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Background: Hyperlipidemic acute pancreatitis (HAP) is characterized by high triglyceride (TG) and acute pancreatitis (AP),
and is closely related to intestinal microflora. MiR-124 was found to have a significant regulatory relationship with chronic
pancreatitis. Here, the study aimed to investigate the protection effect of miR-124 agonist in HAP.

Methods: HAP was induced in mice using a high-fat diet (HFD) and cerulein. We evaluated the biochemical and morphological
protective effects of miR-124 in HAP mice. miR-124 expression in the serum and pancreas was quantified by real-time quan-
titative PCR (qQRT-PCR). Cluster of differentiation 68 (CD68) expression in pancreatic macrophages was detected by immuno-
histochemistry. Colonic flora was analyzed using High-Throughput Sequencing. Flow cytometry was performed to determine
macrophage polarization. Serum inflammatory cytokines were measured using enzyme-linked immunosorbent assay (ELISA).
Western blot (WB) was performed to detect protein expression.

Results: The results revealed that miR-124 expression was downregulated in HAP mice (p < 0.001), which exhibited pathological
injury and inflammatory cell infiltration in the pancreas. However, this status was inhibited by miR-124 agonist treatment.
High-throughput sequencing of 16S rDNA demonstrated that miR-124 agonist treatment significantly reversed HAP-induced
gut dysbiosis. Using Linear discriminant analysis Effect Size (LEfSe) analysis, we found that Rikenellaceae was the key species
in the miR-124 agonist treatment of HAP. Finally, we found that the treatment with the miR-124 agonist promoted macrophage
polarization toward M2 (p < 0.05) and inhibited the inflammatory response (p < 0.05) in HAP mice.

Conclusion: MiR-124 agonists improve HAP by attenuating inflammatory reactions, regulating macrophage polarization, and
rebalancing the intestinal microbiota.
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Introduction microbiota is involved in the occurrence and development
of pancreatitis, with an imbalance in the intestinal micro-
biota promoting AP development [14—16]. Hyperlipidemia
is often accompanied by an imbalance in the intestinal mi-
croflora, which exacerbates lipid metabolism disorders and
creates a vicious cycle [17,18]. Therefore, the intestinal mi-

croflora is closely related to the occurrence of HAP.

A pancreas inflammatory process, acute pancreati-
tis (AP), can lead to severe acute pancreatitis (SAP) and
systemic inflammatory response syndrome (SIRS), putting
life at risk [1,2]. One study reported SAP mortality rates
of up to 25%, and 75-80% of self-limiting mild forms
can progress into serious forms [3,4]. Macrophage acti-
vation is closely associated with AP severity [5], as pro-
inflammatory cytokines like tumor necrosis factor-o: (TNF-
«) and play a role in its development [6—8]. Further-
more, when the pancreas is damaged, macrophages, and
neutrophils migrating migrate to the pancreatic interstitial
space, which further increase the production of various in-
flammatory mediators [9,10]. Hyperlipidemic acute pan-
creatitis (HAP) is characterized by high triglyceride (TG)

Several studies have indicated the crucial role of miR-
NAs, including miR-7, miR-9, miR-122, miR-92b, miR-
10a, and miR-141, in the development of AP [19,20]. Mod-
ulating miRNAs in vivo offers a new approach to AP inter-
vention [21-23]. Among them, miR-124 has been shown to
play a significant role in various diseases in animal exper-
iments [24-26]. Specifically, miR-124 has been linked to
pancreatic development, inflammation, and cancer [27,28].
The miR-124 downregulation is strongly linked to poor

and AP [11] and is more severe than AP [12].

The pancreas and intestines are the major initial sites
of AP [13], and recent studies suggest that the intestinal

prognosis in patients with pancreatic ductal adenocarci-
noma [29]. Moreover, miR-124 has a significant regulatory
relationship with chronic pancreatitis, indicating its poten-
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tial as a diagnostic and therapeutic target for chronic pancre-
atitis [30]. Therefore, miR-124 could serve as an important
regulator of pancreatic diseases and play a vital role in their
treatment. However, the role of miR-124 in HAP remains
unclear.

