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Graphical abstract

XO was enormously increased in necrotic murine models and severe patients of acute
pancreatitis, pharmacological and genetic intervention of XO significantly affected

disease severity via HIF-1a-regulated LDHA and NLRP3 Pathway.
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Abstract Acute pancreatitis (AP) is a potentially fatal condition with no targeted
treatment options. Although inhibiting xanthine oxidase (XO) in the treatment of AP
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has been studied in several experimental models and clinical trials, whether XO is a
target of AP and what its the main mechanism of action is remains unclear. Here, we
aimed to re-evaluate whether XO is a target aggravating AP other than merely
generating reactive oxygen species that trigger AP. We first revealed that XO expression
and enzyme activity were significantly elevated in the serum and pancreas of
necrotizing AP models. We also found that allopurinol and febuxostat, as purine-like
and non-purine XO inhibitors, respectively, exhibited protective effects against
pancreatic acinar cell death in vitro and pancreatic damage in vivo at different doses
and treatment time points. Moreover, we observed that conditional Xdh overexpression
aggravated pancreatic necrosis and severity. Further mechanism analysis showed that
XO inhibition restored the hypoxia-inducible factor 1-alpha (HIF-1a)-regulated lactate
dehydrogenase A (LDHA) and NOD-like receptor family pyrin domain containing 3
(NLRP3) signaling pathways and reduced the enrichment of '*Cs-glucose to '*Cs-
lactate. Lastly, we observed that clinical circulatory XO activity was significantly
elevated in severe cases and correlated with C-reactive protein levels, while pancreatic
XO and urate were also increased in severe AP patients. These results together indicated
that proper inhibition of XO might be a promising therapeutic strategy for alleviating
pancreatic necrosis and preventing progression of severe AP by downregulating HIF-
la-mediated LDHA and NLRP3 signaling pathways.

KEY WORDS: Xanthine oxidase inhibitor; multi-omics; HIF-1a; necrotizing acute

pancreatitis; lactate; therapeutic target; NLRP3; metabolic flux

1. Introduction

Acute pancreatitis (AP) is characterized by inflammation of the exocrine pancreas,
primarily caused by gallstones, alcohol, and hypertriglyceridemia'2. While most cases
of AP are mild, approximately 20%-30% progress to a severe form?. Pancreatic
necrosis*® occurs in 20%-40% of severe AP (SAP) cases, often accompanied by
worsening organ failure, and the mortality rates are 35.2% and 19.8% for infected and
sterile necrosis, respectively®. Current treatments for SAP involve antibiotic therapy,
surgical interventions, and supportive care, but there is a lack of drugs with well-defined
targets>’®. Although numerous chemical agents or drugs have been tested in clinical
trials, their promising benefits have yet to be demonstrated’.

Xanthine oxidase (XO) was previously proposed as a drug target in early AP'°. It
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was implicated as the main source of reactive oxygen species (ROS) in pancreatic
acinar cells (PACs) when irreversible conversion from xanthine dehydrogenase (XDH)
catalyzed by trypsin or chymotrypsin and reversible conversion by thiol group
oxidation!®!!. Nevertheless, prophylactic administrations of allopurinol (ALLO), a
purine-like XO inhibitor (XOI)'?, to prevent early ROS generation have not achieved

consistent efficacy in various experimental AP!*13-16

and endoscopic retrograde
cholangiopancreatography ~ (ERCP)  induced AP'7?!. Instead, therapeutic
administrations of XOlIs have been proven to show benefits in several necrotizing AP
animal models**-%%. Therefore, administration with XOls during SAP progression at the
proper time point and concentration might be an effective route to re-evaluate their
therapeutic value.

Moreover, there is growing evidence that XO plays a significant role in escalating
local inflammation and systemic damage. Once XO activation occurs, the XO form
catalyzes monovalent and divalent electron transfer to Oz, resulting in superoxide ions
and hydrogen peroxide (H202)?. It is well known that ROS-induced oxidative stress
mediates the mitogen-activated protein kinase signaling pathway in the pancreas?, and

aggravates damage to the lung and kidney“”23

. However, whether the excessive
consumption of Oz even leads to hypoxia during ROS production is not clear. It has
been reported that XO could regulate the activation of hypoxia-inducible factor 1-alpha
(HIF-1a) in other diseases®®. Both hypoxia®’ and upregulation of HIF-la escalated
inflammation and metabolic disturbance during pancreatitis®®*'. Thus, it is necessary to
investigate the metabolic and inflammatory impact of XO activation accompanied by
hypoxia on disease progression.

In this study, we compared the XO enzyme activity and expressions of XO gene
and protein in animal models and PACs of varying severity. We also evaluated the
therapeutical efficacy of two kinds of XOlIs and the exacerbation effect of conditional
overexpression of Xdh in necrotizing AP models and studied the downstream metabolic
pathways and inflammatory signaling pathways using multi-omics, metabolic flux, and
other biochemistry approaches. Lastly, we detected XO and its metabolite expressions
in plasma and in situ tissue from SAP patients. Altogether, we sought to (1) evaluate
the therapeutical doses and effects of XOls in alleviating pancreatic necrosis in SAP

and (2) explore the action mechanism of XO in addition to merely generating ROS.
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2. Material and methods

A detailed description of the Materials and Methods for Reagents and Antibodies
(Supporting Information Table S1), Isolation of PACs and in vitro Studies, Biochemical
Assays, Histology, Immunohistochemistry (IHC), and Immunofluorescence, Western-
blot (WB) and reverse transcription-quantitative polymerase chain reaction (RT-qPCR),
RNAscope in situ Hybridization, Mass Spectrometry Imaging, RNA Sequence Analysis,
Targeted Metabolomics, Bioinformatic Analysis, Molecular Docking, Cell Metabolic
Flux Analysis, and Cellular Thermal Shift Assay can be found in the Supporting

Information Materials and Methods.

