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Background: Platelet activation in the early stage of pancreatitis is the key step developing into pancreatic necrosis. Studies 
suggested that vitamin C (Vit C) can inhibit platelet activity by targeting CXCL12/CXCR4 pathway. High-dose Vit C were showed 
to reduce pancreatic necrosis in severe acute pancreatitis (SAP) but the mechanism remains unclear. Here we speculate high-dose Vit 
C reduce pancreatic necrosis by inhibiting platelet activation through downregulating CXCL12/CXCR4 pathway.
Methods: The pancreatic microcirculation of rats was observed by intravital microscopy. The platelet activity of SAP rats treated with 
or without high-dose Vit C was analyzed by platelet function test. Besides, the activity of platelets preincubated with high-dose Vit 
C or vehicle from SAP patients was also evaluated. Then, the TFA (CXCR4 agonist) and rCXCL12 were used to neutralize the effect 
of high-dose Vit C in SAP rats treated with high-dose Vit C. Meanwhile, the levels of enzymes and inflammatory cytokines in rat 
plasma, and rats’ pancreatic histopathology and mortality were assessed.
Results: Platelets from animals and patients with SAP are more sensitive to agonists and are more easily activated. Administration of 
high-dose Vit C significantly ameliorated excessive activation of platelets in SAP rats, ultimately increasing the microvessel density 
and inducing microthrombus and blood stasis; these results were consistent with clinical sample analysis. Moreover, high-dose Vit 
C significantly inhibited the release of amylase, lipase, TNF-α, and IL-6 in SAP rat plasma, reducing pancreatic damage and the 
mortality of SAP rats. However, using TFA and rCXCL12 significantly reversed the effect of high-dose Vit C on excessive activation 
of platelets, aggravating microcirculation impairment and pancreatic damage.
Conclusion: The present study suggests that high-dose Vit C can ameliorate pancreatic necrosis by improving microcirculation 
disorders of SAP. For the first time, the underlying mechanism is related with inhibiting platelet activation through the CXCL12/ 
CXCR4 pathway.
Keywords: severe acute pancreatitis, microcirculation impairment, platelets activity, vitamin C, CXCL12/CXCR4 pathway

Introduction
According to a recent study, the incidence of acute pancreatitis has increased over time with an average annual percent change 
(AAPC) of 3.07%.1 Unfortunately, 5–10% of patients with acute pancreatitis (AP) develop acute necrotizing pancreatitis 
(ANP), which leads to multiple organ failure (MOF) and infected pancreatic necrosis (IPN) with high mortality.2,3 The 
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pathogenesis of ANP is quite complex. It is widely accepted that the development of ANP is strongly associated with early 
impairment of pancreas microcirculation, characterized by microthrombus due to platelet activation.4–6 Thus, inhibiting 
platelet activity at an early stage is essential for preventing pancreatic necrosis.

Vitamin C (Vit C) is an important anti-oxidant to detoxify exogenous oxidants radical species and an enzyme cofactor 
for many important biological reactions.7 Besides, previous studies found that intravenous Vit C administration may 
inhibit platelet function in mice with sepsis.8 And our previous study has suggested that Vit C may significantly improve 
pancreatic damage and decrease mortality in rats of SAP.9 Therefore, we speculate High-dose Vit C alleviates pancreatic 
necrosis by inhibiting platelet activation in SAP.

In the preliminary experiment, we have proved the inhibition on platelet activity and the reverse on pancreatic 
microcirculation injury after administration of high-dose Vit C in SAP rats. Yet, the exact mechanism of action between 
the high-dose Vit C and platelet activity is still not fully understood. Hence, through the bioinformatic analysis, we 
confirmed CXCL12 as the target of Vit C with therapeutic potential for coagulopathy in SAP.

