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Background. Traditional interventions can play a certain role in attenuating ulcerative colitis (UC), known as one type of
inflammatory bowel diseases, but sometimes are not effective. Endometrial regenerative cells (ERCs) have been shown to exert
immunosuppressive effects in different models of inflammation, and stem cell-derived conditioned media (CM) have
advantages over cell therapy in terms of easy access and direct action. However, whether ERC-CM could alleviate colitis
remains unclear and will be explored in this study. Methods. Menstrual blood was collected from healthy female volunteers to
obtain ERCs and ERC-CM. Acute colitis was induced by 3% dextran sodium sulfate (DSS), and ERC-CM was injected on days
4, 6, and 8, respectively, after induction. The disease activity index was calculated through the record of weight change,
bleeding, and fecal viscosity during the treatment process. Histological features, macrophage and CD4+ T cell in the spleen and
colon, and cytokine profiles in the sera and colon were measured. In addition, an in vitro lymphocyte proliferation assay was
measured by using a CCK-8 kit in this study. Results. ERC-CM treatment significantly improved the symptoms and
histological changes in colitis mice. ERC-CM increased the percentage of Tregs in the spleen and colon but decreased the
percentages of M1 macrophages and Th1 and Th17 cells in the spleen and decreased the population of Th17 cells in the colon.
In addition, ERC-CM treatment decreased the local expression of TNF-α, IL-6, and iNOS in the colon. Furthermore, ERC-CM
increased the levels of anti-inflammatory cytokines IL-10 and IL-27 but decreased proinflammatory cytokines IL-6 and IL-17
in the sera. In addition, ERC-CM significantly inhibited ConA-induced mouse lymphocyte proliferation in vitro. Conclusion.
The results suggest that ERC-CM can exert similar therapeutic effects as ERCs and could be explored for future application of
cell-free therapy in the treatment of colitis.

1. Introduction

Since ulcerative colitis (UC), one type of the inflammatory
bowel disease (IBD, another type is Crohn’s disease) with
unknown pathogenesis, was formally established in 1875,
medical research on UC has gradually intensified [1]. The
pathogenesis of UC is very complex involving genetic factors
[2], intestinal microbial factors [3], and intestinal epithelial
barrier dysfunction [4]. Innate and adaptive immunity is
thought to play a major role in the pathogenesis of UC [5].

Although there are many therapeutic strategies available
for UC, such as traditional drugs (mesalamine, glucocorti-
coids, and thiopurines) [6], biological therapy [7, 8], and diet
therapy [9, 10], however, long-term use of immunosuppres-
sive and anti-inflammatory drugs increases the risk of infec-
tion and certain malignancies [11]. Unfortunately, many
patients with moderate to severe ulcerative colitis inevitably
end up needing surgery. In recent years, the treatment of
IBD has switched from simply controlling symptoms to nor-
malization of blood markers, complete mucosal healing, and
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disappearance of symptoms [12]. However, many existing
treatment methods cannot meet the needs of all patients.
Thus, a novel treatment for UC is urgently needed.

Endometrial regenerative cells (ERCs) from menstrual
blood played as a new source of adult stem cells and not only
have the potential of self-renewal [13], mesenchymal stem
cell- (MSC-) like phenotype [14], and immune modulation
[15] but also have the unique advantages of noninvasiveness,
relatively unlimited source, strong proliferation ability, and
avoiding ethical problems [16, 17]. Our and others’ previous
studies have demonstrated that ERCs could modulate
immune homeostasis in acute hepatitis and other models,
such as heterotopic heart transplantation and kidney ische-
mia reperfusion injury in mice via different pathways
[18–22]. In ulcerative colitis, ERCs can not only regulate
colitis but also be modified for better therapeutic effects
[21, 23].

Despite the growing interest in MSCs, some limitations
of an MSC-based strategy still remain; for example, most
injected cells are arrested by the complex lung network
which leads to weak efficiency [24]. More serious is the pos-
sibility of thrombosis with cellular administration and other
risks such as arrhythmias, ossification, and calcification [25,
26]. In addition, some cryopreservation protocols may make
stem cells less functional and viable [27]. All these effects
and concerns can be avoided by cell-free preparations. A
growing number of studies demonstrated that the therapeu-
tic effects of MSCs are not only due to the cell-to-cell direct
contact but also to their secreted cytokines, chemokines,
growth factors, extracellular vesicles, and so on. Therefore,
due to the characteristics of MSCs and the existence of var-
ious limitations, the cell-free treatment strategy is on the rise
and has several advantages over cell therapy, as they can be
obtained more easily and more economically and can be
manufactured, packaged, and transported straightforwardly
[28], and the most important thing is that they would not
be rejected. All of secreted proteins, EVs and free mitochon-
dria from MSCs, can be found in the conditioned medium
(CM) which may exert similar therapeutic function as cell-
based treatment. Furthermore, CM-based therapy has been
identified to be functional in treating many inflammatory
disorders such as hepatic failure and acute lung injury [29,
30]. However, whether ERC-CM could exert the therapeutic
effects on experimental colitis remains unclear. Thus, in the
present study, the effects of ERC-CM on alleviating colitis
were systematically explored in mice.

2. Materials and Methods

2.1. Isolation and Identification of ERCs. Menstrual blood
was collected from healthy female volunteers of childbearing
age. All operations towards human being were approved by
the Ethics Committee of Tianjin Medical University General
Hospital (IRB2021-WZ-116). The protocol for extracting the
ERCs was conducted as described previously [19]. Briefly,
the menstrual cups were inserted into the vagina for about
4 hours and then removed, and the collected menstrual
blood was used for cloudy layer cell collection by the stan-
dard Ficoll method and then suspended in Dulbecco’s mod-

ified Eagle’s medium with 10% fetal bovine serum
(HyClone) and 1% penicillin/streptomycin and cultured in
Petri dishes in an incubator with 37°C and 5% CO2 condi-
tion. When ERCs grow to the passage 3 (P3), morphology
and surface markers (CD90, CD105, CD45, CD79a, and
HLA-DR) of ERCs were identified by microscopy and flow
cytometry, respectively [22, 23, 31].

2.2. Preparation of ERC-CM. ERCs in regular shape and
good status of P4-P5 were selected, and the serum-free
medium (Yokon, NC0103, China) was replaced until 80%
confluency and then collected after 48 h. Next, the cell cul-
ture medium, which had been purged of impurities such as
cell debris via centrifugation (3000 r/min, 20min), was con-
centrated 20-fold using an ultrafiltration centrifuge filter
unit (Millipore, Billerica, MA, USA) with a molecular weight
cut-off value of 3 kDa and then sterilized by filtration
through a 0.22μm centrifugal filter (Millipore, Billerica,
MA, USA). The concentrated CM was stored at -80°C for
further treatment in vivo.

2.3. Animals and Experimental Groups. Male mice weighing
22-25 g in this experiment were purchased from National
Institutes for Food and Drug Control of China and were
placed in standard breeding environment provided with
standard diet and water in Animal Care Facility of Tianjin
General Surgery Institute. All animal experimental opera-
tions were approved by the Institute of Animal Care and
Use Committee at Tianjin Medical University General Hos-
pital and performed in accordance with the Guide for the
Care and Use of Laboratory Animals (IRB2021-WZ-116).

Acute colitis was induced in BALB/C mice (Figure 1(a))
that received 3% dextran sulfate sodium (DSS, YEASEN,
China) in drinking water for 7 days and then consumed nor-
mal water for 3 days. Twenty-four mice were randomly
divided into four groups (n = 6): (I) naive mice drinking
normal distilled water for 10 days (normal group), (II)
DSS-induced colitis in mice without any treatment
(untreated group), (III) DSS-induced colitis mice injected
intraperitoneally with 300μl of normal serum-free medium
(days 4, 6, and 8) as the vehicle control (vehicle group),
and (IV) DSS-induced colitis mice injected intraperitoneally
with 300μl of ERC-CM (days 4, 6, and 8) (ERC-CM group).
Mice were monitored and recorded daily for weight change,
stool consistency, and blood in stool for the disease activity
index (DAI) calculation based on standard criteria [32].
The mice were sacrificed, and samples (spleen, colon, and
sera) were collected at day 10 from the beginning for further
analysis.

2.4. Pathological Examination. Colon tissue was fixed in 10%
formalin for 48 hours and then dehydrated and paraffin-
embedded and cut into 5μm sections for hematoxylin and
eosin (H&E) staining. Histopathology scores were evaluated
and calculated as in previous studies [33] documented based
on the following criteria: (a) inflammation severity: 0 (none),
1 (slight), 2 (moderate), and 3 (severe); (b) depth of injury: 0
(none), 1 (mucosal), 2 (mucosal and submucosal), and 3
(transmural); (c) crypt damage: 0 (none), 1 (basal 1/3
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Figure 1: ERC-CM attenuated symptoms in DSS-induced experimental colitis. (a) Study design for the whole process of DSS-induced colitis
and interventions. (b) Representative pictures showing bloody stool were taken on the 10th day after DSS induction. The mice in the ERC-
CM group were in the best condition than those in other groups. Body weight changes (c) and DAI score (d) of each group of mice were
recorded daily. In the ERC-CM group, the weight loss and DAI score were shown lesser than those in other groups. The length of the
colon (e, f) in each group was measured and analyzed on day 10 (n = 6). Data shown were representative, and the p value was
determined by one-way ANOVA. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.
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damage), 2 (basal 2/3 damage), 3 (crypt lost, only surface
epithelium intact), and 4 (entire crypt and epithelium lost);
and (d) percent involvement: 1 (1–25%), 2 (26–50%), 3
(51–75%), and 4 (76–100%).

2.5. Immunohistochemistry Staining. Immunohistochemistry
staining was used to analyze the expression of TNF-α, IL-6,
and iNOS in the inflammatory intestine. Firstly, after the
slices were hydrated and washed, the slices were submerged
in an appropriate EDTA solution and immersed in a 100°C
water bath for 15min to realize antigen retrieval. Secondly,
after endogenous peroxidase was eliminated with 3% hydro-
gen peroxide for 30min, the nonspecific antibody adsorp-
tion was blocked with 10% goat serum for another 30min,
and then, cells were incubated with primary antibodies
against TNF-α (1 : 400, Abcam, ab92486, UK), IL-6 (1 : 800,
Abcam, ab6672, UK), and iNOS (1 : 1000, Abcam,
ab283655, UK), respectively, at 4°C overnight. Next, the sec-
tions were washed three times with PBS, and a reaction
enhancer was added dropwise and incubated for 20min at
room temperature and then incubated with an anti-rabbit
IgG antibody (Zhongshan Jinqiao, PV-9000, China) for
another 20min at room temperature. Finally, the sections
were incubated with freshly prepared DAB solution (Zhong-
shan Jinqiao, ZLI-9018, China) after washing, and hematox-
ylin was added dropwise for nuclear staining and then
scanned for image analysis. ImageJ software was used to
analyze the image.

2.6. Preparation of Lamina Propria Mononuclear Cells and
Splenocyte Suspension. Isolation of murine lamina propria
mononuclear cells from colonic tissue was conducted under
the guideline as described [34, 35]. Briefly, mucus and epi-
thelial cells were removed from fresh colon specimens in
successive steps with dithiothreitol (DTT, Solarbio, D8220,
China) and ethylene diamine tetraacetic acid (EDTA, Solar-
bio, E8040, China), followed by digestion with collagenase

IV (400U/ml, Solarbio, C8160, China) and deoxyribonucle-
ase I (0.15mg/ml, Solarbio, D8071, China) for 90min at
37°C. The cell precipitate was resuspended with 4ml 40%
Percoll (Cytiva, US), and then, 2.5mL 80% Percoll was
slowly added to the bottom of the centrifuge tube. LPMCs
were obtained by centrifugation at 1000 g density gradient
for 20min and then washed with PBS.

Mouse spleens were ground separately, and splenocyte
suspension was obtained after lysis of red blood cells. After
washing twice, the cell concentration was adjusted to 1 ×
107/ml with PBS solution.

2.7. Flow Cytometry Analysis. Different immune cells are
identified using flow cytometry. All flow cytometry mono-
clonal antibodies and reagents used in this experiment were
purchased from either BioLegend or eBioscience company,
mainly including Zombie NIR™ Dye (Dead/Live reagent),
anti-mouse CD4 (FITC-labelled), IFN-γ (PE-labelled), IL-
17 (Percp-labelled), CD25 (PE-labelled), Foxp3 (APC-
labelled), CD11b (FITC-labelled), F4/80 (APC-labelled),
and CD86 (Percp-labelled) to detect Th1 cells (CD4+IFN-
γ+), Th17 cells (CD4+IL-17a+), Tregs (CD4+CD25+Foxp3+),
and M1 macrophages (CD11b+F4/80+CD86+) in the spleen
and/or intestine. Extra- and intracellular staining protocols
were carried out as previously described [21]. Furthermore,
to accurately identify Th1 and Th17, splenocytes and colonic
LPMCs were firstly coincubated with stimulators for 6
hours, respectively, followed by fluorescent antibody
staining.

2.8. Enzyme-Linked Immunosorbent Assay (ELISA). After
the mice were sacrificed on day 10 after DSS induction, the
blood was collected to obtain the sera. The levels of IL-10,
IL-27, IL-17, and IL-6 in the sera were used to assess the
inflammatory status and were measured using correspond-
ing ELISA kits (DAKEWE, Beijing, China), and details were
performed according to the manufacturer’s instructions.

P3 P4

(a)

CD90 CD105

CD45 CD79a HLA-DR

1.5K 1.0K

1.0K

500

800

6.11 93.9

98.9 1.13 98.7 1.31 98.9 1.06

0.26 99.7

600

400

200

00
–103 103 104 1050 –103 103 104 1050

–103 103 104 1050 –103 103 104 1050–103 103 104 1050

1.5K

1.0K

500

0

1.5K

1.0K

500

0

1.0K

1.5K

500

0

(b)

Figure 2: Characterization of ERCs. (a) Cell morphology of ERCs at P3 and P4. (b) Flow cytometry analysis of ERCs. Surface markers
CD90, CD105, CD45, CD79a, and HLA-DR were detected.
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2.9. In Vitro Proliferation Assay. The proliferation of lym-
phocytes in response to ConA was measured by using the
CCK-8 kit. Briefly, BALB/c splenocyte suspension (3 × 105
cells/well) was cultured with ConA (20μg/ml) in the pres-
ence of ERC-CM at indicated concentrations. The cultures
were incubated for 72h, 10μl of CCK-8 was then added to
each well before the end of culture, and OD450 nm was
recorded.

