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Abstract
Morchella is a kind of important edible and medicinal fungi, which is rich in polysaccharides, enzymes, fatty acids, amino 
acids and other active components. Extracellular vesicles (EVs) have a typical membrane structure, and the vesicles con-
tain some specific lipids, miRNAs and proteins, and their can deliver the contents to different cells to change their func-
tions. The present study investigated whether Morchella produce extracellular vesicles and its anti-inflammatory effect on 
lipopolysaccharide (LPS)-induced RAW246.7 macrophages. The experimental results showed that Morchella produced 
extracellular vesicles and significantly reduced the production of nitric oxide (NO) and reactive oxygen species (ROS) in 
a model of LPS-induced inflammation. In addition, the expression of inflammatory factor-related genes such as inducible 
nitric oxide synthase (iNOS), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) and cyclooxygenase-2 (COX-2) showed 
dose-dependent inhibition. Morchella extracellular vesicles also can inhibit the inflammatory response induced by LPS by 
inhibiting the production of ROS and reducing the phosphorylation levels of the p38 MAPK signaling pathway. These results 
indicate that the Morchella extracellular vesicles can be used as a potential anti-inflammatory substance in the treatment of 
inflammatory diseases.
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Introduction

Extracellular vesicles (EVs) have been shown to be released 
by different types of cells to communicate with each other, 
such as mammals, microbes and parasites. These vesicles 
mediate communication between cells by delivering their 
contents such as proteins, microRNAs and lipids [1]. Stud-
ies have proven that fungal EV and mammalian EV show 
a strong similarity in molecular content [2]. The charac-
terization of EVs has been reported in both pathogenic and 
non-pathogenic fungi [3–7]. There are increasing reports of 
beneficial roles of EVs secreted by probiotic bacteria. For 
example, Lactobacillus rhamnosus GG-derived EVs have 

been associated with the apoptosis of hepG2 cancer cells 
[8], Lactobacillus plantarum WCFS1-derived EVs modu-
lated the response of human cells to vancomycin-resistant 
enterococci [9] and Extracellular Vesicles Produced by the 
Probiotic Propionibacterium freudenreichii CIRM-BIA 129 
Mitigate Inflammation by Modulating the NF-κB Pathway 
[10].

Morchella belongs to the species of Morchella, genus 
of Morchellaceae, family of Oncobacteria, subdivision of 
Ascomycetes [11]. There are a wide variety of fungi in the 
genus Morchella, which is recognized as one of the world's 
most precious and rare edible mushrooms. Morchella is a 
kind of important edible and medicinal fungi, which is rich 
in polysaccharides, enzymes, fatty acids, amino acids and 
other active components [12–17]. The indigestion, excessive 
phlegm and shortness of breath were treated by Morchella in 
ancient Chinese. All varieties of Morchella are rare edible 
and medicinal fungi with delicious taste, rich nutrients and 
high medicinal value [18–20]. Some studies suggest that 
the extracted Morchella conica polysaccharides (MCP) from 
Morchella may act as a potent immunomodulatory agent 
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to modulate NO production in macrophages and it also 
promotes the proliferation of splenocytes [21]. An article 
reported that acetylation of polysaccharides from Morchella 
was able to greatly enhance the anti-inflammatory activity 
of macrophages [22].

Inflammation is an important physiological defense 
response of our body in response to external stimuli [23]. 
The body's defense response is inseparable from the acti-
vation of macrophages [24]. It is complex and difficult 
for inflammatory diseases to cure so that a good model 
of inflammation is important for subsequent experiments. 
Mouse monocyte macrophage leukemia cells (RAW264.7 
cells), a typical macrophage, are widely used for in vitro 
inflammation modeling and can be activated by various stim-
uli such as LPS and inflammatory factors [25]. Lipopoly-
saccharide (LPS) is an endotoxin and a component of the 
cell wall of Gram-negative bacteria. LPS is able to activate 
several inflammatory signaling pathways, thus regulat-
ing the expression and release of inflammatory mediators 
and inflammation-related enzymes, and is often used as an 
inducer to induce inflammation in macrophages [26–30]. 
When LPS is used to model inflammation and it is recog-
nized and bound by the relevant receptors on the surface 
of macrophages, which triggers a series of physiological 
and biochemical reactions in the cells, leading to a large 
release of some inflammatory factors (TNF-α, IL-6, iNOS, 
etc.) and causing local inflammation [31, 32]. NO acts as 
a specific intercellular signaling molecule in the organism 
and can elicit specific intracellular responses [33]. When 
inflammation occurs in the body increased expression of 
iNOS, it can catalyze the production of NO, which in turn 
leads to further development of inflammation [34]. TNF-α is 
a cytokine involved in systemic inflammation and is mainly 
secreted by macrophages [35]. IL-6 is a promoter of inflam-
matory response can stimulate an increased inflammatory 
response, which makes it an important inflammatory assay 
marker [36, 37]. Cyclooxygenase-2 (COX-2) is induced by 
cytokines, endotoxins and growth factors in macrophages, 
and it can changes arachidonic acid to prostanoids which can 
cause pain and swelling at the site of inflammation [38, 39]. 
ROS are key players in immune cell signaling [40]. LPS can 
induce an early ROS production, which can as the original 
signal to enhance the MAPK activation [41–43].

LPS stimulates macrophages through activation of mito-
gen-activated protein kinase (MAPK) signaling pathway, 
thereby causing an inflammatory response [29]. MAPK 
signaling pathway plays a key role in normal physiological 
functions of cells such as the regulation of cell survival, cell 
proliferation and cell differentiation. In addition, it regulates 
the expression of nitrogen oxide (NO), inducible nitric oxide 
synthase (iNOS), cyclooxygenase-2 (COX-2), IL-6 and 
TNF-α, which are genes associated with inflammation [44]. 
Studies have shown that MAPK signaling pathway includes 

three branching routes: extracellular signal-regulated kinase 
(ERK), c-Jun N-terminal kinase stress-activated protein 
kinase (JNK), p38 [45]. The most important member of the 
MAPK family in regulating inflammatory response is p38, 
which can detect quantities of extracellular signaling stimuli 
such as LPS [46]. Reactive oxygen species (ROS) is a major 
participant in oxidative stress and involved in pathological 
processes including cellular inflammation. p38 MAPK sign-
aling pathway can be activated by adverse stimuli, such as 
ROS, and mediate inflammatory responses [47].

Here, we examined the anti-inflammatory effects of 
Morchella EVs on LPS-induced inflammation in RAW264.7 
cells. In addition, we evaluated whether Morchella EVs reg-
ulates p38 MAPK pathways and whether it is also related to 
reactive oxygen species to prove the inhibitory mechanism 
underlying their anti-inflammatory effect.

