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Anastomotic leakage is a serious complication following gastrointestinal surgery
and one of the leading causes of patient mortality. Despite the significant clinical
and economic burden, there are currently no reliable treatment options to
improve the healing of intestinal anastomosis and subsequently prevent
anastomotic leakage. Recently, the development of regenerative medicine has
shown promise for improving anastomotic healing. Recent studies have illustrated
that stem cell-derived secretome can enhance tissue regeneration without the
safety and ethical limitations of stem cell transplantation. Herein, we developed a
fibrin glue topical delivery system loaded with mesenchymal stem cells (MSCs)-
derived secretome for controlled delivery of bioactive factors, and evaluated its
application potential in improving the healing of intestinal anastomosis. Under
in vitro conditions, the MSCs secretome significantly promoted cell proliferation
viability in a dose-dependent manner and resulted in the controlled release of
growth factors via fibrin glue delivery. We established a rat surgical anastomotic
model and experimentally found that MSCs secretome-loaded fibrin glue
enhanced anastomotic bursting pressure, increased granulation tissue
formation and collagen deposition, and significantly promoted anastomotic
healing. Mechanistically, fibrin glue accelerated cell proliferation, angiogenesis,
and macrophage M2 polarization at the surgical anastomotic site by releasing
bioactive factors in the secretome, and it also alleviated the inflammatory
response and cell apoptosis at the anastomotic site. Our results demonstrated
for the first time that MSCs-derived secretome could promote the healing of
intestinal anastomosis. Considering the accessibility and safety of the cell-free
secretome, we believed that secretome-loaded fibrin glue would be a cell-free
therapy to accelerate the healing of intestinal anastomosis with great potential for
clinical translation.
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1 Introduction

Anastomotic leakage is a serious clinical syndrome induced by
the infiltration of intestinal contents into the abdominal cavity due
to failed anastomotic healing following intestinal resection and
anastomosis. It can easily progress to severe abdominal infection
and sepsis, and it is also one of the main causes of death (Huang
et al., 2020). It has been reported that the incidence of anastomotic
leakage following gastroesophageal surgery is 7%–12%, and the
incidence of that after colorectal surgery is 3%–19% (Khan et al.,
2012; Wang et al., 2019). It is estimated that at least one million
patients worldwide suffer from anastomotic leakage-related
complications after surgery annually (Rose et al., 2015). With
improved surgical techniques for gastrointestinal surgery,
improved surgical instruments, and accumulated experience in
perioperative management in recent years, the incidence and
mortality of anastomotic leakage have been reduced (Reischl
et al., 2021). However, studies have shown that still more than
half of patients cannot benefit from these interventions (Khan et al.,
2012; Kiran et al., 2015). Therefore, unfavorable healing of surgical
anastomosis has been an intractable problem in clinical practice.

Stem cell-based regenerative therapies are considered a promising
scheme as stem cells have the ability to differentiate into intestinal cells
or promote intestinal cell proliferation (Flatres et al., 2019; Lightner,
2019; Kent et al., 2021; Zhang et al., 2022). Several preclinical studies
investigated the role of stem cell transplantation in accelerating the
healing of intestinal anastomosis, and preliminary results indicated
that stem cell transplantation has the potential to protect surgical
anastomosis (Maruya et al., 2017; Van de Putte et al., 2017; Sukho
et al., 2018; Morgan et al., 2020; Pan et al., 2020). However, the
potential tumorigenicity, immune intolerance, and other safety risks
related to stem cell transplantation, coupled with the strict supervision
of stem cell clinical trials by regulatory authorities, have hampered the
clinical translation of stem cell therapies for tissue regeneration and
repair (Deng et al., 2018; Nathan and Ustun, 2019). In recent years,
de-cellular modalities associated with stem cells have attracted
extensive attention. Mesenchymal stem cells (MSCs) can secrete
numerous bioactive components such as cytokines, growth factors,
exosomes, and even extracellular matrix (Lee et al., 2017; Rahimi et al.,
2021; Chouw et al., 2022; Lei et al., 2022; Tang et al., 2022), collectively
referred to as the secretome, and these bioactive factors and paracrine
signaling molecules exert critical roles in tissue repair and
regeneration. The secretome, which can be dissolved in a medium
after secretion by MSCs in vitro, is thus also referred to as a
“conditioned medium”. Multiple fundamental studies support the
application of MSC-derived secretome in the reconstruction of
injured organs or tissues (Rhatomy et al., 2020; Lin et al., 2021).
Furthermore, clinical trials have shown that MSCs-derived secretome
is promising in the treatment of hereditary pulmonary arterial
hypertension (Hansmann et al., 2022), protection against skin
aging (Sushmitha et al., 2018; Liang et al., 2022), and hair
regeneration (Shin et al., 2018). Although the MSCs-derived
secretome holds strong potential to promote regeneration and
repair, unfortunately, there are currently no reports on its role in
anastomotic healing.

