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Abstract Severe acute pancreatitis-associated acute lung injury (SAP-ALI) is a serious disease associ-

ated with high mortality. Emodin has been applied to alleviate SAP-ALI; however, the mechanism re-

mains unclear. We report that the therapeutic role of emodin in attenuating SAP-ALI is partly

dependent on an exosomal mechanism. SAP rats had increased levels of plasma exosomes with altered

protein contents compared to the sham rats. These infused plasma exosomes tended to accumulate in the

lungs and promoted the hyper-activation of alveolar macrophages and inflammatory damage. Conversely,

emodin treatment decreased the plasma/pancreatic exosome levels in the SAP rats. Emodin-primed exo-

somes showed less pro-inflammatory effects in alveolar macrophages and lung tissues than SAP exo-

somes. In detail, emodin-primed exosomes suppressed the NF-kB pathway to reduce the activation of

alveolar macrophage and ameliorate lung inflammation by regulating PPARg pathway, while these ef-

fects were amplified/abolished by PPARg agonist/antagonist. Blockage of pancreatic acinar cell exosome

biogenesis also exhibited suppression of alveolar macrophage activation and reduction of lung inflamma-

tion. This study suggests a vital role of exosomes in participating inflammation-associated organ-injury,

and indicates emodin can attenuate SAP-ALI by reducing the pancreatic exosome-mediated alveolar

macrophage activation.
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1. Introduction

Acute pancreatitis, is an inflammatory disease of the pancreas in
which activated pancreatic enzymes attack the pancreas, resulting
in a pancreatic dysfunction, followed by local and systemic in-
flammations1,2. Approximately 20%e30% of the patients with
acute pancreatitis exhibit progression to severe acute pancreatitis
(SAP), which is characterized by local complications or distant
organ dysfunctions and is associated with high morbidity and
mortality rates3. Lung injury is the most common extra pancreatic
organ dysfunction induced by SAP4e7, and approximately one in
three patients with SAP will develop acute lung injury (ALI) or
even the acute respiratory distress syndrome (ARDS)8,9. The
mortality rate of AP with complications of ALI is 30%e40%10,11.
SAP-associated lung injury (ALI) is characterized by an increased
permeability of the pulmonary microvasculature and leakage of
protein-rich exudate into the alveolar space, followed by alveolar
congestion and interstitial edema9,12. Non-invasive/invasive
ventilation, antibiotics, and specific diets have been used to sup-
press lung inflammation clinically13; however, the mechanisms
underlying the development of SAP-ALI remain elusive and
effective interventions to attenuate SAP-ALI are still lacking.
Therefore, it is important to explore the potential mechanisms
underlying SAP-ALI development and to investigate therapeutic
drugs that might be effective against this condition.

Emodin (1,3,8-trihydroxy-6-methylanthraquinone), a natural
anthraquinone derivative found in various Chinese medicinal
herbs, such as Rheum palmatum, Polygonum cuspidatum, Polyg-
onum multiflorum, Aloe vera, and Cassia obtusifolia14, exhibits
multiple beneficial effects, including antibacterial, anti-
inflammatory, and anti-hyperlipidemic effects15. In preclinical
SAP models, emodin has been reported to alleviate SAP and SAP-
ALI by modulating the lung inflammatory microenvironment16,17.
In rat models of SAP, emodin attenuated oxidative stress and
inflammation by inhibiting NF-kB signaling18,19. In addition,
emodin has been found to inhibit NLRP3 inflammasome activa-
tion20, promote neutrophil apoptosis21, and inhibit neutrophil
protease activity in the lungs of SAP-ALI rats22.

Hyper-activated alveolar macrophages have been recognized
as key mediators of SAP-ALI, as they are the main source of local
pro-inflammatory cytokines (e.g., TNF-a), inflammatory sub-
stances (e.g., NO), and chemokines (e.g., MIP-2) and are capable
of amplifying lung inflammation by recruiting circulating neu-
trophils11,23e25. Conversely, the re-polarization or depletion of
pro-inflammatory alveolar macrophages has been reported to
attenuate lung inflammation in SAP-ALI to some extent12,23,26.
Nonetheless, the effect of emodin on alveolar macrophage acti-
vation during SAP-ALI remains unclear.

Increasing evidence suggests the existence of exosome-based
communication between SAP and ALI. Exosomes are small
(w30e150 nm) extracellular vesicles released by living cells that
play important roles in intercellular communication by trans-
ferring information (nucleic acids, proteins, and lipids) from host
cells to neighboring or distant target cells27 and thus are involved
in mediating various pathological processes28. After AP, the
exosome levels in ascitic fluid and the blood circulation are
markedly increased, and the increased plasma exosome levels are
likely to be the consequence of pancreatic damage and are partly
responsible for AP-associated lung inflammation29. In ALI model
mice, dye-labeled plasma exosomes infused via the tail vein
reached the lungs, where they were internalized by alveolar
macrophages30. A further study revealed that the serum exosomes
delivered miR-155 to alveolar macrophages, thereby activating
nuclear factor (NF)-kB signaling and promoting local inflamma-
tion in the lungs of mice with sepsis31. Plasma exosomes induced
lung injury by activating NLRP3-dependent pyroptosis of alveolar
macrophages in L-arginine-induced AP mice32. Altogether, these
findings suggest that circulating exosomes in SAP may be
involved in mediating lung inflammation and ALI33; however, the
possible effect of emodin on these phenomena during SAP-ALI is
unclear.

In this study, we hypothesized that emodin may attenuate SAP-
ALI by preventing pancreatic exosome-induced lung inflamma-
tion. To investigate this hypothesis, we established a rat model of
SAP-ALI and evaluated the changes in lung lesions, pancreatic
and plasma exosomes, and macrophage activation after treatment
with emodin. The effect of emodin-educated exosomes on the
phenotype of alveolar macrophages was evaluated in vitro and
in vivo. In addition, exosomal contents and the possible mecha-
nism of emodin-induced changes were analyzed using proteomic
analyses, RNAseq and network pharmacology.
2. Materials and methods

2.1. Antibodies and reagents

Sodium taurocholate and emodin were obtained from Beijing
Zhongke Quality Inspection Biology Technology Company
(Beijing, China). GW9662 (MB5023), GW4869 (MB0764), and
rosiglitazone (MB1211) were provided by Dalian Meilun
Biotechnology (Dalian, China). Anti-CD68 (MA5-28262) and
anti-CD163 (PA5-78961) were purchased from Thermo Fisher
Scientific (MA, USA), anti-CD86 (551396) was purchased from
BD Biosciences (San Diego, CA, USA), anti-PPARg (sc-7273)
was procured from Santa Cruz Biotechnology (Santa Cruz, CA,
USA), phospho-PPAR gamma (Ser112) antibody (AF3284) and
b-actin antibody (AF7018) were obtained from Affinity Bio-
sciences (OH, USA), anti-NF-kB P65 (phosphor S529, ab97726),
anti-CD63 (ab134045), anti-TSG101 (ab125011), and anti-
Calnexin (ab22595) were purchased from Abcam (Milton,
UK), anti-IDH1 (GB111194) was purchased from Servicebio
(Wuhan, China), anti-RAB27A (#69295) and NF-kB p65
(#8242) were obtained from Cell Signaling Technology (Boston,
USA), and anti-GAPDH (10494-1-AP) was purchased from
Proteintech Company (Chicago, USA). The anti-CD68
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(ab201340) and anti-TNF-a (NBP1-19532) used for the immu-
nohistochemistry were procured from Abcam and Novus Bio-
logical, respectively. A rat tumor necrosis factor a (TNF-a)
ELISA kit was obtained from Multi Sciences (LIANKE) Biotech
(Hangzhou, China). The rat interleukin 10 (IL-10) ELISA Kit (E-
EL-R0016c) was purchased from Elabscience Biotechnology
Co., Ltd. (Wuhan, China). A rat macrophage inflammatory
protein-2 (MIP-2) ELISA kit, nitric oxide (NO) determination
kit, and myeloperoxidase (MPO) assay kit were purchased from
Jiancheng (Nanjing, China). The fluorescent dye for the exoso-
mal DIR labeling (UR21017) was purchased from Umibio
(Shanghai, China).
2.2. Animals