2.10. Statistics. Data shown in this study were expressed as
mean ± SD, and the differences among multiple groups were
analyzed using one-way analysis of variance (ANOVA);
GraphPad Prism 8 software was applied. Throughout the
text, figures, and legends, the following terminologies are
used to denote statistical significance: ∗p < 0:05, ∗∗p < 0:01,
∗∗∗p < 0:001, and ∗∗∗∗p < 0:001.

3. Results

3.1. Characterization of ERCs. At P3, ERCs exhibited spin-
dle-shaped, fibroblast-like morphology and colony-forming
abilities (Figure 2(a)). ERCs measured by flow cytometry
showed high expression of CD90 and CD105 and low
expression of CD45, CD79a, and HLA-DR, which are con-
sistent with MSCs’ phenotype (Figure 2(b)).

3.2. ERC-CM Attenuated Symptoms in DSS-Induced
Experimental Colitis. BALB/C mice suffered from severe
colitis induced by DSS (Figure 1(a)) characterized by weight
loss, bloody diarrhea, and increased general DAI by drinking
distilled water containing 3% DSS (Figures 1(b)–1(d)). The
colons collected from different groups exhibited different
lengths, and the colon in the ERC-CM group seems much

longer than that in untreated and/or vehicle groups (ERC-
CM group vs. untreated group, p < 0:001; ERC-CM group
vs. vehicle group, p < 0:001). This result implied that ERC-
CM could significantly attenuate the colon’s shortening
(Figures 1(e)–1(f)).

3.3. ERC-CM Significantly Alleviated Colon Damage in
Colitis. Histopathological changes were assessed by hema-
toxylin/eosin staining of colonic sections. Mucosal structural
disorders, inflammatory cell infiltration, epithelial cells, and
structural disruption of the crypt were very intense in the
untreated group and vehicle group, whereas these changes
were significantly attenuated in the ERC-CM treated group.
Histopathological scores were used to assess the damage,
and scores in the ERC-CM group were significantly lower
than those in the untreated and/or vehicle group (ERC-CM
group vs. untreated group, p < 0:0001; ERC-CM group vs.
vehicle group, p < 0:0001) (Figures 3(a) and 3(b)).

3.4. ERC-CM Decreased the Percentages of Th1 Cells, Th17
Cells, and M1 Macrophages but Increased the Percentage of
Tregs in the Spleen of DSS-Induced Colitis in Mice. To deter-
mine the immunomodulatory effects of ERC-CM, spleno-
cytes were prepared and stained for analysis. As shown in
Figures 4(a) and 4(c), percentages of M1 macrophages,
Th1 cells, and Th17 cells were increased in the untreated
group and significantly decreased after ERC-CM treatment
(Figure 4(d), M1: ERC-CM group vs. untreated group, p <
0:05; ERC-CM group vs. vehicle group, p < 0:05;
Figure 4(g), Th1: ERC-CM group vs. group, p < 0:001;
ERC-CM vs. vehicle, p < 0:001; Figure 4(f), Th17: ERC-CM
vs. untreated, p < 0:001; ERC-CM vs. vehicle, p < 0:001).
Furthermore, Treg populations showed a decreasing trend
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Figure 3: ERC-CM significantly alleviated colon damage in colitis. (a) Representative photomicrographs (100x, hematoxylin and eosin
staining) of histological sections of the colon from each group. (b) Histopathology scores were evaluated and calculated as in previous
studies [33]. The p value was determined by one-way ANOVA. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.
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Figure 4: Continued.
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in the untreated and/or vehicle groups but an obvious
increase after ERC-CM treatment (ERC-CM group vs.
untreated group, p < 0:0001; ERC-CM group vs. vehicle
group, p < 0:0001) (Figures 4(b) and 4(e)). This indicated
that ERC-CM successfully performs an immunomodulatory
function.

3.5. ERC-CM Decreased the Percentage of Th17 but Increased
the Percentage of Tregs in the Colon. UC has been shown to
be mediated by excessive activation of Th17 cells and defi-
ciency of Tregs [32]. To this end, the expressions of Th17
and Tregs in CD4+T cells were analyzed by flow cytometry.
As expected, the accumulation of Th17 cells in the lamina
propria was significant in the untreated group of mice com-
pared to the normal group of mice and relatively less in the
treated group (ERC-CM group vs. untreated group, p < 0:01;
ERC-CM group vs. vehicle group, p < 0:01) (Figures 5(b)
and 5(d)). In contrast, the number of Tregs in the lamina
propria was abnormally downregulated in the untreated
group compared to the normal group of mice and signifi-
cantly increased in the treated group (ERC-CM group vs.
untreated group, p < 0:001; ERC-CM group vs. vehicle, p <
0:001) (Figures 5(a) and 5(c)). Based on this observation,
the regulation of Th17 cells and Tregs in the lamina propria
by ERC-CM may be associated with the improvement of
colitis.

3.6. ERC-CM Decreased Proinflammatory Cytokine Levels
and Macrophage Infiltration in the Colon. To detect the reg-
ulatory effect of ERC-CM on proinflammatory cytokines
and inflammatory cells in the colon, we detected the expres-
sion of TNF-α, IL-6, and M1 macrophages by immunohisto-
chemistry. As shown in Figures 6(a) and 6(b), TNF-α and
IL-6 were significantly increased in the untreated group
but were decreased after ERC-CM treatment (Figure 6(d),
TNF-α: ERC-CM group vs. untreated group, p < 0:0001;
ERC-CM group vs. vehicle group, p < 0:0001; Figure 6(e),
IL-6: ERC-CM group vs. untreated group, p < 0:0001; ERC-
CM group vs. vehicle group, p < 0:0001). Similarly, as shown

in Figures 6(c) and 6(f), M1 macrophages (iNOS+ cells)
showed a significant infiltration in the untreated group and
were decreased after ERC-CM treatment (ERC-CM group
vs. untreated group, p < 0:0001; ERC-CM group vs. vehicle
group, p < 0:0001).

3.7. ERC-CM Modulated Cytokine Level in the Sera. To fur-
ther assess the cytokine profile in mice, we performed sepa-
rate assays from sera. Notably, the proinflammatory
cytokines IL-6 and IL-17 were increased, and the anti-
inflammatory cytokines IL-10 and IL-27 were decreased in
the untreated group in the serum (Figures 7(a)–7(d)). After
ERC-CM treatment, the above situation was reversed (IL-6:
ERC-CM group vs. untreated group, p < 0:05; ERC-CM
group vs. vehicle group, p < 0:05; IL-17: ERC-CM group vs.
untreated group, p < 0:0001; ERC-CM group vs. vehicle
group, p < 0:0001; IL-10: ERC-CM group vs. untreated
group, p < 0:0001; ERC-CM group vs. vehicle group, p <
0:0001; and IL-27: ERC-CM group vs. untreated group, p
< 0:0001; ERC-CM group vs. vehicle group, p < 0:0001).
This suggests that therapeutic improvement of ERC-CM is
associated with changes in cytokine levels in inflammatory
mice.

3.8. ERC-CM Inhibited the Proliferation of Lymphocytes In
Vitro. To assess the immunosuppressive effects of ERC-
CM in vitro, the splenocyte proliferation assay was per-
formed. As shown in Figure 8, ERC-CM can inhibit the lym-
phocyte proliferation in vitro compared with the vehicle
control (ERC-CM group vs. vehicle group, p < 0:01). ERC-
CM significantly inhibits ConA-induced murine splenocyte
proliferation.

4. Discussion

UC is a chronic inflammatory disease that plagues the world,
and currently effective therapeutic strategies remain to be
explored. In this study, acute colitis was successfully induced
by drinking 3% DSS in BALB/c mice and identified with
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Figure 4: ERC-CM decreased the percentages of Th1 cells, Th17 cells, and M1 macrophages but increased the percentage of Tregs in the
spleen of colitis mice. Splenocytes were collected on day 10 after DSS induction. To accurately identify the subpopulation of Th1 and
Th17 cells, splenocytes were firstly incubated with a cell stimulation cocktail for 6 hours before being stained with fluorescent antibodies.
Percentages of F4/80+CD86+ M1 macrophages (a), representative dot plots of CD4+CD25+Foxp3+ Tregs (b), CD4+IL-17+Th17 cells (c),
and CD4+IFN-γ+ Th1 cells (d) were shown. Data shown were representative, and the p value was determined by one-way ANOVA. ∗p <
0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.
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clinical symptoms. After receiving different treatments,
some changes differentially exhibited in different groups;
symptoms of colitis were significantly attenuated in the
ERC-CM group. In addition, pathological changes, local
inflammatory cell infiltration, and proinflammatory protein
expression in the colon, as well as proinflammatory cytokine
levels in sera, were significantly ameliorated in the ERC-CM-
treated group when compared with those of vehicle and/or
untreated groups, which indicated that ERC-CM can effec-
tively exert therapeutic effects in the treatment of colitis. In
addition, in vitro assays showed that ERC-CM effectively
inhibited lymphocyte proliferation.

A growing number of studies suggest that MSCs exert
their therapeutic effects depending not only on the way in
which they come into contact with cells but also on their para-
crine activity, mitochondrial transfer, etc. Paracrine function,
on the other hand, is inevitably associated with the secretion
of microvesicles and cytokines by MSCs [36, 37]. Various

cytokines secreted by MSCs, such as insulin-like growth
factor-1 (IGF-1), vascular endothelial growth factor (VEGF),
IL-10, and TGF-β, are involved in tissue repair and the regu-
lation of immune cells [38–40]. These extracellular vesicles
and cytokines are contained in the CM in vitro. Compared
with cell therapy, the use of CM can control the dose more
accurately, and cell lines can be used for mass production
without invasive extraction procedures for patients, which
saves time and cost [41]. The CM acts in a more direct man-
ner, unlike cells that may be captured by various host defense
mechanisms. In addition, cytokines alone are expensive and
may exaggerate the inflammatory response. Therefore, a com-
bination of many different factors is the best way to treat [42].
Conditioned media can meet just such conditions. Innate and
adaptive immunity is thought to play a major role in the path-
ogenesis of UC. Among them, T cells andmacrophages are the
main players [5], and it has been well documented that cells
such as Th1 cells, Th17 cells, and M1 macrophages and the
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Figure 5: ERC-CM decreased the percentage of Th17 cells but increased the percentage of Tregs in the colon. Representative dot plots of
CD4+CD25+Foxp3+ Tregs (a), CD4+IL-17+ Th17 cells (b) in the lamina propria. Percentage of CD4+CD25+Foxp3+ Tregs (c) and CD4+IL-
17+ Th17 cells (d). Data shown were representative, and the p value was determined by one-way ANOVA. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001
, and ∗∗∗∗p < 0:0001.
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cytokines they secrete, such as IFN-α, IL-6, IL-17, and TNF-α,
are involved in the pathogenesis of UC [43, 44]. It is well
known that CD4+ T cells (Th1 cells, Th17 cells, and Tregs)
are required for UC and their balance is essential for maintain-
ing intestinal homeostasis. In the inflammatory environment,
Th0 cells are converted to inflammatory Th1 and Th17 cells,
contributing to driving the initial stage of colitis. The proin-
flammatory cytokines they release not only recruit neutrophils
to the damaged areas but also promote more proinflammatory
cytokine production through a negative feedback regulation
mechanism. Tregs work as key effective suppressors in auto-
immune diseases, not only suppressing the proliferation of
Th0 cells in vitro and in vivo [45] but also exerting their func-
tion by producing the immunomodulatory cytokines, such as
IL-10 and TGF-β [46]. In addition, previous evidence showed
that purified Tregs prevented naive CD4+ T cell transfer-
induced colitis in SCID mice [47]. As mentioned above, dis-
ruption of the dynamic balance between CD4+T cells is
involved in the pathogenesis of colitis, and it is noteworthy
that in patients with UC, Th17 cells are enriched and Tregs

are scarce, and it has been well documented that the balance
between Th17 cells and Tregs can be a potential regulatory tar-
get for improvement in colitis models [48, 49]. Macrophages
make up a large proportion of intestinal immune cells, and
they can initiate and coordinate the immune response against
foreign bodies that have breached the epithelial barrier [50]. In
inflammatory conditions, blood-derived monocytes/macro-
phages transform into a proinflammatory phenotype and pro-
duce large amounts of inflammatory cytokines such as IL-6
and IL-12, which are often described as classically activated
macrophages (e.g., M1 macrophage) [51].

In the present study, percentages of Th1 cells, Th17 cells,
and M1 macrophages are significantly increased in both the
spleen and the colon in DSS-induced colitis when compared
with normal mice, which are consistent with the results that
Th1 cells, Th17 cells, and M1 macrophages may be involved
in the pathogenesis of UC. In addition, percentages of Tregs
in the spleen and the colon are increased in the ERC-CM-
treated group when compared with untreated and/or vehicle
groups, which implied the therapeutic effects of ERC-CM. In
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Figure 6: ERC-CM decreased the level of proinflammatory cytokines and macrophage infiltration in the colon. Inflammatory factor levels
and macrophage infiltration in the colon were assessed by immunohistochemical staining. Specifically, TNF-α, IL-6, and M1 macrophage
infiltration were detected by iNOS staining. Images of IHC staining (200x) for the mouse colon (a–c) and quantitative data of cell counts
for each group (d–f) are shown. The p value was determined by one-way ANOVA. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p <
0:0001.
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vitro experiments have also demonstrated that ERC-CM
exerts a therapeutic effect by affecting lymphocyte popula-
tions. The mesenteric lymph nodes are an important tissue
in response to local inflammation in the intestine and will
be further analyzed in our future studies. The various path-
ogenic pathways of inflammatory bowel disease can interact
with each other, and cytokines can be associated with any of
them [52]. For example, IL-6 induces activation of the
STAT3 signaling pathway, which regulates various genes
involved in cell survival, cell migration, and apoptosis [53].

