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A B S T R A C T

Aims: Severe acute pancreatitis (SAP) is an acute disease of the digestive system accompanied by pancreatic
necrosis. We have found that bone marrow-derived mesenchymal stem cells (BMSCs) can attenuate SAP, but the
underlying mechanism remains unclear. The present study was conducted to explore the possible mechanisms by
which BMSCs alleviate SAP.
Main methods: BMSCs and BMSCs engineered to overexpress microRNA (miR)-9 (miR-9-BMSCs) were trans-
planted into rat models of SAP via the tail vein. Pancreatic acinar cells (PACs) were isolated from rat pancreatic
tissues and induced by tumor necrosis factor-α (TNF-α) in vitro.
Key findings: miR-9-BMSCs significantly reduced the systemic inflammatory response, impeded the necroptosis
signaling pathway and promoted regeneration of damaged pancreas in vivo. miR-9-BMSCs secreted miR-9,
which targeted the gene encoding receptor interacting protein kinase 1 in PACs induced by TNF-α, to inhibit
necroptosis and ameliorate SAP.
Significance: miR-9-BMSCs can reduce SAP-induced injury to pancreatic tissues and PACs by regulating miR-9 to
suppress necroptosis.

1. Introduction

Acute pancreatitis (AP) is the most common pancreatic disease
worldwide and is the leading gastroenterological reason for hospitali-
zation [1]. AP may develop into severe AP (SAP) with a mortality rate
as high as 25% in up to 20% of AP cases [2,3]. In the progression of
SAP, multiple organ dysfunction syndrome and systemic inflammatory
response syndrome account for the majority of systemic complications
and mortality; furthermore it has been confirmed that self-digestion of
pancreatic acinar cells (PACs) follows premature intracellular protease
activation [4]. The injury to PACs plays an important role in the release
of damage-associated molecular patterns (DAMPs) and pro-in-
flammatory cytokines, including interleukin-1β (IL-1β), IL-6 and tumor
necrosis factor-α (TNF-α), which have multiple biological functions in
the development of SAP [5]. Therefore, investigations should con-
centrate on how to block necrosis of PACs and release of DAMPs in

order to provide new therapeutic options for SAP.
Recently, a new concept called necroptosis has been presented

which is a pathway of programmed necrosis involving receptor inter-
acting protein kinase 1 (RIPK1), RIPK3 and mixed lineage kinase do-
main-like protein (MLKL) [6,7]. Necroptosis has been confirmed to
mediate myofiber death [8], intestinal inflammation [9], pancreatic
carcinoma [10] and other conditions. In addition, MLKL deficiency has
been shown to protect mice from cerulean-induced AP [11]. Hence, the
suppression of necroptosis in SAP may be a key feature of therapeutic
strategies in the future.

Mesenchymal stem cells (MSCs) have been utilized in various fields
including scaffold transplants [12], materials engineering [13], and
tissue repairs [14] and so on. Our own previous research have de-
monstrated that MSCs have the capacity to alleviate the systemic in-
flammatory response and promote angiogenesis in SAP [15–18]; how-
ever, the mechanisms by which MSCs exert these therapeutic effects
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still remain unclear. MicroRNAs (miRs) are short non-coding RNAs of
about 22 nucleotides that regulate gene silencing by guiding Argonaute
proteins to target sites in the 3′-untranslated region (3′-UTR) of mRNAs
[19]. Recently, a clinical study found that the level of serum miR-9 was
increased in AP patients and thus miR-9 may serve as a diagnostic and
prognostic biomarker for AP [20]. However, the role of miR-9 in the
ameliorative effect of MSCs on AP is poorly understood. Increasing
evidence has demonstrated that MSCs can regulate the expression of
some miRNAs to cause unexpected therapeutic effects [21]. Therefore,
we hypothesized that miR-9 may be regulated by BMSCs to reduce the
inflammatory response and inhibit necroptosis of PACs in SAP. This
study was conducted to clarify the possible mechanisms by which
BMSCs efficiently attenuate SAP with the involvement of miR-9.

2. Materials and methods

2.1. Patients and ethical approval

Human donor blood was obtained from 33 men and women divided
into three groups (n=11 per group): (1) normal, (2) mild AP (MAP)
and (3) SAP. Diagnoses were based on APACHE-II scores [22] in the
Department of General Surgery, Shanghai Tenth People's Hospital
(Shanghai, China). Human experimental protocols were approved by
the Shanghai Tenth People's Hospital Ethics Committees. All work was
conducted in accordance with the Declaration of Helsinki (1964).

2.2. Induction of experimental SAP

Healthy wild-type male Sprague-Dawley rats weighing 180–200 g
were purchased from Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China). The experimental protocol was approved by the
Institutional Animal Ethics Committee of Shanghai Tenth People's
Hospital. The SAP model was induced by retrograde perfusion of 3%
sodium taurocholate (NaT; Sigma-Aldrich, St Louis, MO, USA) as pre-
viously described [16].