Materials and methods

Chemicals and reagents

LPS (lipopolysaccharide) were purchased from Sigma 
Aldrich Inc (St. Louis, United States), 4′,6-diamidino-2-phe-
nylindole (DAPI) and DIO were obtained from Coollaber 
Technology (Beijing, China). Dulbecco's modified eagle 
medium (DMEM) and Fetal Bovine Serum was purchased 
from Biological Industries (Kibbutz Beit Haemek, Israel). 
4% Paraformaldehyde Fix Solution, reactive oxygen spe-
cies (ROS) assay kit, NO assay kit and BCA assay kit were 
obtained from Beyotime Biotech-nology Co., Ltd. (Shang-
hai, China). Quantitative real time polymerase chain reaction 
(RT-qPCR) reagents were from Vazyme Biotech Co., Ltd. 
(Beijng, China). DMSO and MTT were from Sangon Bio-
techCo., Ltd. (Shanghai, China). Antibodies for p38 MAPK, 
MK2 and β-actin are mouse-derived monoclonal antibodies 
purchased from Proteintech Group (Wuhan, China). Anti-
body for CD81, CD63 and Phospho-p38 MAPK (p-p38 
MAPK) are rabbit-derived polyclonal antibody purchased 
from the affinity biosciences LTD (Cincinnati, USA). Sec-
ondary antibodies are goat anti-rabbit HRP (Affinity Bio-
sciences, Cincinnati, USA) and goat anti-mouse HRP (Pro-
teintech Group, Wuhan, China), respectively.

Activation and culture of strains

Morchella is from the existing Morchella Sextelata 
(MG431334.1) in this experiment. Firstly, the strains were 
removed and transferred to PDA solid medium (fresh potato 
20%, glucose 2%, AGAR 2%) for activation, and cultured in 
an incubator at 25 ℃ for 2 days. When spores grow myce-
lium, the mycelium is inoculated from the old PDA medium 
to the new PDA medium, so that it continues to grow. The 
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above steps should be repeated until a single mycelium is 
obtained. Mycelia from solid PDA medium were selected, 
transferred to PDA liquid medium, and placed in shaker cul-
ture at 18 ℃, 180 r/min.

Isolation and characterization of Morchella EVs

The separation method of Morchella EVs was use for refer-
ence Vallejo et al. [7] and slightly modified. First, Morchella 
was cultured in PDA liquid medium for 72 h. At the end of 
the culture, the bacterial solution was separated into Ami-
con Ultra-15 ultrafiltration tube (100 kDA, Merck Milli-
pore, Billerica, MA, USA) and centrifuged at 3000 × g for 
30 min at 4 ℃. Then, the supernatant obtained was cen-
trifuged at 12,000 × g for 15 min at 4 ℃. And supernatant 
was ultrancentrifuged (Beckman Coulter, Inc., XPN-90, 
California, USA), at 150,000 × g for 1 h at 4 ℃. Morchella 
EVs dissolved in suitable amount of sterile nuclease-free 
PBS. Size exclusion chromatography was used for the puri-
fication of extracellular vesicles. The EVs collected after 
ultracentrifugation were added to IZON qEVs (qEVs single, 
Izon Science, Oxford, UK) and eluted using PBS (pH: 7.4, 
0.22 µm filter). Fractions 7–9 were collected according to 
the manufacturer's instructions. The fractions were further 
concentrated by centrifugation at 3000 × g for 30 min at 4 °C 
using Amicon Ultra-4 ultrafiltration tube (10 kDA, Merck 
Millipore, Billerica, MA, USA). Finally, the concentrated 
solution (Morchella EVs) was stored in a refrigerator at 
– 80 °C for backup.

The morphology of the extracellular vesicles of 
Morchella was observed by TEM (Nippon Electronics Co., 
Ltd., JEM-2100 PLUS, Akishima City, Tokyo, Japan) using 
negative staining technique. A small amount of EVs suspen-
sion was drawn onto the surface of the copper mesh and left 
for 10 min, and the excess liquid was blotted out using filter 
paper. Next, phosphotungstic acid was added dropwise for 
10 min, and the excess liquid was blotted out again using 
filter paper, and then dried and observed using transmission 
electron microscopy. The extracted extracellular vesicles of 
Morchella were diluted 100-fold and added to the cuvette, 
and their particle size was measured using a Malvern Zeta 
potential analyzer (Malvern Zetaszier Nano-ZS, Malvern, 
UK). BCA kit used for quantitative analysis of Morchella 
EVs.

Cell culture

RAW264.7 cells are a mouse macrophage cell line derived 
from the Stem Cell Bank of the Chinese Academy of Sci-
ences (Shanghai, China). The cells were cultured in DMEM 
medium supplemented with 10% fetal bovine serum and 
placed in a humidified 5%  CO2 incubator at 37 °C.

Cellular uptake studies

RAW264.7 cells were inoculated in 6-well plates and incu-
bated in  CO2 incubator at 37 ℃ for 24 h. Take the EV 
suspension in a centrifuge tube, add DIO staining solu-
tion on ice without light for 30 min, and then resuspend 
the precipitate after ultracentrifugation with appropriate 
amount of PBS to be the stained EVs. Add 5 μg/ml EVS 
stained with DIO dye, and observe the cell uptake at 0 h, 
6 h, 12 h and 24 h respectively. The extracellular vesicle-
treated cells were first fixed using 4% Paraformaldehyde 
Fix Solution, then the nuclei were stained using DAPI dye, 
and finally determination of extracellular vesicle uptake 
by the location of fluorescence using two-photon confocal 
laser microscopy (LSM 880NLO, Carl Zeiss, Oberkochen, 
Germany).

Macrophages proliferation assay

The MTT method was used to detect the proliferation of 
RAW264.7 cell. The cultured RAW264.7 cells were uni-
formly added to 96-well plates and incubated for 24 h with 
different concentrations of Morchella EVs. After incuba-
tion with MTT for 4 h, the crystals were dissolved using 
DMSO, shaken well and the absorbance values were meas-
ured at 570 nm using enzyme-labeled instrument (Bio Tek 
Epoch2, Vermont, USA) [48, 49].

Measurement of inflammatory mediators

The cultured RAW264.7 cells were preincubated with dif-
ferent concentrations of Morchella EVs for 1 h, and then 
incubated with LPS stimulation (1 µg/ml) for 24 h. The 
supernatant was collected and NO content was determined 
by NO assay kit. The NO content was calculated by com-
paring with the standard curve [50]. The change of ROS 
content in the cells was measured by flow cytometry (BD 
FACSVerse) with ROS detection kit. The experimental 
procedure was kept as light-protected as possible.

RT‑qPCR analysis

Total RNA was extracted from RAW264.7 macrophages 
by Trizol method. The quality, purity and concentration 
of extracted RNA were determined by agarose gel elec-
trophoresis and ultra-micro spectrophotometer. The RNA 
is reversely transcribed into cDNA, packaged and stored. 
Using cDNA as template and β-actin as internal reference, 
RT-qPCR analysis was performed. Finally, the  2−∆∆CT 
method is used to quantify the obtained data [51]. RT-
qPCR primers are as follows:
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β- actin- F: 5′-CCA TCT ACG AGG GCTAT- 3′ β- actin 
-R: 5′-TCA CGC ACG ATT TCC-3′;

TNF-α- F: 5′- GGC TTC CAG AAC TCC- 3′ TNF-α- R: 
5′- CAG GCT TGT CAC TCG-3′;

iNOS- F: 5′- GGA CGA GAC GGA TAG- 3′ iNOS- R: 5′- 
GGC TTC AAG ATA GGGA-3′;

IL-6—F: 5′- CAC TCC CAA CAG ACC-3′ IL-6 -R: 5′- 
CTC ATT TCC ACG ATTT-3′;

COX-2- F: 5′- GAT TGA CAG TCC ACCTA-3′ COX-2- R: 
5′- GCT CCT TAT TTC CCT-3′.

