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Acute pancreatitis is an acute inflammatory disease characterized by pancreatic tissue self digestion, which leads to local
pancreatic injury or systemic inflammatory response. The mortality of acute pancreatitis is high, up to 36-50%, which
seriously threatens the life safety of patients. During the development of SAP, multiple extra pancreatic organs may be
involved in the early stage, and the kidney is one of the most frequently affected organs. Early detection of renal function,
early diagnosis and treatment of SAP can reduce the mortality. Here, we have explored the pathological and ultrastructural
changes of adrenal gland in severe acute pancreatitis (SAP) as well as the mechanism and treatment of SAP affecting
adrenal function. The results showed that the mortality of so group was 3.6% and that of SAP group was 27%. The injury
and secretion function of adrenocortical cells were decreased in SAP. Intracellular calcium as well as the disturbance of
pancreatic microcirculation plays an important role in the occurrence and development of SAP. Hence, the level of calcium

ions helps in predicting the prognosis in SAP patients.
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Introduction

Acute pancreatitis (AP) is a highly prevalent acute
abdominal condition, with its severe form (SAP)
posing significant clinical challenges due to its critical
progression and numerous complicationst. Early-stage
systemic inflammatory response syndrome (SIRS)
and mid-to-late stage multiple organ dysfunction
syndromes (MODS) are the primary causes of
mortality in such cases. During SAP progression,
extra-pancreatic organ involvement is common.
While the kidney, as a classic target organ, has been
extensively studied, the pathological changes and
mechanisms of the adrenal gland, another crucial

stress-regulating organ, have not yet been
systematically investigated2.

Severe acute pancreatitis (SAP) is a serious
inflammatory  condition in  which  pancreatic

enzymes become prematurely activated, causing self-
digestion of pancreatic tissue, inflammation, edema,
hemorrhage, and even organ failure. Common causes
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include gallstones, alcohol abuse, infections, trauma,
and pancreatic duct obstruction. SAP triggers a
strong inflammatory response through cytokines and
activated enzymes, leading to systemic inflammatory
response syndrome (SIRS) and multiple organ
dysfunction syndromes (MODS). Renal injury occurs
due to microcirculatory disturbances, ischemia-
reperfusion injury, endothelial damage, and
inflammatory mediators that impair kidney filtration
and oxygen supply. Early treatment mainly focuses on
aggressive fluid resuscitation, infection control, and
maintaining hemodynamic stability.

The adrenal gland is a vital endocrine organ that
maintains physiological homeostasis and enhances the
body's stress response through hormones produced by
the adrenal cortex. In SAP, adrenal insufficiency (Al) is
difficult to diagnose because its symptoms are often
nonspecific or masked by the primary disease.
Current diagnostic methods, including serum cortisol
measurement and adrenocorticotropic hormone (ACTH)
stimulation tests, have limited accuracy, making
the diagnosis and management of Al highly
controversial.

Current studies have confirmed that SAP patients
often exhibit adrenal insufficiency (Al), characterized
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by abnormal corticosteroid secretion, which is closely
associated with worsened prognosis and increased
mortality®*. However, existing research on SAP-
associated Al has notable limitations. Most studies
focus on serum hormone level fluctuations while
lacking direct histological observations of adrenal
tissue. Investigations into adrenal ultrastructural
alterations (e.g., organelle damage and intercellular
junction disruption) remain virtually absent; despite
these microscopic changes constituting the structural
basis of functional impairment>”. Furthermore, serum
cortisol measurement and ACTH stimulation tests
cannot reliably differentiate between primary adrenal
injury and hypothalamic-pituitary-adrenal (HPA) axis
dysregulation, leading to therapeutic dilemmas?®.

A thorough literature review reveals that SAP
pathological mechanisms have been predominantly
investigated in relation to pancreatic microcirculatory
dysfunction, intracellular calcium overload, and
cytokine storms, yet their specific effects on adrenal
tissue remain poorly understood®'®. While pancreatic
microcirculatory disturbances may affect distant
organ perfusion through systemic inflammation, the
unique vascular architecture of the adrenal gland (e.g.,
abundant sinusoids and hypoxia sensitivity) suggests
potentially distinct injury patterns compared with other
organs. Similarly, although intracellular calcium
dysregulation represents a core pathogenic mechanism
in SAP, its potential role in adrenal cortical cell
dysfunction  lacks  experimental  validationt12,
Moreover,  despite  reports of  SAP-induced
ultrastructural changes in multiple organs, specific
damage to critical organelles such as mitochondria and
the endoplasmic reticulum in adrenal cortical cells has
not been systematically documented.

While previous studies have largely focused on
SAP-induced pancreatic damage and dysfunction of
organs such as the lungs and kidneys, systematic
research on the relationship between adrenal cortical
morphology, particularly ultrastructural changes, and
adrenal insufficiency is lacking. The key pathological
mechanisms and potential predictive indicators of
SAP-induced adrenal injury have not been clearly
defined. Therefore, we used a rat SAP model to
perform histological and ultrastructural examination
of the adrenal cortex together with measurement of
serum cortisol and ACTH levels. We also evaluated
potential predictive indicators, including C-reactive
protein (CRP) and APACHE Il scores, to
investigate the mechanisms of SAP-associated adrenal

dysfunction and provide an experimental basis for
early clinical intervention.