CXCL12, also known as stromal-derived factor 1 (SDF-1), belongs to the chemokine family, and functions by binding 
to its receptors CXC chemokine receptor 4 (CXCR4) and CXCR7.10 Reportedly, CXCL12 induced platelet aggregation 
and thrombus formation by ligating to CXCR4 on platelet surface, driving receptor internalization, mobilization of 
intracellular calcium reserves, and thromboxane A2 release and dense granule secretion.11,12 And CXCL12 expressed 
highly in thrombotic diseases such as acute lower-extremity deep venous thrombosis and stroke13,14 or inflammatory 
disease such as SAP.15 Thus, we speculated that the pro-thrombotic response of CXCL12 may play an important role the 
development of ANP. Noticeably, previous studies have confirmed that Vit C could suppress the production of an 
inflammatory chemokine by inhibiting the nuclear factor kappa-B(NF-κB) pathway.7,16 Yet, the relationship between Vit 
C and CXCL12 or CXCL12/CXCR4-CXCR7 is unclear. Therefore, in this study, we investigated the effect of high-dose 
Vit C on microcirculation disorders and the potential pathway CXCL12/CXCR4-CXCR7 in a rat model of SAP.

Materials and Methods
Antibodies and Reagents
Thrombin, collagen, ADP, apyrase, prostaglandin E1 (PGE1), tetraethyl rhodamine isothiocyanate (TRITC) -conjugated 
phalloidin, recombination CXCL12 (rCXCL12), and sodium taurocholate were purchased from Sigma-Aldrich (St Louis, 
MO, United States). Anti-CXCL12 antibody was purchased from Arigo (Taiwan, China), Anti-CXCR4 antibody, anti- 
CXCR7 antibody were purchased from Abcam (Cambridge, United Kingdom). Anti-GAPDH antibody and horseradish 
peroxidase (HRP)-linked second antibody were purchased from Proteintech (Chicago, IL, United States). CXCR4 agonist 
ATI-2341 TFA (TFA) was purchased from MedChemExpress (Shanghai, China). APC anti-rat CD62P was purchased 
from Biolegend (San Diego, CA, United States).

Animals
Sprague-Dawley rats, 7–8 weeks old, were purchased from the Shanghai Laboratory Animal Center of the Chinese 
Academy of Science. All the animals were housed in an environment with a temperature of 22 ± 1 °C, a relative humidity 
of 50 ± 1%, and a light/dark cycle of 12/12 hr and fed with standard rat chow and tap water ad libitum.

SAP Model
Before surgery, rats were fasted overnight and had free access to water. Surgical procedures were conducted under 
anesthesia with 5% pentobarbital. SAP was induced as previously described.17 Retrograde infusion of a 5% sodium 
taurocholate solution (1 mL/kg) was performed into the biliopancreatic duct at a constant rate of 3 mL/h. After 
completing the infusion, the part of the duct that enters the duodenum was clipped for 5 minutes. Next, the clip was 
removed, and the wounds were sutured. In the control group, only an abdominal incision and sutures were made.
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Animal Experimental Design
In the first stage, rats were randomly divided into three groups: the sham surgery (Control), SAP, SAP + 500 mg/kg Vit C. 
Vit C was injected into the femoral vein of the rats after the establishment of the SAP model. The SAP group rats received the 
same volume of saline. All rats were sacrificed after 6h, or 24 h and blood and pancreatic tissue were collected for further 
analysis.

In the second stage, rats were randomly divided into five groups: the sham surgery (Control), SAP, SAP + 500 mg/kg 
Vit C, SAP + 500 mg/kg Vit C+ 0.2umol/kg TFA, SAP + 500 mg/kg Vit C+ 30ng/kg rCXCL12. Blood samples were 
centrifuged at 3000 rpm for 10 minutes to separate the plasma and stored at −80 °C until analysis. Each pancreatic tissue 
sample section was immediately fixed with 4% paraformaldehyde for HE staining analysis.

Intravital Microscopy (IVM)
Fluorescein isothiocyanate (FITC)-dextran (FD2000S, sigma) was injected into the femoral vein in a dose of 5mg/kg. 
Then, imaging was performed on the Multiphoto Laser Scanning Microscopy (Olympus FVMPE-RS, Japan).18 The 
vascular images were processed using Image J software.