2.1. Animals and experimental models

Male C57BL/6J mice and Sprague—Dawley rats were purchased from Beijing
Huafukang Biotechnology Co., Ltd. or Jiangsu Gempharmatech Co., Ltd. The animals
were housed at a temperature of 21 + 2 °C with a 12-h light—dark cycle and provided
with a standard laboratory chow diet and ad libitum access to food and water. All animal
experiments were conducted following the approved protocols of the Animal Ethics
Committee of West China Hospital, Sichuan University (approval numbers: 2020321A;
20220315007).

Three AP models were employed: (1) Six to eight-week-old male mice (n > 6)
weighing ~22 g received 7 hourly intraperitoneal injections of 50 pg/kg cerulein to
induce a mild edematous model of AP (CER-AP). (2) Eight to ten-week-old male mice
(n > 10) weighing ~25 g received two intraperitoneal injections of 4 g/kg L-arginine
(ARG, 8.8%, pH = 7.0) at a 1-h interval to induce a severe necrotizing AP (ARG-AP).
(3) Eight to ten-week-old rats (n > 5) weighing ~230 g received retrograde pancreatic
ductal injection of 5% sodium taurocholate (NaT, 1 mL/kg) to induce severe biliary AP
(NaT-AP). Control groups received intraperitoneal injections of 0.9% sodium chloride
saline at the same volume, or control rats underwent a sham operation without NaT
perfusion.

For treatment with XOlIs, mice were (1) intraperitoneally injected with 30 mg/kg
ALLO starting from 8 h and twice a day for the next two days; (2) intraperitoneally
injected with 2 and 10 mg/kg febuxostat (FEB) twice a day starting from 8 h; and (3)
intraperitoneally injected with 0.5, 2, and 10 mg/kg FEB at 48 and 56 h. Rats received
intragastric gavage of 20 mg/kg ALLO at 0.5 and 4 h after surgery. Model groups
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received the same volume of solvent as treatment groups.

For adenovirus-mediated overexpression, adenoviruses expressing Xdh and
control green fluorescent protein were obtained from Vigene Bioscience (Jinan, China).
Adenovirus was administrated to the pancreas using an intraductal infusion system

following a previously established protocol®

. Briefly, six to eight-week-old male mice
received retrograde pancreatic ductal injection of adenoviruses at a concentration of
2.2x10° plaque-forming units/mL. Mice were infected with adenoviruses for 7 days
before ARG-AP model establishment, dead mice were excluded. The efficiency of
infection was assessed using fluorescence microscopy and RT-qPCR analysis
(Supporting Information Table S2).

Animals were sacrificed at designated time points after the first injection. Serum
was collected for the measurement of amylase, lipase, glutathione peroxidase (GPx),
superoxide dismutase (SOD) enzyme activities, aspartate aminotransferase, urea, and
creatinine. The entire pancreas was immediately excised. Separated pancreas samples
were used for trypsin and myeloperoxidase (MPO) activity measurement, XO enzyme
activity measurement, histopathological assessment, and Western blot or RT-qPCR
analysis. Lung sections were also isolated for MPO and histopathological analysis.
Tissues used for histological assessment were fixed in 10% formalin for paraffin
embedding. Serum and pancreatic tissues used for biochemical and omics studies were

aliquoted, shock-frozen in liquid nitrogen, and stored at —80 °C.

2.2. Cell culture and transfection

The mouse-derived PAC line 266-6 was obtained from the American Type Tissue
Collection (ATCC, Rockville, MD, USA). Cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivated fetal bovine serum and 1%
penicillin and streptomycin at 37 °C, 95% humidity, and 5% CO. Small interfering
RNAs (siRNA) targeting Xdh or a scrambled siRNA were constructed by Tsingke
Biotechnology Co., Ltd. (Beijing, China). Cells were seeded at a density of 1.0x10°
cells per well in a 12-well plate for 24 h before transfection. The indicated siRNA (50
nmol/L) was transfected into 266-6 cells at 60%-80% confluence using a

Lipofectamine 3000 Transfection Reagent following the manufacturer’s protocol.

2.3. Human studies and samples collections
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All human studies adhered to the principles outlined in the Declaration of Helsinki and
received approval from the Institutional Review Board and Biomedical Ethics
Committee of West China Hospital, Sichuan University (approval numbers: 2017, no.
456; 2020, no. 196). Written informed consent was obtained from all patients before
blood and/or pancreatic tissue sampling. Biobanking procedures, clinical data
collection, and storage followed our previous study>*.

