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Objective: Delirium is a common complication of acute pancreatitis. Receptor-interacting protein kinase 3 (RIP3) is an activator of
programmed cell necrosis. This study aimed to determine its ability to predict delirium after acute pancreatitis.

Methods: In total, 297 patients with acute pancreatitis were prospectively enrolled in this study. Patients were divided into two
subgroups (study and validation groups: 197 and 100 cases, respectively). Serum RIP3 levels were measured in all patients and in
100 healthy controls. Acute Physiology and Chronic Health Evaluation (APACHE) II, Ranson, and sequential organ failure assessment
(SOFA) scores were used for the severity assessment. In-hospital delirium was observed as an outcome variable. Multifactorial
analyses were performed to discern severity correlations and outcome associations.

Results: Serum RIP3 levels were significantly higher in the patients than in the controls. Serum RIP3 levels had linear relationships
under the restricted cubic spline and were independently correlated with APACHE 11, Ranson, and SOFA scores. Serum RIP3 levels
were linearly correlated with the likelihood of developing in-hospital delirium and exhibited a strong discrimination efficiency under
the receiver operating characteristic curve. Serum RIP3 levels, coupled with APACHE II scores, Ranson scores, and SOFA scores,
were the four independent predictors of in-hospital delirium. No interactions were revealed regarding its relevance to sex, age, or body
mass index in subgroup analysis. These were integrated to form a model graphically represented by a nomogram that showed effective
stability, clinical fit, and predictive ability for in-hospital delirium. The model was verified in the validation group.

Conclusion: An incremental trend in serum RIP3 levels was notable after acute pancreatitis. Serum RIP3 levels are independently
related to illness severity and occurrence of in-hospital delirium, indicating that serum RIP3 may be a potential biomarker of acute
pancreatitis.
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Introduction

Acute pancreatitis (AP) is a common, unpredictable, and variable gastrointestinal disease spectrum marked by a local or
systemic inflammatory response.'* Following AP, dysfunction of the exocrine pancreas and the subsequent inappropriate
release and activation of pancreatic enzymes induce an imbalance between protective enzymes and stress signals, thereby
triggering an inflammatory response and microcirculatory disturbances.>* Acute Physiology and Chronic Health
Evaluation (APACHE) II, Ranson, and Sequential Organ Failure Assessment (SOFA) scores are often used to evaluate
the severity of AP in clinical practice.” ' Delirium is an acute episode of blurred consciousness accompanied by

inattention, disorganized thinking, incoherent thinking, and perceptual abnormalities. Etiologic factors include infection,
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acute brain injury disease, or drug intoxication.®’ Previous studies have shown that delirium is an important cause of
long-term cognitive impairment, which increases the risk of poor outcomes and prolongs hospitalization.'® Inflammatory
responses, microcirculatory disturbances, and oxidative free-radical responses following acute severe illnesses are prone
to damage brain tissues and subsequently cause delirium.'"'? Similarly, a range of pathophysiological processes
following AP can provoke delirium.'*'* Early identification of delirium emergence may enable clinicians to appro-
priately manage sicknesses. Therefore, some biomarkers have been noted in recent decades with respect to their
discriminatory capability for the appearance of delirium in a series of severe disorders.'> '

Necroptosis has recently been recognized as a form of cell death.'® Receptor-interacting protein kinase 3 (RIP3),
a serine/threonine protein kinase, is identified as one of the most important factors in necroptosis occurrence and
progression.”*?! RIP3 is highly expressed in the pancreas of rats with AP and upregulating RIP3 obviously exacerbated
AP in in vivo animal models and in vitro cell models.?” Alternatively, there is a dramatically elevated expression of RIP3
after experimental brain injury, such as acute ischemic stroke,”* traumatic brain injury,>* subarachnoid hemorrhage,?* and
intracerebral hemorrhage.?® Moreover, compelling evidence has shown that RIP3 may be a detrimental factor in acute
brain injury.”> ® Interestingly, RIP3 expression is highly upregulated in hippocampal tissues of rats subjected to AP.?’
Notably, blood RIP3 levels were markedly elevated in humans with acute ischemic stroke®® and intracerebral
hemorrhage.”” Overall, serum RIP3 level may be a potential biomarker for reflecting local and systemic injuries. In
this study, serum RIP3 levels were measured to ascertain their correlation with AP severity and predictive ability for
delirium after AP.