Platelet Isolation and Aggregation
Washed rat platelets were prepared as previously described19 with a minor modification. Briefly, rat blood obtained from the 
abdominal aorta was anticoagulated with 3.2% citrate (9:1) and mixed with an equal volume of normal saline. Samples were 
then mixed with PGE1 (100 ng/mL) and apyrase (1 U/mL) and centrifuged at 230 g for 10 min at room temperature to obtain 
platelet-rich plasma (PRP). Then, samples were mixed with 1 U/mL Apyrase and 5 mM EDTA and centrifuged at 800 g for 
10 min to obtain the platelets, which were then resuspended in Tyrode’s buffer (12 mM NaHCO3, 138 mM NaCl, 5.5 mM 
glucose, 2.9 mM KCl, 2 mM MgCl2, 0.42 mM NaH2PO4, 10 mM HEPES, pH 7.4). Next, the concentration of platelets was 
counted with a globulimeter (HEMAVET, USA) and adjusted to a final concentration of 4.0 × 10^8/mL.

Washed platelets were left for 1 h at 37°C, and then further stimulated by ADP (80 μM), thrombin (0.25 U/mL), or 
collagen (8 μg/mL). The maximum platelet aggregation rate was detected with an aggregometer (CHRONO-LOG, 
Havertown, USA) within 5 min for continuous stirring.

Human Platelet Preparation and Aggregation
Venous human blood from healthy, drug-free volunteers and SAP-confirmed patients was drawn in 3.2% trisodium citrate 
(9:1). In brief, platelets were extracted as mentioned above and resuspended to a final concentration of 3.0 × 10^8/mL. 
After still standing, the platelets were stimulated by ADP (80 μM), thrombin (0.05 U/mL), or collagen (5 μg/mL). The 
maximum platelet aggregation rate was detected with an aggregometer within 5 min for continuous stirring.

Platelet Adhesion on Collagen-Coated Surface
Glass coverslips were coated with 100 µg/mL collagen in 5% glucose at 4°C overnight. Washed platelets were added to 
collagen-coated coverslips and incubated at 37°C for 1 h in the presence of 2 mM CaCl2.

20 After being washed with 
phosphate-buffered saline, adherent platelets were fixed with 4% paraformaldehyde, permeabilized with labeling buffer 
(0.5% Triton X-100, 0.5% bovine serum albumin), and stained with TRITC-conjugated phalloidin (66 µM) in the dark at 
room temperature for 60 min. Adherent platelets were observed under an inverted fluorescence microscope (AXIO 
ScopeA1, Zeiss, Germany) and processed using Image J software.

Platelet Flow Cytometry
The platelets 4.0 x 10^8 /mL in 100μL volume were stimulated with or without thrombin (0.1 U/mL) at 37°C within 20 
min, then, adding 400μL Tyrode’s Buffer to stop the reaction. Next, the APC-anti-CD62P was added for 1μL for 
per million platelets in 100μL volume and incubated for 20 min at room temperature in the dark. Last, platelets were 
analyzed with a FACSCalibur flow cytometer (BD, USA). For each sample, 30000 platelets were analyzed.21
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Analysis of Biochemical Indicators
Arterial blood samples were processed immediately after collection by centrifugation at 3000 rpm for 10 minutes to 
obtain plasma. The plasma levels of amylase and lipase were measured using commercial assay kits (Jiancheng 
Bioengineering Institute, Nanjing, China).

Enzyme-Linked Immunosorbent Assay (ELISA)
Quantification of CXCL12 (Novus biological, NBP3-11823), IL-6 (Multiscienc, EK306/3), and TNF-α (Thermofisher, 
88–7340-88) in the rat plasma was performed using an ELISA kit according to the manufacturer’s instructions.

Western Blot
The total protein of lysates platelets from rats was separated by SDS-polyacrylamide gel and transferred to polyviny-
lidene fluoride membranes (Millipore, Temecula, CA, USA). After blocking with 5% nonfat milk, membranes were 
immunoblotted with the indicated antibodies at 4°C overnight and then with an HRP-linked second antibody at room 
temperature for 1 h. The detection was performed by Western HRP Substrate (Yamei, PA, USA), and the results were 
visualized using the Tanon 5500 Imaging System (Shanghai, China). The intensity of bands in Western blot assay were 
processed using Image J software.

