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Telocytes Enhances M1 Differentiation
and Phagocytosis While Inhibits
Mitochondria-Mediated Apoptosis Via
Activation of NF-κB in Macrophages

Yue-Lin Huang1, Fei-Lei Zhang1, Xue-Ling Tang1, and Xiao-Jun Yang1

Abstract
Telocytes (TCs), which are a recently discovered interstitial cell type present in various organs and tissues, perform multiple
biological functions and participate in extensive crosstalk with neighboring cells. Endometriosis (EMs) is a gynecological disease
characterized by the presence of viable endometrial debris and impaired macrophage phagocytosis in the peritoneal envi-
ronment. Here, CD34/vimentin-positive TCs were co-cultured with RAW264.7 cells in vitro. M1/M2 differentiation-related
markers were detected; phagocytosis, energy metabolism, proliferation, apoptosis, and pathway mechanisms were studied;
and the mitochondrial membrane potential (DCm) was measured. Furthermore, in an EMs mouse model, the differentiation of
macrophages in response to treatment with TC-conditioned medium (TCM) in vivo was studied. The results showed that upon
in vitro co-culture with TCM, RAW264.7 cells differentiated more toward the M1 phenotype with enhancement of phago-
cytosis, increase in energy metabolism and proliferation owing to reduced the loss of DCm, and suppression of
dexamethasone-induced apoptosis. Further, along with the activation of NF-kB, Bcl-2 and Bcl-xl, the expression of Bax,
cleaved-caspase9, and cleaved-caspase3 reduced in RAW264.7 cells. In addition, the M1 subtype was found to be the dominant
phenotype among tissue and peritoneal macrophages in the EMs model subjected to in vivo TCM treatment. In conclusion, TCs
enhanced M1 differentiation and phagocytosis while inhibiting apoptosis via the activation of NF-kB in macrophages, which
potentially inhibited the onset of EMs. Our findings provide a potential research target and the scope for developing a pro-
mising therapeutic strategy for EMs.
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Introduction

Telocytes (TCs) are a type of mesenchymal (stromal) cells

recently discovered by Popescu et al1. TCs are characterized

by a small cellular body and extremely long, thin cellular

prolongations known as telopodes (Tps), which contain

alternating dilated segments (podom) and thin segments

(podomer). In recent years, TCs present in various organs

and tissues, including the heart, lungs, spleen, gallbladder,

skin, and female reproductive system, have been studied

extensively2–15. TCs form extensive intercellular connec-

tions with neighboring cells, which forms the structural basis

for multiple biological functions16. In addition, TCs exhibit

extensive crosstalk and influence the activity of various adja-

cent cells using different biological substances contained

within its extracellular vesicles. TCs also form neurological

connections. Previous studies have shown the relationship

between TCs and uterine autonomic nerves17.

Endometriosis (EMs) is a common gynecological disease

characterized by the implantation of vascularized endome-

trial tissue outside the uterine cavity. The primary symptoms
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include chronic pelvic pain, dysmenorrhea, and dyspareunia18.

EMs is a major threat to women of reproductive age, as it

frequently leads to low fertility or infertility. Several the-

ories have been proposed to explain the pathogenesis of

EMs, including Sampson’s theory of menstrual retrograde19

and Mayer’s theory of coelomic metaplasia20. However,

none of the theories fully explain the mechanisms underly-

ing the formation and development of EMs. Recently, an

increasing number of studies have focused on the immune-

related pathogenesis of EMs, especially the complex role of

pelvic macrophages and their downstream crosstalk with

target endometrial cells21–29.

Pelvic macrophages are the primary defense mediators

of the local immune system30. The activation of macro-

phages involves M1 and M2 differentiation, accompanied

by different cellular functions under peritoneal immune

environments, which are favorable or unfavorable for the

onset of EMs. Generally, the successful implantation of

ectopic lesions in the abdominal or pelvic cavity requires

various favorable conditions facilitated by M2 macro-

phages, including immune tolerance, neovascularization

for ectopic lesions31,32, a panel of inflammatory factors33,

and the weakening of self-clearance (phagocytosis) poten-

tial34,35. The RAW264.7 cell line was established using

cells from a tumor induced by the Abelson murine leu-

kemia virus. These cells are commonly used as substitutes

to investigate the functions macrophages. Hence, most in

vitro experiments on macrophages use RAW264.7 cells.

Among the key pathways involved in regulating cellular

responses, nuclear factor kappa B (NF-kB) activation is the

central signaling coordination hub associated with macro-

phage differentiation, apoptosis, and response to harmful

extracellular stimuli36–40.

Previously, we reported that TCs can activate peritoneal

macrophages (pMACs) through direct cell-to-cell interac-

tions and paracrine effects, and thereby play a significant

role in the immunoregulation of pMACs41. However, there

is limited knowledge regarding the crosstalk mechanisms

existing between TCs and macrophages. Herein, we investi-

gated the hypothesis that TCs induce the differentiation of

specific types of macrophages, alter their immune status and

cellular functions, and influence the outcomes of retrograded

endometrium debris through certain pathways. In the current

study, the effects of TCs on macrophage-related functions,

including macrophage proliferation, phagocytosis, and apop-

tosis, and the potential involvement of NF-kB signaling were

investigated in vitro and in vivo. These are expected to serve

as therapeutic targets in EMs.