To determine whether ERC-CM ameliorates colitis by regu-
lating cytokine levels, several cytokine levels were assayed.
Our study showed that the proinflammatory cytokines IL-
6, TNF-α, and IL-17 were decreased and the anti-
inflammatory cytokines IL-27 and IL-10 were increased after
ERC-CM treatment. It is worth noting that IL-27 was ini-
tially thought to be a proinflammatory cytokine, but the
anti-inflammatory effects of IL-27 signaling have since been
illustrated in many recent studies [54, 55]. It has been shown
that IL-27 has a wide range of effects on Th1, Th2, and Th17

Se
ru

m
 le

ve
l o

f I
L-

6 
(p

g/
m

L)

600 ns

400

200

0

Norm
al

Untre
ate

d
Veh

icle

ERC-C
M

⁎

(a)
Se

ru
m

 le
ve

l o
f I

L-
17

 (p
g/

m
L)

ns200

150

100

50

0

Norm
al

Untre
ate

d
Veh

icle

ERC-C
M

⁎⁎⁎⁎

(b)

Se
ru

m
 le

ve
l o

f I
L-

27
 (p

g/
m

L)

150

100

50

0

Norm
al

Untre
ate

d
Veh

icle

ERC-C
M

ns

⁎⁎⁎⁎

(c)

Se
ru

m
 le

ve
l o

f I
L-

10
 (p

g/
m

L)

150

100

50

0

Norm
al

Untre
ate

d
Veh

icle

ERC-C
M

ns

⁎⁎⁎⁎

(d)

Figure 7: ERC-CMmodulated the cytokine level in sera. Measurement of serum levels of IL-10, IL-27, IL-17, and IL-6 using the appropriate
ELISA kits. IL-6 (a), IL-17 (b), IL-27 (c), and IL-10 (d) were shown, respectively. The p value was determined by one-way ANOVA. ∗p < 0:05
, ∗∗p < 0:01, ∗∗∗p < 0:001, and ∗∗∗∗p < 0:0001.
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cells as well as Tregs [56]. This is also verified by the change
in the ratio of various cells mentioned above. We therefore
infer that the various changes occurring in colitis mice are
associated with various cytokines.

We and others have previously demonstrated that ERCs
play a therapeutic role in various diseases, including UC [18,
23]; however, whether ERC-CM as a cell-free therapy has a
potent effect in attenuation of colitis remains unknown. Based
on the previous work and to our knowledge, we are the first to
explore the therapeutic effects of ERC-CM in colitis. The
results showed very promising therapeutic prospects for
ERC-CM. However, there are still some issues including the
potential therapeutic mechanisms, and the strategy to improve
the therapeutic effects of CM needs further investigation.

5. Conclusion

The results in this study have demonstrated that ERC-CM
significantly attenuated colitis in mice, suggesting that
ERC-CM could be used as a novel cell-free strategy for
potential application in the treatment of inflammatory bowel
diseases.
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The therapeutic potential of the conditioned medium (CM) derived from MSCs (mesenchymal stem/stromal cells) in disparate
medical fields, from immunology to orthopedics, has been widely suggested by in vitro and in vivo evidences. Prior to MSC-
CM use in clinical applications, appropriate quality controls are needed in order to assess its reproducibility. Here, we
evaluated different CM characteristics, including general features and precise protein and lipid concentrations, in 3
representative samples from adipose-derived MSCs (ASCs). In details, we first investigated the size and distribution of the
contained extracellular vesicles (EVs), lipid bilayer-delimited particles whose pivotal role in intercellular communication has
been extensively demonstrated. Then, we acquired Raman signatures, providing an overlook of ASC-CM composition in terms
of proteins, lipids, and nucleic acids. At last, we analyzed a panel of 200 molecules including chemokines, cytokines, receptors,
and inflammatory and growth factors and searched for 32 lipids involved in cell signalling and inflammation. All ASC-CM
contained a homogeneous and relevant number of EVs (1:0 × 109 ± 1:1 × 108 particles per million donor ASCs) with a mean
size of 190 ± 5:2 nm, suggesting the appropriateness of the method for EV retaining and concentration. Furthermore, also
Raman spectra confirmed a high homogeneity among samples, allowing the visualization of specific peaks for nucleic acids,
proteins, and lipids. An in depth investigation that focused on 200 proteins involved in relevant biological pathways revealed
the presence in all specimens of 104 factors. Of these, 26 analytes presented a high degree of uniformity, suggesting that the
samples were particularly homogenous for a quarter of the quantified molecules. At last, lipidomic analysis allowed the
quantification of 7 lipids and indicated prostaglandin-E2 and N-stearoylethanolamide as the most homogenous factors. In this
study, we assessed that ASC-CM samples obtained with a standardized protocol present stable features spanning from Raman
fingerprint to specific marker concentrations. In conclusion, we identified key ingredients that may be involved in ASC-CM
therapeutic action and whose consistent levels may represent a promising quality control in the pipeline of its preparation for
clinical applications.

1. Introduction

Over the years, the transplantation of autologous or alloge-
neic stem cells, either naïve, differently primed, or geneti-
cally manipulated, has paved the way to the successful
clinical management of several diseases whose pharmacolog-
ical need was previously unmet. In particular, mesenchymal
stem/stromal cells (MSCs), thanks to their regenerative and

immunomodulatory potential [1, 2], have gained popularity
as cell therapy in disparate clinical scenarios, from immuno-
logical diseases [3] to orthopedic conditions [4] and central
nervous system injuries and disorders (e.g., traumatic brain
injury, Parkinson’s disease, and ischemic stroke) [5]. Besides
the overall promising results, MSC transplantation (as well
as cell-based therapy in general) entails evident drawbacks,
such as ethical controversies, concerns linked to ex vivo
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expansion and high manufacturing costs. Starting from 2006
with the work of Gnecchi et al. [6], a growing body of evi-
dence identifies paracrine signalling as the main effector of
MSC therapeutic action, overturning the initial hypothesis
that acknowledged cell engraftment, differentiation, and
replacement as the main actors. Consequently, in 2010, Pro-
fessor Caplan, the father of MSCs who firstly characterized
and named them, proposed the new terminology of medi-
cine signalling cells to highlight their secretory nature [7].
The term secretome, coined at the beginning of 2000’s by
Tjalsma and colleagues [8], defines the plethora of factors
of different natures (lipids, nucleic acids, and proteins)
secreted by a cell, both freely dissolved and conveyed into
extracellular vesicles (EVs). The paradigm shift on MSC
mode of action promoted cell secretome, intended both as
an entire formula and as selected fractions (i.e., soluble and
vesicular subcomponents), to a novel class of biological ther-
apeutics. Indeed, the last few years witnessed the entrance of
MSC secretome to several clinical trials, mostly in the regen-
erative medicine field, retracing the path of the clinical appli-
cation of donor cells [9]. A critical search through
ClinicalTrials.gov database, performed at the end of April
2021 using alternatively the keywords “secretome,” “condi-
tioned medium,” or “extracellular vesicles” and the filter
“interventional” as study type, lists a total of 14 studies based
on MSC-secretome administration. Interestingly, most of
these protocols relied on the use of CM (n = 11 versus n =
3 studies using EVs) derived from allogeneic MSCs (n = 8
versus n = 1 study specifically following an autologous set-
ting). Thus far, only 3 of these studies are completed
(NCT04315025, NCT03676400, and NCT04134676), but
unluckily, there are no available results yet. Nevertheless, this
picture allows us extrapolating some general considerations
on the state of the art of MSC-based cell-free therapies:

(i) To date, the clinical use of complete secretome,
accounting for both soluble and vesicular fractions,
seems more easily applicable than isolated EVs.
However, at the moment, EV potential in diagnos-
tics remains pivotal, as confirmed by the high num-
ber of clinical trials relying on their use in this field

(ii) Allogeneic settings are widely implemented, con-
firming the lack of immunogenicity and allowing
to minimize interdonor variability and to avoid
the need of performing additional procedures on
patients for cell harvesting, thus excluding also
donor site morbidity

(iii) Donor MSCs are harvested from both neonatal
(mostly umbilical cord) and adult (e.g., adipose tis-
sue and bone marrow) tissue sources

(iv) As for MSC-based cell therapy, the nature of the tar-
geted pathologies is extremely various (among
others, COVID-19 pneumonia, chronic wounds,
alopecia, and osteoarthritis)

It is worth noting that up to now, the regulatory frame-
work for the clinical use of cell secretome, or its subproducts,
has not been clearly stated by any national nor international

agency such as the FDA or the EMA. In the light of a suc-
cessful translation to the clinics, there are still many techni-
cal issues to be addressed, mainly concerning the mode of
action, scalability, standardization, and characterization.

In recent years, our research focused on the investigation
of the conditioned medium (CM) from adipose tissue-
derived MSCs (ASCs) in terms of biochemical composition
[10–13] and therapeutic action, both in vitro [14, 15] and
in vivo [16, 17]. Most of these studies provided the compar-
ison between ASC-CM, consisting of both soluble factors
and vesicle-conveyed ones, and ultracentrifuge-isolated
EVs. Here, we decided to focus selectively on complete
secretome. The present work takes a step forward in the per-
spective of ASC-CM characterization by quantifying a wide
panel of molecules (cytokines, chemokines, receptors,
growth and inflammatory factors, and bioactive lipids) in 3
different samples, in order to define some quality control cri-
teria in the light of its future translation into clinics as an
innovative cell-free therapeutic.

2. Materials and Methods

2.1. Cell Cultures. ASCs were isolated from the subcutaneous
adipose tissue of 3 nonobese (BMI < 30) donors (1 male and
2 females, 54:7 ± 2:3 years old) who underwent total hip
replacement surgery (n = 2) or liposuction (n = 1). All tissues
were collected at IRCCS Istituto Ortopedico Galeazzi upon
Institutional Review Board approval. Every donor provided
a written informed consent. Adipose tissue samples were
shredded with a sterile scalpel, digested for 30min with
0.75mg/ml type I collagenase (Worthington Biochemical
Corporation, Lakewood, NJ, USA), and filtered with a
100μm cell strainer (Corning Incorporated, Corning, NY,
USA). ASCs were grown in a culture medium composed
by high-glucose DMEM (Sigma-Aldrich, St. Louis, MO,
USA), 10% fetal bovine serum (FBS, Euroclone, Pero, Italy),
2mM L-glutamine, 50U/ml penicillin, and 50μg/ml strepto-
mycin (Sigma-Aldrich, St. Louis, MO, USA) at 37°C, 5%
CO2.

2.2. CM Production. ASCs from V to VII passage at 90% of
confluence were incubated in starving conditions (without
FBS) for 72h. No signals of cell suffering were ever recorded
during the period. The medium was then collected and cen-
trifuged at 2500g for 15min at 4°C with the purpose of elim-
inating cell debris, dead cells, and large apoptotic bodies.
The supernatants were then concentrated about 60 times
by centrifuging at 4000g for 90min at 4°C in Amicon
Ultra-15 Centrifugal Filter Devices with 3 kDa molecular
weight cut-off (Merck Millipore, Burlington, MA, USA).
This procedure allows the retention of the vesicular compo-
nent of cell secretome, as previously demonstrated in [12, 13,
15]. The safety and efficacy of the final product obtained
through this procedure have been already tested both
in vitro [14, 15] and in vivo [16, 17].

2.3. Nanoparticle Tracking Analysis (NTA). ASC-CM
samples were appropriately diluted in 0.22μm triple-
filtered PBS and analyzed by NanoSight NS3000 (Malvern
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Panalytical, Salisbury, UK). Three videos, each one lasting
1min, have been recorded for every sample. All measure-
ments respected the quality criteria of 20-120 particles/-
frame, concentration of 106 − 4 × 109 particles/ml, and
number of valid tracks > 20%. After capture, the videos have
been analyzed by the in-build NanoSight Software NTA.

2.4. Protein Array. Undiluted ASC-CM samples were ana-
lyzed by RayBiotech facility (RayBiotech, Norcross, GA,
USA). The concentration (pg/ml) of 200 analytes of different
natures (cytokines, chemokines, receptors, and inflamma-
tory and growth factors) was investigated using the Quanti-
body® Human Cytokine Array 4000 Kit, a combination of
Human Cytokine Array Q4, Human Chemokine Array Q1,
Human Receptor Array Q1, Human Inflammation Array
Q3, and Human Growth Factor Array Q1 (https://www.
raybiotech.com/quantibody-human-cytokine-array-4000/).
Obtained values were normalized on donor cell number
(pg/106 ASCs).

2.5. Raman Spectroscopy. ASC-CM samples were diluted in
sterile saline solution and analyzed with the Raman micro-
spectroscope (LabRAM Aramis, Horiba Jobin Yvon S.A.S.,
Lille, France) equipped with a 532nm laser following a pre-
viously reported protocol [10, 13]. CM samples were depos-
ited on a calcium fluoride slide and air-dried, and then,
measurements were performed in the spectral ranges 600-
1800 and 2600-3200 cm-1. At least 15 spectra per sample
were acquired and processed (baseline correction, unit vec-
tor normalization, and postacquisition calibration) taking
advantage of the integrated software LabSpec 6 (Horiba
Jobin Yvon S.A.S., Lille, France).

2.6. Targeted UHPLC-MS/MS-Based Lipidomics. Polyunsat-
urated fatty acids, eicosanoids, endocannabinoids, and N-
acylethanolamides were quantified on a QTRAP 5500 triple
quadrupole linear ion trap mass spectrometer (Sciex, Darm-
stadt, Germany) coupled with an Agilent 1200 Infinity pump
ultrahigh-pressure liquid chromatography (UHPLC) system
(Agilent Technologies, Palo Alto, CA, USA) using the
UHPLC-MS/MS methods previously reported [18]. Briefly,
undiluted ASC-CM samples (approximately 200μl/sample)
were spiked with deuterated internal standards and 1ml of
cold acetonitrile was added for protein precipitation. After
centrifugation, the supernatants were extracted with a 4ml
of dichloromethane/isopropanol (8 : 2; v/v) and centrifuged
again. The organic layer was separated, dried, and reconsti-
tuted in 60μl methanol. 3μl aliquot was analyzed for endo-
cannabinoids and N-acylethanolamides. The remaining
solution was added with 500μl hydrochloride acid
(0.125N) and 4ml ethyl acetate/n-hexane (9 : 1; v/v). The
organic phase was dried, and the residue was reconstituted
in 60μl acetonitrile. 30μl aliquot of methanol obtained from
the neutral extraction and 30μl aliquot from acid extraction
were merged, and 10μl was analyzed for polyunsaturated
fatty acids and eicosanoid determination. Data acquisition
and processing were performed using Analyst®1.6.2 and
MultiQuant®2.1.1 software (Sciex, Darmstadt, Germany),
respectively.

