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Abstract 

Background  Extracellular vesicles derived from pericytes (PCEVs) have been shown to improve vascular permeability, 
with their therapeutic effects attributed to the presence of pro-regenerative molecules. We hypothesized that angi-
opoietin 1 (Angpt1) carried by PCEVs contributes to their therapeutic effects after sepsis.

Methods  A cecal ligation and puncture (CLP)-induced sepsis rat model was used in vivo, and the effects of PCEVs 
on vascular endothelial cells were studied in vitro. First, proteomic and Gene Ontology enrichment analyses were 
performed to analyze the therapeutic mechanism of PCEVs, revealing that the angiogenesis-related protein Angpt1 
was highly expressed in PCEVs. We then down-regulated Angpt1 in PCEVs. The role of PCEV-carried Angpt1 on intesti-
nal barrier function, PCs recruitment, and inflammatory cytokines was measured by using septic Sprague–Dawley rats 
and platelet-derived growth factor receptor beta (PDGFR-β)-Cre + mT/mG transgenic mice.

Results  PCEVs significantly improved vascular permeability, proliferation, and angiogenesis in CLP-induced gut bar-
rier injury both in vivo and in vitro. Further studies have shown that PCEVs exert a protective effect on intestinal barrier 
function and PC recruitment. Additionally, PCEVs reduced serum inflammatory factor levels. Our data also demon-
strated that the protein levels of phospho-PI3K and phospho-Akt both increased after PCEVs administration, whereas 
knocking out Angpt1 suppressed the protective effects of PCEVs through decreased activation of PI3K/Akt signaling.

Conclusion  PCEVs protect against sepsis by regulating the vascular endothelial barrier, promoting PC recruitment, 
protecting intestinal function, and restoring properties via activation of the Angpt1/PI3K/AKT pathway.
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Background
Sepsis is a severe medical illness marked by a dysregu-
lated systemic inflammatory response to infection, con-
siderably impacting global death rates. This complex 
condition can cause deterioration of multiple inflam-
matory, leading to multi-organ dysfunction syndrome 
(MODS) [1]. A key factor in the progression of MODS 
during sepsis is the hyperpermeability of vascular 
endothelial cells (VECs) [2, 3]. Thus, restoring endothe-
lial barrier integrity is essential for maintaining vascular 
homeostasis and tissue-fluid balance in treating severe 
sepsis and related multiple-organ dysfunction.

Pericytes (PCs) are pluripotent cells that regulate 
the microenvironment by irrigation flow and perme-
ability. Previous studies have demonstrated that PCs are 
involved in various diseases such as diabetes, hyperten-
sion, diabetic retinopathy, cardiovascular disease, inflam-
mation, trauma, Alzheimer’s disease, multiple sclerosis, 
and tumor formation [4]. Recent studies showed that 
the secretome of PCs, which includes platelet-derived 
growth factor receptor beta (PDGFR-β), angiopoietins-1 
(Angpt1), vascular endothelial growth factor (VEGF), 
and transforming growth factor-β (TGF-β), has potential 
implications for tissue regeneration [5].

Recently, emerging evidence suggests that cell-derived 
extracellular vesicles (EVs) transfer bioactive molecules 
to regulate the development of various inflammatory 
diseases [6, 7]. Our previous study found that PCs could 
deliver EVs containing TGF-β and microRNAs, which 
are involved in regulating vascular barrier functions after 
sepsis [8, 9], and other studies have shown that Angpt1 
derived from PCs protects VECs against brain and lung 
injuries [10, 11]. Angpt1 acts as a Tie 2 agonist, triggering 
endothelial cell survival, permeability, and proliferation 
possibly by activating the phosphatidylinositol 3-kinase 
(PI3K)/Akt signaling pathway [12]. Angpt1 in endothelial 
cells (ECs) also recruits PCs and promotes PC coverage, 
enhancing vascular endothelial integrity [13]. However, 
it is unclear whether EVs derived from PCs have thera-
peutic effects on gut barrier function after sepsis. Addi-
tionally, the role of EVs derived from pericytes (PCEVs) 
in sepsis and related mechanisms remains unexplored. 
Therefore, this study aimed to fill this gap by investigating 
the therapeutic effects of PCEVs on vascular and intesti-
nal barrier functions in sepsis and determining whether 
Angpt1 plays a key role in mediating these protective 
effects through the PI3K/Akt signaling pathway.

Materials and methods
In vivo assay
Animals
All animal experiments were approved by the Labora-
tory Animal Welfare and Ethics Committee of Third 

Military (Army) Medical University (approval no. 
AMUWEC20210873). Adult healthy Sprague–Dawley 
(SD) rats were obtained from the Animal Center of the 
Research Institute of Surgery at the Army Medical Uni-
versity (Chongqing, China). PC fluorescent-labeled mice 
(PDGFR-β-Cre + mT/mG transgenic mice) were success-
fully constructed in our laboratory [8]. The animals were 
housed in a controlled environment with a temperature 
of 22 ± 2 °C, relative humidity between 40 and 60%, and a 
12-h cycle of light and darkness with free access to food 
and drink. Forty-four rats and 18 PDGFR-β-Cre + mT/
mG transgenic mice were used in this study. The report-
ing of animal experiments for this study adhered to the 
ARRIVE guidelines 2.0.