Material and Methods

Animals

Adult female BALB/c mice (8- 10-week old, 20–25 g) used

in this study were purchased from the Experimental Animal

Center of Soochow University. All mice were maintained

under specific pathogen-free conditions and were provided

access to standard feed and water in the animal facilities. All

animal experiments were performed in compliance with the

Guide for Laboratory Animals established by Soochow

University.

Isolation and Culture of Uterine TCs

TCs were isolated according to a method described earlier41.

The mice were sacrificed by injecting phenobarbital sodium

(50 mg/kg; Fuyang Pharmaceutical Factory, Fuyang, Anhui,

China) to obtain the uterine tissue. The tissue was washed

three times with phosphate-buffered saline (PBS) supple-

mented with 100 U/mL penicillin and 0.1 mg/mL strepto-

mycin (Sigma-Aldrich, St. Louis, MO, USA). The tissue was

then cut into smaller sections and digested with 0.1% type II

collagenase (Sigma-Aldrich, St. Louis, MO, USA), placed in

a shaking incubator at 37�C, and gently dissociated mechani-

cally using a pipette every 15 min, followed by termination

of the digestion reaction by the addition of fresh and com-

plete medium after 90 min. The mixture was filtered using

100 mm and 40 mm mesh filters, followed by centrifugation

(302 � g, 10 min) and re-suspension in DMEM/F12

(Hyclone, Logan, UT, USA) supplemented with 10% fetal

bovine serum (Gibco Life Technologies, Grand Island, NY,

USA) and seeding in a 10 cm dish (Corning, Glendale, AZ,

USA) at 37�C in a humidified incubator with 5% CO2. After

the monolayer attachment of TCs to the plate, the complete

medium was replaced every 48 h. For the double immuno-

fluorescence staining assay, cells with a specific CD34/

vimentin double-positive immunophenotype were con-

firmed to be TCs and were used for the subsequent studies.

After 48 h of incubation, the medium was discarded and

replaced with serum-free DMEM/F12, and the cells were

cultured for an additional 24 h. The supernatant was

collected and subsequently referred to as TC-conditioned

medium (TCM).

Immunofluorescence Double Staining of TCs

Fresh cells were seeded at a suitable density on microscope

slides, washed three times with PBS, fixed with 4% paraf-

ormaldehyde for 20 min, and permeabilized by treating

with 0.5% Triton X-100 for another 10 min. The cells were

blocked by treating with 3% bovine serum albumin (BBI,

Shanghai, China) for 1 h. Rat anti-vimentin (1:100; Cell

Signaling Technologies, Danvers, MA, USA) and rabbit

anti-CD34 (1:200; Abcam, Cambridge, UK) antibodies

were used. The cells were treated with the antibodies over-

night at 4�C. After washing three times with PBS, the cells

were treated with donkey anti-rabbit IgG (HþL) Alexa

Fluor 488 (1:1000; Abcam, Cambridge, UK) or goat anti-

mouse IgG (HþL) Alexa Fluor 568 (1:1000; Abcam, Cam-

bridge, UK) at 37�C for 1 h, followed by treatment with

4’,6-diamidino-2-phenylindole (DAPI; Cayman Chemical,

Ann Arbor, MI, USA). The slides were fixed in an antifade
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medium (1:1000; Beyotime, Shanghai, China) and imaged

using an inverted fluorescent microscope (Nikon, Tokyo,

Japan).

RAW264.7 Cell Culture

RAW264.7 cells were purchased from the Bena Culture Col-

lection (Suzhou, Jiangsu, China) and maintained in a cell incu-

bator with 5% CO2 at 37�C. This was followed by culturing in

DMEM/F12 supplemented with 10% fetal bovine serum.

When the cultured cells reached 70%–80% confluence, they

were trypsinized and subcultured. In a series of experiments on

cell proliferation and apoptosis, dexamethasone (DXM) was

added at an optimal concentration of 500 ug/mL to the culture

medium to induce apoptosis, and the cells were referred to as

DXM-pretreated RAW264.7 cells.

Mitochondrial Labeling in RAW264.7 Cells

RAW264.7 cells were seeded in a 6-well plate (1 � 106

cells/well). After 48 h of co-culture with TCM or DMEM,

the energy metabolism status of RAW264.7 cells was deter-

mined by mitochondrial labeling. The cells were incubated

with pre-warmed MitoTracker Green (Beyotime, Shanghai,

China) working solution at 100 nmol/L for 15 min in dark.

Fluorescence intensity was measured using a fluorescence

microscope (450–490 nm excitation light, 520 nm barrier

filter). At least ten images were acquired for each group, and

the mean fluorescence intensity (MFI) was semi-

quantitatively analyzed using ImageJ (version 1.8.0, Media

Cybernetics, Silver Spring, Bethesda, MD, USA).

Analysis of Phagocytosis in RAW264.7 Cells

RAW264.7 cells were seeded in a 96-well plate (5 � 105

cells/well). The uptake of neutral red (NR; Sigma Chemical

Co, St. Louis, MO, USA) was induced to demonstrate the

phagocytosis of macrophages, as described earlier42.

RAW264.7 cells were co-cultured with DMEM or TCM for

48 h. The medium was then discarded and the cells were

washed two times with PBS. Subsequently, the RAW264.7

cells were incubated with NR dye solution (0.1%, diluted in

HBSS) for 1 h at 37 �c to facilitate the uptake of the dye by

the cells. The plate was carefully cleaned with PBS, and the

NR dye solution was extracted from the cells using a lysis

solution (composed of 50% ethanol, 1% acetic acid, and 49%

water). Absorbance was measured at 540 nm using a micro-

plate reader (Multiscan MK3; Thermo Labsystems,

Waltham, MA, USA). Each sample was analyzed in tripli-

cates under the same conditions. The absorbance value rep-

resents the ability of macrophages to engulf the NR dye

solution (a higher absorbance value corresponds to greater

potential for phagocytosis).

