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Abstract

Stem cell therapies have made strides toward the efficacious treatment of injured endometrium and 

the prevention of intrauterine adhesions, or Asherman’s syndrome (AS). Despite this progress, 

they are limited by their risk of tumor formation, low engraftment rates, as well as storage and 

transportation logistics. While attempts have been made to curb these issues, there remains a need 

for simple and effective solutions. A growing body of evidence supports the theory that delivering 

media, conditioned with mesenchymal stem cells, might be a promising alternative to live cell 

therapy. Mesenchymal stem cell-secretome (MSC-Sec) has a superior safety profile and can be 

stored without losing its regenerative properties. It is versatile enough to be added to a number of 

delivery vehicles that improve engraftment and control the release of the therapeutic. Thus, it 

holds great potential for the treatment of AS. Here, a new strategy for loading crosslinked 

hyaluronic acid gel (HA gel) with MSC-Sec is reported. The HA gel/MSC-Sec treatment paradigm 

creates a sustained release system that repairs endometrial injury in rats and promotes viable 

pregnancy.
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1. Introduction

Asherman’s Syndrome (AS), also commonly known as intrauterine adhesions (IUAs), is a 

complex gynecological abnormality that leads to scar tissue formation in the uterus. Dilation 

and curettage (D&C), a common uterine surgery, is the leading cause of IUAs. As reported 

by an international meta-analysis, about 20% of women treated with D&C developed IUAs 

within 12 months after surgery.[1] It is mainly caused by operations that impart damage to 

the endometrium during planned pregnancy terminations, miscarriage, and preterm/term 

delivery, including operations for the removal of retained products of conception.[2] IUAs 

can be characterized as fibrous, connective tissue bands, with or without glandular tissue, 

ranging from filmy to dense. Symptoms caused by IUAs include recurrent pregnancy loss, 

hypomenorrhea, amenorrhea, cyclic pelvic pain, and infertility.[2]

The goal for treating AS is removing the adhesions and keeping the normal morphology and 

function of the uteri. Hysteroscopic adhesiolysis is commonly used to manually remove 

intrauterine adhesions and reconstruct the uterine cavity. Additionally, hormone therapy is 

needed to regain the uterine lining. However, there is a chance that the adhesions will be 

recurrent, even after adhesiolysis, depending on the severity of the disease.[3] What’s more, 

there are complications that can still affect a patient even after a successful pregnancy, such 

as abnormal placentation, preterm delivery, intrauterine growth restrictions, and higher rates 

of caesarean sections.[4] Currently, antiadhesion materials, such as hyaluronic acid (HA) gel 

and intrauterine balloons, are used after adhesiolysis to prevent the recurrence of adhesions.
[5]

Stem cells, which have the ability of self-renewal and multilineage differentiation, have been 

broadly applied in the field of regenerative medicine, for example, acute myocardial 

infarction, acute liver fibrosis, and idiopathic pulmonary fibrosis.[6] In general, interest for 

cell-based therapies has skyrocketed, a growing number of scholars have been fixing their 

sights on using mesenchymal stem cells (MSCs) to treat AS.[7] The first successful 

application of MSCs in a severe AS patient was reported in India, in 2011.[8] The patient 

was injected with autologous bone marrow MSCs transvaginally. The procedure increased 

the thickness of the endometrium and resulted in a successful pregnancy. A number of 

improvements and additions, based on previous cell delivery strategies, demonstrate better 

stem cell retention and promotion of endometrial repair after trauma.[9] However, low 

retention and the propensity for tumorigenicity after administration still remain major 

obstacles for stem cell–based therapy.[10]

The theory that MSC-based therapy works primarily through paracrine secretions has 

become more and more accepted.[11] Secretome from MSCs (MSC-Sec) includes a great 

variety of cytokines and chemokines, which have been shown to play important roles in 

tissue repair and regeneration.[12] Therapies with the application of MSC-Sec have a 

superior safety profile compared to live cell administration.[13] Additionally, secretome can 
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be safely stored for long periods of time without risking functional loss. Furthermore, its 

long shelf-life, and the ability to combine it with biomaterials makes Sec therapy a more 

clinically translational strategy.