Preparation of septic shock model in rats and mice
Thirty-six SD rats and 15 PC transgenic mice (8–12 w 
of both sexes) were anesthetized with by intraperitoneal 
injection of 45  mg/kg sodium pentobarbital and kept 
under anesthesia during the entire surgical procedures. 
The sepsis model was induced by cecal ligation and punc-
ture (CLP) [14]. Briefly, a laparotomy was performed, 
the cecum was exposed and ligated, and two holes were 
punctured 1  cm from the distal end using a triangular 
needle (approximately 1.5  mm in diameter). Feces were 
allowed to flow into the abdominal cavity. After abdomi-
nal closure, the rats and mice were returned to their cages 
and allowed ad libitum access to food and water. A septic 
shock model was considered successful 12 h post-surgery 
if the mean arterial pressure was less than 70 mmHg. The 
success rate of septic shock in this study was approxi-
mately 89% out of the thirty-two rats and 12 PC trans-
genic mice that were initially enrolled. The unsuccessful 
animal models were euthanized with excessive pentobar-
bital sodium (100 mg/kg, intraperitoneally).

The experimental design
Rats and PC transgenic mice were randomized into the 
following groups:1) sham  group: a group without CLP 
and treatment, undergoing an operation similar to the 
other groups (n = 8 rats, n = 3 mice); 2) septic shock group 
(n = 8 rats, n = 3 mice); 3) PCEVs group (n = 8 rats, n = 3 
mice); 4) Angpt1 siRNA PCEVs group (n = 8 rats, n = 3 
mice); and 5) negative siRNA PCEVs group (n = 8 rats, 
n = 3 mice). The PCEV dose was based on prior studies 
[9]. Consequently, we administered 200 μL of PCEVs. Tail 
vein injection was performed for the different groups at 
12 h after CLP establishment. After 24 h and in separate 
experiments, the dynamics of FITC-BSA leakage and 
green-expressing PCs from the mesenteric microvessels 
in rats and PC transgenic mice were measured by intra-
vital microscopy. Before dissection, rats were euthanized 
with excessive pentobarbital sodium.  The retinal and 
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mesenteric veins and mesenteric arteries from sham rats 
were collected for cell culture. Mesenteric microvessels, 
the small intestine, and blood were collected from rats 
for assessing levels of histological, protein, and inflamma-
tory markers (Fig. 1).

Measurement of vascular leakage and blood flow 
velocity in mesenteric microvessels in vivo
Vascular leakage
Albumin leakage across the mesenteric venular wall 
was evaluated using a high-speed video camera system 
(C11440, Hamamatsu, Shizuoka, Japan) with fluores-
cein isothiocyanate-bovine serum albumin (FITC-BSA). 
After anesthesia administration, the rat’s abdomen was 
accessed by making a 2–3  cm midline incision. A sec-
tion of the mesentery, known as the ileocecal segment, 
measuring 10–15 cm, was brought outside the body and 
placed on a clear plastic platform. The mesentery was 
maintained at a constant temperature of 37  °C and kept 
moist with continuous superfusion using saline solution. 
The mice received an intravenous injection of FITC-BSA 
(50 mg/kg). Following 10 min of baseline observation, an 
intravenous injection of 50 mg/kg FITC-BSA was admin-
istered, and images were recorded at 0, 1, 3, and 6 min, 
after which the fluorescence intensity of FITC-BSA 
was measured. The area of FITC-BSA+ per vessel was 
quantified.

Mesenteric blood flow velocity
Arterioles and venules without obvious bend and with 
diameters ranging from 30 to 50 µm were used to meas-
ure blood flow velocity. The velocity of red blood cells in 
the microvessel was measured using a high-speed video 
camera system at a rate of 1000 frames per second (fps) 

and analyzed using the ImageJ software (v1.8.0). The cap-
tured images were replayed at 5 fps.

Harvesting and immunohistochemistry of rat 
mesentery tissue
Rat mesenteric microvessels were collected for immu-
nohistochemical analysis under each experimental con-
dition. Mesenteric tissues were collected from the gut 
using sterile techniques with microscissors and forceps. 
Prior to collection, the tissues were exposed to 4% phos-
phate-buffered paraformaldehyde for 25  min followed 
by fixation with 4% paraformaldehyde at 4 °C overnight. 
Subsequently, the samples were thoroughly rinsed with 
PBS and then incubated at 37 °C for 30 min in a solution 
containing 0.1% Triton X-100 in PBS. Following three 
rinses with 0.1 M PBS, the samples were incubated with 
a blocking solution that included 5% BSA. Next, PBS was 
used to clean the samples, and VE-cadherin (555,289, BD 
Biosciences, Franklin Lakes, NJ, USA) and ZO-1 antibod-
ies (33–9100, Invitrogen, Waltham, MA, USA) were used 
to label them.

Ultrastructure of the tight junction and microvilli 
in mesenteric microvessels and small intestine
Rat mesenteric microvessels and small intestines were 
collected for electron microscopy analysis under each 
experimental condition. The mesentery was first exposed 
to a 3% glutaraldehyde solution in 0.1 M PBS for 20 min. 
Following this, the mesentery was divided into blocks 
smaller than 1 mm3 and further fixed by immersing them 
in the same fixative for 1 h at room temperature (RT), fol-
lowed by overnight incubation at 4 °C. Following rinsing, 
the tissues underwent post-fixation using a solution con-
taining 1% osmium tetroxide in 0.1  M PBS for 2  h at a 
temperature of 4 °C. Subsequently, the tissues were dried 

CLP modelExperiment  start

Sham group Septic shock
 group PCEVs group Angpt1 siRNA
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Fig. 1  A schematic demonstrating the experimental design. The rats and mice were divided into five groups: sham, septic shock, PCEVs, Angpt1 
siRNA PCEVs, and negative siRNA PCEVs group, with eight rats and three mice in each group
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and embedded in Epon 812 and ultrathin slices were 
stained with uranyl acetate and lead citrate and examined 
using transmission electron microscopy (TEM) (JEM 
1400; JEOL, Tokyo, Japan). For routine histological exam-
ination, the length of the villi was measured.