Quantitative Real-Time PCR

To measure the expression levels of Fas and FasL (compo-

nents of the death receptor pathway), the M1 macrophage

markers inducible nitric oxide synthase (iNOS), tumor

necrosis factor alpha (TNF-a), and macrophage-inducible

C-type lectin (Mincle), and the M2 macrophage marker argi-

nase 1 (Arg1), the cells were collected after 48 h of co-

culture with TCM or DMEM, and total RNA was extracted

using TRIzol reagent (Invitrogen, Carlsbad, CA, USA)

according to the manufacturer’s instructions. To elaborate,

1 mg of total RNA was added to the PrimeScript™ RT Master

Mix (TaKaRa, Kyoto, Japan) for reverse transcription to

obtain cDNA. Then, 1 mL of cDNA was added to TB Green-

PreMix Ex TAQ™ (Tli RNAseH Plus) (TaKaRa, Kyoto,

Japan) with volume adjustment to 20 mL, and quantitative

real-time polymerase chain reaction was performed on an

ABI QuantStudio3 Detection System (Applied Biosystems,

Carlsbad, CA, USA). The 2�DDCt method was used to deter-

mine the relative expression in all samples. Each marker was

assayed in triplicate under the same conditions. In addition,

the housekeeping gene GAPDH was used as a reference gene

to homogenize the expression in individual samples.

The primer sequences are listed in Table 1.

Flow Cytometry

To assess M1/M2 differentiation after 24 h and 48 h of

culture in DMEM or TCM in vitro, the cells were treated

with 0.25% EDTA-trypsin, washed with PBS, and resus-

pended in PBS. Subsequently, the cells were stained with

phycoerythrin (PE)-labeled anti-F4/80 (RAW264.7 cells do

not need to be identified as macrophages; however, pMACs

need to be applied to assess the purity of extraction). Pacific

Blue™ anti- mouse CD86 and APC anti-mouse CD206 anti-

bodies (eBiosciences, San Diego, CA, USA) were used to

detect M1 and M2 differentiation, respectively, with the cells

Table 1. List of qRT-PCR Primers.

Gene Forward Reverse

iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
Mincle GCTCTCCTGGACGATAGCC TGCGATATGTTACGACACATCTG
TNF-a CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
Arg-1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
Fas GCGGGTTCGTGAAACTGATAA GCAAAATGGGCCTCCTTGATA
FasL CAGCCCATGAATTACCCATGT ATTTGTGTTGTGGTCCTTCTTCT
GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA
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incubated at room temperature for 30 min. This was fol-

lowed by flow cytometry analysis using an FACS Calibur

System (BD Biosciences, San Diego, CA, USA).

Cell Proliferation Assay Using DXM-Pretreated
RAW264.7 Cells

The proliferation of DXM-pretreated RAW264.7 cells was

monitored using a Cell Counting Kit-8 (CCK8; Dojindo,

Kumamoto Prefecture, Kyushu, Japan) according to the

manufacturer’s instructions. The cells were seeded in

96-well plates (1 � 104 cells/well) and treated with DMEM

or TCM. After 24, 48, and 72 h, 10 mL of the CCK8 reagent

was added to each well. After 3–4 h of incubation, the cell

activity was measured using a microplate reader at an absor-

bance of 450 nm (Multiscan MK3; Thermo Labsystems,

Waltham, MA, USA).

Mitochondrial Membrane Potential (DCm) Assay

DXM-pretreated RAW264.7 cells were seeded in a 6-well

plate (1 � 106 cells/well) and incubated at 37�C for 3–4 h to

allow the cells to adhere to walls of the wells. The unat-

tached cells were washed with PBS, and the medium was

replaced with DMEM or TCM. After 48 h of in vitro treat-

ment with DMEM or TCM, a JC-1 kit (BD Biosciences,

Lake Franklin, NJ, USA) was used to detect changes in the

DCm value of macrophages, as previously described43. Both

groups of cells were subjected to trypsin digestion and col-

lected in a flow tube. The original medium was discarded,

and the cells were washed twice with PBS. In each flow tube,

the JC-1 working solution (0.5 mL) was added and mixed.

After incubating for 15 min at 37�C, the working solution

was discarded and the cells were washed twice with

1� buffer solution. Lastly, the buffer solution (200 mL) was

added to each flow tube to measure the DCm value using

flow cytometry. The non-apoptotic cells were stained red

when JC-1 entered and aggregated in the mitochondria.

In contrast, apoptotic cells appeared green due to JC-1 accu-

mulation in the cytosol. The ratio between green and red

fluorescence intensities indicated changes in the DCm value.

Apoptosis of DXM-Pretreated RAW264.7 Cells

After 48 h of treatment with DMEM or TCM in vitro, the

rate of apoptosis in DXM-pretreated RAW264.7 cells was

assessed using Annexin V-FITC/7-AAD double staining.