In light of these findings, we aimed to assess the effect of MSCs
secretome on anastomotic healing in a rat model. To ensure the local
release of MSCs secretome at the anastomotic site, we incorporated

MSCs secretome into an FDA-approved fibrin glue (FG) and
developed a topical delivery system (Secretome/FG), which could
rapidly form an intestinal patch through gelatinization at the
anastomotic site (Figure 1). In vitro experiments revealed that the
MSCs secretome could boost the viability of key cells involved in
wound healing dose-dependently. In a rat model of anastomosis,
MSCs secretome-loaded fibrin glue (Secretome/FG) significantly
improved the healing of surgical anastomosis, which might
provide a novel strategy to accelerate anastomotic healing,
contributing to the clinical translation of MSCs secretome-based
therapies for anastomotic repair.

2 Materials and methods

2.1 Cell culture

Human umbilical vein endothelial cells (HUVEC, passage 5)
and endothelial cell medium were procured from Beijing BNCC
Science & Technology Co., Ltd. (Beijing, China). Human intestinal
epithelial cells (Caco-2), mouse macrophages (Raw264.7), and
mouse fibroblasts (L929) were commercially available from
Shanghai Fuheng Science & Technology Co., Ltd. (Shanghai,
China) and cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% FBS (Gibco, Amarillo,
United States). Human umbilical cord mesenchymal stem cells
(hucMSCs), donated by the Key Laboratory of Stem Cell and
Gene Drug of Gansu Province, were isolated from human
umbilical cord tissues and cultured in low-glucose DME
containing 10% FBS (Gibco). Cells were placed in standard cell
culture flasks and cultured at 37°C with 5% CO2 and a relative
humidity of 95%. The medium was renewed every 2-3 days, and
upon reaching 80%-90% confluence, the cells were passaged using
trypsin-EDTA (Solarbio, Beijing, China).

2.2 Preparation of MSCs secretome and
Secretome/FG delivery system

Secretome was obtained from the conditioned medium of
hucMSCs at passage 3–5. To obtain MSCs secretome, MSCs were
plated at 2 × 106 cells per 15 cm culture dish and cultured in DMEM
containing 10% FBS until 70% confluence (approximately 0.9 × 106

cells). 20 mL of serum-free medium (Gibco) without FBS was added
to the MSCs and cultured for another 2 days (approximately
1.4 × 107 cells and at least 90% live cells). The supernatant was
collected and centrifuged (2000×g) to remove debris and dead cells.
After the removal of impurities using a 0.22 μM syringe (Beyotime,
Shanghai, China), the hucMSCs conditioned medium (secretome)
was collected. Secretome was concentrated using Amnicon Ultra
Centrifugal Filter Units with a molecular cutoff of 3 kDa (Millipore,
Germany), and the concentrated secretome was preserved in
a −80°C freezer for later use. For animal study, we used 40 μL of
25-fold concentrated secretome to ultimately obtain 100 μL of 10-
fold concentrated secretome (approximately 1.2 mg/mL) in the
mixture with fibrin glue for injection. Fibrin glue (Specification:
5 mL; Bioseal Biotech, Guangzhou, China) is mainly consisted of
fibrinogen powder and thrombin-containing catalyst fines. To
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prepare Secretome/FG, the thrombin-containing catalyst fines were
first incorporated into MSCs secretome solution to produce mixed
MSCs secretome-catalyst suspension. Then, the fibrinogen powder
was immersed in ultrapure water to generate a fibrinogen solution.
Finally, MSCs secretome-catalyst suspension and fibrinogen
solution were separately filled into the two chambers of a dual-
chambered syringe (Bioseal Biotech) at a 1:1 ratio, which was then
equipped with a droplet head (Bioseal Biotech). Using this syringe,
the solution was directly pushed and smeared onto the surgical
anastomosis.

2.3 Cell proliferation assay

To analyze the pro-proliferative ability of MSCs secretome
in vitro, cell viability was quantified using a cell counting kit-8
(CCK-8; Yeasen Biotech, China) according to the manufacturer’s
instructions. Briefly, MSCs were seeded into 96-well plates at a
density of 1,500 cells per well and treated with 0-, 1.25-, 2.5-, 5-, 10-,
and 20-fold concentrated MSCs secretome for 1, 2, and 3 days. At
the end of the treatment, the medium was removed and 100 μL of
medium containing 10% CCK-8 were added into each well and
incubated for an hour at 37°C. The absorbance at 450 nm was
measured using a microplate reader. Cell viability was calculated
according to the formula {cell viability = [(As-Ab)/(Ac-Ab)]*100%}.

2.4 Measurement of growth factors

ELISA kits were employed to quantify cytokine concentrations
according to the manufacturer’s protocol. Growth factors to be
measured include human basic fibroblast growth factor (FGF-2;
Jinglai Biotechnology, Shanghai, China), human vascular
endothelial growth factor (VEGF; Jinglai Biotechnology), human
insulin-like growth factor 1 (IGF-1; Jinglai Biotechnology), rat
transforming growth factor-β1 (TGF-β1; Jinglai Biotechnology),
rat VEGF (Jinglai Biotechnology), rat FGF-2 (Jinglai
Biotechnology), rat interleukin-1β (IL-1β; Jinglai Biotechnology),
rat tumor necrosis factor-α (TNF-α; Jinglai Biotechnology), rat
interleukin 4 (IL-4; Jinglai Biotechnology), and rat interleukin 10
(IL-10; Jinglai Biotechnology).

