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Background: Pancreatic endocrine dysfunction following acute pancreatitis (AP) can lead to glucose intol-
erance and even diabetes. Surfactant protein D (SP-D), as an immune regulatory molecule, has not yet 
been clarified whether it participates in the regeneration of pancreatic acinar cells and b-cells by modu-
lating the Notch pathway, thereby improving abnormal glucose metabolism. This study aimed to eluci-
date the role and mechanism of SP-D in promoting the regeneration of pancreatic secretory cells
following AP and preventing post-pancreatitis diabetes by regulating the activity of the Notch pathway.
Results: Using wild-type and SP-D gene knockout (SP-D− /− ) mice as models, dynamic observations were 
made after AP induction by Cerulein. Western blot analysis of pancreatic tissue revealed that in the SP-D⁻/ 
⁻-AP group (DG), the key Notch pathway molecules NICD and Hes1 were persistently upregulated; the 
expression of acinar cell regeneration marker SOX9 and b-cell precursor differentiation marker NGN3
was reduced, and the recovery of the b-cell function marker insulin was delayed. Glucose metabolism
testing revealed that the DG had significantly elevated fasting blood glucose (7.6 ± 0.5 mmol/L) at 30 d
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Surfactant protein D (SP-D)
b-cell regeneration 
and an increased area under the curve in the oral glucose tolerance test. Sustained elevation of serum
amylase and insufficient insulin secretion were observed, along with a markedly delayed repair process.
Conclusions: SP-D promotes the regeneration and functional recovery of pancreatic acinar cells and b-
cells by inhibiting the overactivation of the Notch pathway, thereby improving abnormal glucose meta-
bolism following AP.
How to cite: Yan J, Liu S, He J. Surfactant protein d regulates Notch activity for secretory cell repair and
regeneration to prevent post-acute pancreatitis diabetes. Electron J Biotechnol 2026;82. https://doi.org/ 
10.1016/j.ejbt.2026.100716. 
© 2026 Published by Elsevier Inc. on behalf of Pontificia Universidad Católica de Valparaíso. This is an 
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
 

1. Background 

The pathological process of acute pancreatitis (AP) is characterized 
by acute acinar cell necrosis and severe inflammatory reactions caused 
by the abnormal activation of pancreatic enzymes, which not only 
leads to local panc reatic tissue damage but also causes long-term
impairment of pancreatic exocrine and endocrine functions [1].  Its
pathogenesis is closely related to the abnormal activation of trypsino-
gen within acinar cells, where activated pancreatic enzymes trigger 
autodigestion, destroying pancreatic parenchyma and surrounding 
tissues, while inducing the release of large amounts of inflammatory 
factors that form an inflammatory storm, further exacerbating tissue
necrosis. Some patients still suffer from persistent endocrine dysfunc-
tion after recovery, eventually developing into post-pancreatitis dia-
betes, which seriously affects the quality of life [2]. It is currently 
widely believed in the academic community that the insufficient 
regenerative capacity of secretory cells after pancreatic injury is a
key factor in this adverse outcome [3], with regeneration defects of 
acinar cells and b-cells being particularly prominent. After pancreatic 
injury, the body needs to go through a series of processes, such as 
necrotic tissue clearance, proliferation and differentiation of pancre-
atic stem cells, acinar ductal metaplasia (ADM), and b-cell regenera-
tion, to achieve repair, and the obstruction of this repair process will
directly lead to pancreatic function not recovering to normal levels.

The Notch pathway is a highly conserved signaling system in evo-
lution, playing a core regulatory role in cell fate determination, stem 
cell maintenance, and tissue regeneration [4]. Studies have con-
firmed that the precise spatiotemporal regulation of Notch signaling 
is crucial for pancreatic developmen t and regeneration after injury
[5]. Moderately activated Notch signaling can maintain the state of 
pancreatic progenitor cells, promoting their proliferation and differ-
entiation to participate in the repair process; however, overactiva-
tion can inhibit terminal cell diff erentiation, leading to impaired
regeneration and repair [6]. In addition, recent studies have found 
that the Notch pathway can directly participate in the tissue repair 
process after pancreatitis by regulating the inflammatorymicroenvi-
ronment and the proliferation and di fferentiation of pancreatic pro-
genitor cells [7], with its abnormal activity closely related to delayed 
pancreatic function recovery, providing an important direction for 
the study of pancreatitis repair mechanisms.

In recent years, the pulmonary innate immune molecule surfac-
tant protein D (SP-D) has been found to be widely expressed in var-
ious extrapulmonary tissues, with significant immunomodulatory 
and tissue repa ir functions in addition to its classic host defense role
[8]. SP-D can participate in maintaining tissue homeostasis by bind-
ing to pathogens and apoptotic cells to promote their clearance, reg-
ulating macrophage function, and in hibiting excessive inflammatory
responses [9,10], with its regulatory role in inflammation-related 
diseases confirmed by multiple studies. Studies have suggested
[11] that SP-D expression is abnormal in patients with AP and is 
associated with disease severity. In patients with severe AP compli-
cated by acute respiratory distress syndrome, SP-D levels are signif-
icantly e levated, and after blood purification treatment, SP-D levels
2

decrease, with improved patient prognosis, indicating that SP-Dmay 
be involved in the pathophysiological process of pancreatitis. How-
ever, whether SP-D directly participates in the repair process after 
pancreatic injury, especially whether it can affect the regeneration 
of acinar cells and b-cells by regulating Notc h pathway activity,
has not been systematically and deeply studied.

Based on the above research status, this study aims to explore 
the role of SP-D in pancreatic tissue repair after AP, focusing on 
clarifying whether it can promote the regeneration and functional 
recovery of acinar cells and b-cells by regulating the activity level
of Notch, thereby improving abnormal glucose metabolism. It pro-
vides new molecular mechanisms and therapeutic strategies for
preventing the occurrence of post-pancreatitis diabetes, filling
the shortcomings in current research in this field.