Immunohistochemistry analyses
Following the sacrifice of the rats, 10 cm sections of each 
part of the digestive tract were carefully removed. These 
sections were then washed with ice-cold PBS and rolled 
into "Swiss rolls" [15]. The intestinal tissue was preserved 
by immersion in a 4% formaldehyde solution for 24  h 
at RT. Following fixation, the tissues were immersed in 
paraffin, sectioned into 4  µm slices, and mounted onto 
slides. The tissue slides were deparaffinized, rehydrated, 
and subjected to hematoxylin and eosin staining. The 
severity of pathological injury was evaluated using the 
scoring system (Chiu’s score). Grade 0 represented nor-
mal villi, while grades 1–5 indicated increments in injury 
severity [16].

Assessment of the blood flow in the intestines
Intestinal blood flow was measured using Doppler imag-
ing (Peri Cam PSI ZR, Sweden). The organ was subjected 
to a laser at a distance of 14 cm and intestinal blood flow 
was assessed using the PIM software.

In vitro assay
PCs and isolation of PCEVs
Retinal microvascular pericytes (RMPs) were isolated 
from rats and cultured in a PC medium (PCM; Cat. 
no.1201, ScienCell, Carlsbad, CA, USA) [17]. Cells were 
labeled using antibodies specific to the following mark-
ers: platelet-derived growth factor receptor-β (PDGFR-β; 
ab32570, Abcam, Cambridge, UK), nerve/glial anti-
gen 2 (NG2; ab5320, Merck Millipore, Burlington, MA, 
USA), CD146 (ab75769, Abcam), α-smooth muscle 
actin (α-SMA; ab7817, Abcam), and platelet endothelial 
cell adhesion molecule (CD31; ab24590, Abcam). Flow 
cytometry was performed by labeling cells with directly 
conjugated antibodies, namely NG-2-APC, PDGFR-β-
APC, CD146-PE, CD31-PE, IgG-APC, and IgG-PE, all 
obtained from BD Biosciences. Samples were analyzed 
using a high-sensitivity imaging flow cytometer (Amnis 
ImageStream MK II; ISX).

PCEVs were isolated from the cell supernatant after 
48 h in a fresh conditioned medium (PCM without FBS) 
through successive centrifugations [18]. In summary, the 
cell medium was centrifuged at 1,500 g for 5 min, result-
ing in the collection of a cell debris-free supernatant. 
The liquid portion was centrifuged at 16,000 × accelera-
tion due to gravity for 1 h. The EVs were then subjected 
to three washes with 1 mL of phosphate-buffered saline 

(PBS) at a centrifugal force of 16,000 g for 45 min. Sub-
sequently, the pellet containing EVs was resuspended 
in PBS at 10 μL PCEVs per 1 × 106 cells and then kept 
at − 80 °C for future experiments.

Preparation of vascular smooth muscle cells 
(VSMCs) and VECs
VSMCs and VECs were isolated from the mesenteric 
arteries and veins of SD rats by enzymatic digestion 
[8] and then cultured in a smooth muscle cell medium 
(SMCM; Cat. No.1101, ScienCell) and an endothelial cell 
medium (Cat. No.1001, ScienCell), respectively. Before 
each experiment, VSMCs and VECs (passages 3–5) were 
serum-starved for 24 h.

TEM of PCEVs
TEM was performed using negative staining and 
ultrathin slices. The measurement of EV preparations for 
negative staining was conducted as previously described 
[21]. Pelleted EVs were treated with a solution of 2.5% 
glutaraldehyde in PBS at 4 °C for 24 h to prepare ultrathin 
sections. After rinsing with 0.1  M PBS twice, the sam-
ples were further treated with 1% OsO4 at RT for 70 min 
to complete the fixation process. Following three rinses 
with 0.1  M PBS, samples were dehydrated with ethanol 
at increasing concentrations. Finally, the samples were 
immersed in Epon 812 and thin slices measuring 100 nm 
were created on the grids. The EVs were examined by 
TEM using a JEM 1400 instrument (JEOL Instruments).

PCEVs with or without Angpt1 siRNA adenovirus 
transfection
PCs employed to evaluate the optimal multiplicity of 
infection (MOI) were seeded onto a six-well plate at 
1 × 105 cells/well and cultured in PCM for 24  h before 
adenovirus infection (Obio Biomedical Technology, 
Shanghai, China). LacZ adenovirus (Obio) was used as 
a negative control. The adenoviral vectors were diluted 
to three gradients of 5 × 108, 5 × 107, and 5 × 106 PFU/
mL. The medium was replaced after 6  h and infectivity 
was determined by observing green fluorescent protein 
expression after 48  h under an inverted fluorescence 
microscope (DMI3000B, Leica, Wetzlar, Germany). An 
MOI of 5 × 107 provided the best transfection efficiency 
(Supplemental Fig. 1a).

Enzyme‑linked immunosorbent assay (ELISA)
ELISAs from PCs and PCEVs were performed using 
Quantikine ELISA Kits for VEGF (ab100786, Abcam), 
Angpt1 (ab213920, Abcam), and TGF-β1(ab119558, 
Abcam) according to the manufacturer’s instruc-
tions. Blood was centrifuged to measure levels of IL-6 
(ab242739, Abcam), IL-1β (ab255730, Abcam), and 
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TNF-α (ab236712, Abcam) using ELISA kits according to 
the manufacturer’s instructions.