Here, we report a brand-new strategy for protecting the endometrium from trauma after 

intrauterine surgery and preventing the recurrence of AS. It involves the application of an 

MSC-Sec-loaded HA gel to the uterine endometrium that can improve endometrial 

proliferation and function. Our previous studies have shown that MSC-Sec is safe and 

effective in the treatment of tissue injury and that the repair is mediated primarily through 

paracrine signaling molecules.[14] Inspired by these studies, we demonstrated an intrauterine 

drug delivery system aimed at maximizing curative effects by using crosslinked hyaluronic 

acid as an agent for the sustained release of MSC-Sec. First, we conducted in vitro studies, 

which verified that MSC-Sec can improve endometrial proliferation and promote 

angiogenesis. Then, we delivered MSC-Secloaded, crosslinked HA to the injured uteri of 

rats and showed that the treatment group presents thicker endometrium, more glands, and 

higher successful pregnancy rates than the control group.

2. Results and Discussion

2.1. Collection and Characterization of MSC-Sec

Numerous studies have indicated that stem cells exert their therapeutic benefits mainly 

through paracrine signaling.[11] Secretome has shown immense potential to treat injured 

tissues, including injured endometrium.[7a,9b,12a,15,29] Thus, MSC-Sec could be an ideal 

candidate to treat endometrial injury. To that end, MSC markers were identified via flow 

cytometry. As shown in Figure 1, the presence of major MSC markers (e.g., CD105 and 

CD90), but no CD34, CD31, or CD117 expression (Figure 1A–F), was consistent with 

findings in previous studies.[16] Then, the secretome from MSCs was collected and 

characterized.

Our previous work reported on an MSC/red blood cell (RBC)-inspired nanoparticle (MRIN), 

as an effective alternative to the treatment of acute liver failure. This nanoparticle had an 

MSC-Sec-loaded core and an RBC membrane shell.[14] In this study, the factors that might 

contribute to the proliferation and migration of endometrial and endothelial cells, as a result 

of MSC-Sec, were analyzed via cytokine array (Figure 2).[17] There are a number of 

cytokines associated with tissue regeneration in MSC-Sec, including epidermal growth 

factor (EGF), insulin-like growth factor binding protein (IGFBP), insulin-like growth 

factor-1 (IGF), and fibroblast growth factor (FGF).[18] These cytokines have been shown to 

contribute to endometrial proliferation and glandular reformation after trauma.[19] For 

example, FGF-9 has been proven to play an important role in endometrial stroma 

proliferation.[20] EGF has been established as a major effector of angiogenesis in human 

endometrium.[21] It has also been reported that IGF and IGFBP can promote the 

proliferation of epithelial cells in the endometrium.[22] Epithelial and stromal cells are major 

components of the endometrium. Pathological alteration of AS involves injured 

endometrium and decreased glandular formation. Our assay results (Figure 2A,B) explained 

the rationale of applying MSC-Sec to treat endometrial injury.
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2.2. Preparation and Characterization of MSC-Sec Gel

Current treatments of AS disease include hysteroscopic adhesiolysis, the application of 

antiadhesives, and hormone therapy. Antiadhesives, in combination with local treatments, 

are optimal for repairing the injured endometrium and preventing adhesion reformation. The 

intrauterine administration of antiadhesives through the vagina is a suitable and noninvasive 

approach. Hyaluronic acid gel is being researched as a possible antiadhesive material that 

could be used after obstetric and gynecological operations.[23] One of the issues with HA gel 

is that it has a natural half-life of just 1–2 days.[24] This half-life could be even shorter in the 

uterus due to aqueous dilution. In preliminary experiments, when MSC-Sec-loaded 

commercial HA gel (non-crosslinked) was placed into saline, the shape of the gel 

disintegrated immediately with gentle shaking. As a result, the loaded MSC-Sec was 

released to surrounding environment completely, and rapidly. To achieve a more sustained 

release of MSC-Sec over a longer period of time, crosslinked HA was used instead.

In the procedure shown in Figure 3A, MSC-Sec-loaded, crosslinked HA gel was synthesized 

as an effective intrauterine sustained-release drug delivery carrier. The proton peaks 

(methacrylate (MA) protons) at 5.74 and 6.17 ppm represent the successful synthesis of 

methacrylate hyaluronic acid (MA-HA) (Figure 3B). To create the gel delivery platform, 

MSC-Sec solution was used to dissolve MA-HA powder and form MSC-Sec/crosslinked HA 

gel under UV irradiation (MSC-Sec protein concentration: 10 mg mL−1; HA protein 

concentration: 1 mg mL−1). As shown in Figure 3C, after UV exposure, the gel exhibited the 

desired stickiness and stiffness. To further observe the detailed morphological structure of 

the crosslinked HA, scanning electron microscope (SEM) images and confocal images were 

taken. We loaded MSC-Sec into non-crosslinked, commercial HA and our crosslinked MA-