The inclusion and exclusion criteria were reported in our previous study>*. Briefly,
inclusion criteria were: (1) age, 18—75 years old; (2) meet the diagnostic criteria of the
AP?*; (3) admitted to the hospital within 48 h of onset. Pregnancy, cancer, and major
infectious diseases were excluded. The AP severity of patients was categorized as mild
(no local or systemic complications), moderately severe (local complications without
persistent organ failure), and severe (persistent organ failure regardless of local
complications) by the revised Atlanta classification®> and 2018 American
Gastroenterological Association Guidelines®. Peripheral venous blood samples were
collected from AP patients within 72 h after the onset of abdominal pain. Blood was
collected in ethylenediaminetetraacetic acid tubes for plasma determination, following
our established protocol***°, Plasma samples from fasting healthy volunteers (HV)
were obtained from the West China Biobanks. Control pancreatic tissue samples were
obtained from patients who underwent left-sided or small unobstructed pancreatic
tumor resection, following a previous protocol’’. SAP pancreatic tissue samples were
obtained from patients undergoing necrosectomy, including necrotized and adjacent
inflamed pancreata. Written informed consent was obtained from the patients or their
legal guardians. All the clinical data for patients is noted in Supporting Information

Tables S3-S5.

2.4. Statistical analysis

All data are presented as mean + standard error of the mean (SEM). Statistical analysis
was performed using GraphPad Prism 8.0.1 software (La Jolla, CA, USA). Data from
two groups were analyzed using an unpaired two-tailed Student’s #-test or Mann-
Whitney U test. Data from multiple groups were analyzed using one-way ANOVA with
Dunnett’s multiple comparison tests or non-parametric tests with the Kruskal-Wallis H
test. Categorical data of clinical samples were reported as numbers with percentages

and were compared using a chi-square test. A P-value of less than 0.05 was considered

6/21



statistically significant.

3. Results
3.1. Enzyme activity, mRNA, and protein expressions of XO were significantly increased
in necrotizing AP
In the ARG-AP mice, pancreatic necrosis and inflammation were observed at 48 and 72
h after the first ARG injection (Fig. 1A and B). Serum XO activity increased as early as
8 h after the first injection (Fig. 1C) and continued to rise until 72 h. The mRNA
expression of Xdh increased immediately at 8 h and peaked at 72 h with an average fold
increase of 40 (Fig. 1D), which was consistent with the in situ gene expression of Xdh
at 72 h (Fig. 1E). Correspondingly, pancreatic XO protein expression was three times
higher in the 72-h group compared to the control group (Fig. 1F and G). In the
edematous CER-AP mice, pancreatic edema, inflammation, and scattered necrosis were
observed at 8 and 12 h after the first cerulein injection (Fig. 1H and I). No significant
increase in serum XO activity was observed in CER-AP (Fig. 1J). The Xdh mRNA
expression increased at 4, 8, and 12 h and achieved significance at 8 h compared to the
control group (Fig. 1K). Pancreatic XO protein levels at 8 and 12 h had an increased
propensity compared to the control group, according to IHC and WB data (Fig. 1L and
M). Additionally, serum XO activity in the NaT-AP rat model was increased as early as
3 h after modeling (Fig. 1N). In vitro, cell toxins including cerulein, taurolithocholic
acid 3-sulfate disodium salt (TLCS), H202, and ARG were found to increase XO protein
expression in PACs (Supporting Information Fig. S1A), and the enzyme activities of
XO were significantly increased after H2O2, ARG, and TLCS stimulation with a serial
concentration gradient as well as hypoxia and hypoxia plus 500 umol/L TLCS (Fig.
S1B). Meanwhile, hypoxia plus TLCS aggravated PACs necrosis in comparison to
applying them alone (Fig. S1C). These data suggest that XO was significantly increased
in both peripheral circulation and pancreas in severe necrotizing AP models, while it
was slightly increased in the edematous model, demonstrating the potential role of XO
in SAP.

Insert Fig. 1

3.2. XO inhibitors significantly improved severe necrotizing AP in vitro and in vivo

ALLO and FEB'? can inhibit XO through XO-XOI hydrogen bond interactions, as
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demonstrated by computer simulation (Fig. 2A and Supporting Information Fig. S2A).
Both ALLO and FEB demonstrated a dose-dependent protective effect against TLCS,
hypoxia, and TLCS plus hypoxia-induced cell death (Fig. 2B, Fig. S2B and S2C).
Furthermore, the inhibitory effect of XO enzyme activity sensitized by H202, ARG,
TLCS, hypoxia, and TLCS plus hypoxia was further confirmed in ALLO and FEB
treatments (Fig. 2C and Fig. S2D). As expected, 180 umol/L ALLO significantly
reduced H202-induced ROS, with N-acetylcysteine used as a positive control for ROS
content (Fig. 2D). Additionally, a cellular thermal shift assay assay was performed to
investigate the stability of XO and ALLO interactions in PACs. As expected, 180
pmol/L ALLO increased the thermal stability of XO in PACs, with rising temperatures
reaching statistical significance at 56 and 60 °C (Fig. 2E).
Insert Fig. 2