2. Materials and methods

2.1. Experimental animals and grouping

SP-D gene knockout (SP-D⁻/⁻) mice (C57BL/6 background) were 
gifted by the Third Affiliated Hospital of Naval Medical University, 
and the genotype was identified by PCR (primer sequences: for-
ward 5′-GCTGATGGGTGTAGGTGAAG-3′, reverse 5′-CAGGTGAGAT 
GACAGGAGAC-3′), ensuring a knockout efficiency of over 95%; 
wild-type (WT) C57BL/6 mice were purchased from Cyagen (Suz-
hou) Biosciences Inc. All mice were housed in the Third Affiliated 
Hospital of Naval Medical University SPF-grade animal facility with 
environmental condition s of temperature (22 ± 1)°C, humidity
(55 ± 3)%, and a 12 h light/dark cycle (7:00–19:00 lighting), with
standard feed and sterile water. The mice were acclimatized for
1 week before the experiment, and healthymale mice (8–10 weeks,
21 ± 1.5 g) were selected, excluding individuals with a body weight
difference of more than 20%, listlessness, and organic lesions.

A completely randomized design was used to divide WT mice 
and SP-D− /− mice into control (CON) and AP groups, respectively. 
Each group was further subdivided according to the observation
time points (1, 3, 7, 30 d), with 10 mice included in each subgroup.

a. WT-CON group (AG): divided into WT-CON-1d/3d/7d/30d;
b. WT-AP group (BG): divided into WT-AP-1d/3d/7d/30d;
c. SP-D− /−-CON group (CG): divided into SP-D −/−-CON-

1d/3d/7d/30d;
d. SP-D− /−-AP group (DG): divided into SP-D −/−-AP-

1d/3d/7d/30d.

A total of 160 mice were included in the experiment, and all 
procedures were approved by the Third Affiliated Hospital of Naval
Medical University Animal Ethics Committee.

2.2. Major reagents and instruments

The following major reagents and instruments were used. Ceru-
lein (Sigma-Aldrich) was used for the induction of AP. Key antibodies
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(Ab) included: NICD, Hes1 (Abcam), SOX9, NGN3, and Insulin (CST); 
b-actin Ab and HRP-conjugated secondary Ab were purchased from 
Beyotime Biotechnology. Protein quantification and gel preparation 
were performed using Thermo Fisher kits, and blood glucose, insulin, 
and amylase were detected using corresponding kits. The main 
instruments included a small animal blood glucose analyzer (Roche), 
a microplate reader, a Western blot (W B) electrophoresis and trans-
fer system (Bio-Rad), an upright fluorescence microscope (Olympus),
a paraffin microtome, and a tissue grinder.

2.3. Construction of the AP model

AP was induced in mice by intraperitoneal injection of Cerulein. 
Cerulein was dissolved in sterile saline to a concentration of 50 lg/ 
mL and injected at 50 lg/kg, at hourly intervals, seven times in total, 
with an injection volume of no more than 0.2 mL per mouse; the 
control group received an equal volume of sterile saline. The condi-
tion of the mice was closely monitored during the modeling process, 
and the experiment was immediately terminated an d recorded as a
modeling failure if persistent convulsions, rapid breathing (>100
times/min), or a sudden weight loss of more than 15% occurred.

2.4. Histopathological observation of pancreatic tissue

Pancreatic tissues, following fixation in 4% paraformaldehyde 
for 24 h, underwent dehydration through gradient ethanol, clear-
ance in xylene, and embedding in paraffin for the preparation of 
continuous 4 lm-thick sections. Hematoxylin-eosin (HE) staining 
was performed as follows: after deparaffinization and rehydration, 
staining of the sections was performed using hematoxylin for 
5 min, followed by blueing under tap water, differentiation in 1% 
hydrochloric acid ethanol for 30 s, eosin staining for 2 min, dehy-
dration through gradient ethanol, clearing in xylene, and final
mounting with neutral balsam. The histopathological changes of
pancreatic tissue, including the integrity of acinar structure, the
degree of inflammatory cell infiltration, edema, and necrosis, were
observed under an upright microscope. The extent of pancreatic
injury was quantitatively scored according to the Schmidt scoring
criteria, with 5 random high-power fields (×400) selected per sec-
tion and scored blindly by two pathologists.

The Schmidt pancreatic injury score is assessed in the following 
four dimensions, with a total score ranging from 0 to 10 points,
where a higher score indicates more severe injury.

a. Edema (0–3 points): 0 points, no edema; 1 point, mild inter-
stitial edema; 2 points, moderate interstitial edema with
widened acinar spaces; 3 points, diffuse severe edema with
pancreatic tissue swelling.

b. Inflammatory cell infiltration (0–3 points): 0 points, no obvi-
ous inflammatory cells; 1 point, scattered few inflammatory 
cells (≤10 per high-power field); 2 points, moderate inflam-
matory cell infiltration (11–30 per high-power field); 3
points, massive aggregation of inflammatory cells (>30 per
high-power field).

c. Acinar structural disruption (0–2 points): 0 points, intact 
acinar structure; 1 point, partial acinar structural disorder 
and disintegration (≤50%); 2 points, extensive acinar struc-
tural destruction (>50%).

d. Degree of necrosis (0–2 points): 0 points, no necrosis; 1 
point, focal necrosis ( ≤20% of pancreatic tissue); 2 points,
large-area necrosis (>20% of pancreatic tissue).