2.3. Cell isolation, culture and treatment

BMSCs were isolated from 4-week-old Sprague-Dawley rats and
cultured in DMEM-LG (Invitrogen, Grand Island, NY, USA) complete
medium as previously described [16]. PACs were isolated from the rats
by a collagenase digestion procedure as previously described [23]. The
isolated PACs were seeded into DMEM/Ham F-12 medium (Invitrogen)
containing 20% fetal bovine serum at 37 °C in a humidified atmosphere
with 5% CO2.

2.4. Experimental protocol

In vivo, 36 rats were randomly divided into six groups (n=6 per
group) as follows: (1) normal control (NC) group; (2) sham group: rats
were anesthetized by intraperitoneal injection of 5% pentobarbital and
subjected to opening and closing the skin; (3) SAP group: rats were
induced by NaT as described above; (4) Phosphate Buffered Saline
(PBS) group: rats were injected with PBS (2.5 ml/kg body weight) via
the tail vein 12 h after NaT induction; (5) BMSC group: rats were in-
travenously injected via the tail vein with prepared BMSCs (The cells
were detached with 0.25% trypsin and 1mM ethylenediaminete-
traacetic acid, 5× 106 cells/kg body weight) 12 h after NaT induction;
and (6) miR-9-BMSC group: rats were treated with intravenous injec-
tions of miR-9-BMSCs (miR-9 mimic was transfected into BMSCs to
construct miR-9-BMSCs in vitro, the cells were detached like BMSC
group, 5×106 cells/kg body weight) 12 h after NaT induction. All
groups of animals were euthanatized 72 h after injections.

In vitro, the isolated PACs were plated in 6-well plates with 5×104

cells/well with DMEM/Ham F-12 medium, prepared PACs were cul-
tured with or without TNF-α (50 ng/ml, 10 μl/well; Sigma-Aldrich) for

24 h. PACs induced by TNF-α were co-cultured with rat BMSCs
(1×105 cells/well) or miR-9-BMSCs (1×105 cells/well) using trans-
membrane plates for 24 h.

2.5. Serum amylase and lipase assay

The rats were euthanized and serum was obtained from the blood
72 h after induction of SAP. The serum activities of amylase and lipase
were measured using colorimetric assay kits (BioVision, Milpitas, CA,
USA) according to the manufacturer's protocols.

2.6. Histologic examination of pancreatic tissues

After euthanization, fresh rat pancreases were excised and pre-
served in 4% paraformaldehyde. Tissues were embedded in paraffin
and 5-μm sections were processed for hematoxylin and eosin (H&E)
staining. Severity of pancreatic injury was determined by pathological
scores to estimate the following three aspects of SAP: (1) edema, (2)
infiltration and (3) acinar necrosis as previously described [18].

2.7. ELISA

The levels of cytokines in the serum (IL-1β, IL-6, TNF-α, IL-4 and IL-
10) were measured using ELISA kits (R&D Systems, Minneapolis, MN,
USA) following the manufacturer's instructions.

2.8. RNA isolation and quantitative real-time PCR

Total RNA was extracted from frozen animal pancreatic issues, an-
imal serum, human serum and PAC-cultured supernatant from each
group using Trizol reagent (Invitrogen, Carlsbad, California, USA) ac-
cording to the manufacturer's directions. qRT-PCR assays were per-
formed using a KAPA qPCR Kit (Kapa Biosystems, Boston, MA, USA).
GAPDH and U6 served as the endogenous control. The primer se-
quences are listed in Table 1. Relative expression of the target genes
was analyzed using the comparative 2−ΔΔCT method.

2.9. Western blot

Total protein was extracted from pancreatic tissues and cells using
ice-cold RIPA lysis buffer (Invitrogen). Equal amounts of total protein
from each sample were resolved on sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) gels and transferred to ni-
trocellulose membranes or polyvinylidene fluoride membranes. The
membranes were immersed in 5% non-fat milk for 1 h to block non-
specific binding and then incubated overnight at 4 °C with primary
antibodies purchased from CST (Danvers, MA, USA) as follows: RIPK1,
RIPK3, MLKL, phosphorylated-MLKL (p-MLKL), pancreatic and duo-
denal homeobox 1 (PDX1), pancreatic specific transcription factor 1
(PTF1) and regenerating islet-derived protein 4 (Reg4). The next day,
after washing with PBST three times, the membranes were incubated
with the corresponding secondary antibodies GAPDH (CST) for 30min
at 37 °C. The protein bands were visualized using an Odyssey scanner
(LI-COR Biosciences, USA). Protein concentrations were normalized to
GAPDH as an endogenous control.