Male SD rats (250e300 g) were obtained from Chengdu Dashuo
Laboratory Animal (Chengdu, China). The rats were housed in a
controlled environment and had ad libitum access to standard
laboratory pelleted formula and tap water. All the animal exper-
iments conformed with the Guidelines for the Care and Use of
Laboratory Animals issued by the National Academy of Sciences,
published by the National Institute of Health. The experiments
were approved by the Experimental Animal Ethics Committee of
the Sichuan University of West China Hospital (Approval Num-
ber: 2020247A).
2.3. Rat SAP model establishment and treatment

A rat model of taurocholate-induced AP was established as
described previously34. Briefly, rats were anesthetized using an
intraperitoneal injection of 10% chloral hydrate (0.3 mL/100 g
body weight). The biliopancreatic duct was cannulated through
the duodenum and a small bulldog clamp was used to close the
hepatic duct. AP was induced using a retrograde perfusion of
3.5% sodium taurocholate at a constant speed of 6 mL/h with a
perfusion pump (LD-P2020II, Lande Medical Appliance Co.,
Ltd., Shanghai, China). The control animals (sham group) were
treated with the same volume of normal saline (0.9% NaCl).
After the injection, the upper and lower ends of the bil-
iopancreatic duct were blocked for 5 min. Then, the microvas-
cular clip was removed, the puncture hole sutured with silk
thread, and the rats placed back in their cages after two layers of
abdominal closure. Sixteen SAP rats were randomly divided into
the emodin treatment group and the SAP group according to their
numbers (the treatment group with an odd number and the SAP
group with an even number, and with eight rats in each group)
due to that the 24-h survival rate of SAP rats was 80%e90%.
The rats in the emodin treatment group were provided 10 mg/kg
emodin per gavage 12 or 18 h after the induction of AP, whereas
the rats in the SAP alone group and sham group (eight rats
subjected to laparotomy) were provided the same amount of
normal saline. The operators who established the SAP model
were blinded to the treatment, i.e., they did not know which SAP
rats belonged to the SAP group or the emodin treatment group.
Twenty-four hours after treatment, blood and pancreatic tissues
were collected and processed immediately to isolate the exo-
somes. Bronchoalveolar lavage fluid (BALF) was collected to
analyze the macrophage phenotype analysis and an in-vitro
culture. All the experiments were independently performed three
times. In addition, the pancreas and lung samples were har-
vested, frozen, and stored at �80 �C until further analysis.
2.4. Isolation of the rat primary acinar cells

After removing the fat tissues and blood vessels, the fresh
pancreatic tissues were washed twice with HEPES (pH Z 7.0)
without calcium and magnesium and cut into 1-cubic-millimeter
fragments using a small pair of scissors. The fragments were
digested using 10 mL collagenase type I (200 U/mL, Gibco) by
gently shaking on a shaker at 37 �C for 20 min. The DEME-F12
(Servicebio, Wuhan, China) medium containing 20% serum was
added to terminate the reaction. The lysates were collected and
filtered through a 70-mm filter (BD Falcon, USA). After centri-
fugation at 500 �g for 5 min, lysis for 1 min, and two washes, the
isolated pancreatic acinar cells were resuspended in the DEME-
F12 medium containing 20% serum (Gibco) and 1% penicillin-
streptomycin and cultured at 37 �C in a humidified chamber
containing an atmosphere of 5% CO2.
2.5. Isolation of exosomes

Fresh rat pancreatic tissue was cut into 1-cubic-millimeter frag-
ments and digested using collagenase type I (200 U/mL) at 37 �C
for 20 min to isolate the pancreatic exosomes. After centrifugation
at 2000 �g, 4 �C for 10 min, the supernatants were collected and
used for exosome extraction. For the isolation of plasma exo-
somes, rat plasma samples were centrifuged at 1900 �g, 4 �C for
15 min, and the top layer of plasma was collected and used for the
exosome extraction. For the isolation of cellular exosomes, the
culture medium was collected and used for the exosome
extraction.

Exosomes were isolated from the tissue lysates, plasma, and
culture medium using a modified differential ultracentrifugation
protocol (Beckman Coulter, CA, USA). In the first step, the
samples were centrifuged at 2000 �g, 4 �C for 20 min to remove
large cell fragments or debris. The supernatants were collected
and centrifuged at 12,000 �g, 4 �C for 45 min to remove small
cellular debris. Then, the supernatants were transferred to a new
tube and ultracentrifuged at 120,000 �g, 4 �C for 120 min to
pellet the small vesicles. The supernatants were discarded, and the
pellets were resuspended in a large volume of PBS, and then
filtered through a 0.22-mm filter to eliminate potential contami-
nants. After ultracentrifugation at 120,000 �g, 4 �C for 120 min,
the pellets were resuspended in PBS, and the exosomal protein
concentrations were determined using a bicinchoninic acid (BCA)
assay kit (P0010S, Beyotime Biotechnology, Shanghai, China).
2.6. Isolation of the alveolar macrophages

After anesthesia, the tracheae of the rats were exposed and intu-
bated with a 14G intravenous indwelling needle (Shanghai Puyi
Medical Equipment Co., Ltd.). Lung lavage fluid (10 mL, steril-
ized saline) was collected using a 10-mL syringe (Shanghai
Kindly Medical Instruments). After centrifugation at 250 �g for
5 min, the supernatant of the lung lavage fluid was used to detect
the presence of inflammatory mediators, while the pelleted cells
were washed with PBS and used for flow-cytometric analysis of
the macrophage phenotype. For culturing alveolar macrophages,
the lavage fluid was centrifuged at 180 �g for 5 min and re-
suspended in RPMI-1640 medium containing 10% fetal calf
serum, penicillin (100 U/mL), and streptomycin (100 mg/mL).
After incubation for 2 h at 37 �C in an atmosphere of 5% CO2,
non-adherent cells were removed.
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2.7. Tracking of circulating exosomes in vivo

Plasma exosomes were labeled with 10 mmol/L DIR dye (Ex/Em:
748 nm/780 nm) for 30 min, and then centrifuged at 100,000 �g
for 90 min to remove the excess dye. The exosomes were washed
with sterile PBS and then centrifuged at 100,000 �g for 90 min.
The stained exosomes were resuspended in 100 mL of sterile PBS
and the protein concentrations were determined using the BCA
assay. For the in-vivo analysis of the exosome distribution, DIR-
labeled exosomes (100 mg protein) were administered via the
tail vein into rats (80e100 g). Twenty-four hours after injection,
the rats were euthanized using an intraperitoneal injection of 10%
chloral hydrate (0.3 mL/100 g body weight) and the organs were
harvested and imaged using an IVIS spectrum in vivo imaging
system (IVIS Lumina II, PerkinElmer, MA, USA). The fluores-
cence intensity in the images was analyzed using the IVIS soft-
ware (Ex/Em: 748 nm/780 nm, Living Image Software for IVIS).