The effects of ALLO and FEB administrations on experimental necrotizing AP
were investigated. A schematic diagram of ALLO administration is presented in Fig.
3A. ALLO at 30 mg/kg administered from 8 h significantly decreased pancreatic
necrosis (Fig. 3B), serum amylase, and pancreatic trypsin activity (Fig. 3C), as well as
increased systemic oxidative stress markers, including serum SOD and GPx levels (Fig.
3D). Analysis of XO enzyme activity in serum and pancreas (Fig. 3E), along with XO
gene and protein expressions (Fig. 3F and G), further confirmed the therapeutic efficacy
of ALLO. Parameters of distant organs, including lung MPO levels (Fig. 3H) and
circulative levels of urea, creatinine, and aspartate aminotransferase (Fig. 3I), were
reduced in the ALLO treatment group compared to the AP group, with urea reaching
significance. However, FEB administered from 48 h showed a better improvement in
reducing parameters than that from 8 h (Supporting Information Fig. S3). FEB at 0.5
mg/kg (Fig. 3J) significantly reduced pancreatic necrosis (Fig. 3K), serum amylase
levels (Fig. 3L), lung MPO levels (Fig. 3M), pancreatic XO (Fig. 3N), and serum XO
levels (Fig. 30). The effect of ALLO at 20 mg/kg in NaT-AP rats was also evaluated.
ALLO significantly reduced disease severity assessments, including pancreatic
histological damage (Supporting Information Fig. S4A and S4B), serum amylase level
(Fig. S4C), and serum XO level (Fig. S4D), as well as increased SOD and GPx activities
(Fig. S4E). These data together suggest that the blockade of XO ameliorates SAP by
using different kinds of XOls at proper concentrations and time points.

Insert Fig. 3
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3.3. Multi-omics analysis reveals HIF-lo-regulated LDHA and NOD-like receptor
family pyrin domain containing 3 (NLRP3) signaling pathways play important roles in
inhibiting XO

To explore the mechanism of XO inhibition, RNA sequencing was performed. Volcano
plots (Fig. 4A) and Venn analysis (Fig. 4B) revealed 101 overlapped distinct genes, and
their expressions were shown in a heatmap combined with a violin plot (Supporting
Information Fig. S5A). Gene ontology and Kyoto Encyclopedia of Genes and Genomes
(KEGG) analysis were then conducted. The primary gene ontology terms were
displayed in a variant chord plot (Supporting Information Fig. S5B and Table S6). The
top 21 enriched KEGG pathways are shown in Fig. 4C and Supporting Information
Table S7, with NOD-like receptor signaling pathways (mmu04621) and HIF-la
signaling pathway (mmu04066) enriched with the metabolic gene Ldha. Accordingly,
pancreatic mRNA levels of Hifla, Ldha, Nilrp3, Il1b, and Caspase-1 (Caspl) (Fig. 4D),
as well as protein levels of HIF-1a and LDHA (Fig. 4E), were increased in AP and
reversed by XOI treatment. Given that XO and HIF- 1« participate in purine metabolism
and glycolysis metabolism, respectively (Fig. 4F), targeted metabolomics was
performed to measure the relative abundance of corresponding metabolites. A Pearson
correlation analysis between urate and other metabolites indicated that lactate was the
most relevant metabolite to urate (R*> = 0.9128 for AP vs. control in Fig. 4G, and R*> =
0.873 for ALLO vs. AP in Fig. 4H). The abundance of metabolites from glycolysis,
including lactate, pyruvate, glucose, and glucose-6-phosphate, was significantly
enhanced in the AP group. Lactate and urate were significantly reduced after ALLO
treatment (Fig. 41). Additionally, the ratio of pyruvate/phosphoenolpyruvic acid
increased in AP and decreased in the ALLO group, as did the ratio of
urate/hypoxanthine (Fig. 4J). Taken together, XO inhibition affects the NLRP3 and
HIF-1a signaling pathways, as well as anaerobic glycolysis and purine catabolism.
Insert

Insert Fig. 4

3.4. Pancreatic overexpression of Xdh aggravated AP severity and upregulated
downstream HIF-1o signaling pathway
Conditional pancreatic Xdh overexpression in mice was established using the

adenovirus infusion system (Fig. 5A), which emits a unique overexpression of Xdh
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marked with green fluorescence (Fig. 5B). After ARG injection, a higher mortality
(37.5%) was observed in the adenovirus-Xdh overexpressing AP group vs. wide type
(WT)-AP group (12.5%). Compared with the WT-AP group, there was an evident
increase in serum lipase, pancreatic trypsin, and pancreatic necrosis in adenovirus-Xdh
overexpressing AP mice (Fig. SC—F). The oxidative damage was also significantly
increased after Xdh overexpression, evidenced by pancreatic ROS (Fig. 5G), serum
SOD and GPx level (Fig. 5H). These were most likely due to an elevation in serum XO
enzyme activity (Fig. 5I), pancreatic Xdh gene (Fig. 5J), and XO protein (Fig. 5K).
Additionally, pancreatic HIF-1a and LDHA protein showed an increase in adenovirus-
Xdh overexpressing AP mice compared with the WT-AP group (Fig. 5K), along with
the downstream genes including Hifla, Nirp3, 1l1b, and Caspl (Fig. 5L). These results
demonstrate that pancreatic XO overexpression may aggravate pancreatic injury during
AP via activating HIF-1a.
Insert Fig. 5