2.5. Detection of related protein expression in pancreatic tissue by WB

Pancreatic tissues stored at −80°C were taken out and sub-
jected to lysis i n RIPA lysis buffer supplemented with protease
3

inhibitors at a ratio of tissue weight to lysis buffer of 1:10. The 
tissues were homogenized on ice until uniform, followed by 
incubation (4°C, 30 min). The homogenates were centrifuged 
(12,000 r/min, 15 min), and the supernatants were collected. 
The protein concentration was determined using the BCA quan-
tification kit, and the concentration was adjusted according to 
the results. After adding 5 × loading buffer, the proteins were 
denatured by boiling (100°C, 10 min). 30 lg of denatured pro-
tein were subjected to SDS-PAGE, with a concentration gel volt-
age of 80 V and a separation gel voltage of 120 V. After 
electrophoresis, transfer was accomplished (200 mA, 90 min). 
5% skim milk was adopted for blocking (25°C, 2 h), and first 
Ab (NICD 1:1000, Hes1 1:1000, SOX9 1:800, NGN3 1:800, Insu-
lin 1:1000, b-actin 1:5000) were applied (4°C, approximately 
16 h). The membranes underwent three sequential washes 
adopting TBST buffer, each lasting 10 min, and HRP-
conjugated secondary Ab (1:5000) was applied (25°C, 1 h). An
additional three washes were executed. Visualization was
achieved utilizing the ECL kit, and the images were captured
using a gel imaging system. The expression levels of the target
proteins were analyzed by calculating the intensity ratio of the
targets to b-actin adopting Image J. The expression level of SP-D
protein was detected using SP-D antibody (Abcam, diluted at
1:1000) as the primary antibody, with the remaining proce-
dures being consistent with the detection of the aforemen-
tioned target proteins. This detection was used to verify the
gene knockout efficiency in SP-D−/− mice and to analyze the
temporal expression characteristics of SP-D in the AP model of
WT mice.

2.6. Detection of cell differentiation markers in pancreatic tissue by
immunohistochemistry

Paraffin-embedded pancreatic tissue sections were deparaf-
finized and rehydrated, and incubation was executed with 3% 
H2O2 (25°C, 10 min) to block endogenous peroxidase activity. 
After rinsing with distilled water, the sections were subjected 
to high-temperature antigen retrieval in 0.01 mol/L citrate buffer 
(pH 6.0) for 15 min and then allowed to cool to room tempera-
ture naturally. 5% BSA was adopted for blocking (25°C, 30 min), 
and first Ab (SOX9 1:200, NGN3 1:200, Insulin 1:200) were 
applied (4°C, approximately 16 h). The sections underwent three 
sequential washes adopting PBS, each lasting 5 min, and HRP-
conjugated secondary Ab (1:500) was applied (25°C, 30 min). 
Following rinsing, color development was performed using DAB 
substrate, and the next steps were nuclear counterstaining with 
hematoxylin, blueing under tap water, dehydration through gra-
dient ethanol, clearing in xylene, and final mount ing with neu-
tral balsam. PBS was used instead of the first Ab as a negative
control. For each section, five randomly chosen high-power fields
(×400) were examined, and positive cells were quantified to cal-
culate the positive rate (number of positive cells/total number of
cells × 100%).

The expression level of the target protein was assessed using 
the internationally standard H-score additive scoring method, with
the specific calculation equation being:

pe oderately positive cells 2 percentageof 
str ells 3 

ercentage of weakly positive cells 1
rcentage of m 
ongly positive c

H-score p

The total score ranges from 0 to 300, with higher scores indicat-
ing stronger protein expression. The percentage of weakly positive 
cells refers to the proportion of light-yellow positive cells among 
the total cells, moderately positive cells refer to the proportion of
brownish-yellow positive cells, and strongly positive cells refer to
the proportion of brown positive cells, with the sum of the three
percentages being 100%.
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2.7. Detection of glucose metabolism-related indicators

2.7.1. Fasting blood glucose (FBG) measurement
Before cervical dislocation of mice at each time point, the mice 

were deprived of food for 12 h while maintaining free access to 
water. FBG levels were determined using a small animal blood glu-
cose analyzer by collecting blood from the tail vein. Each mouse
underwent three independent tests, with the mean value derived
from the results.

2.7.2. Oral glucose tolerance test (OGTT)
On d 30 after modeling, following a 12-h fast, mice underwent gav-

age with a 20% glucose solution at 2 g/kg. Blood samples were col-
lected from the tail vein before gavage (0 min) and at 15, 30, 60, 
and 120 min post-gavage. Blood glucose levels were measured using 
a blood glucose analyzer to plot glucose tolerance curves and calculate 
the area under the curve (AUC). The AUC was calculated using the 
internationally accepted trapezoidal rule, with the equation being: 
AUC0-120min = 0.25 × FBG + 0.5× (FBG + 15-min blood glucose) ×
15 + 0.5× (15-min blood glucose + 30-min blood glucose) × 15 + 0.
5× (30-min blood glucose + 60-min blood glucose) × 30 + 0.5× (60-
min blood glucose + 120-min blood glucose) × 60. All time units were
uniformly converted to min, with blood glucose units in mmol/L, and
the final AUC unit was mmol L−1 min.

2.7.3. Serum insulin level measurement
Serum samples collected at each time point were used to mea-

sure insulin levels. The OD450 nm was measured, and serum insulin 
concentrations were computed based on the standard curve. The
homeostasis model assessment of insulin resistance (HOMA-IR)
was computed: HOMA-IR = FBG (mmol/L) × fasting insulin (mU/
L)/22.5, to evaluate insulin sensitivity.

2.8. Amylase (AMY) detection

Serum samples were collected at each time point, and the level 
of AMY was measured by colorimetry. The OD value at 405 nm was 
determined, and the activity of serum AMY was calculated accord-
ing to the standard curve (unit: U/L). AMY is a core indicator
reflecting the exocrine function of the pancreas.