2.8. Cellular exosome uptake analysis

Plasma exosomes were labeled with DIR (5 mmol/L) at room
temperature for 10 min and then washed with sterile PBS, fol-
lowed by centrifugation at 100,000 �g for 90 min. The stained
exosomes were resuspended in 40 mL of sterile PBS. Alveolar
macrophages were incubated with 20 mg/mL exosomes for 24 h.
After the incubation, the cells were washed three times with PBS
and fixed with 4% paraformaldehyde at room temperature for
30 min. After staining with Hoechst (Invitrogen, #33342) for
10 min, the sections were sealed and observed under a confocal
microscope (N-SIM S, Nikon).

2.9. Serum enzymes and inflammatory-related factors assays

The levels of amylase and lipase in the rat sera were measured
using standard assays on an automatic biochemistry analyzer
(West China-Frontier PharmaTech, Chengdu, China). The con-
centrations of TNF-a, MIP-2, NO, and IL-10 in rat BALF, cell
culture medium supernatant and lung tissue lysate were analyzed
according to the manufacturer’s instructions. The concentration of
MPO in the lung tissues was also measured according to the
manufacturer’s instructions.

2.10. Exosome characterization

The isolated exosomes were characterized using transmission
electron microscopy (TEM; HT-7700, Hitachi, Japan) and nano-
particle tracking analysis (NTA, NanoFCM, N30E). Briefly, exo-
somes were fixed in 2% paraformaldehyde, adsorbed on formvar-
coated nickel grids, and stained negatively with 4% uranyl oxa-
late. The grids were air-dried and observed by TEM. The particle
size and the concentration of the exosomes were evaluated in
accordance with instructions provided along with the nanoparticle
tracking analyzer. The exosomes were subjected to Western
blotting with specific antibodies against exosomal marker proteins
(CD63 and TSG101) and a negative marker (CALNEXIN).

2.11. Proteomic analysis of plasma exosomes

Total protein was extracted from the plasma exosome samples;
one part was used for sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) after the determination of the con-
centration, while the other part was digested with trypsin. Tryptic
peptide mixtures labeled with tandem mass tags (Thermo Scien-
tific, Rockfors, IL, USA) were prepared according to the standard
procedure. Six labeled peptide mixtures were combined and
subjected to reversed-phase chromatographic separation and mass
spectrometry analysis by Shanghai Luming Biological Technol-
ogy. Database searching was conducted using Proteome Discover
2.4 (Thermo Fisher, San Jose, CA, USA) with the following pa-
rameters: static modification: tandem mass tag 6-plex (N-term, K);
dynamic modification: oxidation (M), acetyl (N-term); digestion:
trypsin; ms1 tolerance: 10 ppm; ms2 tolerance: 0.02 Da; missed
cleavages: 2. Gene Ontology (GO) term and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway analyses were used for
biological categorization of the significantly differentially
expressed proteins under SAP conditions.

2.12. Network pharmacology analysis

Target genes of emodin were first screened using TCMSP (http://
tcmspw.com/index.php), DrugBank (https://go.drugbank.com/
drugs), chEMBL (https://www.ebi.ac.uk/chembl), PubChem
(http://pubchem.ncbi.nlm.nih.gov), and the therapeutic Target
Database (db.idrblab.net/ttd/) data. The emodin target genes and
differentially expressed proteins in the plasma exosomes in SAP
conditions were imported into String (http://string-db.org/, ver.10)
to establish a potential protein-protein interaction (PPI) network33.
Cytoscape (http://cytoscape.org/, ver3.7.2) was used to visualize
the network34.

2.13. RNA sequencing

Primary acinar cells were isolated from the pancreatic tissues of
healthy rats and cultured in vitro. They were divided randomly
into the normal (NG) group, NaTC group, and NaTC þ Emodin
group. The NG group did not receive any treatment. The NaTC
group was stimulated with 500 mmol/L sodium taurocholate for
1 h, while the NaTC þ Emodin group was treated with 20 mmol/L
emodin for 0.5 h, and then stimulated with 500 mmol/L sodium
taurocholate for 1 h. Total RNA was extracted from the acinar
cells using the TRIzol Reagent according the manufacturer’s in-
structions (Invitrogen, USA) and genomic DNA was removed
from the preparation using DNase I (TaKara, Japan). Total RNA
was extracted from three biological replicates. RNA quality was
assessed using the 2100 Bioanalyser (Agilent, USA). Library
preparation and sequencing was performed by Majorbio Biotech
(Shanghai, China) on an Illumina HiSeq xten/NovaSeq 6000
sequencer. The data were analyzed on the free online Majorbio I-
Sanger Cloud Platform (www.i-sanger.com).

2.14. Flow-cytometric analysis of alveolar macrophages

After centrifugation at 100 �g, 4 �C for 7 min, pelleted cells from
the lavage fluid were re-suspended in 100 mL of staining buffer
containing 6 mL anti-CD163 (M2 marker) and incubated in the
dark at 4 �C for 30 min. After two washes, 1 mL of IgG (AF647)
was added to 100 mL of the resuspended cells (about
5 � 105 cells), which were then incubated in the dark at 4 �C for
1 h. Pelleted cells were washed three times and then stained with
100 mL of buffer containing 5 mL FITC-labeled anti-CD68 (M1
marker) and 5 mL of PE-labeled anti-CD86 in the dark at 4 �C for
30 min. The stained cells were resuspended in 100 mL of the wash
buffer and analyzed using flow cytometry (Cytoflex, Beckman).

http://tcmspw.com/index.php
http://tcmspw.com/index.php
https://go.drugbank.com/drugs
https://go.drugbank.com/drugs
https://www.ebi.ac.uk/chembl
http://pubchem.ncbi.nlm.nih.gov
http://string-db.org/
http://cytoscape.org/
http://www.i-sanger.com/


Figure 1 Emodin has a therapeutic effect on SAP-ALI. (A) Serum amylase and lipase levels in the sham operation group (sham), SAP model

group (SAP), and SAP plus emodin treatment group (Emo). (B) Morphological observation of pancreas using H&E staining (scale bar Z 50 mm)

and pancreatic histopathological scores. (C) Morphological observation of the lungs by H&E staining (scale bar Z 50 mm) and lung histo-

pathological scores. (D) MPO levels in lung tissues of rats (n Z 6). (E) CD68 expression in the lung tissues of rats evaluated using immuno-

histochemistry. (F) Quantification of CD68 expression in the lung tissues (nZ 6). (G) TNF-a expression in the lung tissues of rats evaluated using

immunohistochemistry. (H) Quantification of TNF-a expression in the lung tissues (n Z 6). (I) TNF-a levels evaluated by ELISA in lung tissues

of rats. All experiments were performed three times, independently. All data were expressed as mean � SD. *P < 0.05, ***P < 0.001,

****P < 0.0001 vs. the sham group; ###P < 0.001 and ####P < 0.0001 vs. the SAP group, by one-way ANOVA followed by Tukey tests.
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2.15. Western blotting

The tissues or cells were lysed in an appropriate amount of RIPA
buffer and centrifuged at 12,000 �g for 5 min. The supernatants
were collected and protein concentrations determined using a BCA
kit. A 12% SDS-PAGE gel was used to obtain a high-resolution
separation of the protein samples (20 or 40 mg). These proteins
were transferred onto nitrocellulose membranes or polyvinylidene
difluoride membranes (Millipore, USA). The membranes were
blocked using a commercial blocking solution (EpiZyme Biotech,
Shanghai, China) at room temperature for 10 min, washed three
times with TBST, and incubated with the primary antibodies against
TSG101 (1:1000, Abcam), CD63 (1:1000, Abcam), Calnexin
(1:1000, Abcam), p-PPARg (1:500, Affinity), PPARg (1:500,
Santa), p-NF-kB (1:800, Abcam), NF-kB (1:1000, CST), GAPDH
(1:20000, Proteintech), andb-actin (1:20000, Affinity) at 4 �C,
overnight. The next day (after 12 h), the membranes were washed
three times with TBST and then incubated with the appropriate
horseradish peroxidase (HRP)-labeled secondary antibody for
60 min. After three washes, the blots were visualized using an im-
aging system (Bio-Rad, CA, USA).