The specific objectives of this study are: (i) To
determine whether SAP induces structural damage in
adrenal cortical cells during disease progression;
(ii) To assess the correlation between adrenal injury
severity and systemic indicators such as serum
amylase, albumin, and calcium levels; and (iii) To
explore the potential mechanistic link between
adrenal morphological changes and the development
of adrenal insufficiency (Al) in SAP.

Materials and Methods

Experimental object and model preparation

This experimental protocol was approved by the
Institutional Animal Care and Use Committee
(Approval No.: 24-2D) and strictly adhered to ethical
guidelines for laboratory animals. This manuscript
was prepared without the use of Al tools.

Thirty-six SPF-grade male Wistar rats (200-250 g)
were selected. The sample size was determined based
on effect size analysis from previous SAP studies,
considering variations in adrenal pathological
indicators from preliminary experiments, anticipated
intergroup differences, and potential mortality during
model establishment. Each group was allocated 18
rats to ensure statistically adequate sample sizes at all
time points. Rats were randomly divided into a sham
operation group (SO) and a SAP group, with 18 rats
in each group. Each group was further subdivided into
three observation time points (3, 12 and, 24 h), with
6 to 7 rats at each time point. As the sample size at
each time point was small (n<10), the data were
expressed as median (interquartile range) [median
(IQR)]. These time points were selected according to
SAP pathological progression characteristics: 3 h
represents the early disease stage featuring pancreatic
autodigestion initiation and systemic inflammatory
response onset; 12 h corresponds to the inflammatory
progression phase with massive proinflammatory
cytokine release and emerging extra-pancreatic organ
involvement; 24 h represents the multiple organ injury
phase, coinciding with potential Al in SAP, thereby
enabling dynamic observation of adrenal changes
throughout disease progression. All rats were housed
in an SPF-level animal facility. The ambient
temperature was controlled at 22+2°C, with a relative
humidity of 55+5%. A 12 h light/dark cycle (light
period: 07:00-19:00) was maintained. Standard rodent
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chow (purchased from Beijing HuaFuKang Biological
Technology Co., Ltd.) and sterile drinking water were
provided ad libitum. Following one week of
acclimatization, experiments were conducted.

All rats underwent 12 h fasting and 4 h water
deprivation before surgery. Anesthesia was induced
by intraperitoneal injection of 10% chloral hydrate
(3 mL/kg). Under aseptic conditions, the SAP group
underwent  duodenal mesentery-free  border
puncture followed by retrograde injection of 5%
sodium taurocholate solution (1 mL/kg) into the
pancreaticobiliary duct at a constant rate. The main
pancreatic duct was clamped for 5 min, with
successful  model establishment confirmed by
observable pancreatic hemorrhage and edema before
abdominal closure. The SO group received only
duodenal and pancreatic manipulation before closure.
Postoperatively, both groups received subcutaneous
normal saline (10 mL/kg) for fluid maintenance.

The sample size of the present study was calculated
with the semi-quantitative score for adrenal cortical
injury as the primary outcome measure, and the
analytical process was designed based on a general
statistical model. For the purpose of sample size
estimation, one-way analysis of variance (ANOVA)
was adopted for continuous data, and the Kruskal-
Wallis H test was used for ordinal data to assess the
overall differences among groups and at different time
points. Based on the pilot study data, the standard
deviation of this indicator was 0.32 in both the SAP
group and the SO group, and the expected minimal
clinically meaningful difference (effect size) between
groups was 0.65. A two-tailed test with 0=0.05 and a
test power (1-p)=0.85 were set. The sample size
calculation formula (n=2%(Za/2 + Z1-B)*xs?/8?) was
applied, and the minimum required sample size of 14
rats per group was obtained (Note: 14 rats was the
standard for the total sample size per group).
Considering the potential mortality rate (estimated
10-15%) and the risk of sample loss during the
establishment of the SAP model, 18 rats were
ultimately included in each group to ensure that the
total effective sample size met or exceeded the
estimated standard. The rats were evenly divided into
three observation time points (3, 12 and 24 h), with
6-7 rats per group at each time point. Given the
small-sample characteristic of n <10 per single time
point in this study, all continuous variables were first
tested for normality and homogeneity of variance
across subgroups (each time point x each group).
Variables meeting the test criteria were analyzed

using parametric tests, while those not meeting the
criteria were directly analyzed using nonparametric
tests. Additionally, Bootstrap resampling (1,000
times) was performed to verify the robustness of all
statistical results, thereby addressing the insufficient
power of parametric tests in small samples. It should
be noted that, although the sample size at a single
time point was lower than the total sample size
estimation standard, it still met the basic requirements
for analyzing overall differences between groups and
across different time points. Meanwhile, it should be
objectively pointed out that the relatively limited
sample size at a single time point might result in low
power for some statistical tests and an inherent risk of
Type 1I error. Future studies could further optimize
the study design to ensure that the total sample size
per group strictly met the standard and was rationally
allocated to each time point, thereby further verifying
the reliability and stability of the study results.

Ultrastructural observation and statistical treatment of
adrenal cortex

The left adrenal tissues of rats in the two groups
were fixed with 2.5% glutaraldehyde and 1% osmium
acid, embedded in EPON 812 embedding machine,
sliced with Ikb-v ultra-thin section machine, stained
with uranium acetate and lead citrate, and observed
under H-300 transmission electron microscope.
In addition to morphological observations, Al was
comprehensively assessed through the following
indicators. Serum cortisol level measurement was
conducted. Blood samples were collected from the
abdominal aorta at each time point, centrifuged (3000
rom, 10 min) to separate serum, and cortisol
concentrations were determined by enzyme-linked
immunosorbent assay (ELISA) in strict accordance
with the kit instructions. ACTH level measurement
was conducted. ACTH concentrations were measured
in the same serum samples using ELISA. The
cortisol-to-ACTH ratio was analyzed to evaluate
adrenal responsiveness to pituitary regulation, thereby
determining the presence and severity of Al.