2.10. Immunohistochemistry

The prepared 5 μm pancreas sections were dewaxed, rehydrated and
washed with PBS. The sections were infiltrated in citrate buffer and
heated in a microwave for 10min for antigen retrieval. Next, the sec-
tions were incubated with 3% hydrogen peroxide for 10min to inhibit
endogenous peroxidase activity. The sections were then incubated with
the primary antibodies from Abcam (Cambridge, UK) against RIPK1
(1:50), RIPK3 (1:50) or p-MLKL (1:100) overnight at 4 °C. Subsequent
procedures were similar to previous descriptions [18].
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2.11. Construction of rat models of overexpression of miR-9

An miR-9 mimic (using the following primers: sense, 5′-UCUUUGG
UUAUCUAGCUGUAUGA-3′ and antisense, 5′-AUACAGCUAGAUAACC
AAAGAUU-3′) was constructed in an adeno-associated virus-8 (AAV-8)
vector (System Biosciences, CA, USA) as previously described [24], then
transformed into Escherichia coli DH5α cells (ThermoFisher, MA, USA)
and amplified together with the packaging plasmid (pAAV-RC) and the
helper plasmid (pAAV-Helper). A Tiangen kit (Beijing, China) was used
to extract the plasmid. Thereafter, the plasmid was transfected into
AAV-293 cells, and the cells and cultured supernatants were collected
48–72 h later. Cell debris was removed using freeze-thaw and cen-
trifugation (2000 rpm, 5min), and the supernatant consisting of the
adeno-associated virus solution was retained. Adeno-associated virus
solution was injected into the pancreatic tissue of the rats by retrograde
pancreaticobiliary injection like NaT induction of SAP.

2.12. Dual luciferase reporter assay

A wild-type 3′-UTR fragment and a mutant 3′-UTR fragment of
RIPK1 were extended by PCR and inserted downstream from the luci-
ferase gene in the psiCHECK-2 vector (Promega, Madison, WI, USA).
For dual luciferase assays, 293T cells were plated in 6-well plates, then
co-transfected with 100 nM of miR-9 mimic or negative control (miR-
NC) and 100 ng of luciferase reporter vectors. Luciferase activity was
detected using a luciferase reporter assay system (Promega) 24 h after
incubation following the manufacturer's protocol.

2.13. Cell transfection and interference

miR-9 mimic and miR-NC were purchased from GenePharma
(Shanghai China). These molecular products were transfected into PACs
or BMSCs using HiPerFect Transfection Reagent (QIAGEN, Valencia,
CA, USA) following the manufacturer's instructions. siRNAs targeting
rat RIPK1 (si-RIPK1) were purchased from GenePharma. The siRNA
sequence was transfected into PACs using HiPerFect Transfection
Reagent (QIAGEN) following the manufacturer's protocol. Efficacy of
knockdown was performed by Western blotting and qRT-PCR analysis
48 h after operation. The different siRNA sequence used for transfec-
tions is given in Table 2.

2.14. Flow cytometry

Cell necrosis of PACs was determined by flow cytometry assay. PACs

subjected to different treatments were collected and washed twice with
PBS. The cells were then incubated with 100 μl of binding buffer and
5 μl of FITC-Annexin V (20mg/ml; BD Pharmingen, San Diego, CA,
USA) at room temperature in the dark for 20min, followed by the ad-
dition of 5 μl of propidium iodide (PI) at 50 μg/ml in the dark for 5min
and 400 μl of binding buffer. After staining, the percentage of necrotic
cells among 10,000 cells was analyzed using a flow cytometer (BD
Biosciences, San Jose, CA, USA). The Q1 region represents necrotic
cells.

2.15. Cell Counting Kit-8 (CCK-8) assay

Cell viability was determined by CCK-8 assay. Cells from each group
of PACs were seeded into a 96-well plate at 104 cells/well. After 12, 24,
36 and 48 h of growth, equal amounts of CCK-8 reagent (Dojndo,
Kumamoto, Japan) were added to each well for 2 h at 37 °C and the
absorbance was measured at 450 nm using a microplate reader (BioTek,
Winooski, VT, USA).

2.16. Lactate dehydrogenase (LDH) assay

Cell viability could also be detected using LDH assay (Thermo
Scientific, Waltham, MA). LDH release in the medium is because of the
loss of plasma membrane integrity when cells are in necrosis [25].
Briefly, 100 μl of cultured supernatant from the different groups of cells
were transferred to 96-well plates and incubated with 100 μl of LDH
reaction solution in the dark at room temperature for 30min. The ab-
sorbance was measured at 490 nm according to the manufacturer's di-
rections.