2.7. Validation of Selected Proteins and Lipids. The validation
of selected proteins was performed on 5 additional ASC-CM
samples (deriving from cells harvested from 2 female and 3
male donors, mean age = 54:6 ± 22:3 years old). The Human
Magnetic Luminex Screening Assay Rk4yTGNI (R&D Sys-
tems, Minneapolis, MN, USA) was customized to contain 5
molecules: MCP-4, PDGF-AA, TNF RI, DKK-1, and RAGE.
Duplicates of each ASC-CM (50μl/sample) were tested,
undiluted, and read through Bio-Plex Multiplex System
(Bio-Rad, Milan, Italy) following standard procedures. Data
analysis was performed with MAGPIX xPONENT 4.2 soft-
ware (Luminex Corporation, Austin, TX, USA). The valida-
tion of SEA and PGE2 levels was performed through the
UHPLC-MS/MS methods previously described on the CM
derived from 5 additional ASC populations (all female
donors, mean age = 49:0 ± 11:1 years old).

2.8. Data Analysis and Statistics. Statistics was performed
with GraphPad Prism 7 software (GraphPad Software, La
Jolla, CA, USA) and Excel. p values < 0.05 were considered
statistically significant. NTA data were analyzed by the
Kruskal-Wallis test to evaluate interdonor variability. For
the Raman spectra, descriptive and multivariate statistical
analyses were performed with Origin2021 (OriginLab,
Northampton, MA, USA). Principal component analysis
(PCA) was performed to reduce the dimensionality of
Raman spectral datasets and to highlight differences between
the spectra, with the resulting principal components (PC)
representing these spectral differences with increasing per-
centage of variance. For protein array data, D’Agostino and
Pearson omnibus normality test was used to determine
whether the samples come from a Gaussian distribution.
None of the datasets passed the normality test and correla-
tion (Spearman r), and linear regression analyses were then
performed accordingly. Coefficient of variation (CV, also
known as relative standard deviation or RSD) was calculated
as the ratio of the standard deviation to the mean. A CV <
33% was set as threshold. PCA and clustering were per-
formed by ClustVis (https://biit.cs.ut.ee/clustvis). Proces-
s/pathway analysis was performed by STRING (https://
string-db.org/) following default settings.

3. Results

CM samples were obtained, as previously described, from
the culture medium harvested from confluent ASCs cultured
for 3 days in serum-free conditions and concentrated by
centrifugal filter devices of about 60 times. Since EVs repre-
sent a fundamental component of cell secretome, the first
step of CM characterization focused on particle analysis.
NTA revealed a similar size distribution between all the sam-
ples (Figures 1(a)–1(c)), with a mean EV size of 190 ± 5:2
nm (Figure 1(d)). Mode values (Figure 1(e)) further con-
firmed the homogeneity between preparations, indicating
that the dimensions of the most frequently occurring particle
populations ranged from 110 to 150nm. All samples
counted a relevant number of EVs, with an average of 1:0
× 109 ± 1:1 × 108 particles per million donor ASCs
(Figure 1(f)), confirming the appropriateness of our protocol
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in retaining the vesicular component of cell secretome. No
significant difference was observed in any parameter (non-
parametric Kruskal-Wallis test, p > 0:05).

CM samples were then characterized by Raman spec-
troscopy, a vibrational spectroscopy method that was
already proved to be effective in characterizing the soluble
and the vesicular components of MSC secretome, verifying
the purity and reproducibility of cell-free preparations [10,

13]. The obtained average spectra (Figure 2(a)) provide
detailed biochemical information about the considered sam-
ples, with the Raman fingerprint accounting for proteins
(amide I 1.650 cm-1), lipids (2700–3200 cm-1), and nucleic
acids (720–820 cm-1), in agreement with previously reported
data [13]. In particular, CM spectra showed a good signal-
to-noise ratio and a good reproducibility, as assessed by
the reported standard deviation (gray shaded areas in
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Figure 2(a)). The similarities in the chemical composition of
the samples were further verified by multivariate statistical
analysis: the PC1 and PC2 scores obtained for the three con-
sidered samples showed substantial overlap in the reported
scatter plot (Figure 2(b)).

In order to identify and quantify putative key factors
involved in ASC-CM therapeutic action, we analyzed a panel
of 200 chemokines, cytokines, receptors, and inflammatory
and growth factors (40 molecules/category). 104 proteins

were reliably quantified in all the samples (19 chemokines,
14 cytokines, 24 receptors, and 37 inflammatory and 10
growth factors), while 44 molecules were always undetectable
(5 chemokines, 10 cytokines, 7 receptors, and 1 inflammatory
and 21 growth factors) (Supplementary Tables 1 and 2). PCA
on the 104 quantified factors unveiled a similar heterogeneity
across the 3 samples (Figure 3(a)). The heat map further
confirmed the lack of major differences among the
specimens (Figure 3(b)). Correlation analysis, performed
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Figure 2: Raman spectroscopy analysis of ASC-CM samples. (a) Average Raman spectra obtained with 532 nm laser line on air-dried drops
of ASC-CM samples. Gray shaded areas represent ±1 standard deviation. (b) Scatter plot of the PC1 and PC2 scores obtained for the 3
considered samples after multivariate statistical analysis (PCA). Ellipses represent the 95% confidence intervals calculated for each sample.
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Figure 3: Continued.
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both on the entire datasets (Figure 3(c)) and on 26 selected
factors with a coefficient of variation (CV) lower than 33%
(Figure 3(d) and Figure 4(a)), showed a strong relationship
between the quantitative variables among samples. Indeed,
the slope of the regression lines always tended to 1
(Figures 3(c) and 3(d)). Moreover, Spearman r always
resulted higher than 0.8, confirming a highly significant
direct correlation between specimens (Figures 3(c) and
3(d), nonparametric Spearman correlation, p < 0:0001).

Since we aim at suggesting standards for CM quality con-
trol, further analyses focused on selected analytes particularly
homogeneous across the samples. In details, around 25%
(n=26) of the quantified factors presented a CV < 33%, indi-
cating a high degree of uniformity in all CM (Figure 4(a),
Supplementary Table 3). Of note, 15 of these were
inflammatory factors (Supplementary Table 3). STRING
analysis underlined strict interconnections between these
factors (Figure 4(b)). As expected, a strong enrichment in
proteins involved in immune system regulation emerged by
pathway analysis (Supplementary Table 4). In particular, the
top 15 pathways ranked by FDR (Figure 4(c)) list proteins
involved in cytokine-cytokine interaction (cytokine-cytokine
receptor interaction/Jak-STAT signalling pathway) and T
cell regulation (T cell receptor signalling pathway/Th1 and
Th2 cell differentiation).

Besides proteins, lipidsmight also exert important roles in
immune regulation. For this reason, in our CM samples, we
analyzed a panel of endocannabinoids and eicosanoids
known to be involved in inflammation. Seven lipidmolecules,
i.e., arachidonoyl acid (AA), eicosapentaenoyl acid (EPA),
docosahexaenoic acid (DHA), prostaglandin-E2 (PGE2),
prostaglandin-F2α (PGF2α), N-palmitoylethanolamide
(PEA), and N-stearoylethanolamide (SEA) (Supplementary
Table 5), were reliably quantified by UHPLC-MS/MS analysis
in all ASC-CM samples. Except for 2-arachidonoylglycerol
(2AG), quantified in 2 out of 3 samples, the other 24 lipids

were always undetectable or unquantifiable (<LODs or
LOQs). A coefficient of variation lower than 33% was found
for SEA and PGE2 molecules (Figures 5(a) and 5(b),
Supplementary Table 5), indicating a good degree of
uniformity in the 3 CM. It is interesting to point out that,
in CM, bioactive lipid by-products are more homogenous
than precursors. This could suggest that mainly the firsts
are released in a controlled fashion. Indeed, analyzing the
pellets of the donor cells and also the precursors DHA, AA,
and EPA presents strongly similar concentrations at
intracellular level (Supplementary Table 6).

Since quantifying specific analytes could become a good
quality control step for ASC-CM, we analyzed the concen-
tration of a subset of factors in larger validation cohorts
(n = 5 ASC-CM for both protein and lipid validation).
Regarding proteins, our results confirmed both the presence
and the homogeneity of the selected factors in all the
analyzed samples (Figure 6(a)). Of note, while the mean
concentrations of RAGE (18:5 ± 9:3 pg/106 ASCs), TNF RI
(368:4 ± 78:3 pg/106 ASCs), and MCP-4 (19:5 ± 11:6 pg/
106 ASCs) nicely fit the ones observed in the original set
(Figure 4(a)), the detected values for PDGF-AA (3:7 ± 2:9 pg/
106 ASCs) and DKK-1 (2524:9 ± 734:6 pg/106 ASCs) are,
respectively, lower and higher than expected. This discrep-
ancy can be attributed to the implementation of distinct
immunological techniques that therefore may have a differ-
ent sensibility and specificity and may rely on the use of anti-
bodies raised against disparate regions of the analytes.
Conversely, lipid validation was performed through the same
UHPLC-MS/MS methods used to test the original set. As
shown in Figure 6(b), SEA (128:2 ± 98:8 pg/106 ASCs) and
PGE2 (50:8 ± 38:6 pg/106 ASCs) were quantified in the entire
ASC-CM lipid validation cohort within a concentration
range that strongly overlaps what was previously observed
(Figure 5(a)).
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Figure 3: Clustering and correlation analysis of the 104 factors quantified in all ASC-CM samples. For the analyses, the levels of each analyte
(pg/ml) were normalized on donor cell number and expressed as pg/106 ASCs. (a) PCA plot and (b) heat map visualization of the protein
levels in ASC-CM1, ASC-CM2, and ASC-CM3. (c, d) Correlation analysis of all the 104 factors (c) and of the 26 molecules (d) having a
coefficient of variation below 33% (CV < 33%). For each graph, the equation of the regression lines is reported, together with Spearman r
values.
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Mean SD CV (RSD)
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Figure 4: Protein interactions and functional prediction of the 26 most homogeneous factors quantified in ASC-CM samples. (a) List of the
26 selected factors having a coefficient of variation below 33% (CV < 33%) and (b) corresponding protein-protein interactions uncovered by
STRING analysis. (c) Top 15 KEGG pathways associated with the 26 proteins selected based on false discovery rate (FDR) p value (-log10
FDR p values are reported as orange bars). Fold enrichment was calculated as follows: Fold enrichment = ðobserved protein count/number
of most homogeneous factorsÞ/ðbackground gene count/total gene numberÞ and is reported as blue bars.
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4. Discussion

The secretome from mesenchymal stem/stromal cells repre-
sents a mixture of biologically active ingredients whose indi-
vidual role is still unknown. Nevertheless, their synergistic
action in producing a clear therapeutic effect supports the
rationale for investigating its clinical potential. This study
is aimed at defining key elements of ASC secretome pro-
duced according to our protocol, which contemplates the

culture of 90% confluent cells for 72 hours under serum dep-
rivation and the following concentration of the conditioned
medium through 3 kDa molecular weight cut off filters.
Other groups currently implement a similar procedure [19,
20], although in literature, there are plenty of alternatives
[21]. Therefore, according to the aphorism “the process is
the product,” any change in the manufacturing process will
undoubtedly affect the final product. Moreover, it should
be pointed out that ASC-CM thus produced retains a
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Figure 5: Lipid levels in ASC-CM samples. (a) Concentration of SEA and PGE2 in ASC-CM and (b) corresponding multiple reaction
monitoring (MRM) chromatograms.
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substantial number of EVs and indeed previous evidences
demonstrated a vesicular yield even higher than the one
obtained by ultracentrifugation [13, 15].

Here, we focused on key parameters that could be
exploited either as general quality controls, such as vesicular
component and Raman signature, or as specific markers,
such as the quantification of selected proteins and lipids. A
summary of the production process and the proposed qual-
ity controls is indicated in Figure 7. For the sake of com-
pleteness, even though nucleic acids such as miRNAs were
not investigated in the current study, their role has been
largely discussed by others (e.g., [22]) making them interest-
ing candidates for additional or alternative quality control
checks.

Given the biological relevance of EVs, their determina-
tion in CM was the first analysis performed in this study.
EVs were abundant in all samples. Their number and size
distribution were homogeneous and coherent with previous
findings [13, 15]. Of note, the filtration protocol allows the
retaining and concentration of the vesicular component with
a process that is faster, easier, and less demanding than the
gold-standard procedure (i.e., ultracentrifugation) [15].
Since EVs are strategic shuttles for biologicals, we suggest
their quantification in CM preparations as a general quality
control. Together with EV quantification, also Raman spec-
troscopy can provide a comprehensive picture of CM com-
position. It reveals the presence of macromolecules and
points out differences and similarities across the samples,
as reported here and in a previous study [13].

Differently, the investigation and quantification of selected
factors could be adapted according to specific downstream
applications.

The broad range analysis on 200 proteins playing pivotal
roles in a variety of biological processes highlighted the pres-
ence of 26 highly conserved molecules in the 3 ASC-CM.
Among these, we chose to validate 5 analytes, each belonging

to a different panel: the chemokine MCP-4 (CV = 32%), the
cytokine DKK-1 (CV = 30%), the receptor RAGE (CV = 8%),
the inflammatory mediator TNF RI (CV = 8%), and the
growth factor PDGF-AA (CV = 17%). For all these analytes,
a high homogeneity among ASC-CM samples was con-
firmed. Given our promising in vitro [14, 15] and in vivo
[17] results on the therapeutic action of ASC-CM in counter-
acting osteoarthritis (OA), herein, we focused our attention
on the potential role of each molecule in this frame.

Monocyte chemoattractant protein 4 (MCP-4, also
known as CCL13) is a member of the CC chemokine family
that displays, besides a strong chemotaxis towards immune
cells, a variety of immunomodulatory functions, spanning
from induction of cytokine release to antimicrobial activity
[23]. Interestingly, MCP-4 can undergo proteolytic cleavage
by matrix metalloproteinases (MMPs), resulting in biologi-
cally active peptides that exert opposite actions on chemo-
taxis and inflammation [24]. This aspect is particularly
intriguing since the aberrant MMP activity represents one
of the milestones of OA progression [25]. In this perspective,
ASC-CM therapeutic potential may rely also on the possibil-
ity of harnessing the anti-inflammatory properties of MCP-4
metabolites generated in situ by MMPs.