2.16. Histopathological examination

The collected rat pancreatic and lung tissues were fixed with 4%
formaldehyde. The paraffin-embedded tissues were cut into 4-mm



Figure 2 Characterize of plasma exosomes in SAP-ALI. (A) Representative TEM images of plasma exosomes in rats of each group, scale

bar Z 100 nm. (B) Size distribution of plasma exosomes in each group as detected by NTA. (C) Plasma exosome sizes as detected by NTA

(n Z 3). (D) Plasma exosome concentrations (n Z 3). (E) Western blot analysis of TSG101, CD63, and Calnexin levels in plasma exosomes.

GAPDH was used as the loading control. (F) Quantitative analysis of TSG101 and CD63 expression in plasma exosomes (nZ 3). All experiments

were performed three times, independently. ****P < 0.0001 vs. the sham group; ##P < 0.01 and ####P < 0.0001 vs. the SAP group, by one-way

ANOVA followed by Tukey tests.
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sections, dewaxed twice using xylene, and washed with ethanol to
remove the xylene. The tissue sections were stained with hema-
toxylin for 5 min and eosin for 2 min. Images of the stained
sections were acquired using a Pannoramic Digital Slide Scanners
(3D HISTECH, Hungary). As previously described35, pancreatic
tissue sections were scored for the severity of pancreatitis based
on edema (0e4 points), inflammation, vacuolization (0e4 points),
and necrosis (0e4 points). The individual scores were then added
to obtain the total pathological score for the pancreatic tissue. The
degree of pulmonary injury was assessed using a scale for the
interstitial and intra-alveolar edema, interstitial and intra-alveolar
leukocyte infiltration, and fibrosis, as previously described36. Each
item was scored using a 5-point scale as follows: 0) minimal
damage, 1) mild damage, 2) moderate damage, 3) severe damage,
and 4) maximal damage. The sum of the scores was the patho-
logical score of the lung tissue.

2.17. Immunohistochemistry

The paraffin-embedded pancreatic and lung tissues were sectioned
at 4 mm and mounted on APES-coated slides (AR0001, Boster
Biological Technology Co., Ltd., Wuhan, China). The sections
were deparaffinized using xylene and rehydrated in graded
ethanol. The endogenous peroxidase activity was quenched with
3% hydrogen peroxide at room temperature for 30 min, followed
by rinsing in PBS. After antigen retrieval in a 10 mmol/L citrate
buffer (pH Z 6.0) at 94 �C for 10 min, the sections were incu-
bated with blocking solution at room temperature for 1 h to block
non-specific site. The sections were then incubated with primary
antibodies against TNF-a (1:200, Novus) and CD68 (1:400,
Abcam) at 4 �C overnight (about 12 h). After three washes, the
sections were incubated with the appropriate secondary antibodies
at room temperature for 30 min, followed by incubation with
streptavidin-HRP reagent and DAB substrate. The sections were
then immersed in deionized water and counterstained with he-
matoxylin, washed, and sealed.

2.18. Statistical analysis

All data showed a normal distribution, and they are expressed as
mean � standard deviation (SD) and analyzed using GraphPad
Prism 8 (GraphPad Software, CA, USA). The significance was
evaluated using an unpaired two-tailed Student’s t-test (two
groups) or one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparisons tests (multiple groups). P < 0.05
was considered to be significant.



Figure 3 Emodin ameliorates SAP exosome-induced lung inflammation in vivo. (A) Exosomes of the three groups (sham-exos, SAP-exos, and

Emo-exos) were labeled with DIR in vitro, and fluorescence images of isolated organs were obtained at 24 h after intravenous injection of the

DIR-labeled exosomes into healthy rats. (B) Representative fluorescence images of lung tissue sections from the three groups. CD68 was labeled

with CY5, emitting pink fluorescence, and exosomes emitted red fluorescence, scale bar Z 50 mm. (C) Morphological observation of lung tissues

and lung histopathological scores (n Z 6), scale bar Z 50 mm. (D) MPO expression in the lung tissues of rats (n Z 6). (E, F) Twenty-four hours

after tail-vein injection of exosomes, BALF was collected and analyzed for the expression of macrophage marker CD68, M1 macrophage marker

CD86, and M2 macrophage marker CD163 using flow cytometry. (G) Levels of the pro-inflammatory factors NO, TNF-a, MIP-2, and anti-

inflammatory factor IL-10 in BALF as detected by ELISA (n Z 6). All experiments were performed three times, independently. All data

were expressed as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the sham-exos group; #P < 0.05, ##P < 0.01,
###P < 0.001, and ####P < 0.0001 vs. the SAP-exos group, by one-way ANOVA followed by Tukey tests.
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Figure 4 Emodin suppresses SAP exosome-induced alveolar macrophages activation in vitro. (A) Plasma exosomes were labeled with DIR and

incubated in vitro with primary alveolar macrophages for 24 h. Representative images acquired by confocal microscopy are shown. (B) Flow

cytometric analysis of M1 (CD86þ) and M2 (CD163þ) markers in macrophages (CD68þ) incubated with the exosomes. (C) Quantitative results of

flow cytometry. (D) Levels of the pro-inflammatory factors NO, TNF-a, MIP-2, and anti-inflammatory factor IL-10 in culture medium as detected

by ELISA (n Z 6). (E) Morphological observation of lung tissues of healthy rats after treatment with conditioned medium (CM) of macrophages,

scale bar Z 50 mm. (F) Lung histopathological scores corresponding to panel E (n Z 6). (G) MPO expression in the lung tissues of rats (n Z 6).

(H) CD68 expression in the lung tissues of rats as detected by immunohistochemistry, scale bar Z 50 mm. (I) Quantitative results of CD68

expression in the lung tissues (n Z 6). (J) TNF-a expression in the lung tissues of rats as detected by immunohistochemistry, scale bar Z 50 mm.

(K) Quantitative results of TNF-a expression in the lung tissues (n Z 6). All experiments were performed three times, independently. All data

were expressed as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the sham-CM group; ##P < 0.01, and ####P < 0.0001

vs. the SAP-CM group, by one-way ANOVA followed by Tukey tests.
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3. Results

3.1. Emodin has a therapeutic effect on SAP-ALI

Compared with sham rats, the serum amylase and lipase levels
in SAP rats were increased (P < 0.0001), and necrosis,
inflammation, and hemorrhage, were observed in the pancreas at
six hours after SAP induction (Supporting Information Fig. S1A
and S1B). The pancreatic pathological scores also increased
gradually after SAP induction (Fig. S1C). However, there was
no significant difference in the lung pathological scores between
the sham and SAP groups 6 h after SAP induction, and only
slight pathological thickening of the lung tissue was observed in
rats of the SAP group (Fig. S1B and S1D). Severe pulmonary
damage appeared 12 h after SAP induction, as indicated by the
alveolar wall thickening, bleeding, and neutrophil infiltration, as
well as the increase in the lung injury score. Therefore, emodin
was administrated to the rats at 12 h (i.e., the time point at
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which ALI occurred) after SAP induction. As no significant
differences were observed between the sham þ emodin group
and sham group with respect to the pathology of the pancreas
and lung tissues (Supporting Information Fig. S2), the sham
group was used as the control group in the subsequent experi-
ments. And the high dose of emodin (10 mg/kg) was found to be
more effective than the low dose of emodin (5 mg/kg) at
decreasing lipase and amylase levels and lowering the patho-
logical scores for the pancreas and lung tissues (Supporting
Information Fig. S3). Thus, 10 mg/kg of emodin was selected
in the following experiments. As shown in Fig. 1AeC, the
emodin significantly treatment decreased the amylase, lipase,
pancreatic and lung injury pathological score in SAP rats
(P < 0.0001; compared with those in the SAP group). Moreover,
rats in the SAP group showed higher CD68þ macrophage counts
and pro-inflammatory factor (MPO and TNF-a) levels in lung
tissues than those in the sham group, whereas the levels of these
inflammatory markers in lung tissues were markedly reduced
after the emodin treatment (Fig. 1DeJ).