Western blot

The concentration of extracted protein was measured by 
BCA method. The protein bands were isolated by SDS-
PAGE gel electrophoresis and transferred into PVDF mem-
brane (0.45 µm). At room temperature, the PVDF membrane 
containing the target protein was immersed in the Blotting-
Grade blocker (BIO-RAD, California, USA) for 2 h. After 
blocking, wash three times with buffer solution (TBST). At 
4 ℃, the specific primary antibody was incubated overnight. 
They were washed with buffer solution (TBST) and then 
incubated with the second antibody for 4 h at room tempera-
ture. CD81, CD63 and Phospho-p38 MAPK antibody are 
rabbit-derived polyclonal antibody purchased from Affin-
ity Biosciences. p38 MAPK antibody, MK2 antibody and 
β-actin antibody are mouse-derived monoclonal antibodies 
purchased from Proteintech Group. Secondary antibodies 
are goat anti-rabbit HRP (Affinity Biosciences) and goat 
anti-mouse HRP (Proteintech Group), respectively. After 
washing with buffer solution for three times, test results 
were obtained by gel imaging system (BIO-RAD Chemi-
Doc XRS +). Images and results were quantified with Image 
J software.

Statistical analysis

The statistical analysis was performed using GraphPad 
Prism software version 5.0.1 (GraphPad Software, San 
Diego, CA). The experiments were carried out in tripli-
cate (3 independent experiments), and the graphs present 
means ± SD (standard deviations).

Results

Isolation and characterization of Morchella EVs

To confirm whether Morchella is able to produce extracellu-
lar vesicles, conidium of Morchella were cultured. Ultracen-
trifugation of the culture supernatant to obtain the extracel-
lular vesicles of Morchella. Morchella EVs were purified by 
using size-based column chromatography. After negatively 

staining it, use TEM to observe its morphology and it can 
be seen that there are round-shaped small vesicles with a 
bilayer membrane structure, and the inside of the small ves-
icle structure has different electron microscope densities. 
(Fig. 1a) The particle size of purified extracellular vesicles 
was determined by dynamic light scattering method. The 
results showed that the particle size of Morchella extracel-
lular vesicles is mainly distributed between 70 and 400 nm, 
and the majority of the vesicles were about 120 nm in size. 
(Fig. 1b) We examined the expression of CD81 and CD63, 
in Morchella as well as in EVs by the Western Blot method. 
The experimental results are shown in Fig. 1c: CD81 and 
CD63 proteins were expressed in both EVs and Morchella, 
and both proteins were higher expressed in EVs. The above 
experimental results show that Morchella can produce extra-
cellular vesicles and the extracted extracellular vesicles of 
Morchella were tested by a BCA kit and the concentration 
was 0.28 μg/μl.

Intracellular imaging of Morchella EVs

The internalization performances of Morchella EVs into 
RAW264.7 cells were studied using a two-photon confocal 
laser microscope. Dio dye stain Morchella EVs membrane 
and then co-incubated with RAW264.7 cells. The nuclei of 
RAW264.7 cells were stained with DAPI. Supplementary 
Fig. S1 proves that Morchella EVs can enter RAW264.7 
cells and accumulate in the cells.

Effect of Morchella EVs on RAW264.7 cells viability

The potential cytotoxicity of RAW264.7 cells treated with 
different concentrations of EVs were observed by MTT 
assay after 24 h. The results showed that the proliferation 
of RAW264.7 could not be inhibited when the concentra-
tion of Morchella EVs was less than 3.5 μg/ml. However, at 
7 and 14 μg/ml, the cell viability decreased to 80%, which 
had a significant effect on cell viability (Supplementary Fig. 
S2). Therefore, 3.5 μg/ml Morchella EVs will be used as 
the maximum concentration of the experimental group in 
subsequent experiments. We examined the cell survival rate 
of RAW264.7 cells after 48 h of Morchella EVs treatment 
in the course of conducting the experiment. As shown in 
Supplementary Fig. S3 when the concentration of Morchella 
EVs was small, it had no effect on the survival rate of 
RAW264.7 cells. When the concentration was higher than 
7 μg/ml, the cell survival rate decreased to less than 80%. 
The survival rate of RAW264.7 cells treated with Morchella 
EVs for 24 h was not significantly different compared to 
treatment for 48 h, so our treatment time was set at 24 h. The 
percentage of complete cell survival is shown in Table S1. 
Our results showed that the survival rate of RAW264.7 
cells was significantly decreased under high concentration 
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of Morchella EVs, while low concentration of Morchella 
EV had no effect on the survival rate of RAW264.7 cells.

Effects of Morchella EVs on NO and ROS production

First, we simulated a chronic inflammatory microenvi-
ronment by inducing RAW264.7 macrophages with LPS. 
Under this condition, we explored the effect of EVs on NO 
and ROS production by RAW264.7 macrophages. Because 
dexamethasone is closely associated with the treatment 
of inflammation-related diseases, we used it as a positive 
control. It was found (as shown in Fig. 2a) that NO release 
from RAW264.7 macrophages of the LPS group was sig-
nificantly repressed in a concentration-dependent manner 
after pretreatment with Morchella EVs. At the same time, 
DCF-DA fluorescence detection was performed on LPS-
induced RAW264.7 macrophages by flow cytometry (BD 
FACSVerse), which reflect the production of intracellular 
ROS. The results showed that the ROS content in RAW264.7 

cells was significantly higher in the LPS group compared 
with the control group, while the EVs of Morchella in the 
experimental group could significantly inhibit LPS-induced 
ROS production in a dose-dependent manner. (Fig. 2b, c) 
In conclusion, Morchella EVs inhibited NO and ROS pro-
duction of LPS-induced Raw267.4 cell in a dose-dependent 
manner.

Anti‑inflammatory effect of Morchella EVs mediated 
by modulation of immune‑associated gene 
expression

The expression of immune-related genes in different treat-
ment groups was detected by real-time quantitative PCR. 
The results showed that the expression of immune-related 
genes, including TNF-α, iNOS, COX-2 and IL-6, were 
significantly up-regulated in RAW264.7 macrophages 
after LPS treatment. In contrast, RAW264.7 macrophages 
in the LPS group were treated with Morchella EVs and 

Fig. 1  Characterization of extra-
cellular vesicles of Morchella 
isolated from the supernatant of 
PDA liquid medium. a Charac-
terization of TEM topography. 
b Characterization of particle 
size. c Characterization of EVs 
marker proteins
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the expression of most tested genes was decreased. The 
mRNA expression levels of intracellular inflammatory 
mediators and pro-inflammatory cytokines were signifi-
cantly reduced in a concentration-dependent manner after 
treatment with extracellular vesicles of Morchella. In 
summary these results clearly show that Morchella EVs 
can inhibit inflammation via inhibiting the expression 
of genes related to inflammatory response. As shown in 
(Fig. 3a, b, c &d).