DKK-1 (Dickkopf-1) is a chondroprotective factor, act-
ing as inhibitor of the Wnt/β-catenin signalling pathway.
A massive activation of this pathway is involved in diseases
like OA [26], where the conditional accumulation of β-
catenin affects chondrocytes inducing a hypertrophic phe-
notype together with the overexpression of MMPs [27].
Interestingly, recent in vitro evidences described positive
changes in the expression of β-catenin by subchondral
osteoblasts following the administration of DKK-1 [28].
Consequently, its abundance in ASC-CM may represent
a promising cue in counteracting OA progression.

The receptor for advanced glycation end products
(RAGE) appeared remarkably homogenous in ASC-CM

RAGE (MOK) 29,1 21,4 12,3 23,7 5,9

PDGF-AA 1,7 6,3 7,5 1,7 1,4

TNF RI (TNFRSF1A) 356,6 347,4 443,0 441,0 254,1

DKK-1 3593,3 2871,1 2415,0 2004,0 1741,2

MCP-4 (CCL13) 16,3 39,9 13,2 16,9 11,2

ASC-CM PV5ASC-CM PV4ASC-CM PV3ASC-CM PV2ASC-CM PV1

pg/106 ASCs

(a)

SEA 97,8 85,7 116,1 298,3 43,2

PGE2 44,9 34,8 45,9 115,6 12,8

pg/106 ASCs

ASC-CM LV1 ASC-CM LV2 ASC-CM LV3 ASC-CM LV4 ASC-CM LV5

(b)

Figure 6: Validation of selected proteins and lipids. (a) Levels of 5 selected proteins (RAGE, PDGF-AA, TNF RI, DKK-1, and MCP-4)
quantified in an ASC-CM protein validation (PV) cohort (n = 5). (b) SEA and PGE2 levels confirmed in an ASC-CM lipid validation
(LV) cohort (n = 5). The levels of each analyte (pg/ml) were normalized on donor cell number and expressed as pg/106 ASCs.
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samples. Physiologically and pathologically, this is a trans-
membrane receptor whose activation by ligand interaction
triggers intracellular signalling leading to increased release
of reactive oxygen species and proinflammatory cytokines
[29]. The presence of RAGE in ASC-CM cannot induce such
a response so it might act as a decoy receptor. This could be
exploited for the treatment of pathologies presenting a
reduction of soluble RAGE (sRAGE, the “conventional”
RAGE decoy receptor), together with an increase of its
ligands. In OA, a reduction of sRAGE is associated with an
increase in AGE levels in the synovial fluid [29, 30]. In this
context, we hypothesize that ASC-CM injection in a limited
space such as the synovial environment could mitigate the
pathological sRAGE/AGE unbalance.

A similar consideration can fit for TFN RI (TNFRSF1A).
This receptor is usually involved in the transduction of var-
ious inflammatory/stress stimuli by the activation of NF-κB
and the consequent transcription of specific genes leading
to the production of proinflammatory and catabolic factors
[31]. Again, the molecule present in ASC-CM medium can-
not trigger these intracellular events while it could compete
with cellular receptor. This could be of particular relevance
in the treatment of pathologies associated with a relevant
increase in TNF, such as rheumatoid arthritis [32], Crohn’s
disease [33], and OA [34]. In the latter, ASC-CM intra-
articular administration could be particularly beneficial since
the increase in TNF in the synovial fluid, synovial mem-
brane, cartilage, and subchondral bone is also associated
with an increased TNFRI in synovial fibroblasts, further
amplifying the noxious signalling [34].

Platelet-derived growth factors (PDGFs) are key players
in bone metabolism, and, in particular, PDGF-AA is
involved in the crosstalk between subchondral bone and
articular cartilage during OA onset [35]. Moreover, recent
evidences suggest that PDGF-AA promotes remyelination

and increases tissue repair in a rat model of spinal cord
injury, overall improving the locomotor functional recov-
ery [36].

Since recently, the involvement of lipids in physiological
and pathological processes has been widely demonstrated; in
our opinion, their analysis holds paramount importance.
With the advent of the next-generation mass spectrometry
(MS), significant advances occurred in the field of lipido-
mics. Our UHPLC-MS/MS method [18] is aimed at profiling
a high number of bioactive lipids belonging to structurally
similar classes, including polyunsaturated fatty acids, eicosa-
noids, endocannabinoids, and N-acylethanolamides. Since it
is conceivable that these lipids released by ASCs may play a
role in inflammatory processes, we performed an absolute
quantification of 32 molecules thanks to the high sensitivity
and specificity of triple quadrupole mass spectrometry and
the use of labeled lipids. Among quantified lipids, SEA and
PGE2 showed a relevant uniformity that was therefore vali-
dated in a larger ASC-CM cohort. SEA is an endogenous
lipid belonging to the N-acylethanolamides family that acts
as an anti-inflammatory/immunomodulatory agent through
the downregulation of several proinflammatory cytokines
[37]. Conversely, PGE2 exerts a well-known inflammatory
action. Nevertheless, in the OA context, it can exert either
anabolic or catabolic effects on chondrocytes and synovio-
cytes depending on its concentration [38–40]. Evidence sug-
gests also that PGE2 may have an immune stimulatory role
by facilitating Th1 differentiation and expanding Th17 T
cells [37].

5. Conclusions

In conclusion, in this work, we identified key ingredients of
ASC secretome that may be involved in its therapeutic
action and whose stable levels among different ASC-CM
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Figure 7: Scheme of our strategy for ASC-CM production together with the proposed quality control steps discussed in the text.
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batches may represent promising quality control criteria.
Indeed, these indications may be relevant for a rapid and
convenient reproducibility assessment of ASC-CM prior its
use for different applications.

Nevertheless, we suggest not to focus reservedly on
selected components but rather to aim at acquiring an over-
view of the great complexity of this promising cell-free ther-
apeutic, whose strength relies precisely on the presence of a
multitude of biologically active factors of different natures.
Here, we propose multiple steps for secretome standardiza-
tion, either providing an overlook of its composition by
NTA and Raman spectroscopy or specifically focusing on
the quantification of key molecules of different natures.
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Exosomes are nanometer-sized small EVs coated with bilayer structure, which are released by prokaryotic and eukaryotic cells.
Exosomes are rich in a variety of biologically active substances, such as proteins, nucleotides, and lipids. Exosomes are widely
present in various body fluids and cell culture supernatants, and it mediates the physiological and pathological processes of the
body through the shuttle of these active ingredients to target cells. In recent years, studies have shown that exosomes from a
variety of cell sources can play a beneficial role in acute and chronic kidney disease. In particular, exosomes derived from
mesenchymal stem cells have significant curative effects on the prevention and treatment of kidney disease in preclinical trials.
Besides, some encapsulated substances are demonstrated to exert beneficial effects on various diseases, so they have attracted
much attention. In addition, exosomes have extensive sources, stable biological activity, and good biocompatibility and are easy
to store and transport; these advantages endow exosomes with superior diagnostic value. With the rapid development of liquid
biopsy technology related to exosomes, the application of exosomes in the rapid diagnosis of kidney disease has become more
prominent. In this review, the latest development of exosomes, including the biosynthesis process, the isolation and
identification methods of exosomes are systematically summarized. The utilization of exosomes in diagnosis and their positive
effects in the repair of kidney dysfunction are discussed, along with the specific mechanisms. This review is expected to be
helpful for relevant studies and to provide insight into future applications in clinical practice.

1. Introduction

There are many types of kidney diseases. According to etio-
logical factor, kidney diseases can be divided into primary,
secondary, and congenital diseases. Acute kidney injury
(AKI) produces various clinical manifestations accompanied
with abrupt renal dysfunction. Nearly 20% of those hospital-
ized with AKI show increased resource utilization and poor
outcomes. This prognosis correlates with many risk factors,
including sepsis, trauma, diabetes mellitus, and older age [1,
2]. There are multiple factors that account for the mecha-
nisms of AKI, including imbalanced inflammation, abnormal
hemodynamics, and excessive production of reactive oxygen
species (ROS) [3–5]. AKI and chronic kidney disease (CKD)
are interconnected. Sustained pathological changes in AKI

contribute to the development of CKD, which breaks the bal-
ance of the microenvironment among peritubular capillary,
tubular cells, and interstitial cells. One of the most obvious
features in CKD is the deposition of extracellular matrix
and the formation of fibrosis [6]. Despite the existing diag-
nostic criteria (e.g., creatinine levels and urine output) and
availability of treatments (e.g., dialysis, conservative care,
and kidney transplantation), kidney diseases continue to
pose a significant threat to people’s health. Hence, the
explorations of more sensitive biomarkers and more effec-
tive therapies are still two challenges to diagnose and treat
kidney diseases.

Extracellular vesicles (EVs) generally fall into three cate-
gories: exosomes, microvesicles (MVs), and apoptotic bodies,
which differ in size, origin, density, releasing mechanisms,
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and so on. MVs (100–1000 nm) are formed through the
direct shedding of plasma membrane. Apoptotic bodies
(100–5000nm) are caused by cell apoptosis. Exosomes are
formed through endosome systems and are nanoscale vesi-
cles with diameters of 50–150nm [7, 8]. It was analyzed that
the protein patterns and lipidomes were differently enriched
in exosomes and MVs even though they are released from the
same cell source [9]. In 1983, exosomes were first identified in
supernatants of sheep reticulocytes [10]. As research pro-
gressed, it was demonstrated that exosomes are secreted by
the majority of cells (e.g., mesenchymal stem cells, macro-
phages, and cancer cells) [11–13] and widely distributed in bio-
logical liquids (e.g., plasma, urine, bone marrow, and amniotic
fluid) [14–16] which play a crucial part in signaling transduc-
tion and pathological development of diseases [17, 18]. Because
exosomes are present in body fluids, a strategy has been devel-
oped to enrich them and increase the feasibility and sensitivity
of diagnostics [19]. As advances in engineered exosomes con-
tinue, many experiments have been conducted to improve their
effectiveness. Xu et al. generated overexpression of circAkap7
exosomes via transfected circAkap7 into adipose-derived stro-
mal cells. Exosomal circAkap7 functioned as a sponge to absorb
miR-155-5p, enhanced autophagy, diminished oxidative stress,
and relieved cerebral ischemic injury [20].Wu et al. constructed
engineered exosomes from human bone mesenchymal stem
cells (hBMSCs) called mag-BMSC-Exos. They found that
miR-21-5p was expressed more highly in mag-BMSC-Exos
and inhibited Sprouty 2 (SPRY2) proteins and stimulated
proangiogenesis and proproliferation pathways [21].

Many studies have reported therapeutic roles of exo-
somes secreted by cultured cells. Thanks to their reflection
of host cells and existence in body fluids, studies have dem-
onstrated the potential molecules which are associated with
the diagnosis and prognosis of kidney diseases. This review
summarizes those studies and provides insight into the pos-
sible use of exosomes.

2. Isolation, Identification, and
Function of Exosomes

Exosomes are lipid-bilayer bioactive nanovesicles consisting
of a multitude of proteins (e.g., heat-shock proteins, tetraspa-
nins, and Alix), lipids (e.g., ceramide and cholesterol), and
nucleic acids (e.g., DNA, mRNAs, and microRNAs). These
bioactive molecules are partially involved in communication
between cells and the modulation of recipient cells [22].
Various methods are traditionally used to isolate exosomes,
such as sequential ultracentrifugation, ultrafiltration, size-
exclusion chromatography, immune-affinity capture, and
polymer precipitation (Figure 1). These methods depend on
physical, chemical, and biological properties [23]. Ultracen-
trifugation is time-consuming, has high equipment require-
ment, and has no specificity. But it is suitable for large
sample volumes. Comparatively, ultrafiltration is simple, fast,
and low cost. However, exosomes will be trapped and clogged
in the membrane and the isolated exosomes are still lack of
specificity. Promisingly, sequential filtration is applied for
large sample processing [24, 25]. Taking the advantages and
disadvantages of each method into account, it is necessary to

combine isolation techniques [24]. Because the extracted sam-
ples are not completely pure, and the biomarkers are not fully
specific, Yang et al. proposed a mathematical formula to esti-
mate the proportion of exosomes in a mixture [24]. Novel
techniques have also been developed to overcome these draw-
backs [23]. Lee et al. were the first to isolate exosomes with
tangential flow filtration, which overcame the challenges of
limited amounts of samples [26]. It is worth considering that
the choice of methods differs depending on the sources of
the sample. A previous study has found that differential ultra-
centrifugation was the most common method used for isolat-
ing exosomes from urine [27]. Sequential ultracentrifugation
and polymer precipitation are often used for isolating serum
exosomes. Nevertheless, sequential ultracentrifugation gener-
ates fewer particles, and polymer precipitation can cause
clumping among the soluble proteins [28, 29]. Storage is
another issue to consider. It is reported that exosomes degrade
easily at 37°C. Therefore, they are suitable to be stored at -80°C
while also need to be used as soon as possible [30].

Transmission electron microscopy (TEM), nanoparticle
tracking analysis (NTA), flow cytometry (FCM), and Western
blotting (WB) are common techniques for identifying concen-
tration, size, and morphology [31]. Various methods have been
suggested to characterize exosomes [32]. TEM assists in observ-
ing the shapes of exosomes visually and vividly. Their shapes
are changeable depending on their surroundings, namely,
whether they are cup-like or rounded [8, 33]. However, the
instrument is expensive, the method is strict with the sample
preparation, and the results are influenced by subjectivity [34].
NTA is used to measure the size distribution and concentration
of exosomes [35]. Establishing the concentration makes it con-
venient to calculate the quantity of applied exosomes. Neverthe-
less, this technique is not sensitive, sorts out targeted exosomes
with low efficiency, and lacks repeatability. FCM and WB are
commonly used to identify molecular phenotyping [36, 37].
However, FCM outperforms in terms of its high throughput
and accurate measurement of diameters and concentrations.
To rigorously confirm the exosomes, different expressive abun-
dances and functional markers should be selected, including
CD9, CD63, CD81, Alix, calnexin, Grp94, and Tsg101 [36,
38]. In 2018, Théry et al. established guidelines for the isolation
and characterization of EVs [32]. However, there remains a
long way to go to standardize the quantity and quality of the
extracted exosomes for experimental studies or clinical trials
since inevitably obtaining non-EV composition.