3.2. Characterization of plasma exosomes in SAP-ALI

To explore the changes in plasma exosomes during SAP-ALI
and to investigate whether they were affected by emodin, the
plasma exosomes isolated from rats of each group were
analyzed. The TEM and NTA revealed that plasma exosomes in
the three groups were typically cup-shaped, with sizes of
60e120 nm (Fig. 2A and B). The average exosome size in the
emodin-treated group was showed a slight increased (w86 nm);
however, there was no significant difference between the groups
(P > 0.05) (Fig. 2C). The SAP rats exhibited a higher number of
exosomes in the plasma, which was reduced after treatment with
emodin (P < 0.01, Fig. 2D). In all three groups, the plasma
exosomes expressed the positive markers (TSG101 and CD63),
but not the negative marker (Calnexin, Fig. 2E). The levels of
TSG101 and CD63 were increased in plasma exosomes from
SAP rats, but were suppressed by the emodin treatment (Fig. 2E
and F).

3.3. Emodin ameliorates SAP exosome-induced lung
inflammation in vivo

To investigate the effect of emodin on the uptake of circulating
exosomes in vivo, the plasma exosomes isolated from rats from the
different treatment groups were labeled with the DIR dye and then
injected into healthy rats via the tail vein. As shown in Fig. 3A, the
infused plasma exosomes were mainly taken up by the liver, lungs,
Figure 5 Emodin suppresses pancreatic exosome secretion during SAP.

in the sham operation group (NPE), SAP model group (SPE), and emodin t

each group, scale bar Z 100 nm. (C) Quantitative analysis of pancreatic e

CD63, and Calnexin in pancreatic exosomes. b-actin was used as the loadin

analysis of CD63 and TSG101 expression in pancreatic exosomes (n Z 6).

in the NACE group treated with PBS, MACE group (treatment with 500 mm

20 mmol/L emodin for 30 min, followed by treatment with 500 mmol/L sod

exosomes secreted by acinar cells in each group. (H) Quantitative analysis o

of TSG101, CD63, and Calnexin in exosomes secreted by acinar cells. b-ac

the control. (J) Quantitative analysis of CD63 and TSG101 expression i

performed three times, independently. **P < 0.01, ***P < 0.001, ****P <

SPE or MACE group, by one-way ANOVA followed by Tukey tests.
spleen, and kidneys. Exosomes from the SAP rats (SAP-exos;
accordingly, sham-exos and emo-exos indicate exosomes from
rats in the sham- and emodin-treated groups, respectively) dis-
played higher accumulation in the liver, spleen, lungs, and
pancreas than those in the sham- or emo-exos groups; exosome
accumulation in these tissues was higher than that in the heart and
small intestine. H&E staining revealed that lung was the most
severely damaged organ upon exosome treatment (Fig. 3C and
Supporting Information Fig. S4). The DIR-labeled plasma exo-
somes were observed in the lung tissue sections, and some of them
co-localized with the CD68þ macrophages (Fig. 3B).

Compared with the rats that had been administered sham-exos,
the rats that had been administered SAP-exos had increased lung
injury scores and expressions of MPO in the lung tissues, whereas
the degree of lung inflammatory injuries was lower in the rats
treated with emo-exos than that in the rats treated with SAP-exos
(Fig. 3C and D). The BALF was collected from rats and analyzed
24 h after the exosome injection. Compared with those in the
sham-exos group, the BALF from the rats in the SAP-exos group
showed higher M1 macrophage counts (CD68þ/CD86þ) and pro-
inflammatory factor (NO, TNF-a, and MIP-2) levels, but lower
M2 macrophage (CD68þ/CD163þ) counts and anti-inflammatory
factor levels (IL-10) (P < 0.05, and P < 0.01, respectively).
Conversely, the rats in the emo-exos group had lower M1
macrophage counts and pro-inflammatory factor levels, as well as
higher M2 macrophage counts and anti-inflammatory factor levels
than those in the SAP-exos group (P < 0.05 and P < 0.001,
respectively, Fig. 3EeG).

3.4. Emodin suppresses SAP exosome-induced alveolar
macrophage activation in vitro

As emodin was found to reduce SAP-exos-induced lung injury
in vivo, we next explored the impact of circulating exosomes on
the phenotypes of alveolar macrophages in vitro. As shown in
Fig. 4A, the plasma exosomes from the rats in the different groups
were taken up effectively by the alveolar macrophages in vitro.
Compared with those in the sham-exos group, the alveolar mac-
rophages in the SAP-exos group expressed higher levels of the M1
macrophages marker CD68þCD86þ (P < 0.0001), whereas the
macrophages exposed to emodin-exos expressed lower levels of
the M1 marker CD68þCD86þ and higher levels of the M2
markers CD68þCD163þ than macrophages in the SAP-exos group
(P < 0.01, P < 0.001, respectively, Fig. 4B and C). Next, we
analyzed the changes in the inflammatory factor levels in the
culture medium of alveolar macrophages. The levels of NO, TNF-
a, and MIP-2 were increased in the culture medium of alveolar
(A) Representative TEM images of exosomes secreted by the pancreas

reatment group (EPE). (B) Size distribution of pancreatic exosomes in

xosome concentration (n Z 6). (D) Western blot analysis of TSG101,

g control, and pancreas lysate was used as the control. (E) Quantitative

(F) Representative TEM pictures of exosomes secreted by acinar cells

ol/L sodium taurocholate for 1 h), and EACE group (pretreatment with

ium taurocholate for 1 h), scale bar Z 100 nm. (G) Size distribution of

f exosome production in acinar cells (nZ 6). (I) Western blot analysis

tin was used as the loading control, and acinar cells lysate was used as

n exosomes secreted by acinar cells (n Z 6). All experiments were

0.001 vs. the NPE or NACE group; #P < 0.05, ####P < 0.0001 vs. the
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macrophages exposed to SAP-exos (P < 0.001), but were
decreased in response to the emo-exos treatment (P < 0.01). In
contrast, IL-10 levels were decreased in the SAP-exos-intervened
culture medium compared to that of the alveolar macrophages
exposed to sham-exos, whereas the emo-exos increased the IL-10
levels in the culture medium (P < 0.001) (Fig. 4D). Conditioned
media from alveolar macrophage cultures was injected into the
lungs of healthy rats via tracheal administration to investigate the
pathogenic effects. As shown in Fig. 4EeK, the conditioned
medium from the SAP-exos group induced alveolar wall thick-
ening and neutrophil infiltration, and increased the levels of the
MPO, CD68, and TNF-a in lung tissues (P < 0.0001), whereas
treatment with the conditioned medium from the emo-exos group
resulted in lower lung injury scores and MPO, CD68, and TNF-a
levels than those in the SAP-exos group (P < 0.001, P < 0.0001,
respectively).