Histological Examination
After fixation in 4% paraformaldehyde for 24 h, pancreatic tissues were processed for routine histology. Tissue sections (5 µm) 
were stained with hematoxylin and eosin (H&E). Pancreatic histopathology scoring was performed according to Van Laethem 
et al.22 Briefly, edema was graded from 0 to 3 (0: absent; 1: focally increased between lobules; 2: diffusely increased between 
lobules; 3: acinar disrupted and separated). Inflammatory cell infiltration was graded from 0 to 3 [0: absent; 1: in ducts (around 
ductal margins); 2: in the parenchyma, <50% of the lobules; 3: in the parenchyma, >50% of the lobules]. Acinar necrosis was 
graded using a 0–3 score: 0: absent; 1: periductal necrosis, <5%; 2: focal necrosis, 5–20%; 3: diffuse parenchymal necrosis, 
20–50%.

Prediction of Putative Targets of Vitamin C with Therapeutic Potential in 
Coagulopathy for Severe Acute Pancreatitis
One dataset “GSE109227_series_matrix” of AP in mice induced by caerulein was collected from the Gene Expression 
Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/) by systematical retrieval, which contained 11 pancreas 
samples in total, and analyzed in R language.

A total of 339 known target genes of vitamin C were obtained from a previous report (Supplementary Table 1),23 and 
204 therapeutic targets for coagulation were collected using the Online Mendelian Inheritance (OMIM) (http://www. 
omim.org/) database (Supplementary Table 2–1), DrugBank (http://www.drugbank.ca/) database (Supplementary 
Table 2–2), and GeneCards (www.genecards.org/) database (Supplementary Table 2–3). Next, the targets of vitamin 
C with therapeutic potential for coagulopathy in AP were identified.

Statistical Analysis
All data were analyzed using GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA, USA). Quantified data 
are presented as mean ± SEM with the indicated number of independent observations. P value of < 0.05 was considered 
statistically significant and was determined using non-parametric test, unpaired Student’s t-test or ANOVA, as appropriate.

Results
High-Dose Vit C Treatment Ameliorates the Severity of SAP Rats
To define how high-dose Vit C impacts SAP, we compared the histological injury of pancreas. Hyperaemia and exudation 
appear immediately in pancreatic tissue after the retrograde infusion of taurocholate into the biliopancreatic duct, 
accompanied by slight edema. And 6 hours and 24 hours later, the rats were killed, whose pancreatic tissues were 
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taken. There was massive destruction of the pancreatic tissue structure accompanied by severe edema in the SAP group, 
while high-dose Vit C reduced the destruction of the pancreatic tissue structure and edema (Figure 1A). The results of 
histological examination showed that the edema and inflammation with necrosis in pancreatic tissues from SAP rats were 
more severe, whereas the pathological changes of pancreatic tissues from SAP rats treated with high-dose Vit C were 
clearly mild (Figure 1A); also, the results showed that histological score in SAP rats increased significantly compared to 
the control group, while SAP rats treated with high-dose Vit C had a reduced histological score compared to the SAP 
group (Figure 1Bi). Consistently, high-dose Vit C treatment significantly reduced necrosis scores of pancreatic tissues in 
SAP rats (Figure 1Bii). The mortality was higher in the SAP group than in the SAP + high-dose Vit C group (50% vs 
18.75%, Figure 1C). In addition, there were massive ascites in SAP rats compared to the control group, while the volume 
of ascites in SAP group treated with high-dose Vit C was significantly lower than that in the SAP group (Figure 1D).