3.5. Inhibition of XO downregulated HIF-1o-mediated LDHA and NLRP3 signaling
pathways

Next, we used a PAC line to investigate the effect of Xdh gene deletion. The mRNA of
Hifla and Ldha showed a relative decrease after the knockdown of the Xdh gene by
siRNA transfection in 266-6 cell lines (Supporting Information Fig. S6). Then, a time-
dependent increase in mRNA expressions of Xdh and Hifla was observed in hypoxia-
treated primary PACs (Fig. 6A) and ARG-AP pancreas (Fig. 6B), indicating the
prioritized order of Xdh. XOIs were then employed on PACs under hypoxia, resulting
in decreased mRNA expression of Hifla, Ldha, Nlrp3, IL1b, and CaspI(Fig. 6C and
Supporting Information Fig. S7). Furthermore, a reversal of protein expressions of HIF-
la and LDHA was observed after ALLO treatment in PACs (Fig. 6D and E).
Additionally, the labeled ratio of metabolites in glycolysis and the tricarboxylic acid
cycle from '3Cs-glucose in PACs were traced (Fig. 6F). As suggested in Fig. 6G, under
hypoxic conditions, the M+3 labeling lactate level was significantly increased. ALLO
reduced the buildup of labeled lactate, with no effect on aerobic metabolism. Finally,
the HIF-1a inhibitor PX-478 (Fig. 6H) was used in PACs and found to improve cell
death induced by TLCS (Fig. 6I) and decrease mRNA levels of the Ldha and Nirp3
pathways (Fig. 6J). However, HIF-1a inhibition did not reverse Xdh mRNA expression
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(Fig. 6K) or XO activity (Fig. 6L). Together with the prior data, these results suggest
that inhibition of XO decreased HIF-la-mediated LDHA and NLRP3 signaling
pathways.

Insert Fig. 6

3.6. Increased circulative and pancreatic XO was found in patients with severe AP

A brief protocol for human sample detection is shown in Fig. 7A. We examined the XO
activity in plasma from HV and AP patients of different severity. XO activity was
considerably higher in SAP patients than in HV, mild AP (MAP), and moderately severe
AP (MSAP) patients, respectively (Fig. 7B). C-reactive protein, a marker used to
predict the severity of AP, showed a higher correlation coefficient between XO and C-
reactive protein in non-MAP (MSAP + SAP) patients compared to MAP patients (Fig.
7C). Pancreatic tissues were collected from SAP patients. The in situ mRNA (Fig. 7D)
and protein expressions (Fig. 7E) of XO, as well as the catabolite urate of XO (Fig. 7F),
were measured to confirm the XO alteration in the necrotic pancreas. The in situ gene
expression of XDH, co-labeled with amylase, was significantly higher in SAP than that
in the control group, along with increased protein expression and ion intensity of urate.
Furthermore, we compared clinical data on the plasma levels of LDH and lactate in AP
patients of various severities up to admission and found higher contents of LDHA and
lactate in the SAP group (Fig. 7G) than those in MAP. The toxicity of different doses
of lactate on PACs was preliminarily determined, indicating that a high concentration
of lactate significantly induced cell death (Supporting Information Fig. S8). These
clinical data indicate that levels of XO are related to the severity of AP and also suggest
that peripheral expressions of XO and lactate are necessary to predict the progression

of AP.

4. Discussion

The pathogenetic theories and risk factors associated with SAP are still a subject of
mystery, despite numerous attempts to investigate the potential targets aggravating the
disease**. During the past 30 years, although some preliminary studies have been
conducted on the efficacy of inhibiting XO in AP, it is unclear whether XO is a target
for AP and the main mechanism other than ROS involved in amplifying inflammatory

disease. For instance, most of the previous experimental studies pretreated with XOlIs

11/21



in AP models did not work on all the AP models'®!*1¢ but therapeutical dosing has
yielded benefits in some necrotizing models®***?%, The administration dose of XOIs is
also different in each study. Additionally, prophylactic administration of ALLO at
various doses did not yield consistent benefits in ERCP-induced AP in previous random
controlled trials'’*!. The main reasons may be related to the sample size, simplex
etiology, disease severity, and improper concentration and administration methods.
Therefore, we aim to evaluate the therapeutical doses and effects of XOls in alleviating
pancreatic necrosis in SAP and explore its main downstream mechanism based on
animal models, primary cell models, and severe patient-related data.

In this study, we first employed three experimental AP models with varying levels
of severity and identified XO enzyme activities and expressions that were exclusively
increased in necrotizing ARG-AP or NAT-AP, but not significant in the edematous AP
model. These are consistent with earlier reports that ROS can be produced by XO
activation associated with cell death in necro-hemorrhagic pancreatitis while the source
of ROS in CER-AP is infiltrated neutrophiles®”. We therefore speculated that pancreatic
necrosis is associated with in situ increased XO expression. Further analysis of XO
alterations in PACs stimulated by various toxins revealed that TLCS, H202, and ARG
were more likely to increase XO activities than cerulein. Consistent findings in vivo and
in vitro studies suggest that the levels of XO expression and enzyme activity are closely
correlated with the degree of PACs necrosis and severity.