Materials and Methods
Study Design and Participant Selection

This study consisted of two parts. One was a cross-sectional study in which patients with AP and controls were recruited
to investigate the changes in serum RIP3 levels following AP. The other was a prospective cohort study of patients with
AP, with the objective of determining the prognostic role of serum RIP3 in AP, in which all patients were divided into
two subgroups (study and validation groups) in accordance with a ratio of 2:1. This study included a consecutively
enrolled group of patients with first-episode AP who were admitted to the Lishui People’s Hospital between January 2020
and May 2023. The exclusion criteria were as follows: (1) age <18 years; (2) presence of previous severe systemic
diseases or other specific conditions, such as uremia, cardiac failure, cirrhosis, pregnancy, infection in the last month, and
recent surgery; and (3) history of neuropsychiatric diseases, such as stroke, moderate-to-severe traumatic brain injury,
depression, Parkinson’s disease, Alzheimer’s disease, multiple sclerosis, and craniocerebral neoplasms. This study also
included healthy controls who were consecutively recruited at the Physical Examination Center of the Lishui People’s
Hospital during the same period. This study was conducted in accordance with the principles set forth in the Declaration
of Helsinki, and the research protocol was approved by the Ethics Committee of Lishui People’s Hospital (Opinion
Number, LLW-FO-403). Controls and legal representatives of patients provided written informed consent for their
willingness to participate in this study.

Data Acquisitions

Patients or relatives were asked to complete a comprehensive and detailed collection of data including age, sex, and body
mass index. AP Etiologies were of four types: biliary, alcoholic, hypertriglyceremic, and others. Additionally, two time-
parameters were registered: the interval from pain ictus to admission and the duration from pain onset to blood collection.
The severity of the disease was assessed using APACHE II scores, Ranson scores, and SOFA scores. Using the
Confusion Assessment Method, the patients were assessed twice daily until discharge to identify delirium.*® Key
diagnostic features of Confusion Assessment Method include acute onset and fluctuating course of symptoms, inatten-
tion, impaired level of consciousness, and cognitive deficits (eg, disorientation, memory deficits, or language changes).
Other features that support a diagnosis of delirium include altered sleep-wake cycles, perceptual deficits, delusions,

emotional instability, and inappropriate or unsafe behaviors.>'*?
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Immune Analysis

Peripheral venous blood samples were collected at the time of admission from patients with AP and during routine
physical examinations from healthy controls. Conventional laboratory markers such as C-reactive protein levels, blood
leukocyte counts, and blood glucose levels were measured using routine methods. The extraction location of RIP3 was
from cytoplasm. For quantification of serum RIP3 levels, blood samples were deposited in 5 mL gel-containing
biochemistry tubes (Ningbo Siny Medical Technology Co., Ltd., China). After centrifugation at 3000xg for 15 min, the
serum samples were transferred to Eppendorf Tubes (Eppendorf Tubes® BioBased, China) and stored at —80°C until
further testing. Serum RIP3 levels were measured using an enzyme-linked immunosorbent assay (ELISA) kit
(Catalogue number: CSB-EL019737HU; Cusabio Biotech Co., Ltd., China). The detection range was 0.156-10 ng/
mL and the detection limit was 0.039 ng/mL, with both the intra-assay coefficient of variance and inter-assay
coefficient of variance below 10%. To ensure accuracy and reliability, the procedure was repeated twice for all
samples. The technician who conducted the tests was blinded to the patients’ clinical information to ensure unbiased
testing and analysis.

Statistical Analysis

Graph plottings and statistical analyses were made by applying SPSS 25.0 (IBM Corp., Armonk, NY, USA), GraphPad
Prism 9.0 (GraphPad Software Inc., La Jolla, CA, USA), R 3.5.1 (https://www.r-project.org) and MedCalc 17.4
(MedCalc Software, Mariakerke, Belgium). As deemed suitable, the Kolmogorov—Smirnov test or the Shapiro—Wilk

test was in use for assessing the normality of quantitative data. Normally distributed data were expressed as mean +
standard deviation, while non-normally distributed data, as median (25th-75th). Qualitative data were presented in form
of counts (proportions). For between-group comparisons, the y* test or Fisher’s exact test was used for qualitative data,
and the Mann—Whitney U-test or #-test was used for quantitative data. Bivariate correlations were analyzed using the
Spearman correlation test. Multiple linear regression model was developed to identify variables independently associated
with serum RIP3 levels. To compare the differences between delirium and non-delirium patients, a univariate logistic
regression model was established to analyze the relationship between each variable and delirium in AP patients. Binary
Logistic regression models were used to identify variables independently associated with delirium after AP. Odds ratio
(OR) and corresponding 95% confidence intervals (CI) were calculated to show associations. Subsequently, receiver
operating characteristic (ROC) curves were constructed to explore the predictive value of serum RIP3 levels for the
development of delirium in patients with AP. The area under the curve (AUC) was estimated, and the Z-test was used to
compare the AUC. Also, linear correlations between serum RIP3 levels and other severity indicators, as well as between
serum RIP3 levels and delirium risk, were discerned using restricted cubic spline. And, subgroup analysis was made for
analyzing whether association of serum RIP3 levels with deliritum development possibility was affected by other
conventional variables, such as age, gender and body mass index. A nomogram model was developed to predict the
risk of delirium. The calibration curve was drawn to verify model stability. The decision curve was plotted to clinical fit
of the model. Alternatively, the validation group was employed to confirm prognostic significance of serum RIP3 levels