3.5. Emodin suppresses pancreatic exosome secretion during
SAP

To explore the effect of emodin on pancreatic exosome pro-
duction in SAP conditions, the exosomes secreted from
pancreatic tissues and acinar cells were isolated and analyzed.
The results showed that the exosomes secreted by the pancreatic
tissues exhibited a characteristic cup shape with sizes of
50e100 nm (Fig. 5A and B). In line with the changes in the
plasma exosomes, the exosome secretion from the pancreases of
the SAP rats (SPE, accordingly NPE and EPE, indicate exo-
somes from the pancreases of sham rats and emodin-treated SAP
rats, respectively) increased significantly (P < 0.001) when
compared to that of the sham group, whereas emodin treatment
reduced the SAP-related pancreatic exosome secretion (Fig. 5C,
P < 0.0001). Exosomes from the pancreas expressed the posi-
tive markers TSG101 and CD63, but not the negative marker
CALNEXIN (Fig. 5D). Next, we analyzed the in-vitro exosome
production in rat pancreatic acinar cells treated with sodium
taurocholate or emodin. The exosomes secreted by the acinar
cells were cup-shapeddsmall vesicles of 50e100 nm in size-
dand expressed TSG101 and CD63, but not Calnexin
(Fig. 5FeJ). The number of exosomes released by the acinar
cells treated with sodium taurocholate (MACE, accordingly
NACE and EACE, indicate exosomes from the acinar cells of
PBS and emodin-treated, respectively) was slightly higher than
that in the control group (P > 0.05), whereas emodin suppressed
the exosome production in these cells under conditions of so-
dium taurocholate stimulation (Fig. 5H, P < 0.0001).

To further explore the effect of emodin on exosome-derived
maternal pancreatic acinar cells, RNA-Seq was used to analyze
emodin-induced gene expression in the acinar cells damaged by
sodium taurocholate (NaTC). The results reveal 90 genes in acinar
cells may be affected by emodin under NaTC condition
(Supporting Information Fig. S5 and Table S1). Further GO and
KEGG annotation and enrichment analyses revealed that emodin
Figure 6 Effect of emodin on plasma exosomal protein contents. (A) H

SAP group (n Z 3). (B) Volcano plot of differentially expressed protein

KEGG pathway analyses of differentially expressed exosomal proteins bet

analysis of possible target pathways of emodin and plasma exosomal prote

pancreatic tissues, pancreatic exosomes, and plasma exosomes of the sham,

Quantitative analysis of IDH1 expression (n Z 3). **P < 0.01, ***P < 0.0

by one-way ANOVA followed by Tukey tests.
could affect multiple pathways in acinar cells, such as the those
involving localization, immune responses, response to external
stimuli, multiple infectious diseases, signal interaction, and NF-kB
pathways (Supporting Information Figs. S5eS7). To evaluate the
effect of emodin on exosome secretion of pancreatic acinar cells,
we examined the expression of RAB27A in the pancreas and
acinar cells. The results show that both the pancreatic tissue of the
rats in the SAP group and acinar cells treated with NaTC
expressed higher levels of RAB27A, while emodin treatment
suppressed the upregulation of RAB27A in damaged pancreas and
acinar cells (Supporting Information Fig. S8A and S8B).

3.6. Effect of emodin on plasma exosomal protein contents

Next, we analyzed changes in the protein contents of the plasma
exosomes in SAP rats using proteomic analyses. The heatmap in
Fig. 6A shows 165 significantly differentially expressed proteins
(|logFC| >0.58; SAP group versus sham group). Among these, 82
proteins were up-regulated and 83 proteins were down-regulated
(Supporting Information Table S2). The volcano plot in Fig. 6B
shows the top 10 proteins in the exosomes (SAP group versus sham
group), including HACL1, FABP1, SLC27A2, LRRC59, AKR1C1,
IDH1, PAH, LOC100909700, RT1-CE1, and HIST3H2BA. The
differentially expressed proteins were subjected to GO term (bio-
logical process, cell component, and molecular function) and
KEGG pathway enrichment analyses to reveal their biological
functions (Fig. 6C and D). The exosomal proteins expressed
differentially in the SAP group were involved inmultiple processes,
including the degradation of organic acids and the binding of the
mitochondrial matrix to organic acids (Supporting Information
Tables S3eS8), as well as carbon metabolism and peroxisome
proliferator-activated receptor g (PPARg) signaling (Fig. 6D).
Network pharmacology analysis was performed to explore the
possible interactions between emodin and these differentially
expressed exosomal proteins. PPARg signaling was identified as a
major pathway affected by emodin via indirect downstream pro-
teins, such as IDH1, FABP1, HMGCS2, and SCP2E (Fig. 6E). The
changes in the expression of several potential downstream proteins
of emodin were validated by Western blotting. For example, the
IDH1 levels were higher in the pancreatic tissues, pancreatic exo-
somes, and plasma exosomes of SAP rats than in those of sham rats,
whereas the emodin treatment reduced the SAP-induced IDH1
levels in exosomes and pancreatic tissues (Fig. 6F and G).

3.7. Effect of emodin on the PPARg-NF-kB pathway in
macrophages and lung tissues

Next, we evaluated the effects of different exosomes on PPARg
and its downstream NF-kB pathway in alveolar macrophages and
lung tissues. Compared with sham-exos, SAP-exos reduced the
level of PPARg and increased that of p-PPARg and p-NF-kB in
alveolar macrophages and lung tissues, whereas the cells and lung
tissues in the emodin-exos group had higher levels of PPARg and
eatmap analysis of exosome proteins in the sham operation group and

s between the sham operation and SAP groups. (C, D) GO term and

ween the sham operation and SAP groups. (E) Network pharmacology

ins in the sham and SAP groups. (F) Western blot analysis of IDH1 in

SAP, and emodin groups. GAPDH was used as the loading control (G)

01, ****P < 0.001 vs. the sham group; ##P < 0.01 vs. the SAP group,
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lower levels of p-PPARg and p-NF-kB than those in SAP-exos
group (Fig. 7A, B, D and E). Consistent with previous
reports37e41, rosiglitazone inhibited PPARg phosphorylation at
the S112 residue, and partly upregulated the expression of total
PPARg in macrophages and downregulated the expression of p-
NF-kB. GW9662 had no effect on the expression of p-PPARg, but
decreased the expression of total PPARg and increased the
expression of p-NF-kB. Moreover, GW9662 did not affect the
regulation of p-PPARg and PPARg expression by emodin-exos in
alveolar macrophages, while rosiglitazone enhanced this regula-
tion. Furthermore, rosiglitazone reduced the expression of p-NF-
kB in macrophages treated with emodin-exos, whereas GW9662
exerted an opposite effect, i.e., increased the p-NF-kB levels
reduced by emodin (Fig. 7B, P < 0.001). Thus, the effects of
emodin-exos in promoting PPARg expression and suppressing p-
NF-kB expression in macrophages were amplified upon co-
treatment with rosiglitazone. Macrophages treated with SAP-
exos exhibited high expression of the pro-inflammatory media-
tors (NO, TNF-a, and MIP-2) than those in the sham-exos group,
whereas the expression of these pro-inflammatory factors was
lower in macrophages treated with emodin-exos than that in
macrophages treated with SAP-exos (Fig. 7C).