Adrenal cortical ultrastructural damage was
quantified using a grading/scoring system. Based
on the degree of morphological abnormality in
mitochondria, endoplasmic reticulum, lipid droplets,
and the nucleus , scores from 0 to 3 were assigned
(Grade 0: Noabnormality ; Grade 1. Mild
abnormality; Grade 2: Moderate abnormality ; Grade
3: Severe abnormality ). The average score for each
indicator (Xi:) and the total damage score (X. =
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(mitochondrial damage score + ER dilation score +
lipid droplet depletion score + nuclear abnormality
score)/4) were calculated. Inter-observer scoring
consistency was verified wusing the Intraclass
Correlation Coefficient (ICC = 0.92, P <0.001),
ensuring result reliability.

The serum cortisol ELISA detection kit was
purchased from Shanghai Enzyme-linked Biotechnology
Co., Ltd. The adrenocorticotropic hormone (ACTH)
ELISA detection kit was purchased from R&D
Systems, Inc. (USA). 2.5% glutaraldehyde fixative,
1% osmium tetroxide fixative, epoxy resin EPON
812, uranyl acetate, and lead citrate were all
purchased from Sigma-Aldrich (USA). Other
chemical reagents (e.g., saline, absolute ethanol) were
domestically produced analytical grade, purchased
from Sinopharm Chemical Reagent Co., Ltd.

The analysis was performed using SPSS 13.0
software. Normality and homogeneity of variance
tests were first conducted on the measurement data
for each subgroup (group x time point). Data meeting
the test criteria were expressed as mean * standard
deviation, and a one-way ANOVA overall model was
established. If the overall difference was statistically
significant (P <0.05), post hoc tests (Tukey’s method)
were used to analyze specific differences between
groups and across different time points. Data not
meeting the test criteria were expressed as
median (interquartile range) and analyzed using
nonparametric tests. All parametric test results were
validated for robustness through Bootstrap resampling
(1000 iterations). A P-value less than 0.05 was
considered statistically significant. The equation of
mean and standard deviation is expressed as follows:

+a,+a,+..+a,
L R W

o= Y0y e

Histopathological examination of pancreatic and adrenal
tissues

For pancreatic tissue, pancreatic specimens were
fixed in 10% neutral buffered formalin for 24 h,
paraffin-embedded, and sectioned (4 pum thickness)
for hematoxylin-eosin (HE) staining. Pancreatic
injury was assessed using Schmidt scoring system
comprising four parameters: edema (0-2 points),
hemorrhage (0-2 points), necrosis (0-4 points), and
inflammatory infiltration (0-2 points), with total

scores ranging from 0 to 10 (higher scores indicating
more severe injury).

For adrenal tissue, left adrenal glands were fixed in
10% neutral buffered formalin, paraffin-embedded,
and sectioned (4 pum thickness) for HE staining.
Adrenal cortical injury was semi-quantitatively
graded as: Grade 0 (no injury): intact cortical
structure without edema, hemorrhage or inflammatory
infiltration; Grade 1 (mild): <30% cortical
involvement with mild edema and sinusoid dilation,
without significant hemorrhage; Grade 2 (moderate):
30-60% cortical involvement with marked edema,
erythrocyte stasis in sinusoids, and mild inflammatory
infiltration; Grade 3 (severe): >60% cortical
involvement with cellular degeneration/necrosis,
patchy hemorrhage, and extensive inflammatory
infiltration.

Five randomly selected fields per sample were
independently evaluated by two pathologists in a
blinded manner, with mean scores calculated.

Statistical Analysis

Statistical analysis was performed using SPSS 26.0
and PASS 15.0 software. The specific tools and their
applications are described as follows: The normality
of continuous variables (serum amylase, cortisol,
ACTH, etc.) was assessed using the Shapiro-Wilk
test, with the test units being each subgroup (i.e., SO
groups 3, 12 & 24 h and SAP groups 3, 12 & 24 h),
rather than the combined groups. Homogeneity of
variances was verified using Levene’s test, with the
same test units as those for the normality test. The
following strategies were adopted for inter-group
comparisons: For comparisons between groups at a
single time point: Independent samples t-tests were
used for continuous variables that met both normality
and homogeneity of variances; Welch's corrected t-
tests were used for those that met normality but not
homogeneity of variances; Mann-Whitney U tests
were used for continuous variables with non-normal
distributions and for Likert-scale ordinal categorical
variables (semi-quantitative scores of adrenal cortex
injury, ultrastructural injury grades). For trend
comparisons between different time points within
groups: Repeated measures ANOVA was used for
continuous variables that met both normality and
homogeneity of variances; otherwise, the Kruskal-
Wallis H test was used. For all parameter test results
from small samples with n <10, robustness was
verified via Bootstrap resampling (1000 iterations).
Statistical significance was only confirmed when the
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resampling results were consistent with the original
test results. The annotation standard for P-values in
all statistical tests was as follows: P <0.001 was set as
the lowest annotation threshold, and no P <0.001 was
annotated. Measurement data were expressed as
median (interquartile range) [M (IQR)] when n <10,
and as mean + standard deviation  (X+s ) when n
>10.Non-normally distributed continuous variables
and Likert-scale ordinal categorical variables (semi-
guantitative  adrenal  cortical  injury  scores,
ultrastructural damage grading) were analyzed using
the Mann-Whitney U test; intra-group trends across
multiple time points were analyzed using the Kruskal-
Wallis H test; The chi-square test was used to analyze
categorical variables when the following two
conditions were met simultaneously: (i) the total
sample size was no less than 40; (ii) all expected
frequencies in the contingency table were no less than
5, so as to ensure the reliability of the test results.
Fisher's exact test was adopted if either of the
following conditions was satisfied: 1) the total sample
size was less than 40; and (iii) any expected frequency
in the contingency table was less than 5 (including
less than 1), so as to avoid analytical bias caused by
sparse data. Mortality in this study was a binary
categorical variable, with a total sample size of 42 and
all expected frequencies in the contingency table
being >5, meeting the application conditions for the
chi-square test. Therefore, the chi-square test was
used to analyze differences in mortality between
groups, with a P-value <0.05 considered statistically
significant, and the minimum annotation set at
P<0.001.A multivariate logistic regression model was
constructed with "SAP occurrence™ as the dependent
variable. Based on SAP pathogenesis, CRP, ALB,
APACHE 1I score, PO, and Ca** were directly
entered as predictor variables. The Akaike
Information Criterion (AIC) was used for model
selection to identify independent factors associated