2.17. Statistical analysis

All data are presented as means ± standard deviation (SD) from at
least three independent experiments. Experimental results were ana-
lyzed using Student's t-tests and one-way analysis of variance. p < 0.05
was considered statistically significant.

3. Results

3.1. miR-9-BMSCs inhibited the systemic inflammatory response to SAP in
vivo

SAP rats were intravenously administered BMSCs and miR-9-BMSCs
after induction by NaT. The levels of serum amylase and lipase in the

Table 1
Primer sequences for qRT-PCR.

Gene Forward (5′–3′) Reverse (5′–3′)

IL-1β CATCCAGCTTCAAATCTCAC ACCACTTGTTGGCTTATGTT
IL-6 TCTCTCCGCAAGAGACTTCC TCTTGGTCCTTAGCCACTCC
TNF-α TGATCCGAGATGTGGAACTG GGCCATGGAACTGATGAGAG
IL-4 TGTAACGACAGCCCTCTGAG GACCGCTGACACCTCTACAG
IL-10 GGACAACATACTGCTGACAG CATTCATGGCCTTGTAGACAC
RIPK1 TCCTCGTTGACCGTGAC GCCTCCCTCTGCTTGTT
RIPK3 CCAGCTCGTGCTCCTTGACT TTGCGGTCCTTGTAGGTTTG
MLKL TCTCCCAACATCCTGCGTAT TCCCGAGTGGTGTAACCTGTA
PTF1 CTGAGAAAGCTCTCACAGGC CTTCCAGTTCAGAGTTCTGCC
PDX1 GCAGGATTGTGCCGTAACCTC GAATGTTCTCCTTGTGTGTGGC
Reg4 GTGAGGCTACTCCTTCTGCTG GTAGACCCATCAATCCACTGC
GAPDH CGCTAACATCAAATGGGGTG TTGCTGACAATCTTGAGGGAG

Primers miR-9 (5′–3′) U6 (5′–3′)

Reverse transcription GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCATAC ACGCTTCACGAATTTGCGTGTC
Forward GGCTCTTTGGTTATCTAGCT CTGCTTCGGCAGCACATATACT
Reverse GTGCAGGGTCCGAGGT ACGCTTCACGAATTTGCGTGTC
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SAP group were much higher (Fig. 1A and B) than that in the NC group,
as were the pathological scores for pancreatic edema, infiltration and
acinar necrosis (Fig. 1C–F), and levels of pro-inflammatory cytokines
IL-1β, IL-6 and TNF-α (Fig. 1G–I and L–N); however, the levels of anti-
inflammatory mediators IL-4 and IL-10 showed the opposite results
(Fig. 1J, K, O and P). In addition, transplanted miR-9-BMSCs markedly
suppressed the levels of serum amylase and lipase (Fig. 1A and B), along
with the extent of pancreatic edema, infiltration and acinar necrosis

(Fig. 1C–F). Levels of pro-inflammatory cytokines (Fig. 1G–I, L–N) were
reduced, and miR-9-BMSCs significantly enhanced the expression of
anti-inflammatory mediators (Fig. 1J, K, O and P) compared with the
SAP, PBS and BMSC groups.

Table 2
Primer sequences for siRNA.

Gene Sense (5′–3′) Antisense (5′–3′)

RIPK1 (#1) GGA ACA ACG GAG TAT ATA A UUA UAU ACU CCG UUG UUC C
RIPK1 (#2) GUC UUC GCU AAC ACC ACU A UAG UGG UGU UAG CGA AGA C
RIPK1 (#3) GGA TAA TCG TGG AGA TCA T AUG AUC UCC ACG AUU AUC C

Fig. 1. miR-9-BMSCs alleviated NaT-induced SAP in vivo.
(A) Levels of serum amylase. (B) Levels of serum lipase. (C) H&E staining of pancreatic tissues. (D–F) Pathological scores for pancreatic edema, infiltration and acinar
necrosis. (G–K) Levels of serum IL-1β, IL-6, TNF-α, IL-4 and IL-10 measured using ELISA. (L–P) Relative mRNA expression of pancreatic IL-1β, IL-6, TNF-α, IL-4 and
IL-10 determined by qRT-PCR. Data are shown as means ± SD from at least three independent experiments. n= 6/group. Scale bar= 100 μm. *p < 0.05,
**p < 0.01 and ***p < 0.001.
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3.2. miR-9-BMSCs suppressed the overexpression of necroptosis related
proteins in the pancreas injured by SAP in vivo

In order to evaluate how miR-9-BMSCs alleviated SAP, we assessed
the effect of miR-9-BMSCs on necroptosis signaling pathways by ex-
amining the expression of pancreatic RIPK1, RIPK3, MLKL and p-MLKL,
which are all involved in necroptosis signaling. The expression of
pancreatic RIPK1, RIPK3 and p-MLKL was much higher in the SAP

group than that in the NC group, and was significantly inhibited by
miR-9-BMSCs (Fig. 2A–D). Meanwhile, the downregulating effect of
miR-9-BMSCs on necroptosis was clearly stronger than the effect of
BMSCs (Fig. 2A–D). The immunohistochemistry results also supported
this finding (Fig. 2E).