Many studies have found that exosomes participate in
cancer drug resistance [12], cutaneous wound healing [39],
liver injury, and so on [40]. The cargos in EVs have been
found to prevent cell death, modulate immune response,
maintain vascular integrity, and promote cell activity [41].
Thus, attempts to recognize the underlying mechanisms of
different EVs make it important for us to prevent this pro-
gression and seek means of addressing illness.

3. Diagnostic Roles of Circulating Exosomes in
Kidney Diseases

Due to the insensitivity of traditional kidney injury bio-
markers, advanced biomarkers are being sought and are
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rapidly emerging, such as kidney injury molecule-1, beta-2
microglobulin, cystatin C, and neutrophil gelatinase-
associated lipocalin (NGAL). Nevertheless, researchers are
still working to analyze an array of biomarkers to promote
early diagnosis and treatment that may better represent rele-
vant clinical manifestations and prognoses (Table 1) [42].
Blood and urine are two readily available specimens that can
be obtained without invasive procedures or great pain to
patients. miRNA is an important type of noncoding RNAs
with about 22 nucleotides in length. It mainly exerted biolog-
ical functions through posttranscriptional level. Differences in
expression between healthy subjects and patients make it pos-
sible to be applied into diagnostic and theranostic markers
[43]. Exosomes’ structures protect their cargos (e.g., miRNA,
circRNA, proteins, and lipids) from degrading and can repre-
sent the physiological or pathological states of their parental
cells. With the development of methods to isolate exosomes
from body fluid, promising potential to make use of bioactive
molecules for prediction is being developed [14, 44].

3.1. Diagnostic Role of Urinary Exosomes

3.1.1. Diagnosis of AKI. Because circulating exosomes rarely
pass through the glomerular, the majority of urinal exosomes
result from kidney, bladder, and prostate organs, which indi-
cates their value for predicting certain diseases. Sonoda et al.
established ischemia/reperfusion (I/R) models and con-
ducted continuous observations on them for up to 2 weeks.
It was demonstrated that miRNAs in exosomes could reflect
the injury and fibrosis state, such as in the release of miR-9a,

miR-16, miR-200a, and miR-141 [45]. Similarly, exosomal
miR-30c-5p and miR-192-5p were confirmed to obviously
increase both in animal models and in patients suffering from
cardiovascular surgery [46]. It was also found that increased
levels of organic anion transporter 5 (Oat5) were associated
with aberrant renal function indexes in cisplatin-treated
Wistar rats [67]. For sepsis-induced AKI, a specific transcrip-
tional repressor for activating transcription factor 3 (ATF3)
was increased but not detected in the non-AKI group [68].
Awdishu et al. conducted a survey among cirrhosis-induced
AKI and showed that maltase glucoamylase increased signif-
icantly in urinary exosomes [69].

3.1.2. Diagnosis of CKD. An overwhelming majority of scien-
tists who have analyzed changeable microRNAs have used
databases or profiling. Diabetic nephropathy is a serious
complication caused by diabetes mellitus (DM). Using the
results of bioinformatics analyses, Eissa et al. validated the
high levels of miR-30a, miR-133b, and miR-342 in urine exo-
somes from type 2 diabetic nephropathy (T2DN) patients
[50]. The use of these miRNAs was connected both with
renal functions and with early diagnosis of albuminuria.
Similar studies have shown that elevated miR-320c, which
influences the TGF-β1 signaling pathway, could be used as
a novel biomarker to distinguish microalbuminuria (MIC)
from normoalbuminuria [48]. Accumulating studies also
demonstrated different expressions for miR-192, miR-15b-
5p, miR-let-7i-3p, miR-let-7c-5p, miR-24-3p, miR-27b-3p,
and TGF-β1 in EVs [51, 53, 54]. Apart from this, multiple
microRNAs have been explored as noninvasive predictors.

Cells Dead cells

(a) Sequential ultracentrifugation

(b) Ultrafiltration (c) Size-exclusion chromatography

(d) Polymer precipitation (e) Immune-affinity capture

Debris

300 g 10 min 2000 g 10 min 10000 g 30 min 100000 g 70-90 min

PEG

Centrifugation

Cells
Dead cells
Debris
Large EVs

Exosomes
Protein
Antibody
Beads

Figure 1: Five main traditional methods of exosome separation. Traditional methods are based on the physical, chemical, and biological
properties of exosomes. Sequential ultracentrifugation is used to separate the exosomes, according to the different sedimentation
coefficients of exosomes, cells, and debris. Ultrafiltration and size-exclusion chromatography depend on size: only exosomes can pass
through a certain molecular-weight cut-off membrane and exhibit longer retention times in the stationary phase. When PEG is added, the
surroundings are hydrophobic and promote deposition at the bottom. The beads are combined with specific antibodies to interact with
the surface proteins of exosomes and can easily be sorted.
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miR-19b-3p, miR-15b, miR-34a, miR-150-5p, miR-362-3p,
miR-636, and miR-877-3p increased in urinary exosomes
from T2DN patients. This was speculated to be relevant to
inflammation, proliferation, and apoptosis through regulat-
ing pathways [47, 49, 52]. After the administration of
advanced glycation end-products (AGEs), TGF-β/Smad3
was activated in cultured podocytes and contributed to the
release of the exosomal Elf3 protein, which was only detected
in T2DN patients [70]. Additionally, increased levels of
C-megalin were detected in urinary exosomes which also
participated in regulating the quantity of exosomes [71].
Uromodulin mRNA in urinary EVs also represented the
severity of the progression of renal disease in a sense, and
Wilms’ tumor 1 (WT1) mRNA reflected glomerular injury

[72, 73]. Interestingly, in type 1 diabetic nephropathy
(T1DN) rat models, miR-451-5p showed opposite trends in
renal tissues and urine and was related to the protection
against renal fibrosis [55]. Urinary exosomal miRNAs
changed between normoalbuminuric and microalbuminu-
ric diabetic patients and reflected the severity of pathological
change. Those microalbuminuric patients exhibited increased
amounts of miR-145 and miR-130a and decreased amounts of
miR-155 and miR-424 [56]. Furthermore, the changeable
levels of miR-21, miR-29c, miR-181a, miR-200b, and regucal-
cin protein were observed in CKD [74–78].

3.1.3. Diagnosis in Other Kidney Diseases. Lupus nephritis
(LN) is a complication that results from systemic lupus

Table 1: The diagnostic role of urine-derived exosomal miRNA in renal disease.

Kidney diseases Changeable molecules Mechanisms Ref.

AKI
Upregulation: ↑

miR-200c, miR-9a, miR-141, miR-200a, miR-429
Target Zeb1/2

Regulate TGF-β-associated fibrosis
[45]

miR-16, miR-24, miR-30c-5p, miR-192-5p - [45, 46]

T2DN

Upregulation: ↑
miR-19b-3p

Target SOCS-1
Regulate inflammation

[47]

miR-320c
Target TSP-1

Regulate TGF-β-associated fibrosis
[48]

miR-150-5p, miR-362-3p, miR-877-3p
Regulate p53, mTOR, AMPK pathways
Involve in oxidative stress and fibrosis

[49]

miR-133b, miR-30a, miR-342, miR-192, miR-15b, miR-34a,
miR-636, miR-let-7c-5p

Regulate fibrosis [50–53]

Downregulation: ↓
miR-let-7i-3p, miR-24-3p, miR-27b-3p,

Involve in Wnt/β-catenin signaling [54]

T1DN

Upregulation: ↑
miR-145, miR-30a
Downregulation: ↓
miR-155, miR-424

- [55, 56]

LN

Upregulation: ↑
miR-26a

Regulate podocyte differentiation and
cytoskeletal integrity

[57]

miR-21, miR-150
Target VEGFA and SP1

Regulate fibrosis
[58]

miR-146a
Target IRAK1 and TRAF6
Regulate inflammation

[59]

Downregulation: ↓
miR-29c, miR-let-7a

- [60, 61]

PKD
Downregulation: ↓

miR-30a-5p, miR-30d-5p, miR-194-5p
- [62]

RCC

Upregulation: ↑
miR-150-5p, miR-204-5p

- [63, 64]

Downregulation: ↓
miR-126-3p

- [63]

FSGS

Upregulation: ↑
miR-155

Downregulation: ↓
miR-1915, miR-663

- [65]

NS
Upregulation: ↑

miR-194-5p, miR-146b-5p, miR-378-3p, miR-23b-3p,
miR-30a-5p

- [66]
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erythematosus and is a major risk factor for ESRD. Evidence
has shown that glomerular miR-26a expression is higher in
both mouse models and patients. However, exosomal miR-
26a from urine displayed different consequences [57].
Tangtanatakul et al. later found that miR-let-7a showed obvi-
ous decreases during the active phase of LN, which could
indicate disease progression [60]. It has been also reported
that miR-21, miR-29c, and miR-150 were correlated with
the degree of LN. Decreased levels of miR-29c and increased
levels of miR-21 and miR-150 hastened the progression of
fibrosis through the TGF-β/Smad3 pathway [58, 61]. Addi-
tionally, miR-146a was associated with the severity and activ-
ity of LN [59]. It should be noted that Garcia-Vives et al.
surveyed the prognosis and clinical response of LN patients
and found that responding patients secreted augmented
levels of miR-135b-5p, miR-107, and miR-31-5p in their uri-
nary exosomes. Those miRNAs inhibited hypoxia-inducible
factor-1α (HIF-1α) in renal cells, which predicted better
recovery and reduced inflammation [79].

Polycystic kidney disease (PKD) is a complex disease that
is commonly found in the form of autosomal dominant PKD.
Recent results have found apparent changes in the protein
components in the exosomes. The activator of G protein sig-
naling 3 (AGS3) was involved in the pathological progression
of PKD. Enhanced levels of this protein were detected both in
PCK rats and human samples [80]. Furthermore, studies
have reported that exosomes overexpress envoplakin, villin
1, prominin 1, and the cellular repressor of E1A-stimulated
genes 1 (CREG1), indicating aberrant morphology and
proliferation in the cells [81, 82]. Polycystin-1 (PC-1),
polycystin-2 (PC-2), transmembrane protein 2 (TMEM2),
miR-30a-5p, and miR-194-5p are also relevant to diagnosis
and monitoring [62, 83].

The incidence of renal cell carcinoma (RCC) is signifi-
cantly higher in North America and in Western, Central,
and Eastern Europe. RCC is usually accompanied by other
diseases, such as hypertension, urinary stones, and diabetes.
Prediction of this disease before the appearance of symptom
phenotypes is extremely important [84]. Butz et al. showed
increased levels of miR-150-5p and decreased levels of
miR-126-3p in clear-cell RCC patients. A combination of
miR-126-3p, miR-449a, and miR-34b-5p could improve
diagnostic sensitivity [63]. Furthermore, abnormally elevated
polymerase I and transcript release factor (PTRF) were found
in patients’ urinary exosomes, regulated by the EGFR/Akt
pathway [85]. Higher levels of miR-204-5p were detected
prior to progression for Xp11.2 translocation RCC [64].

Minimal change disease (MCD) is the most common dis-
ease to cause nephrotic syndrome and is characterized by
podocytopathy. Compared with MCD, focal segmental glo-
merulosclerosis (FSGS) patients show poor prognosis which
desires noninvasive biomarkers [86]. In a gesture toward
conducting differential diagnosis between MCD and FSGS,
researchers have used miR profiles that establish changes in
miR-1225-5p, miR-1915, miR-663, miR-193a, and miR-155
[65, 87]. Among children exposed to idiopathic nephrotic
syndrome (NS), miR-194-5p and miR-23b-3p have been
found to be useful for monitoring urine protein levels and
reflecting disease progression [66]. Bhayana et al. conducted

a survey to predict radiation nephropathy and demonstrated
increased levels of miR-1224 and miR-21 in leukemia
patients pretreated with total-body irradiation [88].

3.2. Diagnostic Role of Plasmic Exosomes. Plasma is another
source for liquid biopsies. Plasmic exosomes exist in the
blood through cargo packing, trafficking, and secretion from
host cells which could be used as biomarkers. Recently, Xie
et al. made comparisons of bioinformatics results between
plasma and plasmic exosomes and found incomplete consis-
tency. Interestingly, it was speculated that plasmic exosomes
could participate in the morbidity and progression of disease,
as their cargos (e.g., miR-22-3p, miR-29b-3p, miR-30e-3p,
miR-143-3p, and miR-770-5p) were related to significant
pathways, such as extracellular matrix–receptor interaction
and mucin type-O-glycan biosynthesis [89]. miR-146a is also
implicated in monitoring kidney injury in animal models
induced by cisplatin [90]. MCD has been observed to be asso-
ciated with increased levels of miR-30, miR-34, and miR-342
in patients [65]. A survey was conducted of the enrollment of
patients categorized by the severity of their disease. It was
also shown that miR-21 could be used to distinguish intersti-
tial fibrosis (IF) from tubular atrophy at higher grades [91].
In addition, Xiao et al. and Dias et al. reported different levels
of miR-92a-1-5p, miR-301a-3p, miR-424-3p, miR-149-3p,
and miR-1293 in RCC patients’ plasmic exosomes relative
to those of control groups [92, 93].

In summary, exosomal contents, such as proteins,
miRNAs, and lipids in urine and plasma make it possible to
predict the onset and progression of disease earlier and faster.
However, some challenges hinder the translation into clinical
practice. The methods to isolate exosomes need to be opti-
mized and standardized to improve reproducibility. The sensi-
tivity and specificity of encapsulated molecules need to be
further analyzed and confirmed. Also, preanalytical factors
should be taken into consideration and more patients need
to be enrolled as well to increase the accuracy and reliability
of the results. The use of exosomes in diagnosis is expected
to have a bright future.

Exosomes can be obtained not only from body fluids but
also from the supernatant of cultured cells, including MSCs.
Our group previously demonstrated the significant roles of
derived exosomes in alleviating inflammatory bowel disease
[94], hepatic oxidant injury [95], and cutaneous injury [96].
The encapsulated substances are suggested to participate in
maintaining regeneration and homeostasis. Notably, emerg-
ing reports have also found protective effects for derived exo-
somes in relieving kidney injury, which implies possible new
treatment strategies.