Anti‑inflammatory effects of Morchella EV involve 
the p38 MAPK signaling pathways

For the anti-inflammatory mechanism of the extracellular 
vesicles of Morchella involved in the relevant signaling path-
ways, we used Western blotting to detect. The results showed 
that the phosphorylation level of p38 protein was significantly 
reduced in LPS-induced RAW264.7 cells after treatment with 
Morchella EVs. Compared with the positive control group, 
Morchella EVs decreased the phosphorylation level of p38 in 
a concentraion dependent manner. (Fig. 4a, b) Therefore, we 
speculated that the p38 signaling pathway is a major pathway 
in the anti-inflammatory process of Morchella EVs.

So as to verify whether the regulation of the p38 MAPK 
signaling pathway is related to EVs regulating the genera-
tion of ROS, the ROS inhibitor NAC was used to inhibit the 
ROS produced by LPS-induced cells [52]. The experimen-
tal results as shown in Fig. 4c, d show that the p38 MAPK 
signaling pathway was inhibited when NAC was added, 
indicating that the reduction in ROS levels also inhibits the 
p38 MAPK signaling pathway. Compared with the addition 
of NAC and EVs alone, the p38 MAPK signaling pathway 
was inhibited more strongly when both NAC and EVs were 
added, which indicates that NAC and EVs can play a syner-
gistic role in inhibiting the p38 MAPK signaling pathway. In 
short, Morchella EVs achieved anti-inflammatory effects by 
directly inhibiting p38 MAPK signaling pathway and indi-
rectly regulating p38 MAPK signaling pathway by inhibiting 
ROS production in LPS-induced RAW264.7 cells.

MAPK-activated protein kinase 2 (MK2) is an important 
downstream substrate of the p38 MAPK signaling pathway 
[53, 54]. MK2 is known to be involved in many cellular pro-
cesses including stress and inflammatory responses, nuclear 
export, gene expression regulation, and cell proliferation 
[55–57]. To further prove our results, we examined the 
expression of MK2, a protein downstream of the p38 MAPK 
signaling pathway. The experimental results as shown in Fig. 
S3 show that MK2 protein expression was inhibited when 
NAC was added, and the MK2 protein expression was more 
strongly inhibited when both NAC and EVs were added, 
which indicates that NAC and EVs can play a synergistic 
role in inhibiting MK2 protein expression. It further dem-
onstrates that Morchella EVs achieved anti-inflammatory 
effects by directly inhibiting p38 MAPK signaling pathway 
and indirectly regulating p38 MAPK signaling pathway by 
inhibiting ROS production in LPS-induced RAW264.7 cells.

Discussion

Morchella is rich in nutrition and contains dietary fiber, 
vitamins, minerals and essential amino acids and has high 
medicinal value [58]. Previous studies have shown that 

Fig. 2  Effect of Morchella EVs on NO and ROS production in 
LPS-stimulated RAW264.7 cells. a NO production in LPS-induced 
RAW264.7 cells treated with different concentrations of Morchella 
EVs. b, c Flow cytometry detection of ROS production. The results 
were expressed as means ± SD (n = 3), (*p < 0.05 and ** p < 0.01 vs. 
LPS group, and ## p < 0.01 vs. control group)
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Morchella polysaccharides act as immune adjuvants by 
enhancing the immune response [59]. Extracellular vesi-
cles contain a variety of molecules, which may contribute 
to changes in the host immune system [60, 61]. This article 
introduces the preparation and isolation of Morchella EVs, 
Characterized by TEM and dynamic light scattering method, 
which proves that Morchella can produce extracellular vesi-
cles. This is the first study to demonstrate that extracellular 
vesicles can be isolated from Morchella.

In this study, we simulated a chronic inflammatory 
microenvironment by inducing RAW264.7 macrophages 
with LPS. Under this environment, we explored the anti-
inflammatory effect and regulatory mechanism of Morchella 
EVs on RAW264.7 macrophages. Because dexamethasone 
is closely associated with the treatment of inflammation-
related diseases, we used it as a positive control. In addition, 
NO and ROS participate in the immune system regulation 
process. NO, a cellular messenger molecule, involves in the 
regulation of immune system [62]. ROS can be used as an 

initial signal to activate the non-specific immune system 
and play a key role in physiological activities such as tissue 
damage repair by acting as an initial signal to activate the 
non-specific immune system [63]. The results showed that 
Morchella EVs significantly decreased NO and ROS pro-
duction and the expression of immune-associated genes in 
LPS-stimulated Raw264.7 cells. It indicated that Morchella 
EVs can be used as a potential anti-inflammatory regulators.

Previous studies have shown that MAPKs signaling path-
way is a participant in inflammation [64]. The activation 
of MAPKs signaling pathway is a marker of LPS-induced 
macrophage signal transduction [65]. MAPKs is a protein 
family of highly conserved serine/threonine kinases, includ-
ing subgroups p38, ERK1/2, and JNK [66]. The p38 MAPK 
pathway mainly transduces inflammatory cytokines and 
multiple types of cell stress signals, and many studies have 
proven that blocking the p38 cascade can reduce inflamma-
tory response [65, 67]. We detects the expression of p38 
protein and pp38 protein through Western Blot. The results 

Fig. 3  Effects of Morchella EVs on the expression levels of immune-associated genes in LPS-stimulated RAW264.7 cells. a TNF-α, b iNOS, c 
IL-6, d COX-2. The results were expressed as means ± SD (n = 3), (*p < 0.05 and ** p < 0.01 vs. LPS group, and ##p < 0.01 vs. control group)
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showed that the phosphorylation level of p38 protein was 
significantly reduced in LPS-induced RAW264.7 cells after 
treatment with Morchella EVs. Compared with the posi-
tive control group, Morchella EVs decreased the phospho-
rylation level of p38 in a concentraion dependent manner 
(Fig. 4a, b). Therefore, we speculated that the p38 signaling 
pathway is a major pathway in the anti-inflammatory process 
of Morchella EVs.

Studies have found that LPS stimulates macrophages to 
promote the production of ROS, and ROS can also mediate 
the activation of relevant signal pathways and transcription 
factors as a second messenger, thus regulating the occur-
rence and development of inflammatory responses [27, 68, 
69]. We suspect that the inhibitory effect of EVs on the p38 
MAPK signaling pathway is related to the regulation of 
ROS production by EVs? Therefore, we use ROS inhibitor 
NAC(10 mM) to inhibit the ROS produced by LPS-induced 
cells [52, 70]. Compared with the addition of NAC and 
EVs alone, the p38 MAPK signaling pathway was inhibited 
more strongly when both NAC and EVs were added, which 

indicates that NAC and EVs can play a synergistic role in 
inhibiting the p38 MAPK signaling pathway (Fig. 4c, d). 
To further prove our results, we examined the expression 
of MK2, a protein downstream of the p38 MAPK signaling 
pathway and the results showed that MK2 protein was also 
inhibited. In a word, Morchella EVs can inhibit LPS-induced 
inflammatory response in two ways. One way is to suppress 
inflammation by inhibiting ROS production, the other way 
is by regulating the p38 MAPK signaling pathway.