In this study, we established a mouse model of HAP
by administering a high-fat diet (HFD) and cerulein to in-
vestigate the effect of miR-124 on HAP in mice. We also
explored the protective effects of miR-124 from the per-
spective of intestinal microflora and macrophage polariza-
tion.

Method

Animal and Experimental Model

A total of 48 male C57BL/6J mice at 6 weeks of age
(18 £ 2 g) were obtained from Chengdu Dashuo Experi-
mental Animal Co., Ltd. (certificate No. SCXK201302,
Sichuan, China) and housed under specific pathogen-free
(SPF) conditions. All animal experimental procedures were
performed and approved by the Ethics and Animal Welfare
Committee of the West China Hospital of Sichuan Univer-
sity (Chengdu, Sichuan, China) (n0.20220412010).

First Animal Experiment

In this experiment, eighteen male C57BL/6J mice
were randomly divided into groups (n = 6) of Chow, HFD,
and HFD+cerulein. The Chow group was fed a normal
chow diet containing 10% kcal from fat, while the other
two groups were given an HFD containing 54% kcal from
fat. After 8 weeks of feeding, twice intraperitoneal injec-
tions on the mice were performed with saline or cerulein
(40 pg/kg, diluted in saline) (C9026, Sigma, St Louis, MO,
USA) at 2-hour intervals. Amylase test indicated the all
HFD model has been successfully constructed. 1 hour af-
ter the last cerulein injection, the mice were deeply anes-
thetized by 1% pentobarbital sodium (Y0002194, Sigma, St
Louis, MO, USA), and plasma and pancreatic tissue sam-
ples were prepared for later analysis instantly. Finally, the
mice were euthanized by dislocation of neck.

Second Animal Experiment

In this experiment, thirty male C57BL/6J mice were
randomly divided into groups (n = 6) of Chow, Chow+miR-
124 agonist, HFD+cerulein, and HFD+miR-124 ago-
nist+cerulein. The Chow and Chow+miR-124 agonist
groups were fed a normal chow diet (fat: 10% kcal), while
the other three groups were given an HFD diet (fat: 54%
kcal). After 8 weeks of feeding, the mice received caudal
vein injections of saline or miR-124 agonist (80 mg/kg, di-
luted in ddH50) (miR40004527-4-5, RiboBio, Guangzhou,
China) once a week for 3 weeks. One day after the final
miR-124 agonist injection, twice intraperitoneal injections
on the mice were performed with saline or 40 pg/kg cerulein
at 2-hour intervals. 12 hours after the final cerulein injec-
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tion, 1% pentobarbital sodium was used to anesthetize the
mice deeply. Finally, the plasma, colon contents, and tissue
samples were then prepared for later analysis, and the mice
were euthanized by dislocation of neck.

The colon contents, a portion of colon tissue, pan-
creas tissue and serum were rapidly snap-frozen and stored
at —80 °C. The remaining colon and pancreatic tissues
were quickly removed and fixed in 10% formalin (R03379,
Sigma, St Louis, MO, USA) for later analysis using
Haematoxylin-Eosin (H&E) staining and immunohisto-
chemistry (IHC).

Measurement of TC, TG, and Amylase in Serum

An automatic biochemistry analyzer (7180, Hitachi,
Tokyo, Japan) was used to detect triglyceride (TG), total
cholesterol (TC), and serum amylase activity.

H&E Staining

Colon and pancreatic tissues were processed in a se-
ries of standard procedures to prepared 4-mm slices, in-
cluding fixation, embedding and section. The paraffin
sections were dewaxed in xylene, rehydrated, and stained
with hematoxylin and eosin (Beyotime, Wuhan, China). A
bright-field Nikon Eclipse-600 microscope (Nikon, Tokyo,
Japan) was used to observe the sections and photographed.