In the lung tissues, rosiglitazone decreased the expression of p-
PPARg and p-NF-kB, but had no effect on the expression of total
PPARg. In contrast, GW9662 decreased the expression of total
PPARg in the lung tissue and increased the expression of p-NF-kB,
while having no effect on p-PPARg expression. Rosiglitazone
decreased the expression of p-PPARg and p-NF-kB in the lung
tissue in the background of emodin-exos treatment, whereas the
inhibitory effect of emodin-exos on p-NF-kB expression was
abolished by GW9662. Moreover, emodin-exos decreased the
expression of pro-inflammatory factors (NO, TNF-a, and MIP-2),
which are known to be induced in response to SAP-exos treat-
ment. Activation of PPARg by rosiglitazone had no effect on the
expression of the pro-inflammatory factors in alveolarmacrophages
and lung tissues, while the inhibition of PPARg by GW9662
resulted in increased expression of NO, TNF-a, and MIP-2 in
alveolar macrophages and rat lung tissues (Fig. 7C and F).

3.8. Effect of emodin-primed exosomes on alveolar
macrophages and SAP-ALI rats

As emodin ameliorated SAP-ALI at least partly by influencing
the pancreatic exosome-induced effect, we tried to block the
exosomes production demonstrate the role of the exosomes in
mediating the effects of emodin. First, we stimulated the
pancreatic acinar cells with NaTC to simulate the state of AP,
and then used GW4869 (an exosome biogenesis inhibitor) to
block the exosomes production in vitro. After that, the
Figure 7 Effect of emodin on PPARg-NF-kB pathway in macrophages a

kB, and NF-kB in alveolar macrophages exposed to plasma exosomes from

treated with the PPARg agonist rosiglitazone or the antagonist GW9662. G

PPARg, PPARg, and p-NF-kB expression in alveolar macrophages (nZ 3)

culture media as detected by ELISA (n Z 3). (D) Western blot analysis of

rats administered plasma exosomes from sham rats, SAP rats, and emodi

rosiglitazone or the antagonist GW9662. GAPDH was used as the loading

expression in the lung tissues (nZ 3). (F) Levels of the pro-inflammatory fa

(n Z 3). All experiments were independently performed three times. A
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lung; #P < 0.05, ##P < 0.01, ###P < 0.001 and ####P < 0.0001 vs. the SA
supernatants of the pancreatic acinar cells containing the exo-
somes (in different conditions) were collected to treat the
alveolar macrophages. The changes in alveolar macrophage
polarization and pro-inflammatory or anti-inflammatory factor
release were analyzed. As shown in Fig. 8A and B, compared
with the supernatant from the NaTC alone group, the superna-
tant from the NaTC þ emodin group significantly decreased the
proportion of the M1 alveolar macrophages (CD68þCD86þ), the
expression of pro-inflammatory factors (NO, TNF-a, and MIP-
2), and increased the expression of anti-inflammatory factors
(IL-10) in these macrophages (P < 0.001, Fig. 8C). However,
when the exosomes production of acinar cells was blocked using
GW4869 in advance, the proportion of the M1 alveolar mac-
rophages increased significantly (P < 0.01), accompanied by
increased expression of pro-inflammatory factors compared to
those in the NaTC þ emodin group.

Next, to validate the beneficial role of the emodin-exos in
the lung tissues of SAP-ALI rats in vivo, three groups of
plasma exosomes (sham-exos, SAP-exos and Emo-exos) were
injected into the SAP-ALI rats via their tail veins. As shown
in Fig. 8D and E, the three groups of exosomes did not affect
the expression of p-PPARg in the lung tissues of the SAP-ALI
rats. Compared with sham-exos, the SAP-exos groups exhibi-
ted decreased expression of PPARg and increased expression
of p-NF-kB in the lung tissues; however, no significant dif-
ference was observed in the expression of PPARg and p-NF-
kB between the sham-exos and the emo-exos group. However,
emo-exos significantly increased the expression of PPARg and
decreased the expression of p-NF-kB (P < 0.05) in the lung
tissues of the SAP-ALI rats (compared to the SAP-exos
group). Moreover, compared to sham-exos group, the lung
tissues exhibited higher levels of the pro-inflammatory factors
(NO, TNF-a, and MIP-2) in the SAP-exos group. In contrast,
emo-exos significantly reduced these pro-inflammatory factors
levels and increased the expression of IL-10 in the lung tissues
of SAP-ALI rats (compared with the SAP-exos group,
Fig. 8F).

4. Discussion

While it has been demonstrated that emodin attenuates SAP-ALI21,
the detailed protective mechanism has not been completely unrav-
eled. Exosomes are live cell-secreted small vesicles that transfer
various host cell-derived bioactive molecules to adjacent or distant
cells via the circulatory system28. Circulating exosome levels are
increased after SAP, which is thought to be a consequence of
pancreatic injury29. In line with these reports, we found higher
levels of exosomes in the plasma and pancreatic tissues of SAP rats.
Emodin effectively reduced these levels in SAP rats. Moreover,
nd lung tissues. (A) Western blot analysis of p-PPARg, PPARg, p-NF-
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Figure 8 Effect of emodin-primed exosomes on alveolar macrophages and SAP-ALI rats. (A) Flow cytometric analysis of M1 (CD86þ) and
M2 (CD163þ) markers in primary rat alveolar macrophages (CD68þ) incubated with the conditioned medium (CM) obtained from acinar cells

treated with 500 mmol/L sodium taurocholate (treatment for 1 h, NaTC), 20 mmol/L emodin (pretreatment for 30 min, Emo) or 10 mmol/L

GW4869 (pretreatment for 30 min). (B) Quantitative results of flow cytometry. (C) Levels of the pro-inflammatory factors NO, TNF-a, MIP-2,

and anti-inflammatory factor IL-10 in culture medium of alveolar macrophages as detected by ELISA (n Z 6). (D) Western blot analysis of p-

PPARg, PPARg, p-NF-kB, and NF-kB in the lung tissues of SAP-ALI rats administered plasma exosomes from sham rats, SAP rats, and emodin-

treated SAP rats. GAPDH was used as the loading control. (E) Quantitative analysis of p-PPARg, PPARg, and p-NF-kB expression in the lung

tissues (n Z 3). (F) Levels of pro-inflammatory (NO, TNF-a, MIP-2) and anti-inflammatory (IL-10) factors in the lung tissues as detected by

ELISA (n Z 3). All experiments were performed independently three times. All data were expressed as mean � SD. *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001 vs. the sham group, #P < 0.05, ##P < 0.01, ###P < 0.001 and ####P < 0.0001 vs. the SAP group, by one-way

ANOVA followed by Tukey tests.
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emodin reduced exosome production in pancreatic acinar cells
under conditions of sodium taurocholate stimulation. These results
suggest that the increased plasma exosome levels in SAP rats can
likely be attributed to enhanced exosome secretion from damaged
pancreatic acinar cells under SAP conditions. In fact, exosome
secretion has been proposed as a means of attenuating cellular
stress. Stress or disease states can modulate the amount and
composition of exosomes, thereby regulating in vivo immunity42,43.
However, the specific mechanisms which enable the sorting of
cargos (e.g., protein) into exosomes are complicated; most of which
are still not fully understood43. We found that emodin affected the
expression of genes related to intracellular protein transport and
cellular component organization in damaged acinar cells. In fact,
these pathways are known to be involved in regulating various
stages of exosome biogenesis, such as formation of MVBs and
amphisomes43. For example, it has been reported that amphisome
formation and the subsequent exosome release were dependent on
ATG5, RAB11, and RAB27A (a key protein that controls the
secretion of exosomes)44,45. These findings were partly verified by
the detection of RAB27A in pancreatic tissues or in pancreatic
acinar cells. The expression of RAB27A in sodium-taurocholate-
stimulated pancreatic tissues and acinar cells increased, while
emodin treatment in this background resulted in decreased
expression of RAB27A. Furthermore, plasma exosomes from SAP
rats exhibited a tendency to accumulate in the lungs of rats when
compared to those from sham rats, whereas this effect was abro-
gated by emodin intervention. These results indicate that the
increased amounts of pancreatitis-related exosomes in the periph-
eral circulation of the SAP rats may have been an important factor
contributing to acute lung injuries, with emodin being able to at least
partly reduce the secretion of harmful pancreatic exosomes in SAP
rats, to alleviate SAP-ALI.