2.5 Controlled release ability of MSCs
secretome

To assess the release of growth factors (FGF-2, VEGF, and IGF-
1) from Secretome/FG, their levels were quantified by ELISA. A
100 μL fibrin glue containing 10-fold MSCs secretome was
incubated at 500 μL PBS (37°C, 5% CO2). On days 0.5, 1, 2, 3, 5,
7, 10, and 14, half of the PBS was collected. An equal volume of fresh
PBS was added to the test tube for further detection. The

FIGURE 1
Preparation and application of MSCs secretome-loaded fibrin glue (by Figdraw). (A) We collect the secretome from the conditioned medium of
human umbilical cord mesenchymal stem cells (hucMSCs) and further concentrate it into different secretome concentrates with protein ultrafiltration
tubs, which contain a variety of bioactive factors that promote tissue repair. (B) Using a convenient mixed injection, we can rapidly form an MSCs
secretome-loaded fibrin glue (Secretome/FG) patch covering the surgical anastomosis tightly. By slowly releasing bioactive factors, Secretome/FG
promotes collagen synthesis and angiogenesis, regulates macrophage M2 polarization, and ultimately improves the healing of ischemic intestinal
anastomosis.
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concentration of FGF-2 released in the culture medium was
measured using a human FGF-2 ELISA kit (Jinglai
Biotechnology). The concentration of VEGF released in the
culture medium was measured using a human VEGF ELISA kit
(Jinglai Biotechnology). The concentration of IGF-1 released in the
culture medium was measured with a human IGF-1 ELISA kit
(Jinglai Biotechnology).

2.6 Animal experiments

Male Sprague-Dawley rats (200–220 g) were provided by the 940th
Hospital of Joint Logistics Support Force of PLA and housed under a
natural light/dark cycle at 25°C with free access to food and water. Rats
were fasted from 12 h before surgery until 24 h after surgery. The rats
were anesthetized with an intraperitoneal injection of 2% pentobarbital
sodium (40mg/kg), and their abdomens were shaved after anesthesia.
Next, a laparotomy was performed using a sterile surgical technique.
Through a careful exploration of the abdominal viscera, the ileum was
dissected at 2 cm proximal to the cecum (ligation of the mesenteric
vascular arch at the proximal and distal 0.5 cm of the ileal anastomosis
before ileum dissection is essential to reduce bleeding and improve
survival). After that, the broken ends of the intestinal tubes were
sutured using a 6–0 absorbable surgical suture (Jinhuan, Shanghai,
China), and then the ileum was ligated (anastomosis). We used
12 sutures for a full-thickness interrupted varus suture to construct
the anastomosis to make it completely “sealed”. After anastomosis, to
ensure no anastomotic leakage, we clipped the proximal and distal ends
of the anastomosis simultaneously and injected normal saline into the
vicinity of the anastomosis through a syringe fitted with a 26G needle
(Shinva, Zhibo, China). No fluid outflow represented a successful
surgical anastomosis. To testify to the therapeutic effect of MSCs
secretome-loaded fibrin glue, rats were assigned into four groups
according to different interventions, including the negative control
group (NC; without any treatment after intestinal anastomosis), the
MSCs secretome intravenous injection group (Secretome-iv; tail vein
injection of 100 μL 10-fold MSCs secretome), the fibrin glue group
(FG; smeared with 100 μL fibrin glue at surgical anastomosis), and the
MSCs secretome-loaded fibrin glue group (Secretome/FG; smeared
with 100 μL fibrin glue containing 10-fold MSCs secretome at surgical
anastomosis). The abdomen was closed, and the rat was placed on a
warm pad. The whole surgical process was done by three surgeons. The
baseline conditions of rats were constantly observed after surgery, and
the changes in the weight of feces and body weight were recorded. The
rats were reanesthetized with sodium pentobarbital on day 7 following
the operation. At first, the baseline conditions, such as intestinal
adhesions, anastomotic abscesses, or infections in the abdominal
cavity, were evaluated, and then the ileal anastomotic tissues were
collected for further analysis. Lastly, the rats were euthanized with
carbon dioxide.

2.7 Anastomotic bursting pressure
assessment

The anastomotic bursting pressure is an important index reflecting
the strength of anastomotic healing. After PBS washes, a 3 mmcatheter
was placed on one side of the isolated intestinal stump, and both sides

of the stump were sutured with 3-0 silk sutures (Jinhuan) to close the
lumen. The catheter was connected to an infusion syringe and a
manometer, the isolated intestinal tract containing anastomosis was
immersed in water, and air was injected into the intestinal tract using a
syringe. The anastomotic bursting pressure was defined as the
intraluminal pressure where air leakage was initially observed.

2.8 Histological analyses

On day 7 after surgery, the intestinal anastomotic tissues were
collected and fixed with 4% paraformaldehyde (Servicebio, China)
after PBS rinses. Next, the anastomotic tissues were embedded with
paraffin and sliced into 5-μM-thick sections (surgical anastomotic
tissues after repair) for later use. Histological sections were subjected
to hematoxylin and eosin (HE) staining and Masson-Trichrome-
Goldner (MTG) staining as per standard protocols to assess the level
of inflammation, granulation tissue formation, and collagen
expression in the anastomotic tissues.