using a series of statistical metrics. Two-sided P-value of <0.05 was considered statistically significant.

Results
Characteristics of the Study Population

Consecutive enrollment of 363 patients with AP was initially completed. Subsequently, 66 patients were excluded from
this study on account of the predetermined criteria, and a cumulative total of 297 patients underwent a final analysis, of
which 197 were assigned to the study group and 100 to the validation group (Figure 1). Additionally, 100 healthy
volunteers were recruited as controls. The differences in age, sex, and body mass index were not statistically significant
between the patients and controls (Supplemental Table 1, all P>0.05). The basic features of all the patients, the study

group, and the validation group are shown in Supplemental Table 2. The baseline characteristics were not significantly

different between the study and validation groups (all P>0.05; Supplemental Table 2).
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363 patients with acute pancreatitis

((1) age <18 years (n=15); \

(2) presence of previous systemic diseases (n=18);

v

(3) history of neuropsychiatric diseases (n=12);
An exclusion of 66 patients because of

: L (4) loss to follow-up (n=2);
the predefined criteria

(5) refusal to participate in this study (n=9);

(6) unavailability of blood samples (n=4);

K(7) incomplete information (n=6). j

Study group: 197 cases ]

v

A collective of 297 patients with acute
pancreatitis for final analysis

Validation group: 100 cases

Figure | Flowing-chart for selection of eligible patients with acute pancreatitis.
Notes: A total of 363 patients with acute pancreatitis underwent an initial enrollment, sixty-six patients were removed from this study pursuant to the prespecified
exclusion criteria, and 297 patients were retained for the final clinical assessment, of which 197 constituted the study group and 100 were assigned to the validation group.

Correlation Analysis Between Serum RIP3 Levels and Disease Severity

There were no notable differences in terms of serum RIP3 levels among the total patients, those in the study group and in
the validation group (all P>0.05; Figure 2); and serum RIP3 levels were significantly higher either in AP patients, those
of the study group or the validation group than in controls (all P<0.001; Figure 2). Patients in the study group were
divided into three groups in accordance with revised Atlanta classification (RAC), namely, mild pancreatitis (n=102),
moderately severe pancreatitis (n=62), and severe pancreatitis (n=33). Using Kruskal-Wallis H-test, patients with severe

% %k %
I 1
* %k %
I 1
% %k %
1 ns
I 1
2000- ns ns
I L1 1
—_ N 1 o
- 3
£
S 1500+ é
L]
) >
= 1000+
[2¢d
o sefee #
(4 »
£
g 500+ PR
> :.u..::g:.:.
®ee83°®
'x!‘:ii‘
0 - . . .
Controls All patients Study group Validation group

Figure 2 Boxplot illustrating serum receptor-interacting protein kinase 3 levels between patients with acute pancreatitis and controls.

Notes: No significant distinctions were found in terms of serum receptor-interacting protein kinase 3 levels among the three groups, namely, the whole group, study group
and validation group (all P>0.05). The levels were substantially lower in the controls than in any of the three groups (all P<0.001). ***P<0.001.

Abbreviations: RIP3, receptor-interacting protein kinase 3; ns, non-significant.
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AP had substantially highest serum RIP3 levels, followed by moderately severe AP and then mild AP (P < 0.001). In the
restricted cubic spline analysis framework, serum RIP3 levels were linearly correlated with the APACHE II scores (P for
nonlinear > 0.05; Supplemental Figure 1), Ranson scores (P for nonlinear > 0.05; Supplemental Figure 2), and SOFA

scores (P for nonlinear > 0.05; Supplemental Figure 3). Spearman’s test showed that serum RIP3 levels were strongly and

positively correlated with APACHE II scores (P< 0.001; Supplemental Figure 4), Ranson scores (P< 0.001; Supplemental
Figure 5), and SOFA scores (P< 0.001; Supplemental Figure 6). As shown in Supplemental Table 3, in addition to the
APACHE II, Ranson, and SOFA scores, other variables, such as blood leukocyte count, serum C-reactive protein levels,

blood procalcitonin levels, blood calcium levels, blood glucose levels, and blood creatinine levels, were significantly
correlated with serum RIP3 levels (all P<0.05). Similar results were obtained using the univariate linear regression
analysis (all P<0.05; Supplemental Table 3). Using a multivariate linear correlation model incorporating the above

significantly correlated variables, APACHE II, Ranson and SOFA scores were independently related to serum RIP3 levels
(all P<0.05; Table 1).