Conclusion

Our study demonstrated that Morchella EVs achieved anti-
inflammatory effect by preventing the p38 MAPK signaling 
pathway and production of ROS in RAW264.7 macrophages. 
Our current findings suggest that Morchella EVs can be 
used as a potential anti-inflammatory substance in the treat-
ment of inflammatory diseases. However, further studies 
are needed regarding the potential benefits of extracellular 

Fig. 4  a, b Effect of Morchella EVs on the protein levels in the p38 
MAPK pathways in LPS-stimulated RAW264.7 cells as determined 
by western blotting. c, d Effect of ROS on the protein levels in the 
p38 MAPK pathways in LPS-stimulated RAW264.7 cells as deter-

mined by western blotting. The results were expressed as means ± SD 
(n = 3), (*p < 0.05 and ** p < 0.01 vs. LPS group, and ##p < 0.01 vs. 
control group)
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vesicles of Morchella in primary macrophages and in vivo 
studies, and which biomolecules inside the vesicles are 
exactly involved in anti-inflammation.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11010- 022- 04508-y.

Author contribution GY, CCC and QC conceived and designed 
research. QC and SSY conducted experiments. CCC and MRS con-
tributed new reagents or analytical tools. QC, SSY and PPD analyzed 
data. QC wrote the manuscript. All authors read and approved the 
manuscript.

Funding This work was supported by Natural Science Foundation of 
Shandong Province (ZR2020MC064).

Data availability All the data are contained in the manuscript file and 
will be made available from the corresponding author upon reason-
able request.

Declarations 

Conflict of interest The authors have no conflicts of interest to declare 
that are relevant to the content of this article.

Ethical approval This article does not contain any studies with human 
participants or animals performed by any of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Yáñez-Mó M, Siljander PR-M, Andreu Z et al (2015) Biological 
properties of extracellular vesicles and their physiological func-
tions. J Extracell Vesicles 4:27066. https:// doi. org/ 10. 3402/ jev. v4. 
27066

 2. Wolf JM, Casadevall A (2014) Challenges posed by extracellular 
vesicles from eukaryotic microbes. Curr Opin Microbiol 22:73–
78. https:// doi. org/ 10. 1016/j. mib. 2014. 09. 012

 3. Osumi M (1998) The ultrastructure of yeast: cell wall structure 
and formation. Micron 29:207–233. https:// doi. org/ 10. 1016/ 
S0968- 4328(97) 00072-3

 4. Rodrigues ML, Nimrichter L, Oliveira DL et al (2007) Vesicular 
polysaccharide export in cryptococcus neoformans is a eukary-
otic solution to the problem of fungal trans-cell wall transport. 
Eukaryot Cell 6:48–59. https:// doi. org/ 10. 1128/ EC. 00318- 06

 5. Albuquerque PC, Nakayasu ES, Rodrigues ML et  al (2008) 
Vesicular transport in Histoplasma capsulatum : an effective 
mechanism for trans-cell wall transfer of proteins and lipids in 

ascomycetes. Cell Microbiol 10:1695–1710. https:// doi. org/ 10. 
1111/j. 1462- 5822. 2008. 01160.x

 6. Gehrmann U, Qazi KR, Johansson C et al (2011) Nanovesicles 
from Malassezia sympodialis and host exosomes induce cytokine 
responses – novel mechanisms for host-microbe interactions in 
atopic eczema. PLoS ONE 6:e21480. https:// doi. org/ 10. 1371/ 
journ al. pone. 00214 80

 7. Vallejo MC, Matsuo AL, Ganiko L et al (2011) The pathogenic 
fungus Paracoccidioides brasiliensis exports extracellular vesicles 
containing highly immunogenic α-galactosyl epitopes. Eukaryot 
Cell 10:343–351. https:// doi. org/ 10. 1128/ EC. 00227- 10

 8. Behzadi E, Mahmoodzadeh Hosseini H, Imani Fooladi AA (2017) 
The inhibitory impacts of Lactobacillus rhamnosus GG-derived 
extracellular vesicles on the growth of hepatic cancer cells. 
Microb Pathog 110:1–6. https:// doi. org/ 10. 1016/j. micpa th. 2017. 
06. 016

 9. Li M, Lee K, Hsu M et al (2017) Lactobacillus-derived extracellu-
lar vesicles enhance host immune responses against vancomycin-
resistant enterococci. BMC Microbiol 17:66. https:// doi. org/ 10. 
1186/ s12866- 017- 0977-7

 10. de Rodovalho VR, da Luz BSR, Rabah H et al (2020) Extracellular 
vesicles produced by the probiotic Propionibacterium freudenre-
ichii CIRM-BIA 129 mitigate inflammation by modulating the 
NF-κB pathway. Front Microbiol. https:// doi. org/ 10. 3389/ fmicb. 
2020. 01544

 11. Tietel Z, Masaphy S (2018) True morels (Morchella)-nutritional 
and phytochemical composition, health benefits and flavor: a 
review. Crit Rev Food Sci Nutr 58:1888–1901. https:// doi. org/ 
10. 1080/ 10408 398. 2017. 12852 69

 12. Duncan CJG, Pugh N, Pasco DS, Ross SA (2002) Isolation of a 
galactomannan that enhances macrophage activation from the edi-
ble fungus Morchella esculenta. J Agric Food Chem 50(20):5683–
5685. https:// doi. org/ 10. 1021/ jf020 267c

 13. Moriguchi M, Yamada M, Suenaga S et al (1986) Partial purifica-
tion and properties of γ-glutamyltranspeptidase from mycelia of 
Morchella esculenta. Arch Microbiol 144:15–19. https:// doi. org/ 
10. 1007/ BF004 54949

 14. Baute M-A, Deffieux G, Baute R (1986) Bioconversion of car-
bohydrates to unusual pyrone compounds in fungi: occurrence 
of microthecin in morels. Phytochemistry 25:1472–1473. https:// 
doi. org/ 10. 1016/ S0031- 9422(00) 81312-6

 15. Tan Y, Su W, Fan J et al (2021) Advances in chemical constitu-
ents and pharmacological action of Morchella. Zhejiang Agric Sci 
62:1025–1028

 16. Xiong H, Song Q (2019) Investigation of vitamin B1 and B2 
in 6 kinds of edible fungi in Yunnan. J Food Saf Qual Insp 
10:7606–7609

 17. Zhang Y, Li H, Cao J et al (2019) Study on the nutrient composi-
tion and antioxidant activity of cultivated and wild Morchella. 
Food Sci Technol 44:103–108

 18. Gursoy N, Sarikurkcu C, Cengiz M, Solak MH (2009) Antioxidant 
activities, metal contents, total phenolics and flavonoids of seven 
Morchella species. Food Chem Toxicol 47:2381–2388. https:// 
doi. org/ 10. 1016/j. fct. 2009. 06. 032

 19. Ozturk I, Sahan S, Sahin U et al (2010) Bioactivity and mineral 
contents of wild-grown edible Morchella conica in the Mediter-
ranean region. J Für Verbraucherschutz Leb 5:453–457. https:// 
doi. org/ 10. 1007/ s00003- 010- 0625-8

 20. Turkoglu A, Kivrak I, Mercan N et al (2006) Antioxidant and 
antimicrobial activities of Morchella conica Pers. Afr J Biotechnol 
5:1146–1150. https:// doi. org/ 10. 1186/ 1471- 2164-7- 136