We further found that high-dose Vit C significantly lowered amylase and lipase activity and the level of IL-6 and 
TNF-α of SAP rats’ plasma (Figure 1E and F). SAP usually accompanied by multiple organ dysfunction syndrome 
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Figure 1 High-dose Vit C ameliorates pancreatic necrosis and decreases the mortality, biochemical indicators, and systemic inflammatory response in severe acute 
pancreatitis (SAP) rats 6h and 24h after modeling. (A) HE sections in pancreatic tissues from SAP group and SAP treated with high-dose Vit C group. (Bi) Histological score 
of pancreatic tissues in rats. (Bii) Necrosis score of pancreatic tissues in rats. (C) High-dose Vit C decreased the mortality of SAP rats. (D) High-dose Vit C reduced ascites 
in SAP rats. (E and F) High-dose Vit C reduced the concentration of amylase, lipase, TNF-α and IL-6 in the plasma of SAP rats. *P<0.05; **P<0.01; ***P<0.001. P values were 
analyzed by non-parametric test, ANOVA and unpaired Student’s t-test.
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(MODS) and systemic inflammatory response syndrome (SIRS), poses a great threat to the lives of patients.24 As show in 
Figure S1, high-dose Vit C could improve the liver injury and cardiac injury in SAP rats. Taken together, these data 
confirmed that high-dose Vit C treatment might reduce sodium taurocholate-induced pancreatic pathological damage, 
attenuate the systemic inflammatory response and organ dysfunction, ultimately reducing mortality in SAP rats.

High-Dose Vit C Treatment Improves the Microcirculatory Disturbance of SAP Rats
To confirm the microcirculatory changes in SAP rats, intravital microscopy was used to observe the capillaries of the 
pancreas. Compared to the control group, mass microthrombus in the capillaries were seen in the model group, leading to 
blood stasis and decreased capillaries quantity (Figure 2A and B), which is consistent with previous studies.25,26

Next, we tested the function of platelets, which have a critical role in the formation of microthrombus from three aspects. 
Platelet aggregation rate and the individual surface coverage of platelet spreading on immobilized collagen of SAP rats 
increased significantly compared to the control group (Figure 2C–E). Moreover, the positive rate of P-selectin on the platelet 
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Figure 2 High-dose Vit C ameliorates microvascular blood flow stasis and excessive activation of platelets in SAP rats 6h after the establishment of SAP. (A) Rats were 
injected with fluorescein isothiocyanate-dextran (green) as a contrast agent to identify perfused pancreas vasculature. Representative IVM images from SAP and SAP treated 
with high-dose Vit C group. The parts marked by red dotted lines: microthrombus, and stopped-flow capillaries. (B) Quantifying the area of stopped-flow capillaries (as 
a percentage of the total capillaries area) and the blood vessel density (number of capillaries per field of view). (C) Platelet aggregation rate stimulated with collagen (8μg/ 
mL), ADP (80μM), or thrombin (0.25U/mL) for 5 min from SAP and SAP treated with high-dose Vit C rats. Washed platelets were used. (D and E) Coverage of individual 
platelet spreading on immobilized collagen (100 μg/mL) from SAP and SAP treated with high-dose Vit C rats. Washed platelets were used. (F) P-selectin release from α- 
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analyzed by non-parametric test.
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surface was calculated to detect the degranulation of platelets.20 After being induced by 0.1 U/ mL thrombin, P-selectin, 
encompassed in α-granules, quickly mobilizes towards the cell surface.27 We found that the positive rate of P-selectin in SAP 
rats was clearly higher than in the control group (Figure 2F). These data showed that platelets from SAP rats were more 
sensitive to agonists and were more easily activated which resulted in microthrombus and blood stasis; this was consistent with 
previous studies.28,29 On the other hand, high-dose Vit C treatment significantly inhibited excessive activation of platelets 
(Figure 2C–2F). Together, these data demonstrated that high-dose Vit C improved microcirculatory disturbance, manifested 
with fewer microthrombus and blood stasis and more capillary quantity by inhibiting platelet activity (Figure 2A and B), 
ultimately improving the dysfunction of pancreatic microcirculation in SAP rats.