Cells from both groups were washed twice with cold PBS,

following which a suspension of 1 � 106 cells/mL was pre-

pared using 1� binding buffer. The cell suspension (100 mL)

was added to the Falcon test tube along with 5 mL of FITC-

conjugated Annexin V (Annexin V-FITC) and 5 mL of

7-AAD (BD Biosciences, Lake Franklin, NJ, USA) and incu-

bated in dark for 15 min at room temperature (20*25�C).

The Annexin V-FITC/7-AAD-stained cells were readily

detectable using flow cytometry (BD Biosciences, Lake

Franklin, NJ, USA), and FlowJo software (FlowJo LLC,

Ashland, OR, USA) was used to analyze the obtained data.

Annexinþ/7-AADþ cells are considered to exhibit late

apoptosis/secondary necrosis, whereas Annexinþ/7-AAD�
cells are considered to exhibit early apoptosis44.

Western Blotting

After 24 h and 48 h of DMEM or TCM treatment in vitro,

RAW264.7 cells from both groups were collected to identify

the differentiation pathways involved, and DXM-pretreated

RAW264.7 cells were studied to analyze the apoptosis path-

ways. Total proteins were extracted by treating with RIPA

lysis buffer (Beyotime, Shanghai, China) containing a pro-

tease inhibitor cocktail (1:100; BBI, Shanghai, China) on

ice, and mitochondrial proteins were extracted using a Cell

Mitochondria Isolation Kit (Beyotime, Shanghai, China),

following which the samples were treated using a bicincho-

ninic acid reagent kit (Sangon Biotech, Shanghai, China).

Subsequently, the sample (20 mg) was separated using 10%
SDS-polyacrylamide gel electrophoresis and transferred to a

PVDF membrane (Millipore, Billerica, MA, USA), which

was followed by immunoblotting with the corresponding

antibodies. The primary antibodies included antibodies

against cleaved caspase-8, Bax, Bcl-xl, Bcl-2, cleaved

caspase-3, cleaved caspase-9, iNOS, Arg1, NF-kb, p-NF-

kb, b-actin, b-tublin, VDAC1, and cytochrome c (1:1000;

all from Cell Signaling Technologies, Danvers, MA, USA).

This was followed by labelling with the corresponding rabbit

anti-mouse or goat anti-rabbit HRP-conjugated secondary

antibodies (1:5000; Absin Bioscience Inc., Shanghai, China)

for 1 h. The proteins were detected using an enhanced che-

miluminescence kit (Absin Bioscience Inc., Shanghai,

China) according to the manufacturer’s instructions, fol-

lowed by imaging using a gel imaging system (Tianneng

Company, Shanghai, China).

Construction of the Mouse Model of EMs

To further explore the in vivo effects of TCM on macro-

phages, animal experiments were performed. A mouse

model of EMs was established as described previously45,46.

The donor mice were sacrificed, and the uterine tissues were

divided into two parts, cut into fragments of 1 mm, and

resuspended in 1 mL PBS. Each recipient mouse was admi-

nistered an equal quantity of both endometrial and myome-

trial tissue homogenates (equivalent to one uterine horn) via

intraperitoneal injection (i.p.) using an 18-gauge needle.

On day 15, the recipient mice were dissected, and the

abdominal cavity was observed. The design of the mouse

experiments is illustrated in Fig 1A.

Pathology of Ectopic Tissues

Macroscopic observation of the ectopic lesion revealed a

fresh mass with a reddish appearance and cystic texture.
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For microscopic observation, the ectopic tissue was

removed, fixed with 4% paraformaldehyde for 24 h,

embedded in paraffin, cut into slices of 3–5 mm, stained with

hematoxylin and eosin (HE), and observed under a light

microscope. The sections were subjected to vimentin

(1:500; Cell Signaling Technologies, Danvers, MA, USA)

and E-cadherin (1:200; R&D Systems, Minneapolis, MN,

USA) immunofluorescence staining for identification of the

endometrial stromal cells (ESCs) and confirmation of the

successful development of the EMs model47,48. The specific

operation procedure is referred to as cell immunofluores-

cence, as mentioned above.

In Vivo TCM Intervention and Macrophage
Differentiation in the EMs Model

To observe the in vivo differentiation of tissue and pMACs,

the EMs model was treated with TCM. Starting from the day

of the successful establishment of the mouse model, the mice

in the experimental group were intraperitoneally injected

with TCM (1 mL) administered repeatedly on days þ5,

þ7, þ9, þ11, and þ13. The mice in the control group were

subjected to identical procedures, with DMEM (1 mL) used

instead of TCM. A schematic diagram is shown in Fig. 1B.

The mice from both groups were dissected on day

þ15 to observe the in vivo differentiation of macro-

phages. First, to observe the differentiation of tissue

macrophages within EMs lesions, immunofluorescence

double-staining was performed using antibodies specific

for iNOS (1:500; Cell Signaling Technologies, Danvers,

MA, USA) (showing green fluorescence for M1) and

CD206 (1:500; Santa, Dallas, TX, USA) (showing red

fluorescence for M2) to treat formalin-fixed paraffin-

embedded EMs sections. The MFI ratio of iNOS and

DAPI represents the proportion of M1 cells, whereas the

MFI ratio of CD206 and DAPI represents the proportion

of M2 cells48,49. Second, the pMACs were collected from

the abdominal cavity of mice from both groups, and

CD86 (M1) and CD206 (M2) were analyzed using flow

cytometry, as described above.