 21. Su C, Xu X, Liu D et al (2013) Isolation and characterization 
of exopolysaccharide with immunomodulatory activity from fer-
mentation broth of Morchella conica. DARU J Pharm Sci 21:1–6. 
https:// doi. org/ 10. 1186/ 2008- 2231- 21-5

https://doi.org/10.1007/s11010-022-04508-y
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1016/j.mib.2014.09.012
https://doi.org/10.1016/S0968-4328(97)00072-3
https://doi.org/10.1016/S0968-4328(97)00072-3
https://doi.org/10.1128/EC.00318-06
https://doi.org/10.1111/j.1462-5822.2008.01160.x
https://doi.org/10.1111/j.1462-5822.2008.01160.x
https://doi.org/10.1371/journal.pone.0021480
https://doi.org/10.1371/journal.pone.0021480
https://doi.org/10.1128/EC.00227-10
https://doi.org/10.1016/j.micpath.2017.06.016
https://doi.org/10.1016/j.micpath.2017.06.016
https://doi.org/10.1186/s12866-017-0977-7
https://doi.org/10.1186/s12866-017-0977-7
https://doi.org/10.3389/fmicb.2020.01544
https://doi.org/10.3389/fmicb.2020.01544
https://doi.org/10.1080/10408398.2017.1285269
https://doi.org/10.1080/10408398.2017.1285269
https://doi.org/10.1021/jf020267c
https://doi.org/10.1007/BF00454949
https://doi.org/10.1007/BF00454949
https://doi.org/10.1016/S0031-9422(00)81312-6
https://doi.org/10.1016/S0031-9422(00)81312-6
https://doi.org/10.1016/j.fct.2009.06.032
https://doi.org/10.1016/j.fct.2009.06.032
https://doi.org/10.1007/s00003-010-0625-8
https://doi.org/10.1007/s00003-010-0625-8
https://doi.org/10.1186/1471-2164-7-136
https://doi.org/10.1186/2008-2231-21-5


326 Molecular and Cellular Biochemistry (2023) 478:317–327

1 3

 22. Yang Y, Chen J, Lei L et al (2019) Acetylation of polysaccharide 
from Morchella angusticeps peck enhances its immune activation 
and anti-inflammatory activities in macrophage RAW264.7 cells. 
Food Chem Toxicol 125:38–45. https:// doi. org/ 10. 1016/j. fct. 2018. 
12. 036

 23. Yiu TY, Faisal A, Angelica G-C, Sandro A (2018) Signaling 
pathways in Inflammation and anti-inflammatory therapies. Curr 
Pharm Des 24:1449–1484

 24. Ahn C-B, Je J-Y, Cho Y-S (2012) Antioxidant and anti-inflamma-
tory peptide fraction from salmon byproduct protein hydrolysates 
by peptic hydrolysis. Food Res Int 49:92–98. https:// doi. org/ 10. 
1016/j. foodr es. 2012. 08. 002

 25. Jin M, Suh S-J, Yang JH et al (2010) Anti-inflammatory activity 
of bark of Dioscorea batatas DECNE through the inhibition of 
iNOS and COX-2 expressions in RAW264.7 cells via NF-κB 
and ERK1/2 inactivation. Food Chem Toxicol 48:3073–3079. 
https:// doi. org/ 10. 1016/j. fct. 2010. 07. 048

 26. Lu J, Wang J-S, Kong L-Y (2011) Anti-inflammatory effects of 
Huang-Lian-Jie-Du decoction, its two fractions and four typical 
compounds. J Ethnopharmacol 134:911–918. https:// doi. org/ 10. 
1016/j. jep. 2011. 01. 049

 27. Moon SW, Ahn C-B, Oh Y, Je J-Y (2019) Lotus (Nelumbo 
nucifera) seed protein isolate exerts anti-inflammatory and 
antioxidant effects in LPS-stimulated RAW264.7 macrophages 
via inhibiting NF-κB and MAPK pathways, and upregulating 
catalase activity. Int J Biol Macromol 134:791–797. https:// doi. 
org/ 10. 1016/j. ijbio mac. 2019. 05. 094

 28. Shah PK (2019) Inflammation, infection and atherosclerosis. 
Trends Cardiovasc Med 29:468–472. https:// doi. org/ 10. 1016/j. 
tcm. 2019. 01. 004

 29. Guha M, Mackman N (2001) LPS induction of gene expression 
in human monocytes. Cell Signal 13:85–94. https:// doi. org/ 10. 
1016/ S0898- 6568(00) 00149-2

 30. Takeuchi O, Akira S (2010) Pattern recognition receptors and 
inflammation. Cell 140:805–820. https:// doi. org/ 10. 1016/j. cell. 
2010. 01. 022

 31. Volk A, Li J, Xin J et al (2014) Co-inhibition of NF-κB and 
JNK is synergistic in TNF-expressing human AML. J Exp Med 
211:1093–1108. https:// doi. org/ 10. 1084/ jem. 20130 990

 32. Jang S-E, Jeong J-J, Hyam SR et al (2014) Ursolic acid isolated 
from the seed of cornus officinalis ameliorates colitis in mice by 
inhibiting the binding of lipopolysaccharide to toll-like receptor 
4 on macrophages. J Agric Food Chem 62:9711–9721. https:// 
doi. org/ 10. 1021/ jf501 487v

 33. Karan D, Dubey S (2016) From inflammation to prostate cancer: 
the role of inflammasomes. Adv Urol 2016:e3140372. https:// 
doi. org/ 10. 1155/ 2016/ 31403 72

 34. Wang Q, Jiang H, Li Y et al (2017) Targeting NF-kB signal-
ing with polymeric hybrid micelles that co-deliver siRNA and 
dexamethasone for arthritis therapy. Biomaterials 122:10–22. 
https:// doi. org/ 10. 1016/j. bioma teria ls. 2017. 01. 008

 35. Park EJ, Lee JH, Yu G-Y et al (2010) Dietary and genetic obe-
sity promote liver inflammation and tumorigenesis by enhancing 
IL-6 and TNF expression. Cell 140:197–208. https:// doi. org/ 10. 
1016/j. cell. 2009. 12. 052

 36. Lu X, Min L, Wei J et al (2017) Heliangin inhibited lipopolysac-
charide-induced inflammation through signaling NF-κB path-
way on LPS-induced RAW 264.7 cells. Biomed Pharmacother 
88:102–108. https:// doi. org/ 10. 1016/j. biopha. 2017. 01. 041

 37. Ghowsi M, Khazali H, Sisakhtnezhad S (2018) Evaluation of 
TNF-α and IL-6 mRNAs expressions in visceral and subcuta-
neous adipose tissues of polycystic ovarian rats and effects of 
resveratrol. Iran J Basic Med Sci 21:165–174. https:// doi. org/ 
10. 22038/ IJBMS. 2017. 24801. 6167

 38. Smith WL et al (1996) Prostaglandin endoperoxide H synthases 
(Cyclooxygenases)-1 and -2. J Biol Chem. https:// doi. org/ 10. 
1074/ jbc. 271. 52. 33157