Fig. 2. miR-9-BMSCs suppressed necroptosis in SAP in vivo.
(A–C) Relative mRNA expression of pancreatic RIPK1, RIPK3 and MLKL detected by qRT-PCR. (D) Protein expression of pancreatic RIPK1, RIPK3, MLKL and p-MLKL
determined by western blot. (E) Immunohistochemistry of pancreatic RIPK1, RIPK3 and p-MLKL. Data are shown as means ± SD from at least three independent
experiments. n=6/group. Scale bar= 100 μm. *p < 0.05, **p < 0.01 and ***p < 0.001.
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3.3. miR-9-BMSCs improved the repair of injured pancreas

To further examine whether pancreatic regeneration benefited from
administration of miR-9-BMSCs, we assessed the expression of re-
generative genes including PDX1 [26], PTF1 [27], and Reg4 [25].
Compared with the BMSC, SAP and PBS groups, miR-9-BMSCs sig-
nificantly increased the expression of pancreatic PTF1, PDX1 and Reg4
(Fig. 3A–D). To show the direct evidence of pancreas regeneration, we
performed Ki67 staining, and the immunohistochemistry results in-
dicated that miR-9-BMSCs significantly promoted pancreatic re-
generation compared with the BMSC, SAP and PBS groups (Fig. 3E and
F).

3.4. miR-9 was positively correlated with AP

To evaluate the role miR-9 in AP, we collected serum samples from
healthy donors, MAP patients and SAP patients. The results showed that

the expression of serum miR-9 was much higher in the SAP group than
that in the normal and MAP groups (Fig. 4A). In rats induced by NaT,
serum miR-9 expression was much higher in the miR-9-BMSC group
compared with the BMSC group (Fig. 4B), and NaT induction sig-
nificantly decreased the expression of pancreatic miR-9 compared with
the NC group (Fig. 4C). In addition, the expression of pancreatic miR-9
in the miR-9-BMSC group was significantly greater compared with the
BMSC and PBS groups (Fig. 4C). We then utilized an AAV-8 vector to
upregulate the expression of pancreatic miR-9 before NaT induction
(Fig. 4D). Compared with the control AAV-8 group, overexpression of
miR-9 not only decreased the levels of serum amylase and lipase
(Fig. 4E); reduced the scores for pancreatic edema, infiltration and
acinar necrosis (Fig. 4F and G); and diminished expression of serum
pro-inflammatory cytokines (Fig. 4H), but also significantly enhanced
the levels of anti-inflammatory mediators (Fig. 4H). Furthermore, up-
regulation of miR-9 markedly inhibited the expressions of pancreatic
RIPK1, RIPK3, and p-MLKL, which play important roles in the

Fig. 3. miR-9-BMSCs promoted the regeneration of damaged pancreatic tissues in vivo.
(A–C) Evaluation of mRNA transcript levels of pancreatic PTF1, PDX1 and Reg4 determined by qRT-PCR. (D) Protein expression of pancreatic PTF1, PDX1 and Reg4
measured by western blot. (E) Immunohistochemistry of pancreatic Ki67 staining. (F) Rate of Ki67 positive stained area. Data are shown as means ± SD from at least
three separate experiments. n= 6/group. *p < 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 4. miR-9 improved AP and SAP in vivo.
(A) Relative miR-9 expression in human serum detected by qRT-PCR. (B) Relative miR-9 expression in BMSCs and miR-9-BMSCs measured by qRT-PCR. (C, D)
Relative miR-9 expression in pancreatic tissues from a rat model of AP determined by qRT-PCR. (E) Levels of serum amylase and lipase. (F) H&E staining of pancreas
sections. (G) Pathological scores for pancreatic edema, infiltration and acinar necrosis. (H) Levels of serum IL-1β, IL-6, TNF-α, IL-4 and IL-10 measured using ELISA.
(I) Western blot analysis of pancreatic RIPK1, RIPK3, MLKL, and p-MLKL. Data are shown as means ± SD for from least three independent experiments. n=6/
group. Scale bar= 100 μm. *p < 0.05, **p < 0.01 and ***p < 0.001.
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Fig. 5. RIPK1 was a direct target gene of miR-9.
(A) Structure of the 3′-UTR from wild-type RIPK1
(Wt-RIPK1) and mutant RIPK1 (mut-RIPK1) and
paired bases between Wt-RIPK1 and miR-9. (B)
Relative luciferase activities of Wt-RIPK1 3′-UTR and
mut-RIPK1 3′-UTR after administration of miR-9 or
miR-NC. (C) Relative expression of RIPK1 mRNA in
PACs transfected with miR-9 mimic or miR-NC de-
tected by qRT-PCR. (D) Protein expression of RIPK1
in PACs transfected with miR-9 mimic or miR-NC
measured by western blot. Data are shown as
means ± SD from at least three independent ex-
periments. **p < 0.01; NS, not significant.