4. Mesenchymal Stem Cell-Derived Exosomes in
Kidney Injury Repair

MSCs have the unique capability for self-renewal and differ-
entiation. MSCs can be obtained from several sources,
including bone marrow [97], adipose tissue [98], amnion,
chorion, and the umbilical cord [99]. Numerous trials have
been conducted recently to investigate the validity and toler-
ance of MSC therapy [100–102]. Exosomes are paracrine
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forms of MSCs outperforming them in safety and immunity,
and they consist of bioactive molecules [25]. The following
sections focus on the progress of current research on the use
of MSC-derived exosomes for kidney injury repair (Table 2).

4.1. Protective Roles on AKI

4.1.1. I/R-Induced AKI. EVs isolated from the conditioned
medium have been proven to be an important mediator of
MSCs in renoprotection. Human Wharton’s jelly mesenchy-
mal stromal cell- (hWJMSC-) derived exosomes, which are
abundant in miR-30, have been reported to alleviate mito-
chondrial fission by blocking the activation of dynamin-
related protein 1 (DRP1), and miR-16 and miR-15 are
speculated to target CX3CL1 to reduce inflammatory
responses in their early stages [103, 104]. Further, exosomes
from hucMSCs (hucMSC-Exos) are capable of effectively
reinforcing the NRF2/ARE pathway, which result in the
reduction of malondialdehyde (MDA) and 8-hydroxy-2′
-deoxyguanosine (8-OHDG) [105]. Another group reported
that hucMSC-Exos were able to enhance the ERK 1/2 path-
way and promoted dedifferentiation by delivering hepatocyte
growth factor (HGF) mRNA [106]. In addition, isolated
microvesicles (MVs) that contain exosomes have been
proven to depress the generation of ROS by regulating
NADPH oxidase-2 (NOX2) proteins [123]. Notably, Zhao
et al. reported the involvement of MSC-Exos in maintaining
mitochondrial function. Both normal hucMSC-Exos and
mouse BMMSC-Exos contained mitochondrial transcription
factor A (TFAM) and mitochondrial DNA (mtDNA). These
molecules were shuttled to tubular cells to alleviate mito-
chondrial dysfunction and reduce apoptosis and inflamma-
tion [124]. Recently, Cao et al. highlighted the important
roles of miR-125b-5p enriched in exosomes. They found that
the adhesive molecules on exosomes assisted in homing to
injured areas and miR-125b-5p targeted p53 to inhibit
apoptosis and promote tubular repair [111].

Furthermore, exosomes released from hBMSCs have also
been reported to have beneficial effects. The miR-199a-3p
they contain has been shown to target semaphoring 3A
(Sema3A) and induce antiapoptosis [125]. Prestimulating
bone marrow MSCs (BMMSCs) with melatonin has been
found to prompt more efficient regeneration [126]. Mouse
BMMSCs have been reported to transport miR-233, which
directly suppresses NLR family-pyrin domain containing 3
from producing its protective effects [127]. Those exosomes
have been shown to overexpress C-Cmotif chemokine recep-
tor 2 (CCR2), which absorb circulating CCL2 and attenuate
the extensive tissue inflammation induced by monocytes
and macrophages [117].

It has also been shown that exosomes from human
adipose-derived mesenchymal stem cells (hADMSCs) are
enabled to alleviate acute injury or even chronic pathological
changes by upregulating tubular Sox9, which is abolished
when adding inhibitors [112]. In addition to this, ADMSCs
and derived exosomes have been shown to alleviate injury
in vivo better than other types [128].

Interestingly, Li et al. successfully isolated human urine-
derived stem cells (hUSCs) from fresh human urine. They

confirmed that hUSC-Exos migrated to and were incorpo-
rated into injured tubule cells instead of hUSCs. The
highest-expression exosomal miR-146a-5p was screened
and shown to target interleukin-1 receptor-associated kinase
1 (IRAK1) to decrease oxidative stress and reduce inflamma-
tion [114]. In another study, miR-216a-5p was found to
target phosphatase and tensin homolog (PTEN) and had
antiapoptotic effects [115]. Exosomes from human amnion
epithelial cells (hAECs) were reported to protect against apo-
ptosis and inflammation, which might be associated with the
encapsulated proteins [129]. Several reports have also pro-
vided convincing evidence that progenitor cells in glomeruli,
tubules, and renal arteries relieve kidney injury via paracrine
action. MSCs in glomeruli (GI-MSCs) appear to reduce
kidney damage more effectively through sorting miRNAs
into EVs and influence cell communication and signal trans-
duction [119]. In addition, EVs from human placenta-
derived MSCs (hP-MSCs) have been demonstrated to
transfer miR-200a-3p, which activates the Keap1-Nrf2
pathway and exhibits protection for mitochondrial functions.
Cao et al. traced EVs with aggregation-induced emission
luminogens. This material was further confirmed to provide
higher resolution, a lower background, and better biocom-
patibility [116].

4.1.2. Toxin-Induced AKI. Cisplatin is a kind of chemothera-
peutic regimen that is used to treat cancer. Due to its detri-
mental effects on the kidney, scientists and clinicians have
sought for possible methods to reverse those effects. Previous
studies have demonstrated the considerable effects of exo-
somes in nephrotoxicity induced by cisplatin. In 2013, Zhou
et al. found that hucMSCs were able to repair kidney damage
through paracrine action by orderly regulating proliferation
and apoptosis-related pathways [107]. Others have focused
on the specific relationship between exosomes and autoph-
agy. It has been clearly shown that hucMSC-Exos are capable
of enhancing autophagy by depressing the mTOR signaling
pathway, which is in negative parallel to the autophagy level
[130]. 14-3-3ζ is the isoform of 14-3-3 proteins. Through liq-
uid chromatography/mass spectrometry (LC/MS), it was
analyzed that 14-3-3ζ was abundant in hucMSC-Exos [39].
Taking into account the transportation of 14-3-3ζ by exo-
somes, we also shed light on the possible mechanisms of
intrinsic and delivered 14-3-3ζ through a combination of
ATG16L, which resulted in the greater formation of autopha-
gosome precursors, enhancing proliferated ability, resisting
apoptosis, and favoring survival. Autophagy flux was blocked
by the inhibitor 3-methyladenine (3-MA) [131, 132].
Intriguingly, Cao et al. concentrated on three-dimensional
culture and demonstrated that three-dimensional-cultured
exosomes from hucMSCs outperformed in terms of produc-
tion, concentration, and efficiency [133]. It has also been
shown that conditioned mediums from BMMSCs can repair
disordered kidney structure, strengthen the kidney function,
and diminish the inflammatory factors in gentamicin-
induced AKI [134]. Insulin-like growth factor-1 receptor
(IGF-1R) mRNA can be transferred from BMMSCs and
facilitate epithelial cell proliferation, which is abolished by
gene silencing [122, 135].
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4.1.3. Sepsis-Induced AKI. Sepsis is a complex disease that is
characterized by aberrant responses to infection and that is
accompanied by extremely serious complications, such as
multiple organ dysfunction and septic shock. The kidney is
particularly vulnerable to sepsis. To enhance the immuno-
modulatory ability of hucMSCs in sepsis, Song et al. presti-
mulated them with interleukin-1β (IL-1β). They found that
IL-1β-pretreated MSCs continued to meet the basic defini-
tion of MSCs and mitigated the disorganization of kidney,
lung, and liver with downregulated interleukin-6 (IL-6) and

tumor necrosis factor-α (TNF-α). They also reported that
more macrophages transformed to M2 phenotypes in lung
and liver tissues subjected to pretreated MSCs. They thus
found that exosomes derived from MSCs contained abun-
dant miR-146a. When it was transferred to macrophages, it
inhibited targeted proteins at the posttranscriptional level
and fostered M2 polarization. Due to the lack of research
on the kidney, the role of exosome miR-146a in renal injury
needs further elucidation [136]. Our group recently showed
that hucMSC-Exos affected the expression of miR-146b and

Table 2: The mechanisms of MSC and other cell-derived exosomes in attenuating kidney injury.

Sources of exosomes Cargos Species/models Outcome Ref.

hWJMSCs

miR-30 SD rats/left kidney ischemia for 45mins
Inhibit DRP1
Antiapoptosis

[103]

miR-15, miR-16 SD rats/left kidney ischemia for 60mins
Inhibit CX3CL1

Anti-inflammation
[104]

_
Rats/left kidney ischemia for 45mins

NRK-52E cells/hypoxia for 6 h
Activate Nrf2/ARE pathway

Antioxidation
[105]

hucMSCs

HGF mRNA SD rats/left kidney ischemia for 1 h
Activate ERK 1/2 pathway

Antiapoptosis
[106]

_
SD rats: 6mg/kg cisplatin

NRK-52E cells/5 μM cisplatin for 6 h
Activate ERK 1/2 pathway

Antiapoptosis
[107]

_ C57BL/6 mice/CLP surgery
Inhibit NF-κB pathway
Anti-inflammation

[108]

_
SD rats/unilateral ureteral obstruction

NRK-52E cells/TGF-β1
Inhibit TLR4/NF-κB pathway

Anti-inflammation
[109]

CK1δ, β-TRCP SD rats/unilateral ureteral obstruction
Inhibit YAP activity

Antifibrosis
[110]

miR-125b-5p
C57BL/6 mice/bilateral kidneys ischemia for 30mins

HK-2 cells/hypoxia for 12 h
Inhibit p53

Antiapoptosis
[111]

hADMSCs
_ C57BL/6 mice/left kidney ischemia for 30mins

Upregulate Sox9
Antifibrosis

[112]

_ C57BL/6 mice/CLP surgery
Activate SIRT1

Anti-inflammation, Antiapoptosis
[113]

hUSCs
miR-146a-5p

SD rats/left kidney ischemia for 45mins
HK-2 cells/hypoxic medium 48 h

Downregulate IRAK1
Inhibit NF-κB pathway
Anti-inflammation

[114]

miR-216a-5p
SD rats/left kidney ischemia for 45mins

HK-2 cells/hypoxic medium 1 h
Downregulate PTEN

Antiapoptosis
[115]

hP-MSCs miR-200a-3p FVB mice/right kidney ischemia for 50mins
Activated Keap1-Nrf2 pathway

Antioxidation
[116]

Mouse BMMSCs CCR2 BALB/c mice/left kidney ischemia for 1 h
Absorb CCL2

Anti-inflammation
[117]

Mouse ADMSCs miR-486 C57BL/KsJ db/db mice
Inhibit Smad1/mTOR pathway

Promote autophagy
Antiapoptosis

[118]

GI-MSCs miRNAs SCID mice/left kidney ischemia for 35mins Promote proliferation [119]

RAPCs miR-218, Robo-1 C57BL/6 mice/bilateral kidney ischemia for 30mins Promote migration [120]

ECFCs miR-486-5p FVB mice/bilateral kidney ischemia
Downregulate PTEN
Activate Akt pathway

[121]

EPCs
miR-126-3p
miR-126-5p

CD-1 outbred mice/CLP Downregulate HMGB1 and VCAM1 [122]
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targeted IRAK1 in tubular cells, which resulted in the inhibi-
tion of the nuclear translocation of NF-κB and the produc-
tion of inflammatory factors. Whether rare miR-146b can
be detected in exosomes and which exosomal cargos affect
miR-146b in kidneys deserve further exploration [108].

Because deacetylase sirtuin 1 (SIRT1) protein participates
in orchestrating normal physiological processes in cells, it is
clear that SIRT1 protein expression is upregulated in tissues
associated with resistance to apoptosis and improves inflam-
matory responses under the treatment of ADMSC-exosomes
[113]. It should be noted that some researchers have com-
pared the efficiency of healthy and apoptotic ADMSC-
derived exosomes in terms of circulating inflammatory levels,
immune cells, and survival rate. Healthy ADMSC-derived
exosomes outperformed others in their regulation of inflam-
matory reactions and oxidative stress [137]. Zhou et al. found
that exosomes secreted by endothelial progenitor cells
(EPCs) inhibited pathological changes in the kidney that
were relevant to miR-126-5p and miR-126-3p [122].

4.2. Protective Roles on CKD. Fibrosis formation is an impor-
tant pathological change in CKD. Unilateral ureteral obstruc-
tion (UUO) rat models could represent pathological changes
in renal interstitium, so Liu et al. explored the protective
molecular mechanisms of conditional medium (CM) in
them. CM derived from hucMSCs has been reported to fight
against oxidative stress, IF, and apoptosis [138]. Tubular epi-
thelial cells undergoing epithelial-mesenchymal transition
(EMT) are reported to participate in kidney fibrosis. During
EMT, epithelial cells switch to mesenchymal phenotype
change and secrete profibrotic factors and cytokines favoring
the formation of fibrosis [139, 140]. Therefore, inhibition of
inflammatory responses and EMT seemed to be favorable
for slowing the development of fibrosis. It had received
detailed demonstration that hucMSC-CM inhibited the
TLR4/NF-κB signaling pathway, reduced inflammatory cell
infiltration, decreased α-smooth muscle actin (α-SMA), and
upregulated E-cadherin in rats and in NRK-52E cells [109].
Their laboratory also showed that hucMSC-Exos could be
internalized into HK-2 cells and could partly reverse the
EMT phenomena induced by oxalate and calcium oxalate
monohydrate [141]. Ji et al. highlighted the vital participation
of Yes-associated protein (YAP) in the development of renal
fibrosis. Promisingly, it was found that hucMSC-Exos deliv-
ered casein kinase 1δ (CK1δ) and β-transducin repeat-
containing protein (β-TRCP) to degrade YAP protein
expression, which apparently had antifibrotic impacts
[110]. In addition, Chen et al. modified ADMSCs with glial
cell line-derived neurotrophic factor (GDNF), which had
the ability to augment the SIRT1/eNOS pathway and further
promoted angiogenesis, as well as protecting against tubu-
lointerstitial fibrosis [142]. miR-let-7c has been shown to
target TGF-β1 and to alleviate renal fibrosis in adenine and
streptozotocin- (STZ-) induced animal models [143].
Recently, that group found that transfected miR-let-7c was
packed into human BMMSC-Exos and was transferred to
impaired areas to fight irreversible fibrosis [144].

DM, a systemic metabolic disease, another common
cause of CKD, is characterized by persistent hyperglycemia.

