activities.
The relative mRNA expression of genes involved in oxidative stress defence (Hmox1, Sodl,
Sod?2, Cat), HoS synthesis (Cth, Cbs), and ferroptosis (Fthl, Txnrdl) were determined by qPCR.
Western blot experiments were performed to measure the pancreatic GPX4 protein expression.
The level of MDA in pancreatic tissue samples was assessed by colourimetry. HPLC-MS/MS-
based sulfur metabolome analyses were carried out to measure serum and tissue sulfide and
persulfide levels. Mouse primary pancreatic acinar cells were isolated by collagenase digestion
and used for in vitro assays (MTT, Calcein-AM, and PI) to determine cellular viability.
Intracellular concentrations of ROS and ic[Ca?’] were determined by microfluorimetry.

Results: Each organosulfur molecule (ATB-346, DMTS, DATS, GYY4137, AP39) dose-
dependently decreased the histological and laboratory markers of inflammation in Cer-induced
AP and demonstrated in vitro cytoprotective effects (MTT and PI assays). Additionally, DMTS
and ATB-346 alleviated the severity of EtOH-POA-induced AP, confirming their potent anti-
inflammatory  effects. DMTS administration modulated physiological but not
pathophysiological Ca?* signalling and reduced the effect of menadione on intracellular ROS
formation. Furthermore, it elevated serum H»S levels and increased protein persulfidation.
ATB-346 increased the mRNA expression of antioxidant (Hmox1, Sod2, Fthl, Txnrdl) genes,
reduced the level of MDA, and enhanced the GPX4 protein expression. Ferroptosis- (erastin,

RSL 3), oxidative stress- (H2O2, menadione), and AP-inducing (Cer, CDC, L-arg, EtOH-POA)
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agents reduced the cellular metabolic activity (Calcein-AM assay) and induced acinar cell
necrosis (PI assay). However, the administration of ATB-346 significantly decreased the toxic
effects of the aforementioned substances. ATB-346 reduced ROS levels when isolated acinar
cells were treated with menadione, ferroptosis- and AP-inducing agents.

Conclusions: This work provides evidence that all five tested organosulfur compounds
exert anti-inflammatory and cytoprotective effects. Among the five organosulfurs, DMTS and
ATB-346 exhibited the most potent cytoprotective effects and had similar impacts on the
disease course. Our findings suggest that the beneficial effects of DMTS in AP could be due to
its antioxidant properties and its role as an H>S donor. We also revealed that the antioxidant
and anti-inflammatory effects of ATB-346 are mediated through the enhancement of the GPX4
antioxidant system, as well as via GPX4-independent mechanisms. Our results indicate that
organosulfurs possess anti-inflammatory and cytoprotective properties, thus making them

promising candidates in the treatment of AP.

Summary of new findings

e All five organosulfurs (ATB-346, DMTS, DATS, GYY4137, AP39) reduced the
severity of experimental AP and exerted cytoprotection

e DMTS and ATB-346 emerged as the most potent agents, and they were selected
for further testing

e DMTS modulated physiological Ca®" signalling and reduced the menadion-
induced ROS levels

e DMTS increased serum H»S levels and protein persulfidation, indicating H>S
donor properties

e ATB-346 upregulated pancreatic antioxidant genes (HmoxI, Sod2) and
neutralised the produced ROS

e ATB-346 inhibited ferroptosis through the GPX4/GSH system, as well as by
increasing the mRNA expression of Fthl and Txnrdl
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