Given the increased enzyme activity, mRNA, and protein expression of XO were
all found after the modeling occurred and most obvious on the inflammatory peak, we
sought to determine the therapeutic impact of XOIs on the necrotizing AP model by
utilizing two XOls after the toxic inducer injections. ALLO is a potent purine-like XOI,
acting via a reversible binding mode with XO. The half-life of ALLO is about 1-2 h; it
is quickly oxidized to oxypurinol in vivo, which acts as an irreversible covalent inhibitor
and has a longer half-life than ALLO'>*°. FEB, a thiazole derivative, is a highly potent
non-competitive inhibitor of XO with an estimated Ki value of around 0.1 nmol/L*!. In
vitro molecular docking, cellular thermal shift assay, and PACs necrosis experiments
confirmed that XOls could protect against cell death in PAC. In vivo, both ALLO at 30
mg/kg starting from 8 h and FEB at 0.5 mg/kg starting from 48 h showed significant
improvement in pancreatic necrosis, although the degree of improvement in other

biochemical indicators and remote organs varied slightly. Interestingly, compared with
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ALLO, which has a relatively weak ability to inhibit XO, FEB requires a lower dose
and a shorter dosing time. Therefore, it is speculated that the therapeutic effect of XOlIs
can only be achieved at appropriate doses and time points to inhibit XO and protect
against pancreatic necrosis in vivo.

Except for the fact that XO-generated ROS initiated the mitogen-activated protein
kinase signaling pathway?, we do not completely understand how XO functions
downstream in necrotic AP. This is the first time to reveal that HIF-la-regulated
metabolic and inflammatory pathways play important roles in the inflammation
amplification process after XO activation in AP. It has been reported that XO could
activate HIF-1a through oxidative stress in tumor progression®®. HIF-1a likely regulates
NLRP3 inflammasome during acute lung injury* and following ischemic stroke®.
Further, HIF-1a could induce glycolytic reprogramming by increasing the glycolytic
protein LDHA***_ In AP, it has been widely accepted that NLRP3 is the main signaling
pathway that contributed to severe progression by regulating systematic inflammatory
response*®*’. Inhibition of HIF-1a alleviated acinar cell necrosis*® and improved intra-
pancreatic coagulation**. LDH is an indicator of cell death and might distinguish
between oedematous and necrotizing pancreatitis®®. However, the relationship between
XO, HIF-1a, and NLRP3 is not clear in AP. Based on the integrated transcriptome and
metabolome analyses, NLRP3 and HIF-1o/LDHA signaling pathways were identified
in this study. Then we demonstrated that gene and protein expressions of Hifla, Ldha,
Nirp3, 1l1b, and Caspl in these two pathways changed in the pancreas with XO
inhibition or overexpression in animal models. Furthermore, XO/HIF-1a-regulated
LDHA/lactate or NLRP3 axis was demonstrated by knockdown of Xdh gene in 266-6
cell line or inhibition of XO and HIF-1a on PACs under hypoxia.

To investigate whether XO activation aggravates severity in AP patients, we
examined initial plasma XO activities in three severities of AP patients, as well as
pancreatic in situ XO gene, protein, and urate levels in SAP patients. We observed a
simultaneous elevation of XO enzyme activity in plasma and XO expressions in the
pancreas in SAP patients for the first time. These data partly explained the failure of
XOI prevention of ERCP-AP in early clinical trials related to not including enough

severe patients!'’!820

. Additionally, since severe pancreatic necrosis or local
complications are difficult to identify by computed tomography within the first 72 h

after admission®"-*2, determining XO levels in the early stages may be recommended

13/21



for predicting severe cases. Furthermore, the concentrations of lactate and LDH in
plasma were significantly higher in the SAP group upon admission, consistent with the

findings of Shu et al.>

. Lactate is generally considered a marker of tissue hypoxia and
is strongly associated with increased morbidity and mortality in critically ill patients™*.
Hence, lactate accumulation might be associated with XO activation and local hypoxia
in SAP patients.

As we mainly focus on whether inhibiting XO alleviates pancreatic damage and
its regulated metabolic and inflammatory pathways in SAP, we may underestimate the
impact of etiology such as gallstones, alcohol, hypertriglyceridemia, and genetic
variation in race, gender, and region on the heterogeneity of the experimental and
clinical results®->’. Therefore, the main factors in the up-regulation of the Xdh gene in
SAP remain to be further explored. Additionally, XO also acts as a metabolic enzyme,
catalyzing the final two steps of purine catabolism in humans. Its metabolite, urate, has

been reported to be associated with the incidence of SAP*® and is worthy of further

study.

5. Conclusions

In conclusion, increased XO levels were predominantly observed in the peripheral
circulation and pancreas of severe necrotizing AP models. Therapeutic inhibition of XO
significantly ameliorated PACs necrosis and improved various biochemical indicators
of local, circulatory, pancreatic, and remote organ injury to varying degrees. The HIF-
lo-regulated LDHA and NLRP3 signaling pathways played important roles in
aggravating AP severity. The alterations in XO and its downstream lactate were further
identified in SAP patients. Collectively, these findings support the notion that XO is a
potential target for aggravating SAP progression, and rational therapeutic doses of XOls
could alleviate severity by modulating HIF-1a-regulated lactate accumulation and the

NLRP3 inflammasome pathway.
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Figure captions