It has been recently reported that circulating exosomes in SAP
conditions may enter distant organs, such as the lungs, and thus
may be involved in the development of lung injuries through the
transfer of biological information30. In this study, we also found
that the plasma exosomes from the SAP rats accumulated in the
lungs, one of the main exosomes gathering organs, and entered the
alveolar macrophages, leading to an M1 polarization of the
alveolar macrophages and the release of pro-inflammatory medi-
ators, such as NO, TNF-a, and MIP-2 in the lungs. Alveolar
macrophages have been considered to be the major mediators of
SAP-ALI12, and hyperactivated alveolar macrophages can secrete
various pro-inflammatory factors, including cytokines and NO,
thereby directly damaging pulmonary cells and indirectly
recruiting numerous immune cells (e.g., neutrophils) to aggravate
ALI46. Thus, the circulating exosomesdas transmitters of infor-
mationdmay be involved in inducing lung damage under SAP
conditions by polarizing pro-inflammatory alveolar macrophages.
In contrast, emodin-exos had a lower potential to induce M1 po-
larization and pro-inflammatory cytokine production in alveolar
macrophages and rat lung tissues. These findings suggest that
emodin-primed exosomes carry different biological information
(e.g., proteins), thereby attenuating lung damage by inhibiting the
pro-inflammatory polarization of alveolar macrophages.

Next, we analyzed the changes in the exosomal proteins that
may be affected by emodin in SAP-ALI. Through the proteomic
analysis of the altered proteins in the plasma exosomes and
network pharmacology analysis of the emodin-exosomal protein
interactions, PPARg signaling was identified as a major pathway
affected by emodin. PPARg has been shown to decrease the
transcriptional activity of NF-kB and pro-inflammatory
polarization of alveolar macrophages47. Furthermore, emodin has
been found to regulate the activity of PPARg-related signaling
proteins, such as IDH148, FABP149, and HMGCS250,51 by tar-
geting genes, such as NCOA2, CASP3, AKR1B1, AHR, TGFB1,
etc. For example, IDH1 is an isocitrate dehydrogenase found in
the cytoplasm and peroxisomes, which is known to be involved in
regulating oxidative stress, metabolism, cancer, inflammation, and
autophagy52. Importantly, IDH1 was shown to regulate lipid
synthesis and the expression of the NF-kB by inhibiting IkB
(IkBa) phosphorylation and promoting the nuclear translocation
of NF-kB P6553,54, and IDH1 overexpression resulted in increased
intracellular a-ketoglutarate levels and downregulation of the
PPARg pathway via the regulation of histone methylation55.
These findings suggest a potential crosstalk between IDH1 and the
PPARg pathway. Moreover, we found that the expression of IDH1
was significantly downregulated in pancreatic tissues, pancreatic
exosomes, and plasma exosomes of SAP rats after emodin treat-
ment, suggesting that the pancreatic exosomes might regulate the
PPARg/NF-kB pathway of lung tissue via the transfer of a set of
proteins (e.g., IDH1) in SAP rats. This is only one of the possible
mechanisms by which emodin attenuate SAP-ALI, through the
regulation of the secretion of the pancreatic exosomes. Never-
theless, this study provided a direction for future research on the
role of exosomes in inflammation-related diseases.

Emodin has been shown to suppress lipopolysaccharide-induced
NF-kB activation and inflammation in RAW264.7 mouse macro-
phages via a PPARg-dependent mechanism56. Therefore, we
further analyzed the changes in the PPARg/NF-kB signals in
alveolar macrophages and lung tissues after the emodin-exos
treatment, and we found that emodin-primed exosomes increased
PPARg expression and reduced the levels of p-NF-kB and pro-
inflammatory factors in alveolar macrophages and rat lung tis-
sues. These findings were consistent with the previous reports that
the PPARg/NF-kB signaling pathway affects the polarization of
macrophages and the secretion of pro-inflammatory factors57e59.
Our results suggest that the PPARg-NF-kB pathway is an important
target of SAP exosomes in SAP-ALI, while this regulation can be
suppressed by emodin. Rosiglitazone is a classic PPARg agonist
that inhibits the phosphorylation of PPARg at the residue
S11237,40,41,57. Consistent with previous reports41,60, we found that
rosiglitazone inhibited the expression of p-PPARg in alveolar
macrophages and lung tissues at the residue S112, increased the
expression of total PPARg in alveolar macrophages, but had no
effect on the expression of total PPARg in lung tissues in healthy
rats. The effects of rosiglitazone on PPARg expression varied in
different cells and/or conditions. For example, rosiglitazone did not
affect the expression of total PPARg in 3T3-L1 adipocytes61, while
rosiglitazone increased the expression of total PPARg in the airway
tissue of the asthmatic mouse model39, and rosiglitazone was found
to up-regulate the expression of total PPARg protein in the back-
ground of paraquat or LPS treatment38,62. Therefore, the mecha-
nisms by which rosiglitazone upregulated PPARg expression in
alveolar macrophages while not affecting PPARg expression in the
lung tissue need to be explored further. In line with the findings of
other studies, that rosiglitazone-induced reduction in inflammation
was mediated via the downregulation of the NF-kB pathway63,64.
We also found that rosiglitazone-induced reduction in lung
inflammation was mediated via the downregulation of p-NF-kB in
alveolar macrophages and lung tissues. Altogether, our results
suggested that emodin-exos restored PPARg and inhibited the NF-
kB pathway and cytokine secretion in alveolar macrophages and
lung tissues of SAP. To further verify that exosomes are involved in
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the inflammatory regulation of alveolar macrophages and emodin
reduces this inflammation by regulating exosomes, GW4869 was
used to block the exosomes production in acinar cells. As a result,
the anti-inflammatory effect of supernatants from the emodin
treatment group was largely reduced by GW4869, suggesting that
emodin reduced inflammation of alveolar macrophages partly by
regulating the production of exosomes. Furthermore, the plasma
exosomes of SAP-ALI rats treated with emodin inhibited the in-
flammatory NF-kB pathway and reduced the expression of pro-
inflammatory factors in the lung tissue of SAP-ALI rats. Taken
together, emodin ameliorates SAP-ALI, at least partly by inhibiting
the pancreatic exosome-triggered pro-inflammatory signals in
alveolar macrophages.

5. Conclusions

We demonstrated that emodin ameliorates SAP-ALI in rats, and
that effect is, at least partly dependent on an exosomal mecha-
nism. In brief, emodin reduced harmful pancreatic exosome pro-
duction and altered the contents of these pathological exosomes
under SAP conditions, which consequently suppressed the M1
polarization of the alveolar macrophages and the cytokine release
in the lungs, by regulating the PPARg/NF-kB pathway. In
conclusion, this study indicated that blocking pancreatic exosome-
mediated alveolar macrophage activation may be a promising
strategy to alleviate SAP-ALI, and revealed a vital role of exo-
somes in participating inflammation associated organ injury.
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