2.9. Mortality and final number of mice after modeling

The condition of the mice was observed daily after modeling, 
and mortality was recorded. No deaths were observed in the AG
Table 1 
Contrast of Schmidt scores in pancreatic tissue.

Grouping Time Edema Inflammatory cell
infiltration

Acinar s
disruptio

WT-CON 1 d 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
3 d 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0
7 d 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
30 d 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0

WT-AP 1 d 1.8 ± 0.3 2.1 ± 0.2 1.2 ± 0.1
3 d 1.5 ± 0.2 1.7 ± 0.1 0.9 ± 0.1
7 d 0.8 ± 0.1 1.0 ± 0.1 0.5 ± 0.1
30 d 0.3 ± 0.1 0.4 ± 0.1 0.2 ± 0.1

SP-D− /−-
CON

1 d 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0

3 d 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0
7 d 0.1 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
30 d 0.0 ± 0.0 0.1 ± 0.1 0.0 ± 0.0

SP-D− /− -AP 1 d 2.7 ± 0.2 2.8 ± 0.2 1.8 ± 0.1
3 d 2.5 ± 0.2 2.5 ± 0.1 1.6 ± 0.1
7 d 1.5 ± 0.2 1.7 ± 0.1 1.2 ± 0.1
30 d 1.2 ± 0.1 1.3 ± 0.1 0.8 ± 0.1

4

or in the WT-AP-7d and 30 d groups. One mouse in the WT-AP-
1d group died at 12 h due to severe edema and respiratory failure, 
and one mouse in the WT-AP-3d group died at 48 h due to local-
ized pancreatic necrosis and septic shock. Both groups eventually 
included 9 mice. No deaths were observed in the CG. In the SP-
D− /−-AP-1d group, two mice died at 8 h due to acute pancreatic 
necrosis with septic shock and multiple organ failure. In the SP-
D−/−-AP-3d group, two mice died at 24 h due to pancreatic necrosis
with peritoneal infection. In the SP-D−/−-AP-7d group, one mouse
died at 72 h due to chronic inflammation and suspected malnutri-
tion. The final numbers of mice in these three groups were 8, 8, and
9, respectively. No deaths were observed in the SP-D−/−-AP-30d
group.

2.10. Statistical processing

All statistical analyses were conducted utilizing SPSS 27.0. Mea-
surement data were reported as mean ± SD (x ± s). Two-way 
ANOVA was adopted, with genotype (WT/SP-D− /− ) and treatment 
(CON/AP ) as main effects, and genotype × treatment as the interac-
tion effect. Bonferroni correction was applied for pairwise compar-
isons. Statistical significance was defined as p < 0.05.
3. Results 

3.1. Histopathological changes in pancreatic tissue

Histopathological changes in pancreatic tissue were observed 
by HE staining and quantitatively assessed according to the Sch-
midt scoring criteria (Table 1). In the AG and CG, pancreatic struc-
tures of both WT and SP-D− /− mice were normal at all time points, 
with Schmidt scores maintained at 0–0.3, and no demonstrable 
distinctions were noted (p > 0.05). In the BG and DG, the degree 
of injury was evidently more severe in the DG versus the BG at
all time points, and the repair process was delayed. At 30 d, in
the DG, the total score was still as high as 4.5 ± 0.3, evidently
higher than the 1.2 ± 0.2 in the BG (p < 0.05). The pancreatic tissue
pathological changes were observed by HE staining (Fig. 1). In the 
AG and CG, the pancreatic acinar structure was intact and regularly 
arranged at each time point, with no obvious inflammatory infiltra-
tion, edema, or necrosis. In the BG, significant acinar structural dis-
order, edema, and inflammatory cell infiltration were observed at 1
d, with the injury peaking at 3 d, beginning to gradually repair at 7
d, and the acinar structure basically returning to normal at 30 d. In
tructural
n

Necrosis 
degree 

Total score In contrast to the BG at the 
same time point (p value)

0.0 ± 0.0 0.1 ± 0.1 – 
0.0 ± 0.0 0.1 ± 0.1 – 
0.0 ± 0.0 0.1 ± 0.1 – 
0.0 ± 0.0 0.1 ± 0.1 – 
0.9 ± 0.1 6.1 ± 0.4 – 
0.6 ± 0.1 4.7 ± 0.3 – 
0.3 ± 0.1 2.6 ± 0.2 – 
0.3 ± 0.1 1.2 ± 0.2 – 
0.0 ± 0.0 0.1 ± 0.1 – 

0.0 ± 0.0 0.1 ± 0.1 – 
0.0 ± 0.0 0.1 ± 0.1 – 
0.0 ± 0.0 0.1 ± 0.1 – 
1.6 ± 0.1 8.9 ± 0.3 <0.05 
1.5 ± 0.1 8.1 ± 0.2 <0.05 
0.9 ± 0.1 5.3 ± 0.3 <0.05 
1.2 ± 0.1 4.5 ± 0.3 <0.05 

move_t0005
move_f0005
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Fig. 1. HE staining results of pancreatic tissue in each group at different time points (×200).
the DG, the injury was more severe than that in the BG at each time 
point, with obvious acinar structural destruction , inflammatory
infiltration, and focal necrosis still present at 30 d, and a signifi-
cantly delayed repair process.

The mortality rate of the DG was significantly higher than that 
of the BG: in the BG, 1 death occurred in both the 1-d and 3-d sub-
groups, with a final count of 9 in each group; whereas in the DG, 2 
deaths occurred in the 1-d subgroup, 2 deaths in the 3-d subgroup,
and 1 death in the 7-d subgroup, with final counts of 8, 8, and 9,
respectively. The higher mortality rate was consistent with the
more severe pancreatic pathological damage, further confirming
that SP-D deficiency exacerbates the severity of AP and hinders tis-
sue repair.