Statistical Analysis

Data are expressed as mean + standard deviation (SD) and

analyzed using GraphPad Prism 8.0 (GraphPad Software,

Figure 1. Design of the mouse experiment. (A) Establishment of a mouse model of endometriosis (EMs) by intraperitoneal (i.p.) injection of
endometrial and myometrial tissue fragments. On day 15, the ectopic tissue blocks were processed for hematoxylin and eosin (HE) staining
and immunofluorescence (IF) staining to confirm the successful development of the EMs model. (B) Mice with EMs were divided into two
groups: TCM and DMEM treatment via i.p. injection. On day 15, to determine M1/M2 differentiation, the ectopic tissue segment was
collected for IF analysis, and peritoneal macrophages were collected for flow cytometry analysis. TCM: TC-conditioned medium.
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San Diego, CA, USA). mRNA samples were prepared using

at least two independent experimental procedures. A Stu-

dent’s t-test was used to compare two independent samples,

and the results were presented as * P < 0.05, ** P < 0.01, ***

P < 0.001, and **** P < 0.0001. Statistical significance was

set at P < 0.05.

Results

Isolation and Identification of TCs

The characteristic structure and immunophenotype of

uterine TCs can be clearly identified after 3–4 days of

primary cell culture. TCs are typical mesenchymal cells

with multiple intercellular connections and fusiform

morphology. The characteristic Tps is composed of

alternating thin (podomer) and thick (podom) segments

(Fig. 2A). TCs show a specific CD34-positive (green)

with vimentin-positive (red) immunophenotype along the

cellular body and the entire length of Tps, which overlap

to yield a yellow color in the merged images (Fig. 2B–D).

Observation of the characteristic morphology and specific

immunophenotype confirmed the successful isolation

of TCs.

RAW264.7 Cell Phagocytosis

As shown in Fig. 3A, the RAW264.7 cells treated with TCM

exhibited stronger phagocytosis than the cells treated with

DMEM after 48 h of co-culture (P < 0.05). This indicated

enhanced cellular function.

Figure 2. Primary telocytes (TCs) with typical morphology and immunophenotype. (A) Representative morphology of TCs under a light
microscope. TCs are typical mesenchymal cells with a characteristic oval cellular body and long extensions named telopodes (Tps),
composed of alternating thin (podomer) and thick (podom) segments. Scale bar ¼ 10 mm. (B) Labeling for CD34 (green). Scale bar ¼ 50 mm.
(C) Labeling for Vimentin (red). Scale bar¼ 50 mm. (D) In the merged image, both immunofluorescence signals overlap with each other to form a
yellow color along the cellular body and the entire length of Tps, with clearly visible structure and the Tps, podomer, and podom indicated. Nuclei
were counterstained with DAPI (blue) to confirm the immunophenotype of TCs (CD34-positive, vimentin-positive, or c-kit-negative) (images
showing c-kit-negative staining have not been provided).
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Energy Metabolism Status of RAW264.7 Cells

The energy metabolism status of RAW264.7 cells from both

groups was determined using mitochondrial labeling and

semi-quantitative MFI analysis. As shown in Fig. 3B–D, the

mitochondrial MFI value in the TCM group was signifi-

cantly higher than that in the DMEM group (P < 0.0001).

Therefore, TCM treatment enhanced cell metabolism and

subsequent cell proliferation.

TCM Induced M1 Macrophage Differentiation

After DMEM or TCM treatment for 48 h, the differentiation

of RAW264.7 cells was assessed. As shown in Fig. 4A–C, in

the TCM group, flow cytometry revealed a significantly

higher proportion of Pacific Blue™-CD86-positive cells

(P < 0.05), which is a specific marker for M1 differentiation.

In contrast, the number of CD206 (M2 macrophage marker)-

positive cells was lower than that in the DMEM group

(P < 0.05). Meanwhile, as shown in Fig. 4D–G, qPCR anal-

ysis further confirmed M1 differentiation, as evidenced by

the significantly higher secretion of M1-type markers

(iNOS, TNF-a, and Mincle) in the TCM group than in the

DMEM group (P < 0.01, P < 0.0001). In contrast, the expres-

sion of the M2-type marker (Arg-1) was lower in the TCM

group (P < 0.01). These results suggest that TCM treatment

induces the differentiation of RAW264.7 cells into the M1

subtype rather than the M2 subtype.

Cell Proliferation Assay of DXM-Pretreated RAW264.7
Cells

The activity of DXM-pretreated RAW264.7 cells cultured in

DMEM or TCM was evaluated at 24 h, 48 h, and 72 h. As

shown in Fig. 5A, the total number of viable RAW264.7

cells in the TCM group was significantly higher than that

in the DMEM group during the entire experimental period (P

< 0.05, P < 0.01). Furthermore, with time, the reduction in

RAW264.7 activity in the TCM group was significantly

slower than that in the DMEM group. Therefore, TCM-

treated cells exhibited stronger tolerance to DXM-induced

apoptosis, with greater proliferation potential.

Changes in DCm in DXM-Pretreated RAW264.7
Cells

DCm was measured in DXM-pretreated RAW264.7 cells

using JC-1 fluorescence. As shown in Fig. 5B, C, the green/red

fluorescence ratio in the DMEM group was significantly higher

Figure 3. The phagocytic potential and energy metabolism status of the mitochondria. (A) After 48 h, phagocytosis was significantly enhanced
in TCM-treated RAW264.7 cells compared to that in DMEM-treated cells. (*P < 0.05, Student’s t test. Error bars: SD). (B) Semi-quantitative
analysis revealed significantly higher mean fluorescence intensity in the mitochondria in the TCM group compared to that in the DMEM group
(**** P < 0.0001, Student’s t test. Error bars: SD). (C) Fluorescence microscopic observation of MitoTracker Green staining of DMEM-treated
RAW264.7 cells. (D) Fluorescence microscopic observation of MitoTracker Green staining of TCM-treated RAW264.7 cells.
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than that in the TCM group (P < 0.05). The results indicate that

TCM can reduce the loss of DCm in DXM-pretreated

RAW264.7 cells, and can also prevent or reverse DXM-

induced apoptosis through the mitochondrial pathway.