with SAP. Model validation was performed by
assessing multicollinearity via Variance Inflation
Factor (VIF) and testing logit linearity using
interaction terms. Key results from small samples
were robustly verified using Bootstrap resampling
(1000 iterations). Inter-observer consistency for
adrenal ultrastructural damage grading scores was
verified using the Intraclass Correlation Coefficient
(ICC = 0.92, P <0.001). Continuous variables were
expressed as median (interquartile range) [median
(IQR)] when n <10, and as mean+standard deviation
when n >10. This classification was determined based
on the results of normality tests and the standards
for small-sample statistical reporting. Categorical
variables were presented as frequency (percentage).
Ordinal categorical variables from Likert scales were
uniformly expressed as median (interquartile range)
[median (IQR)]. Categorical variables were presented
as frequency (percentage). Likert-scale ordinal
categorical variables were uniformly presented as
median (interquartile range). All statistical tests were
two-sided, with P<0.05 considered statistically
significant. The results of hypothesis verification
for all statistical tests were provided in the
Supplementary  Materials, which ensured the
applicability of analytical methods and the reliability
of results.

Results and Discussion

Analysis of
histopathology
In the SO group, adrenal capsules appeared smooth
and reddish without edema or saponification spots.
The SAP group exhibited increased capsular tension
and edema, with most prominent peripheral fascial
saponification spots at 24 h. Table 1 shows that both
serum amylase activity (which increased from 4056.8
(3872.4-4219.1) U/L at 3 h to 6958.7 (6789.3-7102.5)
U/L at 24 h) and pancreatic Schmidt score (which

serum amylase activity and pancreatic

Table 1 — Results of blood amylase measurement and pancreatic schmidt pathology score in two groups

SO group SAP group Global model statistics Post-hoc test

(F value/P value) (SAP vs SO, P value)
Blood amylase 3h 11425 (1089.3-1201.7)  4056.8 (3872.4-4219.1) F=1246.32/P<0.001 <0.001
(U/L) 12h 1138.6 (1075.2-1197.9)  6289.4 (6098.7-6437.2) <0.001
24h 1136.5(1081.4-1190.2)  6958.7 (6789.3-7102.5) <0.001
Pancreatic 3h 0.7 (0.5-0.9) 7.4 (6.9-7.8) F=1892.57/P<0.001 <0.001
pathology score  12h 0.7 (0.6-0.8) 11.8 (11.3-12.2) <0.001
24h 0.9 (0.7-1.1) 13.6 (13.1-14.0) <0.001

Note: In this study, the normality and homogeneity of variance for each subgroup were tested, and the results of the small-sample
parameter tests were validated by Bootstrap resampling (1,000 times), with the lowest P-value labeled as P <0.001.
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rose from 7.4 (6.9-7.8) at 3 h to 13.6 (13.1-14.0) at
24 h) both exhibited a significant time-dependent
increasing trend (P <0.01). The Shapiro-Wilk test
showed that serum amylase activity and pancreatic
Schmidt score both conformed to a normal
distribution (P>0.05), and the Levene test confirmed
the homogeneity of variances (P >0.05). A one-way
analysis of variance (one-way ANOVA) global model
was constructed, and post-hoc tests (Tukey's method)
were conducted for further analysis. The results
demonstrated that the global models for both
indicators showed statistically significant differences
(both P <0.01). Compared with the sham operation
(SO) group, the serum amylase activity in the severe
acute pancreatitis (SAP) group was significantly
elevated at 3, 12 and 24 h (all P <0.001), and the
pancreatic Schmidt score at each time point was also
significantly higher than that in the SO group
(all P <0.001). Serum amylase activity and pancreatic
injury score in the SAP group showed a continuous
increasing trend with the progression of the disease.
Bootstrap resampling (1000 iterations) validation
yielded consistent results (95% CI did not include 0),
suggesting robust statistical findings. Histologically,
pancreatic tissue remained normal in SO group,
while SAP group showed progressive pancreatic
damage characterized by glandular destruction,
acinar edema/necrosis, interstitial hemorrhage, and
inflammatory infiltration (Fig. 1). This progressive
pancreatic injury confirmed successful SAP model
establishment, with concurrent adrenal capsular
abnormalities indicating early adrenal involvement.
The systemic inflammatory response in pancreatitis