High-Dose Vit C Reduces the Excessive Activation of Platelet from SAP Patients
To determine the clinical effects of high-dose Vit C, we detected the activity of platelets from SAP patients and healthy 
volunteers. Washed platelets from SAP patients were preincubated with 1000uM Vit C (from clinical data) or vehicle 
(0.9% NaCl) respectively, for 1h. In addition, washed platelets from healthy volunteers (control group) were preincubated 
with a vehicle. Consistent with the results of our animal experiments, the platelet aggregation rate and individual surface 
coverage of platelet from SAP patients significantly increased compared to the healthy volunteers (Figure 3A–C). High- 
dose Vit C was able to cause significant inhibition in activator-stimulated platelet aggregation and less platelet spreading 
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Figure 3 Effects of Vit C on platelet activity. Washed platelets from SAP patients were preincubated with Vit C (1000 μM) or vehicle (0.9% NaCl) for 1h, respectively. 
Washed platelets from healthy volunteers were set as a control group. (A) Washed platelet aggregation rate performed with or without Vit C was recorded after stimulation 
with collagen (5μg/mL), ADP (80μM), and thrombin (0.05U/mL) for 5 min. (B and C) Coverage of individual platelet preincubated with or without Vit C spreading on 
immobilized collagen. *P<0.05; **P<0.01; ***P<0.001. P values were analyzed by paired non-parametric test.
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on the collagen-coated surface than that of the SAP group (Figure 3A–C). These data revealed that high-dose Vit C could 
correct the coagulopathy caused by excessive platelet activation during SAP.

High-Dose Vit C Attenuates the Excessive Activation of Platelet via the CXCL12/ 
CXCR4 Pathway in SAP Rats
We searched for previously publicly available data and used the bioinformatic analysis to identify the key molecules whose 
abundance changed and were associated with the platelet activation after Vit C treatment. A total of 10,497 differentially 
expressed genes (DEGs) of AP were identified to meet the selection criteria of| log 2FoldChange| > 0 and adjusted p-value < 
0.05 (Supplementary Table 3). We focused on the intersecting part among therapeutic targets of Vit C, regulation targets of 
coagulopathy, and DEGs for AP, and 16 proteins were identified (Figure 4A). Of these, 5 were clotting factors, 1 regulated the 
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fibrinolytic system, 2 adjusted the activity of the platelets, 1 was associated with the production of clotting factors, 5 
participated in cancer and cell development, and 1 controlled monocyte migration. After importing the 16 target genes into 
the STRING database, which were visualized with the interaction score set to the highest confidence (0.900), a network of the 
targets of Vit C with therapeutic potential in coagulopathy regulation for SAP was generated (Figure 4B). Combining the PPI 
results and literature review, CXCL12, one of the chemokines, was screened as the target that correlates most strongly with the 
microcirculation and microthrombosis in SAP by adjusting the activity of platelets.

To verify the result of bioinformatic analysis, we performed RT-qPCR of pancreas tissue from SAP rats to evaluate 
the expression of CXCL12 (Supplementary Materials). Consistent with the previous research,15 the transcription of 
CXCL12 significantly increased at 6h after the establishment of SAP (Figure S2). Next, we detected the protein level of 
CXCL12, CXCR4, and CXCR7 in platelets. The CXCR7 expression was unaltered, while CXCL12 and CXCR4 were 
upregulated in SAP platelets. High-dose Vit C significantly inhibited the synthesis of CXCL12 and CXCR4 (Figure 4C 
and D). We further evaluated the expression of these proteins in clinical samples. As show in Figure S3, CXCL12, 
CXCR4 and CXCR7 were upregulated in SAP platelets. High-dose Vit C (8g/d for 3 days) treatment reduced the 
expression of CXCL12, CXCR4 and CXCR7 on platelets in SAP patients. Next, we found that high-dose Vit 
C significantly lowered the level of CXCL12 in the plasma of SAP rats (Figure 4E). Together, these results point to 
the CXCL12/CXCR4 pathway influenced by Vit C in regulating platelet activity in SAP rats.

High-Dose Vit C Treatment Ameliorates the Severity of SAP Rats by Improving 
Microcirculation Disorders Through CXCL12/CXCR4 Pathway
To unravel the role of the CXCL12/CXCR4 pathway involved in the microcirculatory disturbance and platelet activation, 
we used TFA and rCXCL12 to neutralize the effect of high-dose Vit C. The results showed that TFA and rCXCL12 
aggravated microcirculation disturbance in the pancreas, owing to more microthrombus, larger area of blood stasis, and 
much fewer capillaries in SAP rats treated with high-dose Vit C (Figure 5A and B). Meanwhile, TFA and rCXCL12 also 
reversed the alleviation of excessive platelet activity in SAP rats treated with high-dose Vit C (Figure 5C–F).