Co‑culture of LPS‑stimulated VECs and PCEVs
VECs were placed on inserts of a six-cell culture plate 
with a pore size of 0.4 µm (product code 3450; Corning, 
Corning, NY, USA). VECs were exposed to lipopolysac-
charide (LPS, Escherichia coli serotype O111:B4, Sigma-
Aldrich, St. Louis, MO, USA) stimulation at 1 µg/mL for 
12  h and then co-cultured with Angpt1 siRNA PCEVs, 
negative siRNA PCEVs, and PCEVs (30 μL), respectively. 
The transendothelial electrical resistance (TER) of ECs 
was evaluated using a Voltohmmetre (World Precision 
Instruments Inc., Sarasota, FL, USA) at 30-min inter-
vals for 24  h. After completing the TER study, the pen-
etration rate was determined. Inserts were then treated 
with FITC-BSA, and 200  μL of the resulting liquid was 
collected every 10 min. At the same time, 200 μL of new 
basal media was added. The penetration rate was deter-
mined by dividing the total supernatant fluorescence 
OD by the FITC-BSA-stained fluorescence OD [9, 22]. 
Immunofluorescence and western blotting were used to 
identify the presence of ZO-1 and VE-cadherin in VECs 
after 24 h in independent experiments.

Sample preparation and mass spectrometry
Proteomic analysis was conducted by Shanghai Applied 
Protein Technology Co., Ltd. (Shanghai, China). PCEVs 
were collected according to the specified method (PC-
EV1, PC-EV2, and PC-EV3), whereas smooth muscle 
cell-derived extracellular vesicles (SEVs) were used as the 
control group (SMC-EV1, SMC-EV2, and SMC-EV3). 
The EV samples were examined at an Applied Protein 
Technology Biolaboratory in China using a Q Exactive 
mass spectrometer (Thermo Fisher Scientific, Waltham, 
MA, USA). The samples were mixed with SDT buffer A 
(4% SDS, 100  mM Tris–HCl, 1  mM DTT, pH 7.6) and 
quantified using the BCA method (Bio-Rad Labora-
tories, Hercules, CA, USA). DTT and detergent were 
then removed from the solution by ultrafiltration (using 
Microcon units with a molecular weight cutoff of 10 kDa) 
and UA buffer (8  M urea, 150  mM Tris–HCl, and pH 
8.0). Samples were then supplemented with 100  μL of 
iodoacetamide (100  mM IAA in UA buffer) and incu-
bated in the dark for 30  min. Protein suspensions were 
then digested overnight using 4 μg of trypsin in a 25 mM 
NH4HCO3 buffer at RT of 37  °C. The digested peptides 
were collected using a filter desalinated using a C18 
(Sigma-Aldrich), concentrated by vacuum centrifugation, 
and reconstituted in 0.1% formic acid.

LC–MS/MS was conducted using a Q Exactive mass 
spectrometer (Thermo Fisher Scientific) connected to 
an Easy nLC (Proxeon Biosystems, now Thermo Fisher 

Scientific) for 120 min. Purified peptides were introduced 
into a reverse-phase trap column (Thermo Fisher Scien-
tific) and connected to a C18-reversed phase analytical 
column (Thermo Fisher Scientific) using 0.1% formic acid 
buffer A. Samples were separated using gradient buffer B 
(0.1% formic acid and 84% acetonitrile) at a flow rate of 
300 nL/min. The purified peptides were analyzed using 
mass spectrometry. Data were gathered using a data-
dependent approach that dynamically selects precursor 
ions from a scan range of 300–1800 m/z. The following 
settings were applied: an automated gain control goal set 
at 3e6, a maximum injection time of 10  ms, a dynamic 
exclusion length of 40  s, a survey scan resolution of 
70,000 at m/z = 200, an isolation width of 2  m/z, and a 
normalized collision energy of 30 eV. The peptide-recog-
nition mode was activated during operation [21].

Data acquisition and DEG functional enrichment 
analysis
The MS data were analyzed and processed using the 
MaxQuant software (v1.5.3.09) for identification and 
quantitation. The False Discovery Rate was established 
at ≤ 0.01. Peptides were selected for quantification based 
on the criteria for the use of razors and distinct peptides. 
Protein abundance was determined using normalized 
spectral protein intensity, also known as the label-free 
quantification intensity. Differentially expressed genes 
(DEGs) were identified using microarray data for PC pro-
teomics obtained from the Gene Expression Omnibus 
database (https://​www.​ncbi.​nlm.​nih.​gov/​geo/) using the 
accession codes GSE195917 and GSE190809. Statisti-
cal significance was assessed using Student’s t-test, with 
a threshold of P < 0.05. Significant differences were indi-
cated by a ratio of ≥ 2 or ≤ 0.5.

A Gene Ontology (GO) study was conducted using 
the DAVID online database to examine the functions of 
DEGs. The functional validity of the DEGs was confirmed 
using the FunRich platform, which examined the cellular 
components, molecular functions, biological processes, 
and biological pathways of these DEGs. A P value of less 
than 0.05 was considered statistically significant.