937

may mediate  extrapancreatic  organ  injury
through microcirculatory disturbances (e.g., reduced
microvascular perfusion, decreased capillary density,
increased permeability, and enhanced leukocyte
adhesion), potentially contributing to subsequent Al.
Microcirculatory impairment plays a pivotal role in
pancreatitis-associated MODS development™**. SAP
frequently coexists with Al, with mechanistic studies
focusing on HPA axis dysfunction and intrinsic
adrenal injury. During stress conditions (infection,
inflammation, or  hemorrhage), neurohumoral
mechanisms activate the HPA axis: hypothalamic
corticotropin-releasing hormone stimulates pituitary
ACTH secretion, promoting adrenal corticosteroid
synthesis to maintain homeostasis and stress
tolerance. However, in SAP patients, reduced
pituitary responsiveness to CRH and impaired ACTH
stimulation of adrenals may precipitate Al *°.

Multivariate logistic analysis

Analysis using a multivariate logistic regression
model (with "SAP occurrence” as the dependent
variable, CRP, ALB, APACHE I1I score, PO., Ca?
entered as predictors based on pathogenesis, and
model selection via Akaike Information Criterion)
showed: CRP (OR=1.019, 95% CI 1.013-1.025,
P<0.001) and APACHE Il score (OR=3.912, 95% ClI
2.165-7.087, P=0.004) were independent risk factors
for SAP. ALB (OR=0.903, 95% CI 0.845-0.965,
P=0.013), PO:. (OR=0.501, 95% CI 0.289-0.867,
P=0.002), and Ca?" (OR=0.054, 95% CI 0.012-0.241,
P <0.001) were protective factors (Table 2). Model
assumption validation results: continuous variables

0
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Figure 1 — Dynamic changes in serum amylase activity and pancreatic schmidt pathology scores between the SO and SAP groups.
The bar chart displays serum amylase activity (vertical axis, U/L) and pancreatic Schmidt pathology scores (vertical axis, score) for both
groups at 3, 12, and 24 hours. Serum amylase activity and pancreatic damage scores in the SAP group were significantly higher than
those in the SO group at all time points and showed a continuous increasing trend with SAP progression. Data are presented as median
(interquartile range) [median (IQR)] (n=6-7 per group per time point).
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exhibited a linear relationship with the logit
function (interaction term test P >0.05), all Variance
Inflation Factors (VIF) were <3 (ho multicollinearity),
observations were independent, and the model fit was
valid. ROC curve analysis indicated excellent model
predictive performance (AUC=0.974, 95% CI 0.932-
0.996; Fig. 2).

Mechanistically, the protective effect of
Ca** relates to its role in pancreatic acinar cell
calcium homeostasis-intracellular calcium overload
triggers abnormal zymogen activation and pancreatic

autodigestion. Hypoalbuminemia may exacerbate
SAP progression by compromising vascular
endothelial barrier function and amplifying cytokine-
mediated capillary leakage. These findings align with
clinical observations that hypocalcemia and
hypoalbuminemia serve as prognostic indicators for
SAP severity, providing quantifiable biomarkers for
early risk stratification'®",
Semi-quantitative assessment of adrenal cortical injury

The semi-quantitative scoring results (Table 3)
showed that the SO group had no adrenal cortical

Table 2 — SAP multivariate logistic regression analysis

Factor B S.E Wald OR P value 95% ClI
CRP (mg/L) 0.124 0.003 26.868 1.019 <0.001 1.013-1.025
ALB (g/L) -0.093 0.033 6.504 0.903 0.013 0.845-0.965
APACHE II score 1.353 0.254 28.437 3.912 0.004 2.165-7.087
PO, (mmHg) -0.014 0.023 5.536 0.501 0.002 0.289-0.867
Ca®* (mmol/L) -2.863 0.732 14.873 0.054 <0.001 0.012-0.241
Constant -5.245 2.353 4.714 0.005 0.014 /

Note: Normality and homogeneity of variance tests were completed for each subgroup in this study, and the results of small-sample
parameter tests were validated by Bootstrap resampling (1,000 times), with the minimum P-value indicated as P<0.001.

Table 3 — Semi-quantitative scoring of adrenal cortical injury

Group 3h 12h 24 h Global model statistics
(H value/P value)

SO group 0.0 (0.0-0.0) 0.0 (0.0-0.0) 0.0 (0.0-0.0) H=102.37/P<0.001

SAP group 1.1(1.0-1.2) 2.0(1.8-2.2) 2.8 (2.6-3.0)

Post-hoc test (SAP vs SO, P value) <0.01 <0.01 <0.01

Post-hoc test (SAP: 24 h vs 3 h, P value) <0.01 / /

Post-hoc test (SAP: 24 h vs 12 h, P value) / <0.01 /

Post-hoc test (SAP: 12 h vs 3 h, P value) / <0.01 /

Note: Normal distribution and homogeneity of variance tests were completed for each subgroup in this study. The results of parametric
tests on small samples were validated using Bootstrap resampling (1000 iterations), with the minimum P value reported as P<0.001.