 39. Mitchell JA, Larkin S, Williams TJ (1995) Cyclooxygenase-2: 
regulation and relevance in inflammation. Biochem Pharmacol 
50:1535–1542. https:// doi. org/ 10. 1016/ 0006- 2952(95) 00212-X

 40. Williams MS, Kwon J (2004) T cell receptor stimulation, reac-
tive oxygen species, and cell signaling. Free Radic Biol Med 
37:1144–1151. https:// doi. org/ 10. 1016/j. freer adbio med. 2004. 
05. 029

 41. Lenaz G (2012) Mitochondria and reactive oxygen species. which 
role in physiology and pathology? In: Scatena R, Bottoni P, 
Giardina B (eds) Advances in mitochondrial medicine. Springer, 
Dordrecht, pp 93–136

 42. Nathan C, Cunningham-Bussel A (2013) Beyond oxidative stress: 
an immunologist’s guide to reactive oxygen species. Nat Rev 
Immunol 13:349–361. https:// doi. org/ 10. 1038/ nri34 23

 43. Ren J, Li L, Wang Y et al (2019) Gambogic acid induces heme 
oxygenase-1 through Nrf2 signaling pathway and inhibits NF-κB 
and MAPK activation to reduce inflammation in LPS-activated 
RAW264.7 cells. Biomed Pharmacother 109:555–562. https:// doi. 
org/ 10. 1016/j. biopha. 2018. 10. 112

 44. Zhu J, Luo C, Wang P et al (2013) Saikosaponin A mediates 
the inflammatory response by inhibiting the MAPK and NF-κB 
pathways in LPS-stimulated RAW 264.7 cells. Exp Ther Med 
5:1345–1350. https:// doi. org/ 10. 3892/ etm. 2013. 988

 45. Cargnello M, Roux PP (2011) Activation and function of the 
MAPKs and their substrates, the MAPK-activated protein kinases. 
Microbiol Mol Biol Rev 75:50–83. https:// doi. org/ 10. 1128/ 
MMBR. 00031- 10

 46. del Barco I, Barrantes NAR (2012) Roles of p38 MAPKs in inva-
sion and metastasis. Biochem Soc Trans 40:79–84. https:// doi. org/ 
10. 1042/ BST20 110676

 47. He W, Cao P, Xia Y et al (2019) Potent inhibition of gastric cancer 
cells by a natural compound via inhibiting TrxR1 activity and 
activating ROS-mediated p38 MAPK pathway. Free Radic Res 
53:104–114. https:// doi. org/ 10. 1080/ 10715 762. 2018. 15584 48

 48. Rao PC, Begum S, Sahai M, Sriram DS (2017) Coptisine-induced 
cell cycle arrest at G2/M phase and reactive oxygen species–
dependent mitochondria-mediated apoptosis in non-small-cell 
lung cancer A549 cells. Tumor Biol 39:101042831769456. https:// 
doi. org/ 10. 1177/ 10104 28317 694565

 49. Wang Y, Zhang Y, Shao J et al (2019) Study on the immunomodu-
latory activity of a novel polysaccharide from the lichen Umbili-
caria Esculenta. Int J Biol Macromol 121:846–851. https:// doi. 
org/ 10. 1016/j. ijbio mac. 2018. 10. 080

 50. Nie C, Zhu P, Ma S et al (2018) Purification, characterization and 
immunomodulatory activity of polysaccharides from stem lettuce. 
Carbohydr Polym 188:236–242. https:// doi. org/ 10. 1016/j. carbp ol. 
2018. 02. 009

 51. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) method. Methods San Diego Calif 25:402–408. https:// doi. 
org/ 10. 1006/ meth. 2001. 1262

 52. Moody TW, Lee L, Iordanskaia T et al (2019) PAC1 regulates 
receptor tyrosine kinase transactivation in a reactive oxygen spe-
cies-dependent manner. Peptides 120:170017. https:// doi. org/ 10. 
1016/j. pepti des. 2018. 09. 005

 53. Haar ET, Prabakhar P, Liu X, Lepre C (2007) Crystal structure 
of the p38 alpha-MAPKAP kinase 2 heterodimer. J Biol Chem 
282:9733–9739. https:// doi. org/ 10. 1074/ jbc. M6111 65200

 54. Duraisamy S, Bajpai M, Bughani U et al (2008) MK2: a novel 
molecular target for anti-inflammatory therapy. Expert Opin Ther 
Targets 12:921–936. https:// doi. org/ 10. 1517/ 14728 222. 12.8. 921

 55. Roux PP, Blenis J (2004) ERK and p38 MAPK-activated pro-
tein kinases: a family of protein kinases with diverse biological 

https://doi.org/10.1016/j.fct.2018.12.036
https://doi.org/10.1016/j.fct.2018.12.036
https://doi.org/10.1016/j.foodres.2012.08.002
https://doi.org/10.1016/j.foodres.2012.08.002
https://doi.org/10.1016/j.fct.2010.07.048
https://doi.org/10.1016/j.jep.2011.01.049
https://doi.org/10.1016/j.jep.2011.01.049
https://doi.org/10.1016/j.ijbiomac.2019.05.094
https://doi.org/10.1016/j.ijbiomac.2019.05.094
https://doi.org/10.1016/j.tcm.2019.01.004
https://doi.org/10.1016/j.tcm.2019.01.004
https://doi.org/10.1016/S0898-6568(00)00149-2
https://doi.org/10.1016/S0898-6568(00)00149-2
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1084/jem.20130990
https://doi.org/10.1021/jf501487v
https://doi.org/10.1021/jf501487v
https://doi.org/10.1155/2016/3140372
https://doi.org/10.1155/2016/3140372
https://doi.org/10.1016/j.biomaterials.2017.01.008
https://doi.org/10.1016/j.cell.2009.12.052
https://doi.org/10.1016/j.cell.2009.12.052
https://doi.org/10.1016/j.biopha.2017.01.041
https://doi.org/10.22038/IJBMS.2017.24801.6167
https://doi.org/10.22038/IJBMS.2017.24801.6167
https://doi.org/10.1074/jbc.271.52.33157
https://doi.org/10.1074/jbc.271.52.33157
https://doi.org/10.1016/0006-2952(95)00212-X
https://doi.org/10.1016/j.freeradbiomed.2004.05.029
https://doi.org/10.1016/j.freeradbiomed.2004.05.029
https://doi.org/10.1038/nri3423
https://doi.org/10.1016/j.biopha.2018.10.112
https://doi.org/10.1016/j.biopha.2018.10.112
https://doi.org/10.3892/etm.2013.988
https://doi.org/10.1128/MMBR.00031-10
https://doi.org/10.1128/MMBR.00031-10
https://doi.org/10.1042/BST20110676
https://doi.org/10.1042/BST20110676
https://doi.org/10.1080/10715762.2018.1558448
https://doi.org/10.1177/1010428317694565
https://doi.org/10.1177/1010428317694565
https://doi.org/10.1016/j.ijbiomac.2018.10.080
https://doi.org/10.1016/j.ijbiomac.2018.10.080
https://doi.org/10.1016/j.carbpol.2018.02.009
https://doi.org/10.1016/j.carbpol.2018.02.009
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1016/j.peptides.2018.09.005
https://doi.org/10.1016/j.peptides.2018.09.005
https://doi.org/10.1074/jbc.M611165200
https://doi.org/10.1517/14728222.12.8.921