Real Time Quantitative PCR (qPCR)

Total RNA of serum or pancreas in each group was
isolated by TRIZOL (NP0007, Invitrogen, Carlsbad, CA,
USA), and cDNA synthesis was performed using a reverse
transcription kit (6210A, Takara, Beijing, China). qPCR
was performed to quantify the miR-124 expression levels.
The relative mRNA expression levels were normalized to
B-actin, using the following primers: miR-124 forward: 5’
-GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATT
GCACTGGATACGACGGCATTCA-3’; B-actin forward:
5'-GAAGATCAAGATCATTGCTCC-3’ and f-actin re-
verse: 5'-TACTCCTGCTTGCTGATCCA-3’. The results
of qPCR were expressed as 2 A4,

IHC Detection

IHC was applied to measure the cluster of dif-
ferentiation 68 (CD68) expression levels in pancreatic
macrophages. The sections were first blocked in phosphate-
buffered saline (PBS) (P3813, Sigma, St Louis, MO, USA)
for 30 minutes at temperature of 20-25 °C, followed by an
incubation of primary antibody CD68 (1:100, Ab283654,
Abcam, Cambridge, UK) at 4 °C. On the second day, us-
ing the secondary antibody (1:200, ZB-2306, Zhongshan
Jingiao, Beijing, China) to amplify signal. Finally, Image
PeroPlus 6.0 (IPP 6.0, Media Cybernetics, Inc., Rockville,
MD, USA) was used to quantify the CD68 expression level
at a magnification of x200. DAB area/tissue area ana-
lyzed*100% was used to quantify THC.
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DNA Extraction and Intestinal Microbiota
Sequencing

The colon contents of the mice were sent to a commer-
cial laboratory (Shanghai Paisenuo Medical Laboratory Co.
Ltd., Shanghai, China) for intestinal microbiota sequenc-
ing. The following steps were performed: DNA was ex-
tracted from the colon contents and its purity was exam-
ined using 1.2% agarose gel (A9539, Sigma, St Louis, MO,
USA) electrophoresis. PCR was used to amplify the tar-
get fragments, specifically the V3 and V4 regions of the
bacterial 16S rRNA gene. The purified PCR products were
measured by using the Quant-iT PicoGreen dsDNA Assay
Kit (P7589, Life Technologies, Carlsbad, CA, USA) and
sequenced on an [llumina MiSeq platform (San Diego, CA,
USA). The alpha index was analyzed using QIIME2 soft-
ware and the intestinal microbiota composition was ana-
lyzed using QIIME2 software and the R ggplot2 package.
The Linear discriminant analysis Effect Size (LEfSe) anal-
ysis was performed using the Python LEfSe package (Hut-
tenhower Lab, Cambridge, MA, USA).

Flow Cytometry

Flow cytometry was performed using a standard pro-
tocol. The pancreas was minced in RPMI-1640 (R4130,
Sigma, St Louis, MO, USA) supplemented with appro-
priate additives and centrifuged to generate cells. Pan-
creatic macrophages were subjected to flow cytometry
using fluorochrome-conjugated antibodies against CD86
(Ab239075, Abcam, Cambridge, UK), CD206 (Ab270647,
Abcam, Cambridge, UK), and F4/80 (111602, BioLegend,
San Diego, CA, USA). Flow cytometry (Cytoflex, Brea,
CA, USA) and Kaluza software (Beckman Coulter, Brea,
CA, USA) were used to analyze all stained cells and report
the resulting data.

Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of lipopolysaccharide (LPS), monocyte
chemoattractant protein (MCP-1), TNF-a, interleukin (IL)-
6, IL-4, IL-10, and IL-13 cytokines in the serum were mea-
sured using enzyme-linked immunosorbent assay (ELISA)
kits (DY870-05, MJEOOB, MTA00B, M6000B, M4000B,
DY417, 213-ILB, RD, MN, USA). A microplate reader
(WD-2102B, Beijing Liuyi Biotechnology, Beijing, China)
was employed to measure the absorbance at 450 nm.