Figure 1 XO was significantly increased in necrotizing AP. (A) The schematic diagram
of ARG-AP modeling. (B) Representative hematoxylin and eosin (H&E) pancreas
images with stacked histological scores of ARG-AP mice (n = 6-11) (**P <0.01, ***P
< 0.001 vs. Ctrl). (C) Serum XO activity of ARG-AP mice (n = 10-11). (D) Relative
mRNA expression of Xdh in the pancreas of ARG-AP groups (n = 6-7). (E) In situ RNA
scope of pancreatic Xdh expression in ARG-AP at 72 h (n = 3—4). (F) WB assay of
pancreatic XO expression and quantitative result on ARG-AP mice at 72 h (n = 3). (G)

Representative images of IHC for pancreatic XO expression at 72 h. (H) The schematic



representation of CER-AP modeling. (I) Representative H&E pancreas images with
stacked histological scores of CER-AP mice (n = 6-8) (***P < 0.001 vs. Ctrl). (J)
Serum XO activity of CER-AP mice (n = 7). (K) Relative mRNA expressions of Xdh
in the pancreas of CER-AP groups (n = 4-8). (L) Representative images of IHC for
pancreatic XO expression at 8 and 12 h in CER-AP mice. (M) WB assay of pancreatic
XO expression and the quantitative result of CER-AP mice (n = 4). (N) Serum XO
activity of NaT-AP rats at different time points (n = 3—4). Data are presented as mean =+
standard error of the mean (SEM); ns means no significance, *P < 0.05, **P < 0.01,

and ***P < (0.001.

Figure 2 Inhibition of XO protected against cell death in PACs. (A) Molecular docking
of ALLO binding to XO. Two hydrogen bonds were indicated in ALLO-Thr1010 and
ALLO-Ser1008. (B) Representative images and quantitative results for ALLO
protections on TLCS-induced PACs death (n = 3). (C) XO activation occurred by
stimulation of H202 (100 pumol/L), ARG (100 mmol/L), and TLCS (100 umol/L), and
was inhibited by ALLO (n = 3). (D) Protective effects of ALLO (180 umol/L) on ROS
generation induced by H202 (100 pumol/L) on PACs, N-acetylcysteine was used as a

positive control, and quantitative results among four groups at 150 min are presented



(n = 3). (E) ALLO (1 mmol/L) treatment significantly increased the thermal stability
between XO and PACs at 56 and 60 °C (n = 3). Data are presented as mean + SEM; ns

means no significance, *P < 0.05, **P <0.01, and ***P < 0.001.

Figure 3 Inhibition of XO significantly ameliorated disease severity in ARG-AP. (A)
Schematic representation of ARG injections and ALLO administrations. (B)
Representative H&E pancreas images with stacked histological scores (n = 9—12; ***pP
<0.001 vs. Ctrl, #P < 0.01 vs. AP). (C) Serum amylase and pancreatic trypsin activity
(n = 9-12). (D) Serum SOD (n = 9-11) and GPx activity (n = 9-12). (E) Serum and
pancreatic XO activity (n = 9-12). (F) Relative mRNA expression of Xdh in pancreas
(n = 10-12). (G) WB analysis of pancreatic XO expression and quantitative results (n



= 3). (H) Lung MPO. (n = 6-7) (I) Serum urea (n = 5-7), aspartate aminotransferase
(AST) (n = 5-7), and creatinine levels (n = 6—7). (J) Schematic representation of ARG
injections and FEB administrations. (K) Representative H&E pancreas images with
stacked histological scores (n= 6-11; ***P < 0.001 vs. Ctrl, *P < 0.05, #P < 0.01 vs.
AP). (L) Serum amylase (n = 6-11) (M) Lung MPO (n = 6-10). (N) Pancreatic XO
activity (n = 6-11). (O) Serum XO activity (n = 6—11). Data are presented as mean +
SEM; ns means no significance, *P < 0.05, **P <0.01, and ***P < (.001.



Figure 4 Inhibition of XO affected HIF-1a-regulated LDHA and NLRP3 signaling
pathways in ARG-AP. (A) The volcano plots (left) of identified genes for AP vs. Ctrl
and ALLO vs. AP groups, with significantly down-regulated genes (blue), up-regulated
genes (red), and non-significant genes (grey), with the Log2FC of different gene
expression on the x-axis and the statistical significance on the y-axis (n = 4). (B) Venn
diagram displayed 101 overlapped (middle) objects (FC > 1.5 or <0.67 and FDR < 0.05
for AP vs. Ctrl; FC > 1.5 or < 0.67 and P < 0.05 for AP vs. ALLO) between each two
groups. (C) Top 21 pathways of KEGG analysis (Table S7). (D) Relative mRNA
expressions of Hifla, Ldha, Nlrp3, Il1b, and Caspl in Ctrl, AP, and ALLO groups in
ARG-AP (n = 9-12). (E) WB analysis of pancreatic HIF-1a. and LDHA (n = 3). (F)
Schematic diagram of the role of XO and HIF-1a in purine metabolism and glycolysis.
Dotted red arrows indicated assumed relationships. (G) The volcano plot (left) of
identified metabolites for AP vs. Ctrl (green dots for 2 times down-regulation, blue dots
for 1.5 times down-regulation, red dots for 2 times up-regulation, and pink dots for 1.5
times up-regulation); The bar plot (right) displayed the top 15 metabolites and their
correlation coefficients related to urate in comparison AP with Ctrl (n = 6-9). (H) The
volcano plot (left) showed the differential metabolites between the ALLO vs. AP group
(green dots for 2 times down-regulation and blue dots for 1.5 times down-regulation);
The bar plot (right) displayed the top 15 metabolites and their correlation coefficients
related to urate in comparison ALLO with AP. (I) Relative abundances of pancreatic
metabolites in glycolysis and purine catabolism. (J) Product/substrate ratios in
glycolysis and purine catabolism. Data are presented as mean = SEM; ns means no
significance, *P < (.05, **P <0.01, and ***P <(0.001. Abbreviations: FC, fold change;
BHB, f-hydroxybutyric acid; F6P/F1P, 1,6-fructose phosphate; G3P, glyceraldehyde 3-
phosphate; G6P, glyceraldehyde 6-phosphate; Glu, glucose; Hypoxan, hypoxanthine;
Lac, lactate; MDA, malondialdehyde; MNA, methylnicotinamide; N8-AcSPD, N8-
acetylspermidine; PEP, phosphoenolpyruvic acid; Pyr, pyruvate; TMA, trimethylamine;
TMAQO, trimethylamine-N-oxide; Xan, xanthine.