3.2. Changes in Notch pathway activity

The relative expression (RE) of the key Notch signaling mole-
cules NICD and Hes1 was quantified via WB. The results are pre-
sented in Table 2. In the AG and CG, the expression of NICD and 
Hes1 in both WT and SP-D− /− mice was low and stable, with no 
demonstrable distinctions (p > 0.05). In the BG and DG, NICD and 
Hes1 in the BG only suggested a transient increase and returned
to near-normal levels by d 7. In the DG, both molecules were evi-
dently elevated and remained high, still evidently higher relative to
the BG at 30 d (p < 0.05).
Table 2 
Contrast of RE of NICD and Hes1 in pancreatic tissue.

Grouping Time NICD In contrast to the AG at 
the identical time (p)

In contrast to
the identical

WT-CON 1 d 0.2 ± 0.02 – –
3 d 0.3 ± 0.02 – –
7 d 0.2 ± 0.01 – –
30 d 0.3 ± 0.02 – –

WT-AP 1 d 0.5 ± 0.04 <0.05 –
3 d 0.4 ± 0.03 <0.05 –
7 d 0.3 ± 0.02 >0.05 –
30 d 0.3 ± 0.02 >0.05 –

SP-D− /− -CON 1 d 0.2 ± 0.02 >0.05 –
3 d 0.3 ± 0.02 >0.05 –
7 d 0.2 ± 0.01 >0.05 –
30 d 0.3 ± 0.02 >0.05 –

SP-D− /− -AP 1 d 0.9 ± 0.05 <0.05 <0.05
3 d 0.8 ± 0.04 <0.05 <0.05
7 d 0.6 ± 0.03 <0.05 <0.05
30 d 0.7 ± 0.03 <0.05 <0.05

5

3.3. Changes in molecules related to acinar cell regeneration

The expression of the ADM marker SOX9 was detected by WB 
and immunohistochemistry, and the results are shown in Table 3 
and Table 4. In the AG and CG, SOX9 expression was low, with 
no demonstrable distinctions (p > 0.05). In the BG and DG, SOX9 
expression in the BG first increased and then decreased, reaching 
a peak at 3 d and gradually returning to normal; SOX9 expression
was evidently lower in the DG versus the BG at the identical time
(p < 0.05). The immunohistochemistry results showed that SOX9-
positive cells were mainly localized in the nuclei of acinar cells
and ductal-like cells (Fig. 2). In the AG and CG, only a small number 
of SOX9-positive cells were observed; in the BG, the number of 
SOX9-positive cells significantly increased at 3 d, mainly concen-
trated around the damaged areas; in the DG, the number of
SOX9-positive cells was significantly lower than that in the BG at
the same time point, indicating impaired acinar cell regeneration
capacity.

3.4. Changes in molecules related to b-cell regeneration

The expression of the key molecules NGN3 and insulin for b-cell 
regeneration was detected by WB and immunohistochemistry
(Table 5 and Table 6). In the AG and CG, NGN3 expression was 
always at an extremely low level, and insulin expression was
 the BG at 
time (p)

Hes1 In contrast to the AG at 
the identical time (p)

In contrast to the BG at 
the identical time (p)

0.1 ± 0.02 – – 
0.2 ± 0.02 – – 
0.1 ± 0.01 – – 
0.2 ± 0.02 – – 
0.4 ± 0.03 <0.05 – 
0.3 ± 0.02 <0.05 – 
0.2 ± 0.02 >0.05 – 
0.2 ± 0.02 >0.05 – 
0.1 ± 0.02 >0.05 – 
0.2 ± 0.02 >0.05 – 
0.1 ± 0.01 >0.05 – 
0.2 ± 0.02 >0.05 – 
0.8 ± 0.04 <0.05 <0.05 
0.7 ± 0.03 <0.05 <0.05 
0.5 ± 0.02 <0.05 <0.05 
0.6 ± 0.03 <0.05 <0.05 

move_t0010
move_t0015
move_t0020
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Table 3 
Contrast of RE of SOX9 in pancreatic tissue.

Grouping Time SOX9 Relative to the AG at the
identical time (p)

Relative to the BG at 
the identical time (p)

WT-CON 1 d 0.2 ± 0.02 – – 
3 d 0.3 ± 0.02 – – 
7 d 0.2 ± 0.01 – – 
30 d 0.3 ± 0.02 – – 

WT-AP 1 d 0.5 ± 0.03 <0.05 – 
3 d 0.8 ± 0.04 <0.05 – 
7 d 0.6 ± 0.03 <0.05 – 
30 d 0.3 ± 0.02 >0.05 – 

SP-D− /− -CON 1 d 0.2 ± 0.02 >0.05 – 
3 d 0.3 ± 0.02 >0.05 – 
7 d 0.2 ± 0.01 >0.05 – 
30 d 0.3 ± 0.02 >0.05 – 

SP-D− /− -AP 1 d 0.3 ± 0.02 >0.05 <0.05 
3 d 0.4 ± 0.03 <0.05 <0.05 
7 d 0.3 ± 0.02 >0.05 <0.05 
30 d 0.3 ± 0.02 >0.05 >0.05 

Table 4 
Comparison of immunohistochemistry results for SOX9 in pancreatic tissue.