Western Blot

After the extracting of total pancreatic protein, the
Pierce BCA Protein Assay Kit (23235, Thermo, Waltham,
MA, USA) was used to measure the protein concen-
tration of samples following the manufacturer’s instruc-
tions. Next, protein was separated using sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to PVDF membranes. The membranes were then
blocked with 5% BSA (w/v) and incubated with primary
antibodies against p-p65 (1:1000, AF2006, Affinity, Mi-
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ami, FL, USA), p65 (1:1000, ab32536, Abcam, Cam-
bridge, UK), Signal transduction and activator of transcrip-
tion (STAT)6 (1:1000, ab32108, Abcam, Cambridge, UK),
p-STAT6 (1:1000, AF3301, Affinity, Miami, FL, USA),
and beta-actin (1:5000, ab8226, Abcam, Cambridge, UK)
overnight at 4 °C. After washing thrice with TBST, the
bands were incubated with secondary antibodies against
goat Anti-Mouse IgG H&L (1:10000, ab175783 Abcam,
Cambridge, UK) or goat Anti-Rabbit IgG H&L (1:20000,
ab97051, Abcam, Cambridge, UK). The reaction was vi-
sualized using an ECL kit (64-201BP, Millipore, Boston,
MA, USA) and an imaging system (Tanon 5200, Shanghai,
China). All relative proteins expression levels were nor-
malized to S-actin.

Statistical Analysis

The statistical analysis was performed using SPSS 19
software (IBM, New York, NY, USA). The data are pre-
sented as mean + standard deviation (SD). The data com-
parisons among the groups were analyzed using one-way
ANOVA, followed by the LSD test. Each experiment was
repeated at least three times. A p-value < 0.05 was consid-
ered statistically significant.

Results

Expression of MiR-124 in HFD-Induced AP

The results of the first animal experiment are pre-
sented in Fig. 1. As illustrated in Fig. 1 A, miR-124 levels in
the serum (p < 0.001) and pancreas (p < 0.01) were obvi-
ously reduced following HFD treatment. Additionally, the
HFD+cerulein group had lower miR-124 in the serum (p <
0.01) and pancreas (p < 0.05) compared to the HFD group.
The TG (p < 0.05) and TC (p < 0.01) levels of serum were
obviously higher in both HFD-fed groups (with or without
cerulein) than those in the control group (Fig. 1B), and no
significant differences in serum TC and TG levels were ob-
served between the HFD and HFD+cerulein groups. His-
tological examination by H&E staining showed the infil-
tration of inflammatory cells and degeneration and necrosis
of islets and acinar epithelial cells in the HFD group, and
an increase in these histological features was observed in
the HFD+cerulein group, as depicted in Fig. 1C. Fig. 1D
shows that there was no difference in amylase activity be-
tween the control and HFD groups; however, HFD-fed mice
treated with cerulein showed a significant increase in amy-
lase activity compared to the control group (p < 0.05). Fur-
thermore, Fig. 1E indicates that HFD-fed mice treated with
cerulein significantly increase the CD68 expression level in
the pancreas compared to control mice (p < 0.05), whereas
HFD-fed mice did not exhibit a noticeable increase of the
CD68-positive cell number.
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Fig. 1. The miR-124 expression in serum and pancreas, and the result of serum biochemical, Haematoxylin-Eosin (H&E) staining
and immunohistochemistry (IHC). (A) MiR-124 expression in serum and pancreas. (B) Cholesterol (TC), triglyceride (TG) levels in
serum. (C) H&E of the pancreas. (D) Serum amylase levels. (E) IHC staining and quantification of CD68 for macrophages infiltrating
the pancreas. Samples (n = 3) and we indicated the * p < 0.05, ** p < 0.01, *** p < 0.001, ns p > 0.05. HFD, high-fat diet; CD68,
cluster of differentiation 68.

Protection Effect of MiR-124 Agonist Treatment on tion and necrosis of only a few acinar epithelial cells and in-
HAP filtration of a few inflammatory cells (Fig. 2C). The analy-
sis of serum amylase activity revealed that miR-124 agonist