Next, we evaluated the overall impact of the CXCL12/CXCR4 pathway in SAP rats. The results showed that TFA and 
rCXCL12 exacerbated the pathological damages of pancreatic tissues with much higher histological scores and necrosis 
scores, significantly increased the volume of ascites, and the activity of amylase and lipase as well as the level of IL-6 
and TNF-α in plasma in SAP rats treated with high-dose Vit C (Figure 6A–E). Thus, these data indicated that high-dose 
Vit C treatment could inhibit excessive activation of platelets, improve microcirculation disorders, and ultimately 
ameliorate the severity of SAP rats through CXCL12/CXCR4 pathway.

Discussion
In the present study, we illustrated that platelets from animals and patients with SAP are more sensitive to agonists and are 
more easily activated. High-dose Vit C at the early stage of SAP could improve coagulopathy and microcirculation failure and 
alleviate pancreatic damage by significantly inhibiting activation of platelets through CXCL12/CXCR4 pathway.

Our results are consistent with previous studies, as our data confirmed mass microthrombus and microvascular failure 
and the enhanced platelet function at the early stage of SAP. Moreover, Tsaroucha et al and Fan et al found increased 
P-selectin expression on platelets in AP patients,5,28 leading to thrombosis and aggravating histopathology of acinar 
necrosis.30,31 However, they indirectly illustrated the changes in platelet activity at the molecular level. To the best of our 
knowledge, this study first reported the more sensitive to agonists and more easily activated of the platelets at the cellular 
level, manifested as enhanced platelets aggregation and spreading in both SAP patients and rats. Besides, our results 
illustrated that an antiplatelet drug might be another alternative to antiplatelet therapy as an intervention for regulating the 
balance between bleeding and thrombosis can reduce thrombosis without increasing the bleeding risk.32

Previous studies have confirmed that Vit C is closely associated with coagulation by inhibiting platelet activity,33,34 which is 
consistent with our results. Although reactive oxygen species mediate platelet activation, high-dose Vit C promotes oxidative 
stress.35 Therefore, the inhibition of high-dose Vit C on platelet activation cannot be explained by anti-oxidative stress alone. Our 
bioinformatic analysis suggested that CXCL12 is the target linking inflammation and coagulation by regulating platelet activity. 
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This study verified the increased expression of CXCL12 and CXCR4 in platelets and demonstrated that CXCL12 promoted 
platelet activation by binding to CXCR4, which was proved by reversing the inhibited effect of high-dose Vit C on platelet activity 
in SAP rat. And this study also illustrated the downregulation of CXCL12/CXCR4 pathway by high-dose Vit C in SAP rats, which 
was consistent with previous studies7,16 that Vit C could suppress the production of an inflammatory chemokine by inhibiting the 
NF-κB pathway. Besides, in in vitro experiments, Vit C illustrated a dose-response similar to chemokines36 (Figure S4A). TFA or 
rCXCL12 significantly reverses the effect of Vit C on platelet activity (Figure S4B). This phenomenon cannot be interpreted by 
the production inhibition of CXCL12/CXCR4. That means, in a specific range of concentration, Vit C inhibits the binds of 
CXCL12 and CXCR4 or interrupts the signal transmission of the CXCL12/CXCR4 pathway. Taken together, these results 
confirmed that high-dose Vit C alleviates pancreatic microcirculation disturbance, improving pancreatic necrosis by inhibiting 
platelet activation via downregulating the CXCL12/CXCR4 pathway or intercepting the signal transmission of the CXCL12/ 
CXCR4 pathway in SAP.