Relationship Between Serum RIP3 Levels and Delirium After AP

There were a collective of 57 (28.9%) patients with presentation of in-hospital delirium. Patients with severe AP had
substantially highest incidence of delirium (45.5%) followed by moderately severe AP (33.9%) and then mild AP (20.6%)
(P<0.001). Serum RIP3 levels were significantly higher in patients with delirium than in those without (P<0.001;
Supplemental Figure 7). Serum RIP3 levels displayed a marked discrimination efficiency for the probability of delirium

occurrence after AP, and an appropriate value was chosen using the Youden method (Figure 3). Under a restricted cubic spline,
serum RIP3 levels were linearly related to the possibility of delirium development during hospitalization for AP (P nonlinear
>0.05; Figure 4). Table 2 shows that variables such as the APACHE II scores, Ranson scores, SOFA scores, blood leukocyte
count, serum C-reactive protein level, blood procalcitonin level, blood calcium level, blood glucose level, blood creatinine
level, revised Atlanta classification, pancreatic necrosis, septicaemia, multiple organ dysfunction syndrome, acute respiratory
failure, acute kidney injury and serum RIP3 levels were significantly higher in patients with delirium than in the remaining
patients (all P<0.05). Consistent results were mirrored by the univariate logistic regression analysis (P<0.05; Table 2). The
variables that were significant in the univariate analysis were integrated into the binary logistic regression model, and it was
demonstrated that APACHE 1I scores, Ranson scores, SOFA scores and serum RIP3 levels independently predicted delirium

Table | Correlative Analysis of Serum Receptor-Interacting Protein Kinase 3
Levels Using Multivariate Linear Regression Analysis in Acute Pancreatitis

B 95% CI VIF | P value
APACHE Il scores 15.027 7.553-22.501 5.504 | <0.001
Ranson scores 27.651 5.426-49.875 3410 0.015
SOFA scores 18.812 6.717-30.908 3.368 0.002
Revised Atlanta classification 35.890 5.632-90.412 2.399 0.062
MODS —63.295 | —145.947-19.357 | 1.994 0.133
Pancreatic necrosis 72904 | —15.617-161.426 | 2.141 0.106
Sepsis —41.221 | —123.114-40.672 | 1.832 0.322
Acute respiratory failure 2.697 —76.968-82.361 1.610 0.947
Acute renal injury —87.124 | —208.252-34.005 | 1.606 0.158
Serum CRP levels (mg/L) —0.194 —0.976-0.589 1.328 0.626
Blood leucocyte count (x10%/L) 4.700 —0.563-9.962 1.355 0.080
Blood PCT levels (ng/mL) 9.064 —6.097-24.226 1.190 0.240
Blood calcium levels (mmol/L) —95.126 | —203.458-13.206 | 1.118 0.085
Blood glucose levels (mmol/L) 6.189 —0.154-12.532 1.212 0.056
Blood creatinine levels (umol/L) | 0.138 —0.504-0.780 1.118 0.673

Abbreviations: APPACH I, acute physiology and chronic health evaluation II; SOFA, sequential
organ failure assessment; CRP, C-reactive protein; PCT, procalcitonin; B, beta; 95% ClI, 95% con-
fidence interval; VIF, variance inflation factor; MODS, multiple organ dysfunction syndrome.
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Figure 3 Receiver operating characteristic curve showing predictive value of serum receptor-interacting protein kinase 3 levels for in-hospital delirium after acute
pancreatitis. In-hospital delirium after acute pancreatitis was efficiently predicted using serum receptor-interacting protein kinase 3 levels, and an appropriate criterion was

identified using the Youden method. Red arrow means cutoff value of serum receptor-interacting protein kinase 3 levels.
Abbreviation: AUC, area under curve.

Serum RIP3 levels and delirium risk
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Figure 4 Restricted cubic spline depicting linear correlation of serum receptor-interacting protein kinase 3 levels with likelihood of development of in-hospital delirium after
acute pancreatitis.

Notes: There was a linear correlation between serum receptor-interacting protein kinase 3 levels and the probability of in-hospital delirium following acute pancreatitis (P
for nonlinear >0.05).