The second animal experiment aimed to investigate ’ ‘ )
treatment resulted in a decrease in HAP mice (p < 0.01),

the protective effects of miR-124 agonist treatment on e o )
HAP. The HAP mouse model was induced by HFD feeding although there was no stat1§tlcal s1gn1ﬁcgnc§ (Fig. 2D).
and cerulein stimulation, as shown in Fig. 2. The results Furthermore, miR-124 agonist tFe.atment s1gn1ﬁcar}tly de-
revealed that miR-124 agonist treatment led to significant ~ creased the number of CD68-positive macrophages in HAP
increases in miR-124 levels in the pancreas and serum of ~ M€ (p < 0.05), while no significant difference was ob-
normal (p < 0.001) and HAP mice (p < 0.05) (Fig. 2A). se.rved in norITlal mice (Fig. 2E). ".H?ese data sug.ge.st that
However, there were no significant differences in serum ~ MiR-124agonist treatment may inhibit amylase activity and
TC and TG levels following miR-124 agonist treatment in macrophage infiltration in the pancreas of HAP mice, but
either normal or HAP mice (Fig. 2B). Histological analy- has no regulatory effect on TC and TG levels.

sis showed that miR-124 agonist treatment significantly de-

creased islet cell degeneration, necrosis, and inflammatory

cell infiltration in HAP mice, whereas pancreatic samples

from the chow+miR-124 agonist group showed degenera-
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Fig. 2. MiR-124 agonist inhibited HAP. There were four groups: Chow (C), Chow+miR-124 agonist (CM), HFD+cerulean (HC),
and HFD+miR-124 agonist+cerulean (HMC). (A) MiR-124 expression in serum and pancreas. (B) TC, TG levels in serum. (C) H&E
staining for the pancreas. (D) Serum amylase levels. (E) IHC staining and quantification of CD68 for macrophages infiltrating the
pancreas. Samples (n = 3) and we indicated the * p < 0.05, ** p < 0.01, *** p < 0.001, ns p > 0.05.
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Effects of MiR-124 Agonist Treatment on Intestinal
Microbiota and Mucosa in HAP Mice

Fig. 3A shows that treatment with the miR-124 ago-
nist decreased Chaol and Shannon indices in normal mice,
whereas Fig. 3B shows that HAP mice had an increased
relative abundance of Firmicutes and Actinobacteria and a
decreased relative abundance of Bacteroidetes at the phy-
lum level compared to normal mice, which was reversed
by miR-124 agonist treatment during the test. At the genus
level, as shown in Fig. 3C, the miR-124 agonist treatment
inhibited the changes in Lactobacillus and Allobaculum in
HAP mice. LEfSe analysis was further performed with
2 as the threshold for the logarithmic LDA score for dis-
criminative features, and Fig. 3D shows that Rikenellaceae
was the common core microbiota in normal and miR-124-
treated HAP mice compared to HAP mice. The H&E stain-
ing results in Fig. 3E show that the colonic mucosa of HAP
mice had several inflammatory cells in the connective tis-
sue and a large number of non-stained goblet cells in the
glandular epithelium, whereas miR-124 agonist treatment
resulted in a decrease in the histological signs of colon mu-
cosal damage in HAP mice. Thus, our study demonstrated
that miR-124 agonist treatment could improve the intesti-
nal microbiota and protect the intestinal mucosa in HAP,
and Rikenellaceae could be a key species in the treatment
of HAP.

Effects of MiR-124 Agonist Treatment on
Macrophage Activation in HAP Mice

Since macrophage activation plays a key role in the
host inflammatory response, we investigated the abundance
of M1 and M2 macrophages in this study (Fig. 4A). We
found that the M1 macrophage population (F4/80+ CD86+)
was obviously up-regulated in HC group (p < 0.01),
whereas the M2 (F4/80+ CD206+) population was notably
decreased in HC group compared to that in normal mice (p
< 0.05). However, compared with the HC group, treatment
with the miR-124 agonist inhibited M1 macrophage activa-
tion (p < 0.01) and promoted M2 macrophage activation (p
< 0.05). In addition, we measured the levels of IL-6, LPS,
MCP-1, and TNF-« in HAP mice (p < 0.05,p < 0.05,p <
0.05, p < 0.05) and found that miR-124 agonist treatment
reduced their levels while increasing the expression of IL-4,
IL-10, and IL-13 (p < 0.05, p < 0.05, p < 0.01), as shown
in Fig. 4B. We also detected macrophage polarization and
found an increase in p65 protein expression (p < 0.01) and
a decrease in STAT6 protein expression (p < 0.01) (the ob-
tained values of p-p65/pSTAT6 were normalized to those
of p65/STAT6) in HC group compared with the C group
(Fig. 4C). However, miR-124 agonist treatment reduced the
protein expression of p65 (p < 0.05) and increased that of
STAT6 (p < 0.05) in HAP mice. These results indicated
that the miR-124 agonist promoted macrophage polariza-
tion toward M2 in HAP mice.
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Discussion