Angiogenesis measurement
The Matrigel Matrix (Corning) was thawed at 4  °C and 
carefully applied to the μ-slides (ibidi). The μ-slides were 
then incubated at 37 °C for 1 h. Subsequently, VECs were 
placed over the matrix and exposed to LPS and PCEV 
according to the experimental protocol. The μ-slides were 
examined using Leica SP5 laser confocal microscopy 
(Leica) [22]. The tubes and junctions of the angiogen-
esis analysis were quantified using the ImageJ software 
(v1.8.0).

https://www.ncbi.nlm.nih.gov/geo/


Page 6 of 18Zhang et al. Stem Cell Research & Therapy           (2025) 16:70 

Migration of VECs
The migration of VECs was assessed using a six-well 
plate (Corning). The VECs were introduced at a concen-
tration of 1 × 105 cells/well and allowed to grow until they 
covered the entire cell surface. The medium was then 
replaced with DMEM-F12, and a sterile pipette was used 
to create a straight line at the center of the well. Subse-
quently, the vascular VECs were cleansed, cultivated with 
various interventions, and examined using a microscope 
(Leica) at both 0 and 24  h. The width of migration was 
determined using the ImageJ software. The migration 
ratio was calculated as follows: [width (at 0 h) -width (at 
24 h)] /width (at 0 h).

CCK8 analysis
VECs were cultured in a 96-well plate (Corning) at 
1 × 103 cells/well seeding density. When the cells reached 
75% confluence, the medium was replaced with 100 μL of 
serum-free medium. Subsequently, 10 μL of CCK8 detec-
tion solution (HY-K0301, MCE) was added to each well, 
and the plate was incubated at 37  °C for 1.5 h. Absorb-
ance was measured at 450 nm using a Microplate Reader 
(Thermo Fisher Scientific). The CCK8 value was deter-
mined using the following formula: (Asample × Ablank)/
(Acontrol × Ablank).

Western blot analysis
Western blot analysis was performed to assess the 
expression of ZO-1, VE-cadherin, Angpt1, Tie-2, p-Tie2, 
Akt,  p-Akt, NF-κB/p65, and p-NF-κB/p65 using spe-
cific antibodies against ZO-1 (1:1000), VE-cadherin 
(1:1000), Angpt1 (1:2000; ab183701, Abcam), Tie-2 
(1:2000; ab221154, Abcam), p-Tie2 (1:2000; ab151704, 
Abcam), PI3K (1:2000; ab40776, Abcam), p-PI3K (1:2000; 
ab138364, Abcam), AKT (1:2000; 9272, Cell Signaling 
Technology, Danvers, MA, USA), p-AKT (1:2000;9271S, 
Cell Signaling Technology), NF-κB/p65 (1:2000;8242S, 
Cell Signaling Technology), p-NF-κB/p65 (1:2000;3033S, 
Cell Signaling Technology), and β-actin (1:7000;4767S, 
Cell Signaling Technology) respectively. Bands were 
detected using fluorescent secondary antibodies and 
quantified using an Odyssey CLx Infrared Imaging Sys-
tem (LI-COR, Lincoln, NE, USA).

Statistical analysis
Data were presented as mean ± SD. Differences among 
several groups were analyzed using ANOVA. All statis-
tical analyses were conducted using the SPSS software 
(version 11.0) and GraphPad Prism software (San Diego, 
CA, USA). A value of p < 0.05 was considered statistically 
significant, where N in the figure legends refers to the 
number of participants (samples or rats).

Results
Isolation and characterization of PCEVs
As previously described, primary RMPs were success-
fully cultivated from rats [17]. PCs were characterized 
using immunohistochemistry. The staining for NG-2, 
PDGFR-β, CD146, and α-SMA of PC markers revealed 
that the cells in the culture showed positive immunofluo-
rescence and flow cytometry. Importantly, no cells in the 
culture expressed positive staining for CD31, a specific 
marker for ECs (Fig. 2a and b).

EVs were isolated from the PCM of the RMPs. For 
all experiments, 10 μL of PCEVs were collected from 
106 serum-starved PCs over 48  h. The viability of these 
serum-starved PCs was > 90% at 48 h before PCEVs iso-
lation. Using TEM, PCEVs were measured in ultrathin 
sections (Fig.  2c) and with negative staining (Fig.  2d). 
Dynamic light scattering analysis indicated that the size 
of the PCEVs ranged from 100 to 1000 nm (Fig. 2e).

Detection of Angpt1 in PCEVs by proteomic 
analysis
Our previous study demonstrated that PCs can release 
EVs that play an important role in vascular barrier func-
tion after sepsis. Additionally, PCs can release angiogenic 
growth factors including Angpt1, TGF-β, and VEGF, 
which promote the development and stabilization of 
blood vessels. Thus, we first analyzed changes in the tran-
scriptomic signature of vascular PCs from the GEO data-
bases (GSE195917 and GSE190809). We analyzed DEGs 
(fold change > 1.5 and P value < 0.05) in PCs and SMCs 
using the GSE195917 and GSE190809 datasets. GO 
enrichment analysis showed these DEGs were involved 
in cell components, molecular function, and biologi-
cal processes including regulating vascular permeability, 
endothelial cell proliferation, and angiogenesis (Fig.  3a 

Fig. 2  Primary pericyte (PC) identification and electron microscopy images of extracellular vesicles derived from PCs (PCEVs). a PC 
immunofluorescence using confocal laser scanning microscopy (CLSM). PCs show positive immunostaining for NG-2, PDGFR-β, CD146, and α-SMA, 
whereas VECs show positive immunostaining for CD31. Scale bars: 100 μm. b Characterization of PCs by flow cytometry. The gray histogram 
represents the isotype control. The black histogram shows the fluorescence intensity of PCs after incubation with NG-2, PDGFR-β, CD146, and CD31 
antibodies. c Identification of PC-derived EVs by ultrathin sections. d Identification of PCEVs by negative staining. e PCEV diameter measured by DLS 
analysis

(See figure on next page.)
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and b). Additionally, both datasets exhibited the expres-
sion of Angpt1 in a heatmap linked to vascular function 
(Fig. 3c–d).