Abbreviation: RIP3, receptor-interacting protein kinase 3.

episodes (P<0.005; Table 3). Subgroup analysis showed that the association between serum RIP3 levels and delirium
occurrence was not influenced by age, sex, or body mass index (all P > 0.05; Figure 5).

To determine the additive effect of serum RIP3 levels on common severity metrics, that is, APACHE II, Ranson, and
SOFA scores, these four independent parameters of delirium appearance were merged to form a prediction model.
A graphical representation of the model was generated using a nomogram (Figure 6). Additionally, the calibration curve
confirmed that the model was clinically valid under the decision curve (Figure 7) and comparatively stable (Figure 8).
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Table 2 Factors Associated with Delirium After Acute Pancreatitis

Delirium Univariate Logistic Regression
Analysis
Presence (n=57) Absence (n=140) | P value OR (95% CI) P value
Age (years) 51 (39-62) 49 (39-59) 0.519 1.008 (0.983-1.034) 0.542
Gender (male/female) 31726 91/49 0.164 0.642 (0.343-1.201) 0.166
Body mass index (kg/m?) 26.6 (24.8-28.1) 26.0 (23.0-27.8) 0.206 1.085 (0.971-1.212) 0.148
Time between pain and admission (h) 18.0 (15.0-23.5) 17.0 (11.0-23.8) 0.341 1.021 (0.976-1.068) 0.371
Sample-collecting time (h) 20.4 (17.0-25.8) 11.3 (14.4-27.0) 0.779 1.012 (0.975-1.050) 0.534
APACHE Il scores 15 (12-22) 7 (3-12) <0.001 1.214 (1.142-1.291) <0.001
Ranson scores 6 (4-7) 3 (24) <0.001 2.071 (1.652-2.595) <0.001
SOFA scores 9 (7-10) 4 (2-7) <0.001 1.660 (1.417—1.945) <0.001
Revised Atlanta classification 0.014 0.015
MP 21 8l |
MSP 21 41 1.976 (0.969-4.027) 0.061
SP 15 18 3.214 (1.392-7.420) 0.006
MODS 31 16 <0.001 5.238 (2.460—11.153) <0.001
Peripancreatic effusion 30 56 0.105 1.667 (0.896-3.099) 0.106
Pancreatic necrosis 24 18 0.003 3.075 (1.437-6.582) 0.041
Sepsis 26 15 <0.001 4.167 (1.933-8.983) <0.001
Acute respiratory failure 30 13 <0.001 6.339 (2.788-14.415) <0.001
Acute renal injury 7 5 0.020 3.780 (1.147-12.458) 0.028
Etiologies 0.427 0.463
Biliary 22 44 |
Alcoholic 21 54 3.500 (0.730-16.781) 0.117
Hypertriglyceremic 12 28 2.722 (0.730-13.019) 0.210
Others 2 14 3.000 (0.589-15.291) 0.186
Serum CRP levels (mg/L) 39.0 (29.8-76.6) 24.6 (14.3-42.0) <0.001 1.014 (1.005-1.023) 0.002
Blood leucocyte count (x10°/L) 13.7 (9.7-17.0) 11.3 (8.8-14.6) <0.001 1.068 (1.006—1.135) 0.031
Blood PCT levels (ng/mL) 2.7 (1.344) 2.4 (1.7-3.5) 0.048 1.268 (1.052-1.527) 0.013
Blood calcium levels (mmol/L) 2.1 (1.8-2.2) 2.1 (1.9-2.2) 0.039 0.140 (0.034-0.573) 0.006
Blood glucose levels (mmol/L) 7.5 (6.6-11.0) 7.6 (6.1-9.7) 0.030 1.123 (1.040-1.211) 0.003
Blood creatinine levels (umol/L) 135.9 (110.3-150.7) 1111 (91.2-140.7) 0.006 1.008 (1.000-1.017) 0.042
Blood urea nitrogen levels (mg/dL) 13.0 (10.4-16.5) 12.6 (9.7-14.8) 0.151 1.082 (0.999-1.172) 0.053
Serum RIP3 levels (pg/mL) 1371.0 (1077.2-1496.0) | 928.5 (878.5-1111.0) | <0.00I 1.005 (1.003—1.006) <0.001

Notes: Qualitative variables were presented as counts (percentages) and were compared for intergroup difference using chi-square test or Fisher exact test where
appropriate. Quantitative variables were summarized as medians (25"‘-75"‘) and intergroup comparisons were done using the Mann—Whitney U-test.
Abbreviations: APPACH Il, acute physiology and chronic health evaluation Il; SOFA, sequential organ failure assessment; MP, mild pancreatitis; MSP, moderately severe
pancreatitis; SP, severe pancreatitis; MODS, multiple organ dysfunction syndrome; CRP, C-reactive protein; PCT, procalcitonin; RIP3, receptor-interacting protein kinase 3;
OR, odds ratio; 95% Cl, 95% confidence interval.