Apoptosis of DXM-Pretreated RAW264.7 Cells

The apoptosis of DXM-pretreated RAW264.7 cells was ana-

lyzed after 48 h of co-culture with DMEM or TCM.

The results of Annexin V/7-AAD double staining flow cyto-

metry are shown in Fig. 5D, E. The number of DXM-

pretreated RAW264.7 cells during early and late apoptosis

was significantly lower in the TCM group than in the

DMEM group (P < 0.01). Therefore, TCM treatment could

reverse or inhibit DXM-induced apoptosis and facilitate the

survival of RAW264.7 cells through an apoptotic challenge.

Expression of Proteins Related to the Differentiation of
RAW264.7 Cells

To explore the mechanisms underlying the differentiation of

RAW264.7 cells, the expression of the associated proteins

was measured in both groups. As shown in Fig. 6A–C, the

levels of iNOS and p-NF-kB in TCM-treated RAW264.7

cells were higher than those in DMEM-treated cells. In

contrast, Arg1 protein expression was suppressed visibly in

TCM-treated RAW264.7 cells. The results suggested that the

M1/M2 ratio among RAW264.7 cells increased after TCM

treatment, and the activation of the NF-kB pathway played a

significant role in this.

Expression of Apoptosis-Related Proteins in DXM-
Pretreated RAW264.7 Cells

As shown in Fig. 7A, the levels of the pro-apoptotic proteins

Bax, cleaved caspase-3, and cleaved caspase-9 decreased

significantly, whereas the levels of the anti-apoptotic protein

Bcl-xl and Bcl-2 increased significantly in the TCM group,

which indicates that the Bax/Bcl-2(or Bcl-xl) ratio has

decreased in the TCM group. As shown in Fig. 7B, compared

to that in the DMEM group, the cytoplasmic Cyt c levels

were lower in the TCM group, whereas the Cyt C more

present in the mitochondria, which suggested that the release

of cytochrome C from mitochondria to cytoplasm was

down-regulated in the TCM group. Along with the higher

expression levels of p-NF-kB observed in the TCM group

(Fig. 7C), the results suggested that TCM resisted or

reversed DXM-induced apoptosis in RAW264.7 cells by

inhibiting mitochondria-based apoptosis via the activation

Figure 4. Differentiation of TCM-treated and non-treated RAW264.7 cells. (A) Flow cytometry analysis of differentiation in RAW264.7
cells. M1 macrophages were marked with the Pacific Blue™-CD86 antibody, whereas M2 macrophages were marked with the APC-CD206
antibody. (B) The percentage of CD86-positive macrophages (M1) among TCM-treated RAW264.7 cells was higher than that among
DMEM-treated RAW264.7 cells. (*P < 0.05, Student’s t test. Error bars: SD). (C) The percentage of CD206-positive macrophages (M2)
among TCM-treated RAW264.7 cells was lower than that among DMEM-treated RAW264.7 cells. (*P < 0.05, Student’s t test. Error bars:
SD). (D-G) mRNA expression levels of the M1 macrophage markers iNOS (D), TNF-a (E), and Mincle (F), and the M2 macrophage marker
Arg1 (G). The relative mRNA expression was determined by normalizing the mRNA expression levels to that of GAPDH (** P < 0.01,
**** P < 0.0001, Student’s t test, Error bars: SD).
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of the NF-kB-mediated Bax/Bcl-caspase-9-caspase-3 signal-

ing pathway. Nevertheless, since no significant difference

was observed in the expression of caspase-8 protein and

FAS/FASL genes (Supplemental Fig. S1 and S2), the death

receptor pathway was not considered among the biological

functions of TCM.

Successfully Established EMs Model

The intraperitoneal injection of uterine fragments for EMs

induction is widely practiced. As shown in Fig. 8A–C, a

mouse model of EMs was successfully established in this

study, as evidenced by the formation of a solid cystic ecto-

pic lesion with abundant neovascularization in the perito-

neum. HE staining of the ectopic lesions revealed a typical

uterine structure, which was abundant in the endometrial

glands and epithelial cells (Fig. 8D–F). Immunofluores-

cence analysis revealed the presence of vimentin-positive

(red) and E-cadherin (green)-positive structures (Fig. 8G–

J). This is consistent with the immunofluorescence charac-

teristics of uterine tissues reported in previous studies,

which confirmed the successful establishment of the EMs

model.

In Vivo Macrophage Differentiation

First, the differentiation of tissue macrophages in EMs

lesions was observed using immunofluorescence staining.