Figure 5 Overexpression of Xdh enhanced ARG-AP severity and HIF-1a-mediated
LDHA and NLRP3 signaling pathways. (A) The schematic representation of in situ
injection of pancreas adenovirus and ARG induction. (B) Representative pancreas after
adenovirus infection and the expression of green fluorescent protein in adenovirus-
transfected pancreas. (C) Serum amylase (n =7-9). (D) Lipase (n = 7-9). (E) Pancreatic
trypsin (n = 7-9). (F) Representative H&E pancreas images with stacked histological
scores (n = 7-9). (G) Representative images of pancreatic ROS expression in WT-AP
and adenovirus-Xdh overexpressing AP groups, and their quantitative results on the
right (n = 3). (H) Serum SOD and GPx activity (n = 7-9). (I) Serum XO activity (n =
7-9). (J) Relative mRNA expression of Xdh (n = 3). (K) XO protein expression and
quantitative result (n = 3). (L) Relative mRNA expression of Hifla, Nilrp3, Il1b, and
Caspl in WT-AP and adenovirus-Xdh overexpressing groups (n = 3). Data are presented

as mean £ SEM; ns means no significance, *P < 0.05, **P < 0.01, and ***P < 0.001.



Figure 6 Inhibiting XO down-regulated HIF-1a—LDHA and NLRP3 signal pathways
in PACs. (A) Line chart of relative mRNA expressions of Xdh and Hifla under hypoxia
in PACs at 10, 20, 30, 60, and 120 min (n = 3). (B) Line chart of relative mRNA
expressions of Xdh and Hifla of ARG-AP mice at 8, 24, 48, 72, 120, and 168 h (n = 6—
11). (C) Relative mRNA expression of Hifla, Ldha, Nlrp3, Il1b, and Caspl in ALLO
(180 umol/L) treated PACs (n = 3). (D) WB analysis of ALLO-treated PACs (n = 3).
(E) Representative immunofluorescence images of HIF-1a expression (red) for ALLO

intervention at 90 and 180 pumol/L under hypoxia stimulation in PACs. (F) The



schematic diagram for the metabolism of [U-'*C]-glucose. White circles depict '*C and
black solid circles depict *C. (G) Isotope labeling metabolites in glycolysis and
tricarboxylic acid cycle in PACs intervened with ALLO (180 umol/L) (n = 3). (H) A
schematic diagram illustrated XO/HIF-1a-regulated NLRP3 and LDHA signaling
pathways and their inhibitors. (I) Representative images and quantitative results of cell
death induced by TLCS and the protective effect of a HIF-1a inhibitor, PX-478 (n = 3).
(J) Relative mRNA expressions of Ldha, Nlrp3, Il1b, and Caspl in PACs (n = 3). (K)
Relative mRNA expression of Xdh in PACs (n = 3). (L) XO activity in PACs (n = 3).
Data are presented as mean = SEM; ns means no significance, *P < 0.05, **P < 0.01,
and ***P < 0.001. Abbreviations: 3PG, 3-phosphoglyceric acid; Ala, alanine; Cit,

citrate; Fum, fumarate; Lac, lactate; Mal, malate; Pyr, pyruvate; Succ, succinate.

Figure 7 Increased circulative and pancreatic XO in SAP patients. (A) Schematic
diagrams of human sample detections. (B) Quantitation analysis of human plasma XO
activity (n=31-37). (C) Correlation analysis between XO and C-reactive protein (CRP)
levels in MAP patients (left, » = 35) and non-MAP (MSAP and SAP, right, n = 71)
patients. (D) Representative images and quantitative analysis of pancreatic XDH gene
expression in Ctrl and SAP samples (n = 5). (E) Representative images of pancreatic

XO protein expression by IHC. (F) The representative urate distribution in resected



human pancreas and quantitative analysis of urate intensities by mass spectrometry
imaging (n = 3). (G) Levels of plasma lactate and LDH in MAP, MSAP, and SAP
patients on admission (n = 22-36). Data are presented as mean = SEM, *P < 0.05, **P
<0.01, and ***P < 0.001.