Fig. 6. miR-9-BMSCs inhibited necroptosis in TNF-α-induced-PACs in vitro.
(A–C) Assessment of mRNA expression levels of RIPK1, RIPK3 and MLKL in PACs after different treatments determined by qRT-PCR. (D) Protein expression of RIPK1,
RIPK3, MLKL and p-MLKL in PACs from various groups measured by western blot. Data are shown as means ± SD from at least three independent experiments.
*p < 0.05, **p < 0.01 and ***p < 0.001.
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necroptosis signaling pathway (Fig. 4I).

3.5. The target prediction and validation of miR-9

We used some miRNA target prediction programs such as
TargetScan [28], miRWalk [29], and microRNA org [30] to seek the
target genes of miR-9 and discovered that RIPK1 may be one such
target. To determine if miR-9 could indeed directly target RIPK1, we
performed dual luciferase reporter assays (Fig. 5A) and demonstrated
that overexpression of miR-9 significantly decreased wild-type RIPK1
luciferase activity compared with the miR-NC group (Fig. 5B), while
luciferase activity of the mutant RIPK1 3′-UTR construct remained
unchanged (Fig. 5B). Furthermore, the expression of RIPK1 in the miR-
9 group was much lower than that in the NC group (Fig. 5C and D).

3.6. miR-9-BMSCs inhibited the overactivation of the necroptosis signaling
pathway in PACs induced by TNF-α in vitro

We isolated PACs from the pancreases of rats and seeded them into
6-well plates. To assess the effect of miR-9-BMSCs on necroptosis in
vitro, we examined the expression of RIPK1, RIPK3, MLKL and p-MLKL.
The results indicated that the expression of RIPK1 in cells treated with
TNF-α was much higher than that in the NC group (Fig. 6A and D), as

was expression of RIPK3 and p-MLKL (Fig. 6B–D). In addition, the
suppressive effect on necroptosis in miR-9-BMSCs was much more in-
tense than that in BMSCs (Fig. 6A–D).

3.7. miR-9-BMSCs reduced the inflammatory response of PACs treated with
TNF-α in vitro

To further measure the levels of pro-inflammatory cytokines and
anti-inflammatory mediators, we collected TNF-α-induced PACs and
homologous supernatants. The findings showed that the expression of
IL-1β and IL-6 increased significantly after induction by TNF-α (Fig. 7A,
B, E and F), while the levels of IL-4 and IL-10 significantly decreased
(Fig. 7C, D, G and H). After co-culture with BMSCs or miR-9-BMSCs, the
levels of pro-inflammatory mediators and anti-inflammatory cytokines
showed the opposite pattern of expression (Fig. 7A–H). In addition,
compared with the BMSC group, miR-9-BMSCs inhibited the expression
of more pro-inflammatory cytokines and increased the expression of
more anti-inflammatory mediators (Fig. 7A–H).

3.8. miR-9-BMSCs and miR-9 promoted the viability of PACs treated with
TNF-α in vitro

The viability of PACs after different treatments was analyzed by

Fig. 7. miR-9-BMSCs decreased the inflammatory response of PACs treated with TNF-α in vitro.
(A–D) Relative mRNA expression of IL-1β, IL-6, IL-4 and IL-10 in culture supernatants detected by qRT-PCR. (E–H) Levels of IL-1β, IL-6, IL-4 and IL-10 in culture
supernatants measured using ELISA. Data are shown as means ± SD from at least three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001.
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flow cytometry, CCK-8 assays and LDH release assays. The results of
these various assays suggested that administration of miR-9-BMSCs and
transfection of miR-9 mimic both markedly suppressed necrosis of in-
jured PACs (Fig. 8A, B, E and F) and improved the viability of PACs
induced by TNF-α (Fig. 8C, D, G and H).

3.9. Knockdown of RIPK1 contributed to necrosis of PACs induced by TNF-
α in vitro

We further evaluated the possible role of RIPK1 in SAP by RIPK1
siRNA treatment with three individual RIPK1 siRNA sequence. We
found that si-RIPK1 (#2) exhibited the highest knockdown efficiency
(Fig. 9A and B) and therefore selected this siRNA sequence to knock-
down the RIPK1 gene in PACs in our study. Measurement of the ne-
crotic cell percentage using flow cytometry indicated that suppression
of RIPK1 promoted the necrosis of PACs (Fig. 9C and D). Meanwhile,
the CCK8 assay and LDH release detection both suggested that knock-
down of RIPK1 decreased the viability of PACs induced by TNF-α
(Fig. 9E and F).