Over the past few years, our understanding of AP has
increased [31]. However, the relationship between HAP
and miRNAs has not been extensively investigated. There-
fore, in this study, we examined the levels of miR-124 in
mice with HAP and the protective effects of miR-124 on
HAP. Our results demonstrated that miR-124 levels are as-
sociated with HAP, as the levels of miR-124 in the serum
and pancreas were decreased in HAP mice. Furthermore,
miR-124 agonist treatment significantly reduced pancreatic
damage, macrophage infiltration, and serum amylase activ-
ity in HAP mice, accompanied by a significant increase in
miR-124 expression, indicating that miR-124 upregulation
can inhibit HAP. Interestingly, the miR-124 agonist had no
significant effect on the TG and TC levels in HAP mice.

Numerous studies have shown that changes in the in-
testinal microbiota are closely linked to the development
and treatment of hyperlipidemia [32,33]. In this study, we
observed that changes in the abundance of Firmicutes and
Bacteroidetes in HAP mice were inhibited by treatment
with the miR-124 agonist and that the miR-124 agonist in-
creased the abundance of Lactobacillus and decreased the
abundance of Allobaculum in HAP mice. These findings
suggest that the miR-124 agonist may contribute to the es-
tablishment of a relatively stable microflora structure. As it
is well-known that Lactobacillales play a vital role in im-
proving obesity under HFD [34], and thus the miR-124 ago-
nist may improve HAP by increasing the abundance of Lac-
tobacillus. However, our LEfse analysis identified Rikenel-
laceae as the key species in the miR-124 agonist treatment
of HAP, but more research is needed to support this view.

Serum levels of LPS are associated with an imbalance
in the intestinal microbiota and changes in intestinal barrier
permeability [35]. LPS produced by the intestinal micro-
biota activates inflammatory NF-«B through TLR4 in both
humans and mice [36]. In our study, we observed that miR-
124 agonist treatment improved colonic mucosal damage
and reduced serum LPS levels in HAP mice, indicating that
the miR-124 agonist not only improved the intestinal mi-
crobiota but also enhanced the intestinal mucosal barrier.

Interestingly, macrophages play a critical role in
controlling the direction of immune responses, with
M1 promoting pro-inflammatory and M2 promoting
anti-inflammatory responses [37]. The activation of
macrophages is associated with the severity of AP that act
as important inflammatory cells [38]. A previous study
suggested that miR-124 is a regulator of M2 polarization
in various monocytic cell subsets [39], and upregulation
of miR-124 could ameliorate inflammation [24-26]. In
our study, we found that treatment with an miR-124 ago-
nist inhibited the NF-«xB signaling pathway, promoted the
STAT6 signaling pathway, inhibited M1 macrophage acti-
vation, and promoted M2 macrophage activation in HAP
mice. These data suggest that treatment with the miR-124
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agonist can improve the inflammatory response in HAP by
promoting macrophage polarization toward M2. Further-
more, macrophage activation induced by the miR-124 ago-
nist in HAP may be associated with changes in serum LPS
levels. A previous study has shown that LPS can bind to
LPS-binding protein (LBP) and form the LPS/LBP com-
plex, which activates M1 macrophage polarization through
the TLR-4 signaling pathway [40].

Conclusion

In conclusion, this study confirms the anti-
inflammatory properties of the miR-124 agonist in
HAP, which may be related to M1/M2 polarization. Addi-
tionally, the miR-124 agonist also improves the intestinal
microbiota in HAP mice, and the data obtained suggest
that Rikenellaceae may be a key species. However, further
studies are needed to determine whether miR-124 agonists,
alone or in combination with other strategies, can be as
effective in treating HAP in humans as they are in animal
models of the disease.
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