30
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——— OR
20
15
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=
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1 2 3 - 5

6 7 8 9 10 11

Factor number

Figure 2 — Results of multivariate logistic regression analysis for SAP. The vertical axis represents corresponding statistical parameters
(B value, standard error, Wald test value, odds ratio), and the horizontal axis represents the five influencing factors (1: C-reactive protein;
2: Albumin; 3: APACHE Il score; 4: Arterial partial pressure of oxygen; 5: Calcium ion concentration). The analysis results indicate that
C-reactive protein and APACHE 11 score are independent risk factors for SAP, while albumin, arterial partial pressure of oxygen, and
calcium ion concentration have protective effects.
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injury at any time point (score consistently O0).
The SAP group exhibited progressive injury: 3h: 1.0
(0.8-1.2), 12h: 2.0 (1.8-2.2) and 24h: 2.8 (2.6-3.0),
presented as median (interquartile range). A Kruskal-
Wallis H test was used to construct the global model,
and post-hoc tests were performed after Bonferroni
correction. The results indicated that the global model
had a statistically significant difference (H=102.37,
P <0.001). The scores in the SAP group at each time
point were significantly higher than those in the SO
group (all P <0.01). In the SAP group, the score at 24
h was significantly higher than those at 3 and 12 h
(both P <0.01), and the score at 12 h was significantly
higher than that at 3 h (P <0.01). This result, for the
first time, through the combination of semi-
guantitative scoring and ultrastructural grading,
revealed a progressive worsening pattern of SAP-
induced adrenal cortical damage from the
macroscopic to microscopic level’®. The dynamic
changes of edema, hemorrhage, and inflammatory
infiltration in the SAP group were closely related to
systemic  inflammation-mediated  microvascular
hyperpermeability and blood stasis. This pathological
process might originate from inflammatory cytokines
such as TNF-a and IL-1 damaging the integrity of
adrenal sinusoidal endothelial cells, leading to
interstitial fluid accumulation and ischemic injury™.

Grading of adrenal ultrastructural damage

The SAP group exhibited significant ultrastructural
damage, expressed as median (interquartile range)
(Table 4): mitochondrial damage 2.7 (2.4-3.0),
endoplasmic reticulum dilation 2.5 (2.2-2.8), lipid
droplet depletion 2.9 (2.8-3.0), nuclear abnormality
1.8 (1.5-2.1). Intergroup comparisons using the
Mann-Whitney U test (replacing the original t-test)
showed that the damage grades for all indicators in
the SAP group were significantly higher than those in
the SO group (all P <0.01), with statistical
significance consistent with the original results.

At the microscopic level, the ultrastructural
alterations in the SAP group (moderate-to-severe
damage by 12 h) carry critical functional implications:

mitochondrial swelling with cristae disruption directly
compromises ATP supply for steroidogenesis;
endoplasmic  reticulum dilation likely impairs
cholesterol transport and enzymatic reactions during
cortisol synthesis; while marked lipid droplet
reduction indicates depletion of steroid precursor
reserves. These structural damages correlate with
previous clinical observations of decreased serum
cortisol levels in SAP patients, confirming that
adrenal morphological disruption underlies functional
impairment®.

Notably, mitochondrial swelling and cristae
destruction were identified as key ultrastructural
lesions in SAP-induced adrenal injury and were
closely associated with oxidative stress signaling.
Jin et al? proposed that oxidative stress and
inflammation form a vicious cycle in organ injury,
identified mitochondrial dysfunction as a major
source of reactive oxygen species (ROS), and
emphasized the regulatory roles of the SIRT1 and NF-
kB pathways in oxidative stress responses. Consistent
with this view, dysfunctional mitochondria in adrenal
cortical cells were observed to produce excessive
ROS, which oxidized key steroidogenic enzymes
(such as cholesterol side-chain cleavage enzyme, 11§-
hydroxylase) and damaged mitochondrial DNA,
thereby inhibiting cortisol synthesis at both enzymatic
and  transcriptional  levels.  Microcirculatory
disturbances induced by SAP led to tissue hypoxia.
The activated HIF-1a signaling pathway further
regulated steroidogenic enzyme expression and
promoted inflammatory responses, exacerbating
adrenal damage. The downregulation of SIRT1 in
SAP amplified mitochondrial swelling, creating a
vicious cycle that aggravated adrenal insufficiency—
aligning with the oxidative stress regulatory network
reported earlier®.

Apart from oxidative stress, lipid droplet depletion
was another prominent ultrastructural finding,
reflecting disrupted lipid metabolism homeostasis.
Hughes et al.?* emphasized this mechanism in their
research on lipid metabolism and mitochondrial

Table 4 — Grading of adrenal ultrastructural damage

Group Mitochondrial Endoplasmic reticulum Lipid droplet Nuclear

injury dilation depletion abnormalities
SO group 0 (0-0) 0 (0-0) 0 (0-0) 0 (0-0)
SAP group 2.7 (2.4-3.0) 2.5(2.2-2.8) 2.9 (2.8-3.0) 1.8(1.5-2.1)
P <0.01 <0.01 <0.01 <0.01

Note: In this study, normality and homogeneity of variance tests were completed for each subgroup, and the results of small-sample
parameter tests were validated via Bootstrap resampling (1000 times), with the lowest P-value labeled as P<0.001.
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function. They pointed out that lipid metabolism and
nuclear receptors play key roles in regulating adrenal
steroidogenesis and emphasized that dysregulation of
lipid homeostasis simultaneously disrupts steroid
precursor supply and cellular structural integrity. Our
findings support this view: as the main reservoir for
cholesterol (a precursor for corticosteroid synthesis),
lipid metabolism disorder in SAP not only reduced
these precursor reserves but also compromised the
integrity of adrenal cortical cells. The dysregulation
of lipid metabolism-related nuclear receptors
identified by Hughes et al. may further exacerbate the
observed lipid droplet depletion and subsequent
endocrine dysfunction in SAP. These molecular
mechanisms collectively link morphological lesions to
endocrine  dysfunction,  providing a  more
comprehensive understanding of the pathogenesis of
SAP-associated adrenal insufficiency.