The results showed that M2 macrophages were dominant

in untreated EMs lesions(P < 0.01), as indicated by positive

CD206 red staining (Fig. 9B). In contrast, after TCM treat-

ment, M1 macrophages were dominant within EMs

lesions(P < 0.001), as indicated by positive iNOS green

staining (Fig. 9C). Meanwhile, pMAC differentiation in the

EMs model was analyzed using flow cytometry (Fig. 10),

and the number of peritoneal M1 macrophages in the TCM

group was significantly higher than that in the DMEM group

(P < 0.0001). In contrast, the number of peritoneal M2

macrophages in TCM group decreased (P < 0.0001). These

results indicated that, in the EMs model, compared to cells

treated with DMEM, either tissue or pMACs differentiate to

attain the M1 phenotype rather than the M2 phenotype after

in vivo TCM treatment.

Discussion

Since the first report on TCs by Popescu et al.50, the research

on cardiovascular, respiratory, digestive, urinary, and female

Figure 5. Proliferation and apoptosis in TCM-treated and DMEM-treated DXM-pretreated RAW264.7 cells. (A) Among cells that under-
went DXM treatment for different durations, TCM-treated RAW264.7 cells exhibited greater proliferation than DMEM-treated RAW264.7
cells. (*P < 0.05, ** P < 0.01, Student’s t test. Error bars: SD). (B) Flow cytometry analysis for determination of mitochondrial membrane
potential (DCm) based on JC-1 fluorescence in TCM-treated and DMEM-treated DXM-pretreated RAW264.7 cells after 48 h. The green/
red fluorescence intensity indicates the value of DCm. (C) TCM can significantly reduce the loss of DCm than that induced upon DMEM
treatment. (*P < 0.05, Student’s t test. Error bars: SD). (D) Flow cytometry analysis of apoptosis in TCM-treated and DMEM-treated DXM-
pretreated RAW264.7 cells after 48 h. FITC-Annexin V/PerCp-7-AAD double staining was performed to quantitatively analyze the
percentage of apoptotic cells. (E) The percentage of apoptotic cells among TCM-treated RAW264.7 cells was considerably lower than
that among DMEM-treated RAW264.7 cells (**P < 0.01, Student’s t test. Error bars: SD).
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reproductive systems has increased. The slender TPs provide

the structural basis for TCs to form homocellular and hetero-

cellular contacts with various types of adjacent cells in 3D

patterns within interstitial tissues, and thereby transfer

specific biological information, either by direct cell-to-cell

contact or via extracellular vesicles and secretomes of nan-

ometer dimensions, such as exosomes, which in turn influ-

ences or affects cellular function and behavior16. Therefore,

TCs are considered to be central signaling coordination hubs

in tissues and are known to play important roles in stem cell

maintenance, tissue repair and regeneration, immune sur-

veillance, and vascular hemostasis51. Previously, we have

reported the in vitro immunoregulatory roles of TCs in a

series of studies. TCs can activate and maintain the immune

response of pMACs through paracrine signaling and direct

intercellular junctions. Therefore, TCs are considered to play

a role in the onset of EMs41,52. However, macrophages influ-

ence the progression of EMs at multiple molecular levels;

among them, differentiation and inadequate phagocytosis

are essential steps that lead to the successful implantation

of EMs lesions. Here, we investigated the differentiation of

TCM-treated macrophages, related functional alterations,

and mechanisms underlying the pathways. We found that

by inhibiting mitochondria-based apoptosis via the activa-

tion of NF-kB-mediated Bax/Bcl-caspase9-caspase3 signal-

ing, TCs induce M1 differentiation and enhance

phagocytosis. This might exert a negative or inhibitory effect

on EMs development.

Figure 6. Expression of proteins involved in the differentiation of
RAW264.7 cells. b-actin is a reference protein. (A) TCM increased
the protein expression of the M1 marker iNOS. (B) TCM
decreased the expression of the M2 marker Arg1. (C) The expres-
sion levels of p-NF-kb increased in TCM-treated RAW264.7 cells.
TCM: TC-conditioned medium

Figure 7. Expression of proteins involved in apoptosis in DXM-pretreated RAW264.7 cells. b-actin, b-tubin are cytoplasmic reference
protein, VDAC1 is a mitochondrial reference proteins. (A) Western blotting results revealed the significant reduction in the levels of the
pro-apoptotic proteins Bax, cleaved caspase-3, and cleaved caspase-9 in the TCM group as well as the significant increase in the levels of the
anti-apoptotic protein Bcl-xl and Bcl-2 in the TCM group, compared to the corresponding levels in the DMEM group. (B) The DMEM group
showed higher levels of cytoplasmic Cyt C, whereas the TCM group showed higher levels of mitochondrial Cyt C. In other words, after
TCM treatment, the transport of Cyt C from the mitochondria to the cytoplasm was suppressed, and apoptosis was inhibited. (C) p-NF-kb
expression increased in TCM-treated DXM-pretreated RAW264.7 cells. TCM: TC-conditioned medium
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EMs is a refractory disease in women of reproductive age.

Retrograde menstruation and immunodeficiency are typical

mechanisms implicated in the etiology of EMs21–26,28,34,35.

pMACs are the first line of immunocytes to react to the

implantation of ectopic endometrial debris in the abdominal

or pelvic cavity, and therefore, play an important role in the

onset of EMs46,53,54. During the entire process, pelvic

macrophages tend to be polarized to the M1 subtype at the

early stage of EMs; these cells primarily play a pro-

inflammatory role by recognizing, eliminating, or clearing

endogenous ectopic endometrial cellular debris, and thereby

prevent the development of EMs. While infiltrating macro-

phages undergo alternative activation (primarily M2 differ-

entiation) in the later stage of EMs, and are characterized by

immune tolerance, ineffective immune clearance, and poor

or impaired phagocytic ability to remove viable retrograde

endometrial cells within the pelvic cavity, M2 macrophages

can produce related inflammatory factors that are essential

for angiogenesis, tissue remodeling, and implantation, and

thereby enhance the growth of ectopic endometrial

tissue55,56.