327Molecular and Cellular Biochemistry (2023) 478:317–327 

1 3

functions. Microbiol Mol Biol Rev MMBR 68:320–344. https:// 
doi. org/ 10. 1128/ MMBR. 68.2. 320- 344. 2004

 56. Beamer E, Corrêa SAL (2021) The p38MAPK-MK2 signaling 
axis as a critical link between inflammation and synaptic transmis-
sion. Front Cell Dev Biol 9:635636. https:// doi. org/ 10. 3389/ fcell. 
2021. 635636

 57. Zhang T, Jiang J, Liu J et al (2020) MK2 is required for neutro-
phil-derived ROS production and inflammatory bowel disease. 
Front Med. https:// doi. org/ 10. 3389/ fmed. 2020. 00207

 58. Tietel Z, Masaphy S (2018) True morels ( Morchella )—nutri-
tional and phytochemical composition, health benefits and flavor: 
a review. Crit Rev Food Sci Nutr 58:1888–1901. https:// doi. org/ 
10. 1080/ 10408 398. 2017. 12852 69

 59. Meng X, Che C, Zhang J et al (2019) Structural characteriza-
tion and immunomodulating activities of polysaccharides from 
a newly collected wild Morchella sextelata. Int J Biol Macromol 
129:608–614. https:// doi. org/ 10. 1016/j. ijbio mac. 2019. 01. 226

 60. Macia L, Nanan R, Hosseini-Beheshti E, Grau GE (2019) Host- 
and microbiota-derived extracellular vesicles, immune function, 
and disease development. Int J Mol Sci 21:107. https:// doi. org/ 10. 
3390/ ijms2 10101 07

 61. Eichenberger RM, Sotillo J, Loukas A (2018) Immunobiology of 
parasitic worm extracellular vesicles. Immunol Cell Biol 96:704–
713. https:// doi. org/ 10. 1111/ imcb. 12171

 62. Zhou L, Zhu D-Y (2009) Neuronal nitric oxide synthase: struc-
ture, subcellular localization, regulation, and clinical implications. 
Nitric Oxide 20:223–230. https:// doi. org/ 10. 1016/j. niox. 2009. 03. 
001

 63. Niethammer P, Grabher C, Look AT, Mitchison TJ (2009) A 
tissue-scale gradient of hydrogen peroxide mediates rapid wound 
detection in zebrafish. Nature 459:996–999. https:// doi. org/ 10. 
1038/ natur e08119

 64. Garrington TP, Johnson GL (1999) Organization and regulation of 
mitogen-activated protein kinase signaling pathways. Curr Opin 

Cell Biol 11:211–218. https:// doi. org/ 10. 1016/ S0955- 0674(99) 
80028-3

 65. Keshet Y, Seger R (2010) The MAP kinase signaling cascades: 
a system of hundreds of components regulates a diverse array of 
physiological functions. Methods Mol Biol Clifton NJ 661:3–38. 
https:// doi. org/ 10. 1007/ 978-1- 60761- 795-2_1

 66. Mohseni M, Sajjadi M, Pourkazemi M (2007) Growth perfor-
mance and body composition of sub-yearling persian sturgeon, 
(Acipenser persicus, Borodin, 1897), fed different dietary protein 
and lipid levels. J Appl Ichthyol 23:204–208. https:// doi. org/ 10. 
1111/j. 1439- 0426. 2007. 00866.x

 67. Chen S-R, Xu X-Z, Wang Y-H et al (2010) Icariin derivative 
inhibits inflammation through suppression of p38 mitogen-acti-
vated protein kinase and nuclear factor-κB pathways. Biol Pharm 
Bull 33:1307–1313. https:// doi. org/ 10. 1248/ bpb. 33. 1307

 68. Zhang L-L, Mu G-G, Ding Q-S et al (2015) Phosphatase and ten-
sin homolog (PTEN) represses colon cancer progression through 
inhibiting Paxillin transcription via PI3K/AKT/NF-κB pathway. J 
Biol Chem 290:15018–15029. https:// doi. org/ 10. 1074/ jbc. M115. 
641407

 69. Pawate S, Shen Q, Fan F, Bhat NR (2004) Redox regulation of 
glial inflammatory response to lipopolysaccharide and interferon-
gamma. J Neurosci Res 77:540–551. https:// doi. org/ 10. 1002/ jnr. 
20180

 70. Qi B, Xu S, Liang Y et al (2019) Proapoptotic effects of 2,5-hex-
anedione on pheochromocytoma cells via oxidative injury. Mol 
Med Rep. https:// doi. org/ 10. 3892/ mmr. 2019. 10546

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1128/MMBR.68.2.320-344.2004
https://doi.org/10.1128/MMBR.68.2.320-344.2004
https://doi.org/10.3389/fcell.2021.635636
https://doi.org/10.3389/fcell.2021.635636
https://doi.org/10.3389/fmed.2020.00207
https://doi.org/10.1080/10408398.2017.1285269
https://doi.org/10.1080/10408398.2017.1285269
https://doi.org/10.1016/j.ijbiomac.2019.01.226
https://doi.org/10.3390/ijms21010107
https://doi.org/10.3390/ijms21010107
https://doi.org/10.1111/imcb.12171
https://doi.org/10.1016/j.niox.2009.03.001
https://doi.org/10.1016/j.niox.2009.03.001
https://doi.org/10.1038/nature08119
https://doi.org/10.1038/nature08119
https://doi.org/10.1016/S0955-0674(99)80028-3
https://doi.org/10.1016/S0955-0674(99)80028-3
https://doi.org/10.1007/978-1-60761-795-2_1
https://doi.org/10.1111/j.1439-0426.2007.00866.x
https://doi.org/10.1111/j.1439-0426.2007.00866.x
https://doi.org/10.1248/bpb.33.1307
https://doi.org/10.1074/jbc.M115.641407
https://doi.org/10.1074/jbc.M115.641407
https://doi.org/10.1002/jnr.20180
https://doi.org/10.1002/jnr.20180
https://doi.org/10.3892/mmr.2019.10546

	Anti-inflammatory effects of extracellular vesicles from Morchella on LPS-stimulated RAW264.7 cells via the ROS-mediated p38 MAPK signaling pathway
	Abstract
	Introduction
	Materials and methods
	Chemicals and reagents
	Activation and culture of strains
	Isolation and characterization of Morchella EVs
	Cell culture
	Cellular uptake studies
	Macrophages proliferation assay
	Measurement of inflammatory mediators
	RT-qPCR analysis
	Western blot
	Statistical analysis

	Results
	Isolation and characterization of Morchella EVs
	Intracellular imaging of Morchella EVs
	Effect of Morchella EVs on RAW264.7 cells viability
	Effects of Morchella EVs on NO and ROS production
	Anti-inflammatory effect of Morchella EVs mediated by modulation of immune-associated gene expression
	Anti-inflammatory effects of Morchella EV involve the p38 MAPK signaling pathways

	Discussion
	Conclusion
	References