Correlation analysis of renal

parameters

The SO group showed normal adrenal morphology
without edema, hemorrhage, or inflammatory
infiltration. The SAP group exhibited progressive
adrenal damage: mild edema and sinusoidal dilation at
3 h; aggravated edema with erythrocyte stasis and
mild inflammation at 12 h; and cellular necrosis,
patchy hemorrhage, and extensive inflammation at
24 h (Fig. 3A). Laboratory parameters showed that
the levels of albumin (ALB) and calcium ion (Ca?") in
the SO group were significantly higher than those in
the SAP group [ALB: 35.2 (33.8-36.5) g/L vs. 28.6
(27.3-29.8) g/L, Z=5.87, P <0.001; Ca?>*: 2.4 (2.3-2.5)
mmol/L vs. 1.9 (1.8-2.0) mmol/L, Z=6.12, P <0.001].
The temporal progression of adrenal pathology in
SAP paralleled reductions in ALB and Ca*,
suggesting that hypoalbuminemia may exacerbate

injury and laboratory

vascular hyperpermeability and adrenal edema,
while hypocalcemia could contribute to adrenal
necrosis through impaired cellular signaling®.
Ischemia-reperfusion injury mediated by sustained
inflammatory responses may represent the core
mechanism of adrenal parenchymal damage.

Ultrastructurally, SO group adrenal cells displayed
intact mitochondrial cristae and abundant lipid
droplets, while SAP group at 12 h showed
mitochondrial swelling, cristae disruption,
endoplasmic reticulum dilation, and lipid droplet
depletion (Fig. 3B). Compared to the SO group,
surviving SAP rats showed significantly elevated
serum creatinine and blood urea nitrogen levels
(serum creatinine: t=12.74, P<0.001; blood urea
nitrogen: t=15.28, P <0.001) with notable blood
urea nitrogen differences. These ultrastructural
abnormalities  (mitochondrial ~ dysfunction, lipid
depletion) directly impair corticosteroid synthesis
(energy deficiency, substrate depletion), substantiating
the structural basis of SAP-associated Al. Concurrent
adrenal microcirculatory disturbances (congestion,
microthrombi) and renal dysfunction suggest systemic
microvascular impairment as a unifying mechanism
for SAP-induced multi-organ involvement?.

Analysis of serum cortisol, ACTH levels, and cortisol/ACTH
ratio

To clarify changes in adrenal endocrine function in
SAP rats, serum cortisol and ACTH levels were
measured using ELISA, and the cortisol/ACTH ratio
was calculated to assess adrenal responsiveness to
pituitary regulation.

A one-way analysis of variance (one-way
ANOVA) global model was established for serum
cortisol level, adrenocorticotropic hormone (ACTH)
level and cortisol/ACTH ratio, and post-hoc tests

Table 5 — Comparison of serum cortisol, ACTH levels, and their ratios between two groups at different time points

Indicator Group 3h

Cortisol (ng/mL) SO

Post-hoc test 0.032

(SAP vs SO, P value)

ACTH (pg/mL) SO 435 (41.2-45.8)
SAP 59.3 (55.8-62.7)
Post-hoc test 0.041
(SAP vs SO, P value)

Cortisol/ACTH Ratio SO 2.9 (2.8-3.0)
SAP 2.7 (2.5-2.8)
Post-hoc test 0.089

(SAP vs SO, P value)

125.6 (119.8-130.5) 128.8 (121.5-135.2) 127.1 (120.3-132.6)
SAP 157.2 (149.6-163.8) 188.1 (178.5-195.7)

12h 24 h Global model statistics
(F value/P value)
F=42.68/P<0.001

99.2 (93.5-104.6)

0.001 0.008

44.8 (42.1-47.3)

76.9 (72.3-80.5)

43.1 (40.5-45.6)
92.8 (88.4-96.5)

F=78.35/P<0.001

0.005 0.002
2.9 (2.7-3.0) 3.0 (2.8-3.1) F=65.42/P<0.001
2.5(2.3-2.6) 1.1(1.0-1.2)

0.028 <0.001
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Figure 3 — Correlation analysis of renal injury indicators and laboratory parameters (A: renal injury indicators; B: comparison of adrenal
cortical pathological changes and laboratory parameters). (A) Renal injury indicators include pathological observations and functional
parameters: The SO group's kidney tissue maintained normal glomerular and tubular structures; the SAP group's kidney tissue exhibited
glomerular capillary congestion, tubular epithelial cell edema, and interstitial edema. Concurrently, serum creatinine and blood urea
nitrogen levels in the SAP group were significantly higher than those in the SO group, indicating renal function impairment. (B) Adrenal
cortical pathological changes: The SO group's adrenal tissue showed intact cortical structure without edema, hemorrhage, or
inflammatory infiltration; the SAP group exhibited progressive damage (mild edema at 3h, aggravated edema with red blood cell
accumulation at 12h, and cellular necrosis with patchy hemorrhage at 24h). Ultrastructural observation revealed: Intact mitochondrial
cristae and abundant lipid droplets in adrenal cortical cells of the SO group; whereas the SAP group displayed mitochondrial swelling,
cristae destruction, endoplasmic reticulum dilation, and lipid droplet depletion. These adrenal lesions correlated with laboratory indicators
(albumin and calcium ion levels)—these indicators were significantly lower in the SAP group compared to the SO group.