This study showed that TCs can induce M1 differentiation

in macrophages in both cell culture and in the EMs model,

which is characterized by enhanced proliferation and phago-

cytosis and suppressed apoptosis. The differentiation of M1

macrophages enhances their pro-inflammatory potential,

boosts chemotaxis to sites of invasion under the guidance

of inflammatory factors, and strengthens recognition,

removal, degradation, and engulfment of the retrograded

endometrial debris. Therefore, enhanced immune surveil-

lance by M1 macrophages reduces or inhibits the probability

of EMs development and/or progression. Meanwhile, apop-

tosis inhibition also strengthens the ability of macrophages

to eliminate the retrograde endometrial cellular and tissue

debris. Conversely, TC-induced transformation from the M2

to the M1 subtype also blocks the neovascularization func-

tions of macrophages, which are indispensable for the suc-

cessful implantation of retrograde endometrial tissues31,32.

NF-kB is a key responder to immune and inflammatory

stimuli and regulator of cell proliferation, apoptosis, adhe-

sion, invasion, and angiogenesis in multiple cell types57,58.

These cellular processes are associated with the develop-

ment of EMs as well as other diseases59,60. Increased NF-kB

p65 translocation induces M1 differentiation in macro-

phages, and NF-kB blockade suppresses M1 differentiation

and subsequent iNOS production39. Macrophage phagocyto-

sis can be enhanced by upregulating NF-kB signaling61,62.

In addition, the activation of NF-kB inhibits both

mitochondria-based and non-mitochondria-based macro-

phage apoptosis63,64, which may be related to further

Figure 8. A successfully constructed endometriosis (EMs) mice model. (A–C) Macroscopic observation of ectopic EMs lesions in the
peritoneum of a mouse, with round, cystic, solid appearance and abundance of surrounding blood vessels. (D–F) Hematoxylin and eosin (HE)
staining of ectopic EMs lesions. As indicated by the arrows, prominent glandular structures (solid arrow) were observed in the lesion, along
with columnar epithelial cells (dotted arrow). (G–J) Immunofluorescence analysis of EMs lesions. The lesions stained positive for E-cadherin
(green), vimentin (red), and DAPI (blue) in the nucleus. E-cadherin and vimentin are immunofluorescence markers for endometrial glandular
epithelial cells and endometrial stromal cells, respectively.
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Figure 9. Immunofluorescence in tissue macrophages in ectopic endometriosis (EMs) lesions. (A) The nucleus was labeled with DAPI (blue).
CD206 labeling indicates the presence of M2 macrophages (red), whereas iNOS labeling indicates the presence of M1 macrophages (green).
(B) Semi-quantitative analysis revealed the dominance of M2 macrophages in untreated EMs lesions. (**P < 0.01, Student’s t test. Error bars:
SD). (C) Semi-quantitative analysis revealed the dominance of M1 macrophages in TCM treated EMs lesions. (***P < 0.001, Student’s t test.
Error bars: SD). TCM: TC-conditioned medium.

Figure 10. Flow cytometry analysis of peritoneal macrophages in the endometriosis model. (A) M1 macrophages were marked with the
Pacific Blue™-CD86 antibody, and M2 macrophages were marked with the APC-CD206 antibody. (B) The percentage of CD86-positive cells
(M1) in the TCM group was greater than that in DMEM group. (****P < 0.0001, Student’s t test. Error bars: SD). (C) The percentage of
CD206-positive cells (M2) was lower in the TCM group than that in DMEM group (****P < 0.0001, Student’s t test. Error bars: SD). TCM:
TC-conditioned medium.
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amplification of the inflammation cascade. These findings

were confirmed in the current study. As shown in Fig. 11,

NF-kB usually binds to specific inhibitors (IkB) in the cyto-

plasm to form the NF-kB complex, which is present in an

inactive state. When cells are stimulated with TCM, NF-kB

and IkB are separated, following which NF-kB is translo-

cated to the nucleus and activated. This further suppresses

mitochondria-based apoptosis via the inhibition of Bax/Bcl-

caspase9-caspase3 signaling in RAW264.7 cells. Mean-

while, the increase in the proportion of M1 macrophages and

enhancement of phagocytosis counteract the functions of M2

macrophages, which are characterized by the secretion of

angiogenic factors, which helps establish a favorable envi-

ronment for the growth of EMs lesions. To the contrary, the

enhancement of the activity of TCM-treated macrophages

can effectively clear the retrograde endometrial debris,

which eventually suppresses the implantation and develop-

ment of EMs. The findings from this study provide deep

insights into the role of uterine TCs in the immunomodula-

tory functions of macrophages. Additionally, a novel EMs

target was identified, which can be explored in future

research on EMs pathogenesis and immunological treatment.

Conclusion

In summary, although the specific mechanism underlying

the action of TCs on macrophages has not been completely

elucidated, it is now known that TCs are involved in the

mitochondrial pathway, apoptosis, phagocytosis, and differ-

entiation of macrophages. This suggests that TCs may also

be potential participants in the initiation of inflammation,

and the findings may help develop a novel treatment strategy

for obstetrical and gynecological diseases such as EMs.
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