Cell proliferation, angiopoiesis, and macrophage polarization in
tissues were assessed by immunofluorescence. Sections were probed
using Anti-CD86 (1:200; Affinity, Jiangsu, China), anti-CD206 (1:
200; Affinity), anti-CD31 (1:500; Servicebio, Wuhan, China), anti-α-
SMA (1:1,000; Servicebio), and anti-Ki-67 (1:1,000; Servicebio),
followed by incubation with corresponding secondary antibodies
at room temperature. Ultimately, the tissues were counterstained
with DAPI. Images were recorded with a fluorescence microscope
(OLYMPUS, 1X71 + DP71).

2.9 TUNEL staining

To assess the apoptosis in tissues surrounding the anastomosis,
TUNEL staining was performed using a Fluorescein (FITC) Tunel
Cell Apoptosis Detection Kit (Servicebio) according to the
manufacturer’s instructions. The percentage of apoptotic cells
was determined depending on the proportion of FITC- and
DAPI-positive nuclei.

2.10 Statistical analysis

All experimental data were expressed as mean ± standard
deviation and analyzed statistically by GraphPad Prism 8 and SPSS
25.0 software. Statistical group comparisons were done by one-way
analysis of variance (ANOVA) and t-test accordingly. For all
comparisons, p-values <0.05 were considered statistically significant.

3 Results

3.1 Identification of MSCs secretome

We characterized the key components and bioactivity of the
extracted MSCs secretome. At first, we determined the expression of
FGF-2, VEGF, and IGF-1, which have been previously reported to be
expressed in the MSCs secretome (Chen et al., 2021; Liang et al.,
2022). ELISA results showed that these factors were all expressed in
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the MSCs secretome. The concentrations of FGF-2, VEGF, and IGF-
1 were 302.6 pg/mL, 580.01 pg/mL, and 714.05 pg/mL, respectively.
Surprisingly, the aforementioned growth factors have also been
reported to promote anastomotic repair (Oines et al., 2014; Li
et al., 2017).

Next, to determine the bioactivity of the extracted MSCs
secretome, we tested the effect of MSCs secretome on cell
viability by CCK-8 assay (Figures 2A, J). Five kinds of wound
healing-related cell lines (vascular endothelial cells HUVEC,
mesenchymal stem cells MSCs, fibroblasts L929, intestinal

FIGURE 2
MSCs secretome enhances the viability of key cells for tissue healing in a dose-dependent manner. Vascular endothelial cells (HUVEC) (A),
mesenchymal stem cells (MSCs) (C), fibroblasts (L929) (E), intestinal epithelial cells (Caco-2) (G), and macrophages (Raw264.7) (I) are treated with various
MSCs secretome concentrations (1.25-, 2.5-, 5-, 10-, and 20-fold), and cell viability is measured using the CCK-8 assay on day 1, day 2, and day 3. The
linear regression relation between MSCs secretome concentration and cell viability, including HUVEC (B), MSCs (D), L929 (F), Caco-2 (H), and
Raw264.7 (J) (n = 5 per group; ANOVA). ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns ≥ 0.05.

Frontiers in Bioengineering and Biotechnology frontiersin.org05

Yu et al. 10.3389/fbioe.2023.1103709

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1103709


epithelial cells Caco-2, andmacrophages Raw264.7) were cultured in
the medium containing MSCs secretome at different concentrations
(1.25-, 2.5-, 5-, 10-, and 20-fold), and the cell proliferation was
assessed on days 0, 1, 2, and 3. Almost all cell lines treated withMSCs
secretome showed significant increases in cell numbers on days 1, 2,
and 3 compared with the non-treated cells (absence of MSCs
secretome). Similarly, when comparing most groups on the same
day, the higher the concentration of MSCs’ secretome, the greater
the viability of cells (Figures 2A, C, E, G, I). To further investigate the
relationship between MSCs secretome concentration and cell
viability, we performed linear regression analysis. Linear
regression results revealed a strong positive correlation between
MSCs secretome concentration and cell viability, regardless of cell
type (Figures 2B, D, F, H, J). These results indicated that the MSCs
secretome could enhance cell viability in a dose-dependent manner.

Taken together, the above-mentioned results demonstrated that
our collectedMSCs secretome contained key growth factors and that
theMSCs secretome could promote the viability of key cells involved
in the healing process, showing good biological activity.

3.2 Secretome/FG could release the growth
factors for up to 10days

After incorporating MSCs secretome into fibrin glue, we
analyzed the release kinetics of MSCs secretome from Secretome/
FG, and the release profiles of therapeutic proteins were measured
using FGF-2, VEGF, and IGF-1 as model proteins. Based on ELISA
results, the cumulative protein release curves of FGF-2 (Figure 3A),
VEGF (Figure 3B), and IGF-1 (Figure 3C) all showed a rapid release
in the first 3 days, followed by a sustained release period of up to
7 days. It was demonstrated that the Secretome/FG delivery system
could control the sustained release of bioactive factors from the
MSCs secretome.

3.3 Secretome/FG improves the
anastomotic healing

We then hypothesized that MSCs secretome-loaded Secretome/
FG might promote surgical anastomosis healing. To verify this, we

established a rat model of ischemic ileal anastomosis to test the
therapeutic effects. Figure 4A shows a schematic of groups and the
experimental design for a 7 days animal study. Figures 4B, C present
schematic drawings of blood vessel ligation to induce ischemia in
intestinal anastomosis.