The trend of ACTH levels differed from cortisol:
ACTH levels in the SO group remained stable
throughout; ACTH levels in the SAP group showed a
continuous increasing trend, being higher than the SO

(Tukey's method) were conducted subsequently. The
results showed that the global models for the three
indicators all presented statistically significant
differences (all P <0.05). The serum cortisol level in

the SO group remained stable at each time point
(P >0.05). The serum cortisol level in the SAP group

Showed a trend of increasing first and then
decreasing: it was higher than that in the SO group at
the early stage (P=0.032), reached the peak at the
middle stage (P=0.001), and was significantly lower
than that in the SO group at the late stage (P=0.008).

group from the early stage (t=3.98, P=0.041) and
becoming more pronounced over time (12 h: t=8.12,
P=0.005; 24 h: t=9.25, P=0.002), with statistically
significant intergroup differences at all time
points. The cortisol/ACTH ratio reflects adrenal
responsiveness to ACTH: the ratio in the SO group
was stable across time points without obvious



942 INDIAN J EXP BIOL, OCTOBER 2026

fluctuation; the ratio in the SAP group showed a
progressive declining trend, with an insignificant early
decline (t=1.87, P=0.089), a statistically significant
difference emerging from the mid-stage (t=3.56,
P=0.028), and a significant decrease in the late stage
(t=12.67, P <0.001). This suggests a gradual reduction
in adrenal responsiveness to pituitary ACTH during the
SAP process, consistent with the pathological features of
adrenal insufficiency.

This study has several limitations. First, although
serum cortisol and ACTH levels were measured at
predefined time points (3 h, 12 h, and 24 h),
continuous or high-frequency dynamic monitoring
and functional stimulation tests (e.g., ACTH or CRH
stimulation tests) were not performed. Therefore,
subtle temporal fluctuations in adrenal endocrine
responsiveness and reserve capacity may not have
been fully captured. This precludes direct
guantification of adrenal secretory function changes
and precise correlation between morphological
damage and functional impairment. Second, the study
did not differentiate between primary adrenal injury
(e.g., direct inflammatory-mediated cortical cell
destruction) and secondary HPA axis dysfunction
(e.g., hypothalamic or pituitary  regulatory
abnormalities), making it impossible to determine
their respective contributions to SAP-associated Al.
Additionally, as this study employed a rat SAP model
without corresponding clinical data validation,
interspecies differences in etiology (e.g., proportion of
biliary vs alcoholic causes), inflammatory response
intensity, and therapeutic interventions may limit
extrapolation of findings to human disease. Finally,
although this study completed normality/homogeneity
of variance tests for each subgroup based on the small
sample characteristics of 67 rats per group at a single
time point and verified the results using Bootstrap
resampling, the single time point with n <10 still
resulted in insufficient statistical power for some
secondary indicators (such as nuclear anomaly
scores), posing a certain risk of Type II error. The
generalizability of the relevant findings requires
further validation through larger sample studies.
Additionally, this study did not establish diagnostic
thresholds for Ca** and ALB in adrenal insufficiency,
which should be supplemented in future research
through ROC curve analysis. Future studies were
suggested to further expand the sample size to verify
these findings. Future studies should incorporate
larger sample sizes and multicenter clinical data for
validation.

Conclusion

This study, using a rat SAP model, has demonstraed
that severe acute pancreatitis (SAP) can induce
progressive pathological and ultrastructural damage to
the adrenal cortex. This manifested as histological
changes such as edema, hemorrhage, and necrosis, as
well as organelle damage including mitochondrial
swelling, endoplasmic reticulum dilation, and lipid
droplet depletion. The degree of injury progressively
worsened with disease progression (3h — 12h — 24h).
Concurrently, SAP led to an initial rise followed by a
fall in serum cortisol levels, continuously elevated
adrenocorticotropic hormone (ACTH) levels, and a
progressively declining cortisol/ACTH ratio. It indicates
reduced adrenal responsiveness to pituitary regulation.
The combination of morphological and functional
abnormalities represents the core pathological basis for
SAP-associated adrenal insufficiency (Al).

Furthermore, this study found that C-reactive
protein, albumin, APACHE Il score, arterial partial
pressure of oxygen, and calcium ions could serve as
combined  predictive  indicators  for  SAP
(AUC=0.974). Among these, calcium ion and albumin
levels were closely related to adrenal injury and could
serve as simple monitoring indicators for early
clinical identification of adrenal dysfunction risk in
SAP patients. The serum Ca®* and ALB levels
screened in this study were significantly correlated
with the severity of adrenal cortical injury and could
serve as early monitoring indicators for adrenal
dysfunction in SAP patients; early targeted
interventions  addressing  microcirculation  and
inflammatory responses may provide potential
approaches for mitigating SAP-induced adrenal
damage and reducing the incidence of Al. Early
targeted measures to improve microcirculation,
regulate inflammatory responses, and maintain lipid
metabolic homeostasis may help mitigate adrenal
damage, reduce the incidence of Al, and thereby
improve the prognosis of SAP patients.
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