To investigate the presence of Angpt1 in PCEV, we 
then conducted a proteomic analysis using mass spec-
trometry to determine the protein expression profiles of 
PCEVs and SEVs. We screened 280 differential upregu-
lated genes and performed the GO enrichment analysis 
(Supplemental table). Pathway enrichment analysis fur-
ther revealed that the most significantly altered pathways 
were involved with regulating vascular permeability and 
angiogenesis. The heatmap associated with vascular func-
tions revealed significant Angpt1 expression (Fig. 3e–f). 
Therefore, we examined Angpt1 expression in PCEVs and 
SEVs. The findings showed that the expression of Angpt1 
was greater in PCEVs than in SEVs (Fig. 3g). In addition, 
we identified the growth factors associated with PCs such 
as Angpt1, VEGF, and TGF-β, which play a crucial role in 
paracrine signaling. PCs and PCEVs showed the highest 
Angpt1 expression (Fig. 3h). These findings indicate that 
the presence of Angpt1 in PCEV may significantly impact 
vascular endothelial barrier function.

PCEV‑delivered Angpt1 mediates protective effects 
on endothelial permeability of VECs in vitro
Co-incubation of PKH-26-labeled PCEVs and VECs 
showed that PCEVs were absorbed in a time-dependent 
manner (Fig. 4a). To examine the effect of Angpt1 deliv-
ered by PCEVs on VEC function, we transfected PCs 
with Angpt1  siRNA and isolated Angpt1  siRNA  PCEVs 
(Supplemental Fig1a). The results showed that the level 
of Angpt1 was diminished by 82.9% in Angpt1  siRNA 
transfected PCs compared with the negative siRNA 
group and remained downregulated by 62% in 
Angpt1  siRNA  PCEVs compared with negative siRNA 
PCEVs (Supplemental Fig1b).

After LPS stimulation for 12  h, 2 × 106 PCEVs were 
incubated with the VECs for 24  h to investigate the 
effects of PCEVs on VECs. Compared to LPS-stimulated 
VECs, the addition of PCEVs and negative siRNA PCEVs 
to LPS-stimulated VECs significantly improved TER and 
permeability to FITC-BSA. However, administration of 
Angpt1 siRNA PCEV remarkably attenuated the PCEV-
induced enhancement of vascular barrier function com-
pared to the negative siRNA PCEV group (Fig.  4b and 

c). Similarly, these results were corroborated by western 
blotting and immunohistochemistry results (Fig. 4d and 
e, Supplemental Fig. 2a).

PCEV‑delivered Angpt1 mediates protective 
effects on vascular endothelial barrier function 
after sepsis in vivo
To investigate the absorption of PCEVs by VECs in vivo, 
PKH-26-labeled PCEVs were infused intravenously into 
sepsis rats. The results showed a large amount of scat-
tered red fluorescence in the mesentric venule (Fig. 5a), 
indicating that PCEVs could be effectively absorbed 
by VECs. Compared to the septic shock group, PCEV 
administration significantly reduced albumin leakage. 
However, the addition of Ang-1 siRNA PCEVs signifi-
cantly increased albumin leakage compared with PCEVs 
(Fig.  5b). Similarly, PCEVs significantly improved the 
arteriolar and venular velocities in mesenteric microves-
sels, while Angpt1 siRNA PCEVs attenuated the PCEV-
induced improvement in blood flow velocity (Fig.  5c 
and supplemental Movies 1–5). Treatment with PCEVs 
increased the expression of ZO-1 and VE-cadherin in 
mesenteric microvessels, whereas Angpt1 siRNA PCEVs 
attenuated the PCEV-induced improvement in vascu-
lar endothelial junctions (Fig.  5d and e, Supplemental 
Fig.  2b). Electron microscopy showed that PCEV treat-
ment improved tight junction opening; however, this 
effect was attenuated by Angpt1 siRNA PCEVs. These 
findings suggest that Angpt1 siRNA PCEVs weakened the 
beneficial effects of PCEVs on vascular barrier function 
(Fig. 5f ).

PCEV‑delivered Angpt1 mediates protective 
effects on endothelial proliferative and angiogenic 
functions of VECs in vitro
LPS stimulation significantly decreased the migration 
and proliferation abilities of VECs. However, PCEVs 
significantly increased these abilities, with growth rates 
of 52.5% and 37.4%, respectively. Conversely, Angpt1 
siRNA PCEV administration remarkably attenuated the 
PCEV-induced improvement in the migration and prolif-
eration abilities of VECs (Fig. 6a and b). Angpt1 is a well-
known angiogenic growth factor. Therefore, we evaluated 
the angiogenic potential of Angpt1 in LPS-stimulated 
PCEVs. We found that PCEVs significantly enhanced 

(See figure on next page.)
Fig. 3  Identification of Angpt1 in PCEVs by proteomic analysis and ELISA. a, b Gene ontology (GO) results of differentially expressed genes (DEGs) 
from the GSE195917 and GSE190809 datasets categorized into biological process (BP), cellular component (CC), and molecular function (MF). c, d 
Heatmap in vascular endothelial function pathways. e, f GO enrichment analysis of upregulated DEGs in PCEVs and heatmap in vascular endothelial 
function pathways. g Expression levels of Angpt1 in PCs, SMCs, PCEVs, and SMCEVs as determined by ELISA (n = 3). h Quantification by multiplex 
sandwich ELISA of Angpt1, VEGF, and TGF-β1 concentrations in PCs and PCEVs (n = 3). ***P < 0.001
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tube formation parameters such as the number of nodes 
and junctions, whereas Angpt1 siRNA PCEVs inhibited 
their angiogenic functions (Fig. 6c).