Firstly, in order to determine the optimal therapeutic
concentration of MSCs secretome loaded into fibrin glue, we
conducted animal experiments to screen the therapeutic dose.
The secretome of MSCs was loaded into fibrin glue at various
concentrations (0-, 1.25-, 2.5-, 5-, 10-, and 20-fold), and six
concentration gradient groups were established. After successful
animal modeling, Secretome/FG containing different secretome
concentrations was smeared onto the surgical anastomosis of rats
using a dual-chamber syringe for treatment. The therapeutic effect
was preliminary evaluated after 7 days by measuring the
anastomotic bursting pressure of rats (Figure 4D). The results
showed that, compared with the fibrin glue group (NC, 0-fold
concentration), the anastomotic bursting pressure increased in all
other treatment groups except for the 1.25-fold concentration
group. Among all the treatment groups, the anastomotic bursting
pressure was highest in the 10-fold and 20-fold secretome
concentration groups, and no significant difference was noted
between these two groups. Therefore, we chose the Secretome/FG
containing 10-fold secretome as the candidate for further animal
experiments (Figure 4E).

After determining the appropriate therapeutic concentration of
MSCs secretome in the Secretome/FG delivery system, we developed
a rat model of ischemic ileal anastomosis to evaluate the therapeutic
effect of MSCs secretome. The rats were assigned into four groups
according to different interventions, including the NC group,
Secretome-iv group, FG group, and Secretome/FG group. No
death was observed before euthanasia of the rats.

By analyzing changes in body weight after surgery, the results
revealed an average increase of 6.6 g in the body weight of the
Secretome/FG group, which was higher than that of other groups
(Figure 4F). Also, the weight of defecation was significantly
increased in the Secretome/FG group as compared to other
groups (Figure 4G). It was indicated that the intestinal function
and food intake of rats were restored following the treatment with
Secretome/FG. On the 7th day after surgery, the rats were dissected,
and abdominal adhesions were evaluated using the rating scale at

FIGURE 3
Controlled release of MSCs secretome from fibrin glue in vitro. The cumulative release of FGF-2(A), VEGF(B), IGF-1(C) fromMSCs secretome-loaded
fibrin glue; n = 3 per group.
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FIGURE 4
MSCs secretome-loaded fibrin glue (Secretome/FG) improves intestinal anastomosis healing in a rat model. (A) Schematic of groups and the
experimental design for a 7 days animal study. (B, C) Schematic drawings of blood vessel ligation to induce ischemia in intestinal anastomosis. (D) The
method for detecting anastomotic bursting pressure, which is the maximum pressure measured by a pressure transducer during the continuous infusion
of air into the sealed isolated intestine containing surgical anastomosis. (E) Screening of optimal secretome concentration by bursting pressure
analysis of intestinal anastomosis. Overall, MSCs secretome at a concentration of 10-fold is the optimal concentration to improve intestinal anastomosis
healing (n = 10 per group; ANOVA). (F, G) The change in body weight and fecal weight indicates that the rats treated with Secretome/FG promoted a
significant recovery of gastrointestinal function at POD 7 comparedwith the negative control group (NC) (n = 10 per group; ANOVA). (H) The comparison
of anastomotic bursting pressure by different interventions (n = 10 per group; ANOVA). (I) The scoring analysis reveals that Secretome/FG reduced the
abdominal adhesion on the 7th day after surgery compared with other interventions (n = 10 per group; Chi-Square Test). (J, K) The histological and
quantitative analysis by HE and Masson staining shows that the repair of intestinal anastomosis depends on the regenerated granulation tissues for all
interventions, in which the granulation tissues are the thickest with themost collagen content for the Secretome/FG treatment (n= 5 per group; ANOVA).
(L) The correlation analysis of individual bursting pressure values with collagen content (n = 5 per group; Pearson’s correlation analysis). ****p < 0.0001,
***p < 0.001, **p < 0.01, *p < 0.05, ns ≥ 0.05.
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specific sites. The results showed that all groups had varying degrees
of abdominal adhesions. Whereas, compared with other groups, the
adhesions between the surgical sites were reduced in the Secretome/
FG group (Figure 4I). In addition, a pressure sensor was used to
record the bursting pressure after slow and continuous air perfusion
into the isolated small intestine. The results suggested that the
Secretome/FG treatment could strengthen the healing strength of
the surgical anastomosis because the bursting pressure of the rats in
this group was the highest (Figure 4H).

Granulation tissue formation and collagen deposition are the
main factors determining sufficient tissue strength and, thus,
anastomotic healing (Thompson, Chang, and Jobe, 2006). Hence,
we performed HE staining and MTG staining to assess the
granulation tissue regeneration and collagen deposition at the
anastomotic site. As shown in Figures 4J, K, the thickness of
granulation tissues at the anastomosis was increased, and the
collagen deposition was more significant in the Secretome/FG
group than in other groups. In fact, the collagen content was also
positively correlated with the bursting pressure of surgical
anastomosis in all rats (Figure 4L). To sum up, the above-
mentioned results illustrated that the Secretome/FG treatment
could improve the healing strength of intestinal anastomosis in
rats and increase the granulation tissue thickness and collagen
content, thus improving the healing of the surgical anastomosis;
whereas, the single intravenous injection of MSCs secretome
exhibited no promoting effect on the anastomotic healing
(Figures 4H, J, K).