4. Discussion

To date, patients with SAP pose a great challenge to clinicians due
to high morbidity and mortality and lack of specific treatment for this
disease [22], Neither pancreatic necrosectomy [31], nor antibiotics or
probiotics [32] result in satisfactory outcomes. As a consequence of
recent findings about the use of MSCs in treating conditions like trau-
matic injuries of the spinal cord [33], and HBV-related acute liver
failure [34], we strongly expect that BMSCs will bring favorable out-
comes to patients with SAP. The mechanisms underlying the patho-
genesis of SAP are not fully known, but the progression of SAP is fre-
quently accompanied by pancreatic necrosis [35]; hence, reduction of
necrosis of injured PACs may be an important therapeutic tactic in the
future. Increasing evidence has confirmed that the pathologic process of
SAP is associated with the involvement of several miRNAs, of which
miR-7, miR-9, miR-122 and miR-141 are noninvasive biomarkers of AP
[20]. We investigated the underlying mechanisms by which BMSCs
attenuate SAP by upregulating the expression of miR-9 (miR-9-BMSCs)
and showed that overexpression of miR-9 in miR-9-BMSCs could sig-
nificantly promote the therapeutic effects (anti-inflammation and in-
hibition of necroptosis) to BMSCs alone. Therefore, we believe that
miR-9 will play an important therapeutic role for SAP using BMSCs.

SAP is characterized by markedly increased production of many
pro-inflammatory mediators, including IL-1β [36], IL-6 [37] and TNF-α
[38]. In our study, the levels of serum pro-inflammatory cytokines were
much lower in the miR-9-BMSC group than in the BMSC group, as were
levels of serum amylase and lipase, and the pathological scores for
pancreatic edema, infiltration and acinar necrosis. Our mRNA expres-
sion data for pancreatic IL-1β, IL-6 and TNF-α also support this finding.
In contrast, anti-inflammatory cytokines IL-4 and IL-10 are believed to
be positively correlated with recovery from pancreatic injury [39]. The
levels and expression of IL-4 and IL-10 in our study were clearly higher
in the miR-9-BMSC group compared with the BMSC group. These re-
sults suggest that miR-9-BMSCs exhibit stronger anti-inflammatory ef-
fects due to the higher expression of miR-9.

Necroptosis has been confirmed to be a form of programmed cell
death that depends on the activation of RIPK1 and RIPK3 by receptors
such as TNF receptor-1 [40]. Genetic knockout of RIPK3 was able to
alleviate the severity of caerulein-induced AP in mice [41], which de-
monstrates the role of necroptosis in the development of AP. Therefore,
we hold the view that it may be an effective therapeutic treatment to
inhibit necroptosis in SAP. Some studies have suggested a relationship
between necroptosis and SAP, but the underlying mechanisms still re-
main unclear. Our studies in vivo and in vitro demonstrated that ne-
croptosis was activated in SAP and expression of RIPK1, RIPK3 and p-
MLKL was upregulated after induction by NaT or TNF-α. In addition,

Fig. 8. miR-9-BMSCs and miR-9 improved the viability of PACs induced by
TNF-α in vitro.
(A, E) PACs from various groups were collected and stained with FITC-Annexin
V/PI and analyzed by flow cytometry. Figures are representative of three in-
dependent experiments. (B, F) Analysis of data from flow cytometry. (C, G)
CCK-8 assays. (D, H) LDH release assays. Data are shown as means ± SD from
at least three independent experiments. *p < 0.05, **p < 0.01 and
***p < 0.001.
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miR-9-BMSCs were better able to suppress necroptosis compared with
BMSCs. These results indicated that the necroptosis signaling pathway
was regulated by miR-9 in BMSC treatment for SAP. We also measured
the serum expression of miR-9 from normal donors and AP patients. The
level of miR-9 was much higher in SAP compared with MAP patients,
showing that miR-9 was associated with the severity of AP. Further-
more, we also examined the expression of miR-9 in pancreatic tissues
and found that its expression in the miR-9-BMSC group was markedly
higher than in the SAP, PBS or BMSC groups. Hence, miR-9 is likely a
crucial factor in the development of SAP, although there are still un-
known differences between humans and rats in the mechanism of SAP
or AP. We then prepared an miR-9 mimic in the AAV-8 vector and in-
jected it into pancreatic tissues of rats by retrograde pancreaticobiliary
injection. We observed that AAV-miR-9 significantly reduced the in-
flammatory response and enhanced the anti-inflammatory capacity of
rats while inhibiting the expression of pancreatic RIPK1 in SAP.