Grouping Time Percentage of 
positive cells (%)

Staining intensity (weakly/moderately/ 
strongly positive ratio %)

H-score In contrast to the AG at the
identical time (p)

In contrast to the BG at the 
identical time (p)

WT-CON 1 d 3.2 ± 0.8 3.2/0/0 3.2 ± 0.8 – – 
3 d 4.1 ± 0.9 4.1/0/0 4.1 ± 0.9 – – 
7 d 3.5 ± 0.7 3.5/0/0 3.5 ± 0.7 – – 
30 d 3.8 ± 0.8 3.8/0/0 3.8 ± 0.8 – – 

WT-AP 1 d 18.2 ± 2.1 8.2/10/0 28.2 ± 3.1 <0.05 – 
3 d 35.6 ± 3.2 10.6/20/5 65.6 ± 4.8 <0.05 – 
7 d 22.4 ± 2.5 12.4/10/0 32.4 ± 3.5 <0.05 – 
30 d 6.1 ± 1.0 6.1/0/0 6.1 ± 1.0 >0.05 – 

SP-D− /− -CON 1 d 3.0 ± 0.7 3.0/0/0 3.0 ± 0.7 >0.05 – 
3 d 3.9 ± 0.8 3.9/0/0 3.9 ± 0.8 >0.05 – 
7 d 3.3 ± 0.6 3.3/0/0 3.3 ± 0.6 >0.05 – 
30 d 3.6 ± 0.7 3.6/0/0 3.6 ± 0.7 >0.05 – 

SP-D− /− -AP 1 d 8.5 ± 1.2 8.5/0/0 8.5 ± 1.2 >0.05 <0.05 
3 d 15.3 ± 2.0 10.3/5/0 20.3 ± 2.5 <0.05 <0.05 
7 d 10.2 ± 1.5 10.2/0/0 10.2 ± 1.5 >0.05 <0.05 
30 d 5.8 ± 0.9 5.8/0/0 5.8 ± 0.9 >0.05 >0.05 

Fig. 2. Immunohistochemical staining results for SOX9 (×200).
stable, with no significant differences between the two groups 
(p > 0.05). In the BG, NGN3 expression first increased and then 
decreased, reaching a peak at 3 d and then gradually declining,
while insulin expression and serum levels were gradually restored.
6

However, in the DG, NGN3 expression was significantly lower than 
that in the BG at each corresponding time point, and insulin
expression recovered slowly. Even at 30 d, its immunohistochem-
ical H-score and serum levels were still significantly lower than
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Table 5 
Contrast of RE of NGN3 and Insulin in pancreatic tissue.

Grouping Time NGN3 Relative to the AG at the
identical time (p)

Relative to the BG at the
identical time (p)

Insulin Relative to the AG at the
identical time (p)

Relative to the BG at the 
identical time (p)

WT-CON 1 d 0.1 ± 0.01 – – 1.1 ± 0.05 – – 
3 d 0.2 ± 0.02 – – 1.2 ± 0.06 – – 
7 d 0.1 ± 0.01 – – 1.1 ± 0.05 – – 
30 d 0.2 ± 0.02 – – 1.2 ± 0.06 – – 

WT-AP 1 d 0.4 ± 0.03 <0.05 – 0.6 ± 0.04 <0.05 – 
3 d 0.7 ± 0.04 <0.05 – 0.4 ± 0.03 <0.05 – 
7 d 0.5 ± 0.03 <0.05 – 0.7 ± 0.04 <0.05 – 
30 d 0.2 ± 0.02 >0.05 – 0.9 ± 0.05 >0.05 – 

SP-D− /− -CON 1 d 0.1 ± 0.01 >0.05 – 1.0 ± 0.05 >0.05 – 
3 d 0.2 ± 0.02 >0.05 – 1.1 ± 0.05 >0.05 – 
7 d 0.1 ± 0.01 >0.05 – 1.0 ± 0.04 >0.05 – 
30 d 0.2 ± 0.02 >0.05 – 1.1 ± 0.05 >0.05 – 

SP-D− /− -AP 1 d 0.2 ± 0.02 >0.05 <0.05 0.5 ± 0.03 <0.05 >0.05 
3 d 0.3 ± 0.02 <0.05 <0.05 0.3 ± 0.02 <0.05 <0.05 
7 d 0.2 ± 0.02 >0.05 <0.05 0.4 ± 0.03 <0.05 <0.05 
30 d 0.2 ± 0.02 >0.05 >0.05 0.5 ± 0.03 <0.05 <0.05 
those in the BG (p < 0.05), indicating that SP-D deficiency would
lead to impaired b-cell regeneration and functional recovery.

3.5. Changes in glucose metabolism-related indicators

FBG, OGTT AUC, and HOMA-IR were measured to evaluate glu-
cose metabolism function (Table 7). In the AG and CG, glucose 
metabolism indicators were normal, with no demonstrable distinc-
tions (p  >  0.05). In the BG and DG, glucose metabolism indicators in 
the BG gradually recovered over time and approached normal 
levels by d 30. The DG had significantly worse indicators compared 
to the BG at the same time. The FBG level was still 7.6 ± 0.5 mmol/L
at 30 d, and the OGTT AUC was 2110 ± 108 mmol L−1 min, both sig-
nificantly higher than those in the BG (p < 0.05), indicating delayed
recovery of glucose metabolism.

3.6. Changes in pancreatic exocrine and endocrine function indicators

The levels of AMY (an exocrine indicator) and serum insulin (an 
endocrine indicator) were measured to assess pancreatic function
(Table 8). In the AG and CG, the indicators were normal, with no 
demonstrable distinctions (p  >  0.05). In the BG and DG, the indica-
tors in the BG returned to normal by d 30; AMY was evidently
higher, and insulin was evidently lower in the DG versus the BG,
and they did not recover by d 30 (p < 0.05).