3.4 Secretome/FG creates a beneficial
microenvironment for the anastomotic
healing

To reveal the microenvironment changes of intestinal
anastomotic tissues after the treatment of secretome-loaded
Secretome/FG, we conducted immunofluorescence and ELISA to
examine the phenotypic changes in surgical anastomotic tissues
closely related to tissue repair after different interventions, such as
tissue proliferation, angiogenesis, and macrophage polarization. We
first analyzed the expression of the proliferation protein Ki67 in
anastomotic tissues to evaluate the proliferation surrounding the
anastomosis. Immunofluorescence results exhibited that Ki67 was
expressed at the highest level in the anastomotic tissues of the
Secretome/FG group in comparison with the Secretome-iv, FG, and
NC groups (Figure 5A). These results suggested that the Secretome/
FG treatment boosted cell proliferation at the anastomotic site.
Additionally, we also assessed the cell apoptosis in anastomotic
tissues using TUNEL staining and found that the Secretome/FG
treatment reduced cell apoptosis in tissues (Figure 5B).

As local hypoxia caused by tissue damage might affect collagen
synthesis and degradation, blood perfusion is critical for the repair
and protection of anastomotic tissue (Strowitzki et al., 2019). To
evaluate angiogenesis, we performed a quantitative analysis of new
blood vessels formed in the regenerated granulation tissues through
immunofluorescent staining for CD31, a vascular biomarker. The
results suggested that a large number of new blood vessels were
formed after treatment with Secretome/FG (Figures 5C, D). To
further validate the promoting role of Secretome/FG in cell

proliferation and angiogenesis, we examined the expression of
growth factors VEGF, TGF-β1, and FGF-2 in anastomotic tissues,
which are key effector factors to promote cell proliferation, collagen
synthesis, and angiogenesis. The ELISA results displayed the highest
VEGF, TGF-β1, and FGF-2 levels in the Secretome/FG group
(Figure 5E).

Excessive inflammatory cells can degrade collagen in intestinal
anastomosis, and macrophages exert a crucial regulatory role in
anastomotic inflammation (Thompson, Chang, and Jobe, 2006).
Given the distinct cellular functions of classically activated
macrophages (pro-inflammatory, M1) and alternatively activated
macrophages (wound healing, M2), we examined macrophage
polarization infiltrating into the anastomotic tissues through
CD86 immunofluorescent staining and
CD206 immunofluorescent staining, respectively. The result
showed that the Secretome/FG treatment achieved the lowest
proportion of M1 macrophage polarization (CD86) and the
highest proportion of M2 macrophage polarization (CD206) in
the regenerated granulation tissues among all of the interventions
(Figures 5F, G). We then measured the expression of inflammatory
factors in anastomotic tissues to further validate the anti-
inflammatory and pro-reparative effects of Secretome/FG
treatment, because pro- and anti-inflammatory cytokines are key
effector factors underlying macrophage immunomodulatory effects.
ELISA results showed that the Secretome/FG treatment reduced the
levels of pro-inflammatory IL-1β and TNF-α and elevated the levels
of anti-inflammatory IL-4 and IL-10 in the anastomosis
(Figures 5H, I).

Collectively, these results demonstrated that the secretome-
loaded Secretome/FG delivery system could facilitate cell
proliferation and angiogenesis in vivo, regulate macrophage
M2 polarization, reduce inflammatory reaction and cell apoptosis
surrounding the anastomosis, and increase collagen synthesis,
offering a beneficial microenvironment for rapid anastomotic
healing.

4 Discussion

To our knowledge, this study was the first to investigate the
application of MSCs derivatives in intestinal anastomotic repair.
This study is mainly aimed at investigating the potential application
of MSCs secretome-based therapy in surgical anastomosis. In this
study, In order to apply MSCs secretome to the local anastomotic
site to exert therapeutic effects, we developed a fibrin glue delivery
system loaded with MSCs-derived secretome (Secretome/FG),
which could rapidly form a stable intestinal patch in situ in the
intestinal anastomosis after application. Our results showed that the
Secretome/FG delivery system could significantly improve
anastomotic healing via sustained release of the bioactive factors
from the MSCs secretome. Specifically, upon application of the
Secretome/FG at surgical anastomosis in rats, the released bioactive
factors showed strong promoting effects on anastomotic healing by
elevating anastomotic bursting pressure and increasing anastomotic
granulation tissue regeneration and collagen deposition.
Mechanistically, the MSCs secretome could enhance cell
proliferation and angiogenesis, regulate the local immune
response, and reduce cell apoptosis, yielding a favorable
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FIGURE 5
Secretome/FG creates a beneficial tissue microenvironment for the healing of intestinal anastomosis. (A, B, and C) Immunofluorescence staining of
proliferation, apoptosis, and neovessel formation in regenerated granulation tissues for the different interventions. (D) Quantitative analysis of
proliferation (A), apoptosis (B), and neovessel formation (C) (n= 5 per group; ANOVA). (E)Quantitative analysis of FGF-2, VEGF, and TGF-β1 in regenerated
granulation tissues by ELISA for the different interventions (n = 5 per group; ANOVA). (F, G) The immunofluorescence staining results show that the
Secretome/FG treatment achieves the lowest proportion of M1 macrophage polarization (CD86) and the highest proportion of M2 macrophage
polarization (CD206) in the regenerated granulation tissues among all of the interventions. (H, I) ELISA quantification of pro-inflammatory factor (IL-1β,
TNF-α) and anti-inflammatory factor (IL-4, IL-10) in regenerated granulation tissues for the different interventions (n = 5 per group; ANOVA). ****p <
0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns ≥ 0.05.
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(promoting wound healing) microenvironment in the intestinal
anastomosis.