PCEV‑delivered Angpt1 mediated the PI3K/AKT 
pathway activity
The PI3K/AKT pathway is crucial for various cellular 
functions, including proliferation, migration, inflam-
mation, and permeability. We performed Western blot 
analysis to explore the potential mechanisms by which 
PCEVs restored impaired vascular barrier and angiogenic 
functions; results confirmed that PCEVs improved the 
levels of Angpt1, p-Tie2, p-PI3K, p-Akt, and p-NF-κB. In 
contrast, the Angpt1 siRNA PCEVs group decreased the 
expression of Angpt1, p-PI3K, and p-Akt and increased 
the expression of p-NF-κB (Fig.  6d, Supplemental 
Fig.  2c). These findings implied that Angpt1 carried by 
PCEVs promotes the PI3K/Akt pathway while inhibiting 
the NF-κB pathway in VECs following LPS stimulation.

PCEV‑delivered Angpt1 mediates PC recruitment 
in mesenteric microvessels after sepsis in vivo
As PCs are crucial for maintaining the vascular endothelial 
barrier function and can be recruited following PCEV infu-
sion, we used the fluorescent-labeled (PDGFR-β-Cre + mT/
mG) PC transgenic mice to assess the impact of Angpt1 on 
PCEVs in PC recruitment. The results showed that green 
fluorescence, which is indicative of PCs, decreased signifi-
cantly in mesenteric venules and capillaries after sepsis. 
PCEVs increased PC coverage, while Angpt1 siRNA PCEVs 
inhibited PC recruitment compared with PCEVs (Fig. 7a). 
Additionally, electron microscopy revealed that PCs were 
attached to the EC; however, PC levels decreased after 
sepsis. While the administration of PCEVs was found to 
enhance PC recruitment, the use of Angpt1 siRNA PCEV 
reduced PC recruitment (Fig. 7b). These results show that 
Angpt1 in PCEV could improve PC recruitment, thereby 
enhancing vascular barrier function.

PCEV‑delivered Angpt1 mediated intestinal barrier 
function and inflammatory factors after sepsis 
in vivo
As observed by light microscopy, the sham group had 
intact intestinal mucosa with neatly arranged intesti-
nal villi. After sepsis, the intestinal mucosa of the septic 
group showed disintegrated intestinal villi, epithelial cell 
detachment, and villus tip denudation. Compared to the 
damage in the septic group, the PCEV treatment group 
showed reduced intestinal mucosal damage. After low 
expression of Angpt1 in PCEVs, the Angpt1 siRNA PCEV 
group showed considerably reduced efficacy compared 
to the PCEV group (Fig.  8a), and electron microscopy 
findings of the intestinal villi were consistent with those 
of HE staining (Fig.  8b). The PCEVs group also showed 
improved intestinal blood flow; however, the introduc-
tion of Angpt1 siRNA PCEVs hindered the beneficial 
effects of the PCEVs (Fig.  8c). Since the sepsis-induced 
systemic inflammatory response is closely associated 
with intestinal damage, serum TNF-α, IL-1β, and IL-6 
were elevated. PCEVs significantly decreased the pro-
duction of these cytokines, whereas Angpt1 knockout 
in PCEV increased the production of these cytokines 
(Fig.  8d). These results suggest that Angpt1 deletion in 
PCEVs significantly exacerbated sepsis-induced intestinal 
injury and inflammation.

Discussion
The main findings of this study can be summarized as fol-
lows: (1) PCEV administration improved vascular hyper-
permeability, intestinal barrier function, PC coverage, 
and enhanced endothelial proliferation and angiogenic 
functions after sepsis (Fig.  9); (2) PCEVs expressed a 
marked amount of Angpt1; and (3) Angpt1 siRNA PCEVs 
diminished the beneficial effects of PCEVs on vascular 
barrier function, suggesting that the therapeutic effects of 
PCEVs are mediated via the Angpt1/PI3K/AKT pathway.

Endothelial dysfunction is a hallmark of acute inflam-
matory conditions such as sepsis, burns, trauma, and 
acute respiratory distress syndrome. A key feature of 
sepsis is enhanced endothelial permeability resulting 
from the disruption of endothelial adherens and tight 
junctions, as well as NF-κB activation [3]. Currently, no 

(See figure on next page.)
Fig. 5  Effect of Angpt1 siRNA PCEVs on vascular permeability in septic rats in vivo. a Representative microphotographs of the endocytosis 
of PKH-26-labeled PCEVs in mesenteric venule. Scale bars: 50 μm. b Vascular leakage of mesenteric venules in septic rats (n = 8). Scale bars: 50 μm. 
c Velocity of red blood cells in mesenteric arterioles and venules (n = 8). d Expression of ZO-1 and VE-cadherin in mesenteric venules by western 
blotting (n = 3). e Immunohistochemistry for ZO-1 and VE-cadherin in mesenteric venules. Scale bars: 20 μm. f Representative TEM images of tight 
junctions in mesenteric venules (red arrows indicate the tight junction; EC, endothelial cell; RBC, red blood cell; TJ, tight junction; L, lumen). 
***P < 0.01 vs. Sham, ##P < 0.01 vs. Sep, @@P < 0.01 vs. PCEVs (one-way ANOVA)
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targeted medications are available for treating microvas-
cular damage; however, given the significant impact of 
endothelial breakdown and microcirculatory dysfunction 
following sepsis, developing effective strategies to protect 
the endothelium is important. The findings of this study 
showed that PCEVs increased the expression of ZO-1 
and VE-cadherin, restored microvascular blood flow, 

and decreased NF-κB activation and pro-inflammatory 
cytokines such as TNF-α, IL-6, and IL-1β.