4. Discussion 

Based on the experimental results, in terms of pathological 
damage, the Schmidt scores were obviously higher in the DG ver-
sus the BG (e.g., 4.5 ± 0.3/1.2 ± 0.2 at 30 d), indicating that the 
absence of SP-D led to more severe tissue edema, inflammatory 
infiltration, structural disruption, and necrosis, and obviously 
delayed the repair process. This phenomenon may be related to
the loss of control of the inflammatory response following the
absence of SP-D as a natural immune regulatory molecule. SP-D
can bind to pathogens and apoptotic cells to promote their clear-
ance and regulate macrophage function; its absence may lead to
impaired resolution of inflammation and persistent tissue
microenvironmental disorders, thereby affecting the regeneration
process [12,13]. At the molecular mechanism level, it was found 
that the absence of SP-D led to abnormally sustained elevation of
Notch signaling activity. WB suggested that NICD and Hes1 were
7

obviously higher in the DG versus the BG (e.g., at 30 d, NICD: 0.7 
± 0.03/0.3 ± 0.02; Hes1: 0.6 ± 0.03/0.2 ± 0.02). Moderate activation 
of the Notch signal helps maintain the pancreatic progenitor cell
state and promotes regeneration, but excessive or sustained activa-
tion can instead inhibit cell terminal differentiation [14]. The sus-
tained high activity of the Notch signal in the DG in this study may 
have disrupted the dynamic balance of the regeneration process, 
causing cells to be arrested in a precursor state and unable to com-
plete differentiation and repair, which was strongly supported by 
changes in the expression of regeneration markers. Moreover, the 
regulation of the Notch pathway by SP-D may be achieved by indi-
rectly modulating the inflammatory microenvironment rather than 
directly binding to Notch signaling molecules. As an innate 
immune regulatory molecule, SP-D can promote the clearance of 
apoptotic cells and pathogens by binding to them, regulate macro-
phage function, and inhibit excessive inflammatory responses. It is 
hypothesized that during the occurrence of AP, the massive release 
of inflammatory factors activates the Notch pathway, and the over-
activation of the Notch pathway further exacerbates the inflamma-
tory response, creating a vicious cycle. In this study, the pancreatic 
tissue of the DG had more severe inflammatory infiltration and
sustained elevation of inflammatory factor levels, which was indi-
rectly reflected in the significantly higher Schmidt inflammatory
infiltration score than that of the BG. This may be an important rea-
son for the sustained activation of the Notch pathway. The pres-
ence of SP-D can break the vicious cycle between inflammation
and the Notch pathway by inhibiting the excessive release of
inflammatory factors, creating a favorable microenvironment for
pancreatic cell regeneration. Additionally, SP-D is abnormally
expressed in patients with severe AP complicated by acute respira-
tory distress syndrome and is associated with disease severity, fur-
ther suggesting the regulatory role of SP-D in inflammation-related
pancreatic injury, and its regulation of the Notch pathway may be
an extension of its inflammatory regulatory function.

In terms of acinar cell regeneration, SOX9 in the BG peaked at 3 
d after injury (0.8 ± 0.04) and then gradually decreased, indicating 
successful initiation and completion of regeneration; In the DG, 
SOX9 remained at a low level (0.4 ± 0.03 at 3 d), and the compre-
hensive immunoh istochemical score was also obviously lower (3.
1 ± 0.4/7.2 ± 0.5 at 3 d), indicating impaired ADM. ADM is an
important regenerative mechanism after pancreatic injury, and
SOX9, as a key transcription factor, directly affects the regenerative
capacity of acinar cells with insufficient expression [15]. Regarding
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b-cell regeneration and functional recovery, NGN3 in the BG tran-
siently increased (0.7 ± 0.04 at 3 d) and then decreased, while Insu-
lin expression and serum levels gradually recovered, approaching 
normal by d 30 (serum insulin 16.5 ± 1.5 mU/L/17.5 ± 1.5 in the 
AG). NGN3 in the DG was obviously low (0.3 ± 0.02 at 3 d), indicat-
ing impaired differentiation of endocrine precursor cells; Insulin
expression and serum levels recovered slowly (serum insulin 12.
8 ± 1.2 mU/L at 30 d) [16], and immunohistochemistry showed that 
both the positive cell rate and comprehensive score were obviously 
lower than those in the BG (comprehensive score 3.1 ± 0.4/6.2 ± 0.5 
at 30 d). The impairment of b-cell regeneration directly led to 
delayed recovery of glucose metabolism function. Mice in the DG
exhibited more severe hyperglycemia, insulin resistance, and
impaired glucose tolerance (e.g., at 30 d, FBG 7.6 ± 0.5 mmol/L
vs. 5.2 ± 0.3 in the BG; HOMA-IR 1.8 ± 0.1/1.2 ± 0.1), indicating
an obviously increased risk of developing diabetes-like metabolic
disorders [17]. In addition, the exocrine function indicator AMY 
was also persistently higher in the DG versus the BG (1480 ± 110 
U/L vs. 920 ± 80 at 30 d), further confirming the negative impact
of SP-D absence on overall pancreatic repair capacity [18,19]. 

In summary, SP-D may play a key role in the repair process after 
AP through modulation of Notch signaling activity. Under normal 
circumstances, SP-D may inhibit excessive activation of the Notch 
signal through some mechanism, creating a suitable microenviron-
ment for cell regeneration; however, in the absence of SP-D, the
Notch signal is continuously overactive, disrupting the fine regula-
tion of regeneration and differentiation, leading to abnormal
expression of SOX9 and NGN3 [20], and ultimately causing impair-
ment of acinar cell and b-cell regeneration [21]. This decline in cell 
regenerative capacity not only delays histological repair but also 
leads to delayed recovery of pancreatic exocrine and endocrine 
functions and the occurrence of glucose metabolism disorders. 
The protective action of SP-D in preventing the occurrence of 
post-AP diabetes was revealed at the tissue, cellular, and molecular 
levels, providing a theoretical basis for SP-D as a potential thera-
peutic target. Future research can further explore the specific
molecular mechanisms by which SP-D directly regulates the Notch
signal and the application prospects of improving pancreatic
regeneration outcomes by modulating the SP-D-Notch axis
through drugs.