The utility of stem cell technology for the repair and
regeneration of the injured intestine has been a major focus, and
stem cell-based regenerative therapies hold promise for anastomotic
healing (Flatres et al., 2019; Lightner, 2019; Kent et al., 2021; Zhang
et al., 2022). In fact, studies have reported the utilization of stem cell
patches in animal experiments to promote anastomotic healing with
positive outcomes (Maruya et al., 2017; Van de Putte et al., 2017;
Sukho et al., 2018; Morgan et al., 2020; Pan et al., 2020). To date,
however, no stem cell-related technology has yet been implemented
into clinical practice in the field of anastomotic healing, and its
application may be limited by tumorigenic risk as well as low
retention and survival post-transplantation (Deng et al., 2018;
Nathan and Ustun, 2019). A large body of evidences have
indicated that MSCs can play a significant role in tissue repair
and regeneration by releasing paracrine factors such as cytokines,
chemokines, hormones, and exosomes (Lee et al., 2017; Rahimi et al.,
2021; Chouw et al., 2022; Lei et al., 2022; Tang et al., 2022), which are
secreted into the culture medium in vitro known as “conditioned
medium” or “secretome”. As a cell-free technique, transplantation of
MSCs secretome is more convenient, safer, cost-effective, and easier
to preserve than transplantation of MSCs, with greater potential for
clinical translation (Rhatomy et al., 2020). It is also the key reason
why we chose the MSCs secretome as a therapeutic agent in our
study. We harvested the secretome from the culture medium of
MSCs and subsequently detected several growth factors that have
been reported to promote surgical anastomotic healing, such as
FGF-2, VEGF, and IGF-1 (Oines et al., 2014; Li et al., 2017), which
are essential key factors involved in tissue repair and regeneration. In
vitro studies also found that the MSCs secretome accelerated the
viability of key cells involved in tissue repair in a dose-dependent
manner. In the rat animal model, the secretome-loaded Secretome/
FG delivery system showed strong promoting effects on healing by
increasing collagen deposition surrounding the anastomosis. Similar
to the promoting role of the MSCs secretome in organ repair after
damage such as myocardial infarction (Tang et al., 2022), skin
wounds (Lin et al., 2021), and renal injury (Yim et al., 2019), our
results also demonstrated the efficacy of the MSCs secretome in
improving anastomotic healing.

To improve the utilization efficiency and targetability of drugs,
the application of biomaterials as drug delivery vehicles has been
extensively studied (Wang et al., 2022). Fibrin glue imitates the final
step of the clotting process, and because of its rapid in situ gelation
properties, it can adhere to the tissue interface, forming a natural
barrier. As a result, fibrin glue has been widely used as a hemostatic
or tissue sealing agent in clinical practice for decades. In addition, to
further ensure safety, tissue adhesion and gelation properties, a
commercially available fibrin glue (fibrin adhesive) was used (Spicer
and Mikos, 2010; Miller et al., 2019). Recently, fibrin glue has been
investigated as a topical delivery carrier for growth factors or drugs,
showing positive efficacy by releasing these drug proteins (Willerth
et al., 2007; Whelan, Caplice, and Clover, 2014; Viale et al., 2018).
Herein, to ensure safety and gelation properties, we used a
commercially available fibrin glue as the carrier of MSCs
secretome. Our results demonstrated that controlled delivery of
the MSCs secretome through fibrin glue seemed to be an effective
approach to promote surgical anastomotic repair. Firstly, our