Prolonged hyperglycemia leads to continuous changes in
the vessels and glomerulus. Podocytes, an essential compo-
nent of the glomerular filtration barrier, have been docu-
mented to undergo adverse transformation of structure and
function. It has been elucidated that exosomal miR-486 is
transported from ADMSCs to podocytes, inhibits the
Smad1/mTOR signaling pathway, enhances autophagy flux,
and has cytoprotective effects [118]. Similar results have been
found for rat BMMSCs in type I DM induced by STZ [145].
In 2018, our group reported the underlying mechanisms by
which hucMSC-Exos alleviated glycometabolic disorders.
We demonstrated that hucMSC-Exos could promote the
translocation of glucose transporters 4 (GLUT4) to enhance
glucose uptake, activate the insulin/AKT pathway to increase
insulin sensitivity, and change the quality and quantity of
pancreatic β-cells [146]. Li et al. confirmed that exosomes
inhibited the deposition of fibrosis-related proteins and myo-
fibroblast transdifferentiation, as well as downregulating the
proliferative abilities induced by the PI3K/AKT and MAPK
signaling pathways [147]. In addition, BMMSC-CM has been
reported to possess antiapoptotic, antifibrotic, and anti-
inflammatory effects [148].

Thus, a large amount of research has indicated that the
exosomes of a range of stem cells protect against injury
through antiapoptotic, anti-inflammatory, antioxidative,
and antifibrotic pathways (Figure 2). The results of the
studies reviewed also emphasize the roles of exosomal con-
tents. However, some problems remain: it is not clear which
pathway is the most significant, whether exosomes are harm-
ful, and how to improve the effectiveness.

5. Other Cell-Derived Exosomes in Kidney
Injury Repair

Hypoxia is a common cause of AKI. Under hypoxic circum-
stances, the exosomes secreted by tubular epithelial cells
(TECs) are abundant in miR-20a-5p and are beneficial for
the preservation of mitochondria and proliferation [149]
(Table 2). In addition, exosomal ATF3 RNA protects against
insult by downregulating monocyte chemotactic protein 1
(MCP1) and attenuating inflammatory responses [150].
When TECs are prestimulated with the appropriate hypoxia
condition, more EVs are generated through the HIF-
1α/Rab22 GTPase pathway, and they manifest more reno-
protection [151]. In addition, renal proximal tubular cells
(RPTCs) generate more protective exosomes during the early
stages when they suffer from hypoxia [152]. These results
demonstrate that adaptive injury to renal cells is advanta-
geous to the kidney itself. Renal artery-derived vascular
progenitor cells (RAPCs) in condition of oxidative stress
are capable of promoting the migration of endothelial
cells, which is related to increased Robo-1 and decreased
miR-218 in exosomes [120]. Emerging evidence has shown
the essential status that miR-486-5p has in endothelial
colony-forming cell- (ECFC-) derived exosomes. Previously,
it has been demonstrated that ECFC-exosomes protect
against damage through their interaction between CXC che-
mokine receptor type 4 (CXCR4) and stromal cell-derived
factor- (SDF-) 1α and thus transfer miR-486-5p [153]. Viñas
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et al. further illustrated the therapeutic mechanisms of miR-
486-5p. ECFC-Exos contained obviously increased levels of
miR-486-5p, which targeted PTEN and reinforced the Akt
pathway to antagonize kidney injury [121]. It should be
noted that exosomes from transfected macrophages also
report apparent benefits during I/R injury [154, 155].

Recently, Grange et al. isolated EVs from urine character-
ized by aquaporin-1, aquaporin-2, and klotho, which demon-
strated that the host was renal cells. The contents carried by
EVs, such as miR-30, miR-151, and klotho, were shuttled to
injured tissue, where they suppressed inflammation and pro-
moted proliferation and recovery. However, those beneficial
influences were reversed in klotho protein null mice, indicat-
ing the essential status of klotho protein [156]. Interestingly,
Pan et al. later highlighted the importance of limb remote
ischemic preconditioning in rescuing sepsis-induced AKI.
They found a communication between skeletal muscle cells
and tubule epithelial cells through circulation. They reported
that myotube-derived and plasmic exosomes consisting of
enhanced HIF-1α-dependent miR-21 depressed PDCD/NF-
κB, improved PTEN/Akt signaling pathways, and fought sep-
tic AKI [157].

These results indicate that cells interacted and contacted
with each other through exosomes in the microenvironment.
Exosomes from renal intrinsic cells or even distant cells have
beneficial effects on promoting kidney regeneration, which
sheds light on the functional mechanisms of other cells and
provides another protective strategy.

6. Engineered Exosomes in Kidney
Injury Repair

In spite of the essential roles that exosomes play in regenera-
tion, their limited effectiveness still needs to be taken into
consideration. Improving stability and targeting ability are
two important issues for manufacturing engineered exo-

somes. Several studies have explored the impacts of engi-
neered exosomes that are delivered through passive and
active loading techniques. Passive loading includes incuba-
tion, and active loading includes electroporation, extrusion,
sonication, and transfection [158]. Previous research demon-
strated that corresponding ligand was expressed on the sur-
face of exosomes through transfecting the host cells which
improved targeting ability [30]. Notably, functional lipids
(such as polyethylene glycol) were infused with exosomes
and manifested better retention [159]. Besides, techniques
such as bioconjugation, click chemistry, and hydrophobic
insertion were also strategies to modify extracellular vesicles
[158]. The evidence suggests a considerable status for kidney
diseases (Figure 3).

Drug delivery is a promising strategy for treating AKI.
BMMSCs incubated with melatonin have been reported to
generate more protective exosomes during I/R-induced AKI
[126]. In a study of septic shock, Sun et al. prepared
curcumin-loaded exosomes by coincubating curcumin with
EL-4-cell-derived exosomes. The mixture overcame the dis-
advantages of curcumin, namely, hydrophobicity, instability,
and low bioavailability. They reported that the engineered
exosomes exhibited obvious anti-inflammatory abilities and
maintained curcumin bioactivity for a long period [160]. In
another study, dexamethasone (DEX) and glucocorticoid
receptor were packaged in the MVs of macrophages follow-
ing incubation and extrusion. Integrin was found to be
expressed on MVs and to be responsible for the target to kid-
neys. Compared to traditional glucocorticoid therapy, the
engineered MVs had an edge in terms of sensitivity, effective-
ness, and safety [161]. Furthermore, incubation has also been
shown to change the bioactive substances in exosomes. Yoon
et al. stimulated ADMSCs from healthy individuals using
melatonin. They demonstrated that the stimulated exosomes
inhibited senescence, preserved mitochondrial function, and
enhanced proliferation of the ADMSCs from CKD patients.
miR-4516 and cellular prion protein (PrPC) were found to
be involved in the regeneration [162].

Transfection is also a strategy to edit the contents of the
exosomes [150, 154]. Tang et al. obtained anti-inflammatory
and engineered exosomes from M2 macrophages by transfect-
ing IL-10 plasmids. They found that large amounts of IL-10
were loaded into exosomes, particularly with the administra-
tion of DEX. The exosomes maintained their bioactivity and
promoted the targeting of interleukin, which inhibited mTOR
signaling, induced M2 polarization, and promoted regenera-
tion in an ischemic model [154]. In another study, miR-let-7c
was transfected into hBMMSCs via a lentivirus. It was verified
that exosomes were transferred into epithelial cells and down-
regulated fibrosis-related indexes such as TGF-β1, α-SMA, and
collagen IV [144].

Tapparo et al. changed miRNA contents (miR-10a, miR-
127, and miR-486) through electroporation and isolated cor-
responding exosomes. Notably, they found that the engi-
neered exosomes were more effective at lower doses, and
the overexpression of proregenerative miRNAs was not
entirely beneficial [155].

Biochemical materials are also used to promote therapeu-
tic efficacy. Intriguingly, Zhang et al. produced hydrogels
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Figure 2: Mechanisms of MSC-exosomes in renal regeneration.
MSCs derived from the umbilical cord, bone marrow, and
adipose tissues play protective roles through antiapoptosis, anti-
inflammation, antifibrosis, and antioxidation pathways.
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5 minutes/22°C
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Figure 3: Methods for generating engineered exosomes in treating kidney injury. Incubation, electroporation, and transfection are three
common methods of loading targeted molecules or substances into exosomes. These exosomes reveal benefits in anti-inflammatory,
antiapoptotic, antioxidative, and antifibrotic aspects.

Table 3: Engineered exosomes in kidney injury repair.

Sources of
exosomes

Methods Models Outcome Ref.

BMMSCs

Incubate with melatonin I/R-induced AKI
Anti-inflammation, apoptosis, and

oxidation
Promote angiogenesis

[126]

Transfect miR-let-7c lentiviral UUO
Inhibit TGF-β1
Antifibrosis

[144]

Electroporate miR-10a, miR-127, and
miR-486

Glycerol-induced AKI Promote regeneration [155]

ADMSCs Incubate with melatonin
Hind limb ischemia model with

CKD

Antisenescence
Preserve mitochondrial function

Promote angiogenesis
[162]

hP-MSCs

Modify with RGD hydrogels I/R-induced AKI
Antiapoptosis

Promote autophagy
[163]

Modify with collagen matrix I/R-induced AKI
Inhibit endoplasmic reticulum stress

Antiapoptosis and fibrosis
Promote angiogenesis

[164]

EL-4 cells Incubate with curcumin LPS-induced AKI Anti-inflammation [160]

RAW 264.7 cells Transfect IL-10 plasmid I/R-induced AKI

Inhibit mTOR pathway
Promote M2 macrophage

polarization
Anti-inflammation

[154]

RAW 264.7 cells Incubate with dexamethasone
LPS-induced AKI

Adriamycin-induced
nephropathy

Anti-inflammation
Antifibrosis

Increase dexamethasone sensitivity
[161]

NRK-52E cells Transfect ATF3 plasmid I/R-induced AKI
Inhibit MCP-1

Anti-inflammation
[150]
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containing RGD (Arg-Gly-Asp) peptide. RGD, integrin, EVs,
and biotin were formed in an interacted network. Function-
ally, RGD increased the affinity to EVs, and hydrogels sus-
tained the retention and stability. Mechanistically, EVs from
hP-MSCs were found to contain high levels of miR-let-7a-
5p, which targeted caspase 3 and RragD to reduce apoptosis
and promote autophagy [163]. Similarly, the application of
collagen matrix also showed beneficial effects on retention,
and hP-MSCs-EVs reduced kidney injury through inhibiting
endoplasmic reticulum stress [164].

Due to the low yield of exosomes or EVs, some
researchers have concentrated on the function of nanovesi-
cles (NVs). NVs are generated through the serial extrusion
of hBMMSCs. Under the impacts of bacterial outer mem-
brane vesicles, the administration of NVs has been reported
to alleviate cytokine storm and increase levels of IL-10 in
both conditioned media and serum [165].

Engineered exosomes indeed show supportive effects on
kidney injury and even outperform other exosomes to some
extent (Table 3). It is worth loading other protective mole-
cules and combining them with other particles or biological
materials. The research field of engineered exosomes is an
emerging area between medicine and materials science and
has promising prospects for application.

7. Conclusions and Prospects

In conclusion, due to the exploration of novel bioactive
markers and the pursuit of noninvasive diagnosis, the cargos
encapsulated in exosomes have garnered considerable
research attention in their ability to promote early diagnosis
and treatment and to relieve pain as soon as possible. Numer-
ous studies have also confirmed that exosomes do indeed
have regenerative effects. However, clinical treatment appli-
cations for exosomes in kidney diseases are still lacking.

It should be noted that exosomes also play an essential
role in the pathological processes of kidney injury, shuttling
from one cell to another. This phenomenon makes it
possible and reasonable for us to prevent and treat severe
injury by inhibiting the shuttling or downregulating adverse
molecules [47, 166–173].

There have also been quite a few problems that hinder
the development from laboratory research to clinical appli-
cations. Separation methods must be made efficient and
rapid to meet the large number of patient specimens. The
methods also need to be carefully selected. Different sepa-
ration strategies best suited for different sampling resources
[27]. In addition, more techniques are applied to enhance
the specificity of exosomes. Purity is an important chal-
lenge that must be considered. So far, the coisolated con-
taminants inevitably exist in the exosomes. It is worth
considering how the best method can be selected and
accomplished with higher purity and lower contamination,
such as with proteins and lipids. It is also suggested that
purity can be measured through calculating the ratios, such
as protein : particle ratio and protein : lipid ratio [32]. There
is an urgent need to establish the standard of quantifying
and evaluating exosomes, including the condition of host
cells and potency tests. Notably, the purposes of basic

and clinical research are different. Some non-EV compo-
nents even show positive therapeutic effects [174].

In addition, the scale of production is not yet sufficient,
which implies additional demands for improved cell culture
protocols, novel isolation methods, and engineered exosomes
[133, 144]. These are intended to increase the quantity of the
product and improve its functional roles. Stimulation MSCs
with bioglass ion products have been found to secrete more
exosomes and to influence the contents. Increased levels of
miR-1290 and decreased miR-342-5p have been shown to
promote vascularization [175]. Multiple techniques have
been used to modify exosomes in direct or indirect ways.
Direct ways include loading molecules such as proteins,
drugs, and mRNA into the isolated exosomes. Comparably,
indirect ways are also used to transform cells and collect
the corresponding exosomes afterwards [176]. In engineer-
ing, exosomes carry therapeutic substances without damag-
ing the intrinsic properties [177]. Interestingly, Zhou et al.
produced a dual-delivery biosystem in BMMSC-Exos
through the electroporation of galectin-9 siRNA and vortex
of oxaliplatin prodrug. It has been demonstrated that the
modified exosomes show the ability to inhibit M2-like mac-
rophage, activate CRT/HMGB1/ATP expression, and induce
both innate and adaptive antitumor immune responses. This
suggests a possible and promising strategy for treating mela-
noma. However, engineered exosomes remain at the explor-
atory stage, and it is not yet known which transformation is
the most effective for certain models [178].

Furthermore, the biogenesis and ingredients of exosomes
are not fully understood nor are their complex and long-term
roles [179]. Exosomal biomarkers of diseases are still limited
in the laboratory, and their reference range has not been
established, which indicates that their standard of diagnosis
is immature. The sensitivity and specificity of the indexes
need to be more accurately detected and confirmed [93].
Through our persistent efforts, we hope to promote improve-
ments of exosomes in tissue regeneration and to effectively
alleviate clinical symptoms. Exosomes are expected to be a
bright star in the future detection and treatment of diseases.
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