Table 3 Multivariate Logistic Regression Analysis of Predictors

of Delirium After Acute Pancreatitis

OR 95% CI P value
APACHE Il scores 1.234 1.067—1.430 0.022
Ranson scores 1.390 | 0.855-2.258 0.034
SOFA scores 1.577 | 1.201-2.072 0.001
Revised Atlanta classification 0.087

MP |

MSP 4,034 | 0.544-27.530 0.054
SP 1.799 | 0.253-12.779 0.557

(Continued)
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Table 3 (Continued).

OR 95% CI P value
MODS 3.345 | 1.079-5.515 0.069
Pancreatic necrosis 3.129 | 0.354-27.635 0.305
Sepsis 1.154 | 1.022-2.094 0.061
Acute respiratory failure 3.304 | 0.803-14.070 0.103
Acute renal injury 7.162 | 0.782-65.639 0.082
Serum CRP levels (mg/L) 1.021 1.006-1.036 0.058
Blood leucocyte count (x10°/L) | 0.852 | 0.754-0.962 0.060
Blood PCT levels (ng/mL) 1.206 | 0.890-1.634 0.227
Blood calcium levels (mmol/L) 0.105 | 0.065-0.487 0.067
Blood glucose levels (mmol/L) 0.974 | 0.860-1.104 0.684
Blood creatinine levels (umol/L) | 1.007 | 0.993-1.020 0.338
Serum RIP3 levels (pg/mL) 1.004 | 1.001-1.007 0.036

Abbreviations: OR, odds ratio; 95% Cl, 95% confidence interval; APPACH I,
acute physiology and chronic health evaluation Il; SOFA, sequential organ failure
assessment; CRP, C-reactive protein; PCT, procalcitonin; RIP3, receptor-interacting
protein kinase 3; MP, mild pancreatitis; MSP, moderately severe pancreatitis; SP,
severe pancreatitis; MODS, multiple organ dysfunction syndrome.

Moreover, the clinical model only contained the APACHE II, Ranson, and SOFA scores, and clinical and biochemical
models encompassed all four variables. As shown in Figure 9, serum RIP3 levels showed similar predictive ability as the
three severity indicators (all P>0.05); however, the clinical and biochemical models displayed significantly higher
predictive capability than any one of the indices (all P<0.05).

In the validation group, the four independent predictors of delirium occurrence were repeatedly merged to form
a prediction model. The nomogram in this group resembled that in the study group (Supplemental Figure 8). The

model exhibited strong stability (Supplemental Figure 9) and high clinical effectiveness (Supplemental Figure 10). In

Subgroup Total OR(95% ClI) P P interaction
Age 0.192

2 60 years 45 1.001 (0.999-1.003) I-l.—| 0.486

<60 years 152 1.006 (1.001-1.011) —eo— 0.026

Gender 0.059
Male 122 1.004 (1.001-1.008) -eo— 0.009

Female 75 1.000 (0.997-1.002) - 0.915

Body mass index 0.073

> 24 kg/m2 149 1.010 (1.003-1.017) —e— 0.005

<24 kg/m2 48 1.001 (0.999-1.003) |-P—| 0.519
''''''''''''''''''''''''''''''''''''' AR N A T

Figure 5 Subgroup analysis demonstrating interaction between serum receptor-interacting protein kinase 3 levels and other conventional variables in association with in-
hospital delirium following acute pancreatitis.

Notes: The relationship between serum receptor-interacting protein kinase 3 levels and in-hospital delirium following acute pancreatitis was not affected by age, sex, or
body mass index (all P > 0.05).

Abbreviations: OR, odds ratio; 95% Cl, 95% confidence interval.
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Figure 6 Nomogram for visualizing prediction status of the combination model for in-hospital delirium in patients with acute pancreatitis.

Notes: The nomogram graphically represented the model integrating acute physiology and chronic health evaluation Il scores, Ranson scores, sequential organ failure
assessment scores, and serum receptor-interacting protein kinase 3 levels.