However, the present study also has some limitations. We did not illustrate the specific pathway or mechanism 
effected by high-dose Vit C that regulated the production of CXCL12 since it is derived from stroma cells in discrete 
anatomical locations.37 At the same time, the details of intercepting the signal transmission of the CXCL12/CXCR4 
pathway is yet clarified. These mechanisms should be further expounded in subsequent studies.
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Figure 5 High-dose Vit C ameliorates microvascular blood flow stasis and excessive activation of platelets via CXCL12/CXCR4 pathway in SAP rats 6h after the establishment of 
SAP. (A) Representative IVM images from SAP rats, SAP+high-dose Vit C group, SAP+high-dose Vit C+TFA group, and SAP+high-dose Vit C+rCXCL12 group. The parts marked by 
red dotted lines: microthrombus, and stopped-flow capillaries. (B) Quantifying the area of stopped-flow capillaries (as a percentage of the total capillaries area) and the blood vessel 
density (number of capillaries per field of view). (C) Platelet aggregation rate stimulated with collagen (8μg/mL), ADP (80μM), and thrombin (0.25U/mL) for 5 min from SAP, SAP 
+high-dose Vit C, SAP+high-dose Vit C+TFA, and SAP+high-dose Vit C+rCXCL12 groups. Washed platelets were used. (D and E) Coverage of individual platelet spreading on 
immobilized collagen (100 μg/mL) from SAP, SAP+high-dose Vit C, SAP+high-dose Vit C+TFA, and SAP+high-dose Vit C+ rCXCL12 groups. Washed platelets were used. (F) 
P-selectin release from α-granules induced by 0.1 U/ mL thrombin in SAP, SAP+high-dose Vit C, SAP+high-dose Vit C+TFA, and SAP+high-dose Vit C+ rCXCL12 groups. Washed 
platelets were used. *P<0.05; **P<0.01; ***P<0.001. P values were analyzed by non-parametric test and ANOVA.
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Conclusions
In this study, we illustrated that platelets from animals and patients with SAP are more sensitive to agonists and are more 
easily activated, inducing pancreatic microcirculation disturbance and necrosis. We also confirmed that suppressing by 
Vit C on the CXCL12/CXCR4 pathway inhibits the excessive platelet activation and ameliorates the microthrombus and 
microcirculation blood stasis, alleviating the severity of SAP. These data not only expand the research scope of the 
mechanism of high-dose Vit C but also provide evidence for further clinical investigations and applications.

Abbreviations
ANP, Acute necrotizing pancreatitis; AP, Acute pancreatitis; SAP, Severe acute pancreatitis; Vit C, Vitamin C; MOF, 
Multiple organ failure; IPN, Infected pancreatic necrosis; TFA, ATI-2341 TFA; rCXCL12, recombination CXCL12; 
SDF-1, Stromal-derived factor 1; CXCR4, CXC chemokine receptor 4; PGE1, Prostaglandin E1; TRITC, Tetraethyl 
rhodamine isothiocyanate; HRP, horseradish peroxidase; FITC, Fluorescein isothiocyanate; PRP, Platelet-rich plasma; 
GEO, Gene Expression Omnibus; OMIM, Online Mendelian Inheritance; DEGs, Differentially expressed genes; RT- 
qPCR, Real-time Quantitative Polymerase Chain Reaction; NF-κB, nuclear factor kappa-B.
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Figure 6 High-dose Vit C ameliorates pancreatic injury, biochemical indicators, and systemic inflammatory response via CXCL12/CXCR4 pathway in SAP rats 6h after 
modeling. (A) HE sections in pancreatic tissues from SAP rats, SAP+high-dose Vit C group, SAP+high-dose Vit C+TFA group, and SAP+high-dose Vit C+rCXCL12 group. 
(B) Histological score of pancreatic tissues in rats. (C) TFA and rCXCL12 reversed the reduced ascites in SAP rats with high-dose Vit C treatment. (D and E) TFA and 
rCXCL12 reversed the reduced concentration of amylase, lipase, TNF-α, and IL-6 in the plasma of SAP rats with high-dose Vit C. *P<0.05; **P<0.01; ***P<0.001. P values 
were analyzed by non-parametric test and ANOVA.
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guidelines. All animal experiments were approved by the Ethics Committee of Ruijin Hospital of Shanghai Jiao Tong 
University School of Medicine.
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