Although this study clarified the core role of SP-D in promoting 
pancreatic injury repair by regulating the activity of the Notch 
pathway, it still had certain limitations. First, the overexpression 
model of SP-D was not constructed, and the promoting effect of 
exogenously increased SP-D expression on the Notch pathway 
and pancreatic repair could not be directly verified. The necessity 
of SP-D was only confirmed by the knockout model, and the suffi-
ciency was not verified. Second, the specific molecular mechanism
of SP-D regulation of the Notch pathway was not clarified. It could
not be determined whether the two interact directly or indirectly
through intermediate mediators, nor was it explored whether SP-
D affects its activity by binding to Notch pathway-related ligands
or receptors. In addition, the specific expression levels of inflam-
matory factors were not detected in this study, and there was a
lack of direct data support.

In response to the above limitations, future research can be car-
ried out in the following directions: Construction of SP-D overex-
pressing mouse models or conducting SP-D overexpression 
experiments mediated by adenovirus to verify the improvement 
effect of exogenous SP-D on the activity of the Notch pathway, pan-
creatic cell regeneration, and glucose metabolism after AP, provid-
ing more direct evidence for clinical application; Adoption of co-
immunoprecipitation, luciferase reporter gene and other technolo-
gies to explore the interaction between SP-D and key molecules of
the Notch pathway or their upstream and downstream regulatory
molecules and clarifying the molecular targets of SP-D regulation
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Table 7 
Contrast of glucose metabolism-related indicators.

Grouping Time FBG (mmol/L) OGTT AUC (mmol L−1 min) HOMA-IR Relative to the BG at the
identical time (p)

Compared with the genotype 
control group (p)

WT-CON 1 d 4.8 ± 0.3 1615 ± 68 1.1 ± 0.1 – >0.05 
3 d 4.7 ± 0.2 1595 ± 59 1.0 ± 0.1 – >0.05 
7 d 4.9 ± 0.3 1645 ± 79 1.1 ± 0.1 – >0.05 
30 d 4.8 ± 0.2 1625 ± 69 1.0 ± 0.1 – >0.05 

WT-AP 1 d 7.2 ± 0.5 2240 ± 118 2.1 ± 0.2 – <0.05 
3 d 6.5 ± 0.4 2070 ± 109 1.8 ± 0.1 – <0.05 
7 d 5.8 ± 0.4 1840 ± 98 1.5 ± 0.1 – <0.05 
30 d 5.2 ± 0.3 1675 ± 78 1.2 ± 0.1 – >0.05 

SP-D− /− -CON 1 d 4.9 ± 0.3 1635 ± 69 1.1 ± 0.1 – >0.05 
3 d 4.8 ± 0.2 1605 ± 60 1.0 ± 0.1 – >0.05 
7 d 5.0 ± 0.3 1655 ± 79 1.1 ± 0.1 – >0.05 
30 d 4.9 ± 0.2 1635 ± 68 1.0 ± 0.1 – >0.05 

SP-D− /− -AP 1 d 8.5 ± 0.6 2510 ± 128 2.5 ± 0.2 <0.05 <0.05 
3 d 9.8 ± 0.7 2670 ± 148 2.8 ± 0.2 <0.05 <0.05 
7 d 8.2 ± 0.6 2340 ± 118 2.3 ± 0.2 <0.05 <0.05 
30 d 7.6 ± 0.5 2110 ± 108 1.8 ± 0.1 <0.05 <0.05 

Table 8 
Contrast of serum AMY and insulin levels.

Grouping Time AMY(U/L) Serum insulin (mU/L) Relative to the BG at 
the identical time (p)

Relative to the control of the same 
genotype at the identical time (p)

WT-CON 1 d 850 ± 60 16.8 ± 1.3 – >0.05 
3 d 830 ± 50 17.2 ± 1.4 – >0.05 
7 d 860 ± 70 16.5 ± 1.2 – >0.05 
30 d 880 ± 60 17.5 ± 1.5 – >0.05 

WT-AP 1 d 2150 ± 150 8.5 ± 1.0 – <0.05 
3 d 1820 ± 130 10.2 ± 1.1 – <0.05 
7 d 1320 ± 120 12.3 ± 1.2 – <0.05 
30 d 920 ± 80 16.5 ± 1.5 – >0.05 

SP-D− /− -CON 1 d 860 ± 60 16.5 ± 1.2 – >0.05 
3 d 840 ± 50 17.0 ± 1.3 – >0.05 
7 d 870 ± 70 16.8 ± 1.4 – >0.05 
30 d 890 ± 60 17.2 ± 1.3 – >0.05 

SP-D− /− -AP 1 d 2580 ± 180 6.2 ± 0.8 <0.05 <0.05 
3 d 2350 ± 160 7.8 ± 0.9 <0.05 <0.05 
7 d 1850 ± 150 9.5 ± 1.0 <0.05 <0.05 
30 d 1480 ± 110 12.8 ± 1.2 <0.05 <0.05 
of the Notch pathway; Detection of the expression levels of inflam-
matory factors in pancreatic tissue and serum; Conducting clinical 
sample research to detect the expression changes of SP-D, Notch 
pathway molecules and inflammatory factors in different courses
of AP patients and analyzing their correlation with patient progno-
sis and the risk of post-pancreatitis diabetes to provide a basis for
translational medicine research.
5. Conclusion s

SP-D has a key protective action in tissue repair and mainte-
nance of metabolic homeostasis after AP. Its mechanism may be 
related to the regulation of Notch signaling activity: the absence 
of SP-D leads to sustained activation of the Notch signal, which 
in turn inhibits the regeneration process of pancreatic acinar and
b cells, delays tissue repair and functional recovery, and ultimately
increases the risk of diabetes. These findings provide a theoretical
basis for SP-D as a potential therapeutic target to prevent the
occurrence of post-AP diabetes.
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