Abbreviations: RIP3, receptor-interacting protein kinase 3; APACHE I, Acute Physiology and Chronic Health Evaluation Il; SOFA, Sequential Organ Failure Assessment.
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Figure 7 Calibration curve showing stability of the model for predicting in-hospital delirium following acute pancreatitis.
Notes: The model, in which acute physiology and chronic health evaluation Il scores, Ranson scores, sequential organ failure assessment scores, and serum receptor-
interacting protein kinase 3 levels were integrated, was comparatively stable for the prediction of in-hospital delirium after acute pancreatitis.

addition, the predictive abilities of the serum RIP3 levels were not significantly different between the study and
validation groups (P>0.05; Figure 10), and those of the prediction models were similar between the two groups
(P>0.05; Figure 11).
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Figure 8 Decision curve displaying clinical fit of the model for predicting in-hospital delirium following acute pancreatitis.
Notes: The clinical model included the acute physiology and chronic health evaluation Il, Ranson, and sequential organ failure assessment scores. Clinical and biochemical

models encompassed the preceding scaling systems and serum receptor-interacting protein kinase 3 levels. Clinical and biochemical models demonstrated efficacious clinical
value in predicting in-hospital delirium following acute pancreatitis.

Abbreviations: RIP3, receptor-interacting protein kinase 3; APACHE II, Acute Physiology and Chronic Health Evaluation II; SOFA, Sequential Organ Failure Assessment.
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Figure 9 Receiver operating characteristic curves delineating prediction ability of the model for in-hospital delirium following acute pancreatitis.

Notes: The clinical model included the acute physiology and chronic health evaluation I, Ranson, and sequential organ failure assessment scores. Clinical and biochemical
models encompassed the preceding scaling systems and serum receptor-interacting protein kinase 3 levels. When serum receptor-interacting protein kinase 3 levels were
compared with those of the other three variables, the predictive ability was not significantly different (all P>0.05). The clinical and biochemical models displayed an effective
clinical capability in predicting in-hospital delirium following acute pancreatitis (all P<0.05).

Abbreviations: RIP3, receptor-interacting protein kinase 3; APACHE I, Acute Physiology and Chronic Health Evaluation Il; SOFA, sequential organ failure assessment; ns,
non-significant. *P<0.05.
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Figure 10 Receiver operating characteristic curve for comparing prediction ability of serum receptor-interacting protein kinase 3 levels between study group and validation
group for in-hospital delirium following acute pancreatitis.

Notes: Serum receptor-interacting protein kinase 3 levels had similar predictive abilities for in-hospital delirium following AP between the study and validation groups
(P>0.05).

Abbreviations: RIP3, receptor-interacting protein kinase 3; ns, non-significant.
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Figure |1 Receiver operating characteristic curve for comparison of prediction ability of the models between study group and validation group for in-hospital delirium
following acute pancreatitis.
Notes: The model included the acute physiology and chronic health evaluation Il scores, Ranson scores, sequential organ failure assessment scores, and serum receptor-

interacting protein kinase 3 levels. As for predicting in-hospital delirium following acute pancreatitis, the discrimination efficiency of the model was similar between the study
and validation groups (P>0.05).

Abbreviation: ns, non-significant.
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Discussion

AP is a severe systemic inflammatory disease often associated with organ dysfunction. Early stages of AP can lead to
systemic inflammatory response syndrome due to a range of inflammatory factors, while hemodynamic instability often
leads to organ failure beyond the pancreas. In previous studies, APACHE II scores, Ranson scores, and SOFA scores
have been used to assess and predict the occurrence of organ failure, local pancreatic complications, and systemic
complications after AP.>**** Previous studies have found that the APACHE II, Ranson, and SOFA scores are strongly
correlated with disease severity in patients with AP and are effective in predicting the occurrence and prognosis of
delirium in patients with AP.>>~® In recent decades, biomarkers have gradually attracted the attention of scholars because
of their relative objectivity and have been used to predict the occurrence of delirium after AP.

To the best of our knowledge, there is a paucity of data regarding serum RIP3 levels after AP. The main findings of
this study were as follows: (1) serum RIP3 levels were markedly higher in patients than in controls; (2) serum RIP3
levels were independently correlated with APACHE II, Ranson, and SOFA scores; (3) serum RIP3 levels were
independently associated with the likelihood of in-hospital delirium development; (4) serum RIP3 levels had effective
discriminatory ability for patients at risk of in-hospital delirium; and (5) the model with integration of serum RIP3 levels
along with the other three severity metrics performed well in both the study and validation groups. Hypothetically, serum
RIP3 level, which is closely correlated with AP severity, may be a potential biomarker for predicting the occurrence of
in-hospital delirium after AP.