To further investigate the possible molecular mechanism underlying

the effect of miR-9 regulating necroptosis, we used miRNA target pre-
diction tools and found that RIPK1 was a potential target of miR-9. We
then verified that the RIPK1 gene was the target gene of miR-9 using a
dual luciferase reporter system and observed that miR-9 could suppress
the expression of RIPK1. In vitro, we found that compared with the
BMSC group, miR-9-BMSCs markedly reduced necrosis of PACs induced
by TNF-α. In addition, miR-9-BMSCs promoted the survival of PACs.
Meanwhile, we transfected the miR-9 mimic into PACs for 24 h fol-
lowed by incubation with TNF-α for 24 h. Similar to our experiments
with miR-9-BMSCs, exogenous miR-9 significantly suppressed necrosis
of PACs and enhanced the viability of PACs. It is well known that the
RIPK1-RIPK3-MLKL signaling pathway plays an important role in ne-
croptosis but often leads to different outcomes [42]. This includes three
different mechanisms as follows: 1) RIPK1-dependent but RIPK3- and
MLKL-independent; 2) RIPK3-dependent but RIPK1 and MLKL-in-
dependent; and 3) RIPK3 and MLKL-dependent but RIPK1-independent
mechanisms [43–45]. To examine which necroptosis pathways were

Fig. 9. Knockdown of RIPK1 reduced the viability of PACs treated with TNF-α in vitro.
(A) Relative mRNA expression of RIPK1 in PACs treated with si-NC or si-RIPK1 detected using qRT-PCR. (B) Protein expression of RIPK1 in PACs treated with si-NC or
si-RIPK1 measured by western blot. (C) PACs were collected and stained with FITC-Annexin V/PI and analyzed by flow cytometry. Figures are representative of three
independent experiments. (D) Analysis of flow cytometric data. (E) CCK-8 assays. (F) LDH release assays. Data are shown as means ± SD from at least three
independent experiments. *p < 0.05 and ***p < 0.001; NS, not significant.
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active in SAP, we used siRNA to knockdown RIPK1 and verify the
possible role of RIPK1. Interestingly, after si-RIPK1 treatment, there
was a significant increase in cell necrosis and significant decrease in the
viability of PACs compared with the si-NC group. The results indicated
that suppression of RIPK1 by miR-9 or miR-9-BMSCs may inhibit ne-
croptosis, but knockdown of RIPK1 can also promote the death of PACs.
These findings at first seemed inconsistent, but we judged the results as
accurate after deeper analysis. It has been acknowledged that RIPK1
activity can lead to two disparate consequences: activation of the Nu-
clear factor κ light chain enhancer of activated B cells (NF-κB) pathway
to promote cell viability, or upregulation of necroptosis, resulting in cell
death [46]. We hypothesize that the increased necrosis percentage
detected in PACs incubated with si-RIPK1 may have resulted from NF-
κB-regulated suppression of cell viability. In other words, both ex-
cessive overexpression and inactivation of RIPK1 can increase cell ne-
crosis, but normal levels of RIPK1 expression may promote cell survival.
A major difference between the inhibition of RIPK1 using miR-9-BMSCs
or miR-9 and the knockdown of RIPK1 is that miR-9-BMSCs or miR-9
only suppresses RIPK1-dependent necroptosis but not RIPK1-dependent
NF-κB activation, whereas knockdown of RIPK1 impedes both RIPK1-
dependent necroptosis and NF-κB activation. The results suggest that
RIPK1 could regulate acinar cell survival in SAP.

An increasing number of investigators have focused on pancreatic
regeneration in order to alleviate the pains of patients with AP or SAP.
In our work, we found that the genes involved in regeneration of
pancreas, including PTF1, PDX1, and Reg4, were significantly upregu-
lated after treatment with miR-9-BMSCs. The findings indicated that
miR-9 is a key factor involved in pancreatic regeneration of SAP.

In summary, our study strongly suggests that BMSCs can attenuate
SAP and promote the regeneration of injured pancreatic tissues by se-
creting miR-9 to target RIPK1 and inhibit the necroptosis signaling
pathway.

5. Conclusions

The present study indicated that administration of miR-9-BMSCs
effectively attenuated SAP in vivo and inhibited necroptosis of TNF-α-
induced PACs in vitro. miR-9-BMSCs showed anti-inflammatory effects
by decreasing cytokines such as IL-1β, IL-6, and TNF-α and increasing
anti-inflammatory mediators such as IL-4 and IL-10 and regulating the
necroptosis pathway. Besides, miR-9-BMSCs significantly improved the
regeneration of injured pancreas. The present results show the potential
of miR-9-BMSCs on treating SAP via suppressing necroptosis (Fig. 10).
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