PCs are components of stem cell niches and mesen-
chymal stem cells located between the ECs of capillaries 
and the basement membrane.Stem cells play an impor-
tant role in the treatment of sepsis; for example, MSC-
EV therapy inhibits pathogen replication and activates 
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Fig. 8  Effect of Angpt1 siRNA PCEVs on intestinal barrier function and inflammatory factors post-sepsis in vivo. a Representative images 
of HE-stained sections of Swiss roll mounts of the entire small intestine, evaluated based on the histologic injury scores (n = 8). b TEM images 
of villus structural morphology, small intestinal, and villus lengths were measured (n = 8). Scale bars: 1 μm. c)Blood flow in the intestine evaluated 
by laser speckle imaging (n = 8). d Blood levels of TNF-α, IL-1β, and IL-6 were measured by ELISA after sepsis (n = 8). ***P < 0.01 vs. Sham, ##P < 0.01 vs. 
Sep, @P < 0.05 and.@@P < 0.01 vs. PCEVs (one-way ANOVA)
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phagocytic function and anti-inflammatory activity [21]. 
However, limited information is available on PCEVs. 
The experiments in this study found that PCEVs con-
tain growth factors with the most enriched factor being 
Angpt1. Angpt1 is a critical endothelial survival and vas-
cular stabilizing factor, and the axis of the endothelial 
receptor Angpt1/Tie2 plays an essential role in restoring 
vascular barrier function [12] by activating the PI3K/Akt 
signaling pathway, reducing inflammation, and improv-
ing cell junctions. We also found that PCEVs improved 
the expression of p-Tie2, p-PI3K, and p-AKT; as this 
effect was eliminated by Angpt1 siRNA PCEVs, an essen-
tial role of Angpt1 in PCEVs for restoring vascular bar-
rier function was suggested.

This study has some limitations. First, recent studies 
have shown that EVs released by PCs contain various 
angiogenic factors, such as Angpt1, VEGF, and CTGF, 
which exhibit beneficial effects [22, 28]. Our previous 
study showed that CTGF contained in PCEVs amelio-
rated vascular endothelial damage after sepsis [9]. This 
research revealed that Angpt1 in PCEVs also had a pro-
tective effect on vascular endothelial cells. Interference 

with Angpt1 markedly diminished the protective effi-
cacy of PCEVs, but some degree of protective action 
remained, suggesting that CTGF carried by PCEVs may 
contribute to the protective effect. Building upon prior 
research, we hypothesized that Angpt1 and CTGF car-
ried by PCEVs may play a synergistic role in protecting 
vascular endothelial function after sepsis, which requires 
further verification.

Secondly, we found that PCEVs enhanced PC recruit-
ment and improved intestinal barrier function. The 
mechanisms governing PC migration and recruitment 
are complex and have not yet been fully established. 
However, current literature suggests that Angpt1/
Tie, PDGF/PDGFR-β, S1P/EDG-1, PI3K/AKT, TGF-β, 
Notch1, and MMP activity regulate the recruitment of 
PCs [21]. Therefore, the exact molecular mechanisms, 
particularly regarding Angpt1’s role in PC recruit-
ment and microvascular regulation, remain unclear 
and warrant further investigation. Additionally, the 
involvement of ECs, PCs, and enteric glial cells in the 
gut-vascular barrier (GVB) has received significant 
focus as an additional factor for the regulation of the 
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synergistically improving the cell junctions, angiogenesis, anti-inflammation, and PC recruitment by activating the p-PI3K/AKT pathway, thereby 
enhancing vascular endothelial barrier function. Furthermore, the intestinal epithelial barrier function was also restored
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intestinal barrier [22]. Some studies have shown that 
GVB was restored in a model of diabetes and may 
improve the gut epithelial barrier [28, 21]. In this study, 
we found that PCEVs could improve VEC functions, 
PC coverage, and intestinal barrier function, suggesting 
that PCEV has the ability to restore GVB to improve the 
integrity of the gut epithelium. Other studies showed 
that mesenchymal stem cell-derived EVs could directly 
protect intestinal epithelial barrier function by activat-
ing the PI3K/Akt signaling pathway after inflammatory 
bowel disease[22, 28]. In this study, PCEV was admin-
istered intravenously, raising the question of whether 
PCEV directly affects intestinal barrier function or 
whether the improvement is mediated by enhancing 
the microvascular environment.

Recent studies have suggested that PCs play a cru-
cial role in the mechanism of immune function regula-
tion and thus may be a therapeutic target in disorders 
as diverse as stroke, traumatic brain injury, migraine, 
epilepsy, and spinal cord injury [21]. PCs could be tar-
geted to develop novel therapeutic approaches to neu-
rological disorders by regulating immune cell entry to 
the central nervous system [22]. Lastly, although the 
protective effects of PCEVs were demonstrated, their 
potential immunomodulatory effects in sepsis and 
other inflammatory conditions require more compre-
hensive analyses to determine their broader therapeutic 
utility.

Conclusion
In summary, EVs released from PCs exerted protective 
effects on the vascular endothelial and intestinal epithe-
lial barrier functions in a rat model of CLP-induced sep-
sis. More importantly, the underlying mechanism of the 
action of PCEVs may be mediated via the Angpt1/PI3K/
AKT pathway. Thus, sepsis-induced vascular hyperper-
meability plays a causative role in vascular dysfunction, 
making PCEVs a promising therapeutic target in these 
pathologies.
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