RIP3 is a pivotal protein involved in necroptosis and is highly expressed in the pancreas.’> RIP3 expression is
significantly elevated in the blood and pancreatic tissues of rats.>” Accumulating experimental data has demonstrated that
RIP3 may be detrimental. Specifically, upregulation of mouse RIP3 expression increased necrosis of alveolar cells in
mice with SAP.>® RIP3 knockout significantly reduced pancreatic cell necrosis and facilitated recovery from AP in
mice.”® Moreover, RIP3 inhibitors significantly reduce pyroptotic vesicular cell death, pancreatic necrosis, and systemic
inflammation.*® In the present study, the serum RIP3 levels were markedly elevated after AP. It was deduced that
a portion of RIP3 in peripheral blood may have been derived from pancreatic tissues. RIP3 expression positively
correlated with the degree of pancreatic alveolar cell necrosis in an animal model of AP.*° In this study, we found that
elevated serum RIP3 levels were significantly correlated with traditional severity scores of AP, including APACHE II,
Ranson, and SOFA scores. In conclusion, serum RIP3 levels may reflect AP severity.

Brain injury is a major cause of delirium after severe illness.”> An experimental study has shown that brain tissue is
injured in rats with AP, thereby leading to cognitive impairment.?’ Interestingly, high RIP3 expression was found in the
brain tissues of rats with AP.>” Serum RIP3 levels are strongly correlated with the severity and prognosis of acute brain
injury, including acute ischemic stroke?® and intracerebral hemorrhage.”” These data indicate that serum RIP3 may be
a biomarker of acute brain injury. Consistently, serum RIP3 levels were independently associated with the emergence of
in-hospital delirium after AP, independent of other conventional severity metrics, that is, APACHE II, Ranson, and SOFA
scores. Subsequent ROC curve analysis demonstrated that serum RIP3 levels had similar predictive ability for the onset
of delirium, as compared to those of the APACHE II scores, Ranson scores and SOFA scores. Overall, the preceding data
strongly support the notion that serum RIP3 level may be an encouraging predictor of in-hospital delirium after AP.

To verify the predictive value of serum RIP3 as a biomarker of in-hospital delirium following AP, an integrated model
that included serum RIP3 and other independent predictors of in-hospital delirium, namely the APACHE II, Ranson, and
SOFA scores, was developed. Its reliability, clinical fit, and discrimination efficiency were validated in the study
validation group using a series of statistical methods such as calibration, decision, and ROC curves. Overall, the
above data may offer sufficient evidence to conclude that serum RIP3 may have an efficacious ability to discriminate in-
hospital delirium following AP.

This study had several advantages and limitations. The advantages are that (1) to the best of our knowledge, serum
RIP3 may be determined in AP patients for the first time, and a notable finding is that serum RIP3 may be a potential
biomarker for predicting in-hospital delirium in AP patients; (2) all correlations or associations were confirmed using
multivariate analysis in this study; and (3) before all tests were performed, linear correlations were validated using
a restricted cubic spline; thus, the results were more robust. Several limitations warrant to be considered. First, the serum
RIP3 levels were measured in a medium sample size; therefore, the conclusions warrant validation in a larger cohort
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study. Second, serum RIP3 levels were measured only upon admission in AP patients. It may be of benefit if serum RIP3
levels could be assessed at multiple time-points post-admission This would facilitate the observation of the dynamic
changes in serum RIP3 levels throughout the course of AP. Third, our study found that serum RIP3 levels were closely
associated with the development of delirium in AP patients. In follow-up studies, we will further explore the mechanistic
studies of RIP3 in relation to delirium onset to help to explore the clinical application of RIP3 as a biomarker and its
therapeutic potential. Finally, the complications such as pancreatic necrosis, septicaemia, multiple organ dysfunction
syndrome, acute respiratory failure and acute kidney injury were not the independent risk factors for delirium after acute
pancreatitis in this study, and however, in consideration of a medium sample-size in the current study, this finding needs
to be verified by subsequent larger cohort studies.

Conclusion

Patients with AP showed a marked elevation in serum RIP3 levels relative to controls. Moreover, serum RIP3 levels were
independently correlated with the APCHCE II, Ranson, and SOFA scores and were independently predictive of in-
hospital delirium following AP. Notably, serum RIP3 can take possession of effectively discriminating in-hospital
delirium after AP, whether in the study group or validation group, using numerous statistical metrics, such as the
ROC curve, calibration curve, and decision curve. Taken together, serum RIP3 may serve as a promising biochemical
marker for the evaluation of AP severity and the prediction of delirium during hospitalization after AP.

Abbreviations
AP, acute pancreatitis; RIP3, receptor-interacting protein kinase 3; ROC, receiver operating characteristic; APACHE II, Acute
Physiology and Chronic Health Evaluation II; SOFA, Sequential Organ Failure Assessment; AUC, area under the curve.
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