in vitro experiments showed that MSCs secretome-loaded fibrin
glue could sustainably release FGF-2, VEGF, and IGF-1 for up to
10 days, which was similar to the findings of other studies that fibrin
glue can exert therapeutic effects through the sustained release of
growth factors for extended periods (Tredwell et al., 2006; Yang
et al., 2009; Zhou et al., 2011; Al Kayal et al., 2022). The results of
subsequent animal experiments suggested its good regenerative
potential for repair and also validated fibrin glue as an effective
carrier for MSCs secretome. Interestingly, intravenous
administration of MSCs secretome alone did not improve
anastomotic healing, and at least 10-fold intravenous
administration of MSCs secretome was not as effective as topical
delivery of fibrin glue loaded with the same MSCs secretome dose. It
is well known that drugs administered intravenously have some
limitations: 1. Susceptibility to degradation by the complex
microenvironment of the circulatory system; 2. Lack of disease
targeting; and 3. Poor bioavailability, often requiring an increased
drug dose or frequency of administration to be therapeutically
effective. This may mainly explain why the intravenous
secretome (100 μL in total) did not work in vivo in this work.
Perhaps increasing the dose or frequency of drug administration
would have led to different experimental results. Meanwhile, it also
revealed that the local drug delivery system described in our work
has more therapeutic advantages than previous studies (Oines et al.,
2014) that reported using intravenous drug administration for
anastomotic repair. Since the application of the MSCs secretome
for anastomosis has not been previously investigated, it has been
difficult to make direct comparisons of the efficacy of different
modes of administration with other studies. However, other similar
studies indirectly confirmed the plausibility of our findings. In a rat
model of renal ischemia-reperfusion, Tarng et al. (Tarng et al., 2016)
observed improvement of the renal function only in the treatment
group that was intravenously injected with highly concentrated 50-
fold secretome (4 mL in total). Also, Van Koppen et al. (Van Koppen
et al., 2012) observed significant changes in renal function after
injection with high-dose 25-fold secretome (2 mL in total) only.
However, Hyung et al. reported that, after local injection of the 100-
fold or 25-fold secretome (200 μL 10-fold concentrated secretome)-
loaded biomaterial into the kidney, a significant improvement was
observed in renal function. These results showed the importance of
the topical sustained release of bioactive factors and also implied that
the topical use of biomaterials at the anastomosis for effective
controlled delivery of MSCs secretome seemed to be a requisite
for improving anastomotic healing.

In fact, studies in the field of intestinal anastomotic healing have
employed fibrin glue as the scaffold to deliver exogenous growth
factors VEGF (Li et al., 2017), and growth hormone (Li et al., 2007;
Wang et al., 2009), demonstrating fibrin glue’s application potential
as a sustained-release carrier for growth factors. However, compared
with MSCs secretome therapy, this kind of mono-factor therapy has
significant disadvantages. At first, this therapy is not regulated by
endogenous negative feedback mechanisms and has the potential to
cause tissue hyperproliferation and carcinogenesis (Vajanto et al.,
2002; Li et al., 2017; Tamburello et al., 2022). Secondly, this therapy
has limited efficacy because tissue repair is accomplished by the
concerted action of multiple factors, whereas MSCs secretome
therapy has the advantage of containing numerous bioactive
factors (Rhatomy et al., 2020). This was also substantiated by our
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in vitro and in vivo findings that the MSCs secretome promoted the
proliferation of various cells involved in tissue repair, and the
numerous bioactive factors released in animal models formed a
microenvironment beneficial for granulation tissue formation and
collagen synthesis.

AsMSCs secretome and fibrin glue have been widely applied as a
regenerative drug or tool in various diseases (Spicer and Mikos,
2010; Shin et al., 2018; Miller et al., 2019), our MSCs secretome-
loaded fibrin glue delivery system could be easily modified for more
interesting biological applications, thus offering great clinical
therapeutic potential. In addition to the aforementioned
advantage that the MSCs secretome itself is rich in multiple
bioactive factors (Rhatomy et al., 2020), the MSCs secretome
could be rapidly prepared and stored while being cost-effective as
a therapeutic strategy, showing advantages in clinical applications.
Furthermore, fibrin glue is a commercialized biomaterial that can be
prepared into a variety of agents such as applicators, injections, or
sprays depending on clinical treatment needs. Treatment with a
combination of MSCs secretome and fibrin glue could contribute to
better and faster recovery of patients from surgical anastomosis than
before, thus reducing surgical risks and hospital costs.

At last, several limitations existed in this study. Although we
identified that the MSCs secretome could promote tissue
regeneration, the exact beneficial components of the secretome
and the potential mechanisms of intestinal regeneration warrant
additional investigations. A comprehensive understanding of the
therapeutic efficacy of theMSCs secretome in intestinal regeneration
will contribute to a more successful clinical translation of this
approach. Next, there is still potential for further improvement in
the controlled release properties of the fibrin-based scaffolds used in
this study. The development of advancedmaterials with betterMSCs
secretome loading techniques and release properties may improve
the therapeutic efficacy of secretome. Additionally, the rat model
used here could not completely simulate the clinical scenario, and
measures such as the mode of intestinal anastomosis and
perioperative management all differ from clinical practice, leading
to the possibility of some differences in the results. In the future, we
intend to conduct experiments in porcine models to explore the
application potential of a combined strategy based on the MSCs
secretome and biomaterials for anastomotic healing, laying the
foundation for future clinical trials.

5 Conclusion

MSCs secretome-based therapy is a novel and promising cell-
free therapeutic strategy for tissue repair, but its role and reliable
delivery system in surgical anastomotic healing remain unknown.
Herein, we developed a fibrin glue delivery system loaded withMSCs
secretome (Secretome/FG) to induce collagen deposition, cell
proliferation, and angiogenesis and regulate macrophage
polarization in surgical anastomosis via sustained release of
bioactive factors in MSCs secretome, which provided a basis for
the repair of surgical anastomotic damage. We demonstrated for the
first time that the MSCs secretome could promote the healing of
intestinal anastomosis. Because the raw material was easily available,

simple to use, and biocompatible, this approach can be easily
translated into clinical settings. Conclusively, this work
demonstrated that this MSCs secretome-based cell-free therapy
had significant potential for the rapid repair of intestinal
anastomosis.
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