HA. Compared to the non-crosslinked HA (Figure 3D, left panel), which has been approved 

for postoperative antiadhesive use after uterine surgeries, the crosslinked HA shows more 

compact construction, with smaller and fewer pores (Figure 3E, left panel). The morphology 

of the crosslinked HA makes it a more stable carrier than the commercial HA gel and allows 

it to achieve the sustained and long-term release of MSC-Sec. Corresponding confocal 

microscopic images (Figure 3D,E, right panel) confirmed the thorough mixture of the MSC-

Sec (green) within the HA gel (red). The proper, evenly dispersed integration of the 

components guaranteed the constant releasing of MSC-Sec along with the degradation of 

HA. These morphological and physical traits make crosslinked-HA gel a more suitable 

sustained-release platform for the intrauterine administration of MSC-Sec than commercial 

HA.

2.3. In Vitro Studies of MSC-Sec

MSCs possess qualities that make them favorable candidates for AS therapy.[25,29] Among 

them are their reported pro-angiogenic effects and their ability to accelerate the proliferation 

of epithelial and endothelial cells.[26] Herein, a series of in vitro cell assays were conducted 

to test the bioactive effects of MSC-derived secretome on cultured endothelial, epithelial, 

and stromal cells.

Figure 4A,B shows that the tube-formation ability of human umbilical vein endothelial cells 

(HUVECs) is enhanced in the MSC-Sec-treated group when compared to the Iscove’s 
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Modified Dulbecco’s Medium (IMDM) group. Additionally, the proliferation rate of 

HUVECs treated with MSC-Sec was significantly enhanced when compared to the control 

group (Figure 4C). MSC-Sec not only benefited the proliferation of endothelial cells, but 

also promoted the growth of human endometrial epithelial cell line, AN3CA (Figure 4D). In 

addition, to increase the relevance of the cells tested, we isolated endometrial epithelial cells 

and endometrial stromal cells from rat uteri. As shown in Figure 4E, compared to those 

incubated with basal medium-IMDM, the rat epithelial cells incubated with MSC-Sec 

showed an enhanced migratory ability. After quantification, we found that the migration rate 

of the MSC-Sec group was significantly higher than the basal medium group (Figure 4F).

It has been reported that patients with intrauterine adhesions have impaired myometrial and 

endometrial vascularity. Thus, the prognostic factors of AS include vascularization of 

endometrium.[7d,27,29] The improvement of tube-formation ability and proliferation of 

endothelial cells contribute to endometrium recovery. Epithelial cells are the primary 

components of endometrial glands, which synthesize and secrete substances essential for the 

survival and development of embryos. Herein, patients who suffer from AS with injured 

epithelial cells often experience infertility. Thus, the benefits imparted by MSC-Sec on 

epithelial and endothelial cells support the rationale of applying MSC-Sec to endometrial 

injuries. In addition, there is no significant difference in the proliferation rates of rat 

endometrial stromal cells between the MSC-Sec-treated group and IMDM-treated group 

(Figure 4G). One possible explanation is that epithelial cells and endothelial cells cannot 

grow well in pure IMDM solution as shown in Figure 4C,D, while stromal cells survived 

well in basic media and displayed no further promoting effect with the addition of MSC-Sec. 

In that way, MSC-Sec would not lead to the over-proliferation of endometrial stromal cells. 

This result indeed benefits the repair of endometrial injury because the over-proliferation of 

stromal cells is associated with endometriosis, a disease which is characterized by 

endometrium outside the uterine cavity.[7a,28]

2.4. Ex Vivo Release Study

The optimization of therapeutic efficacy requires the maximization of MSC-Sec retention 

inside the uterus. Before performing in vivo experiments, we studied the kinetics of the 

MSC-Sec being released from the crosslinked HA in rat uterine cavities. MSC-Sec was 

labeled with Alexa Fluor 488 for ex vivo IVIS imaging. Then, MSC-Sec gel was 

administered in vivo into the uteri of rats. The rats were sacrificed on days 1, 2, 3, 4, and 7 

and their uteri were collected. Figure 5A illustrates the administration of the crosslinked HA 

in the uterus. Once in place, MSC-Sec would be released from the gel into the surrounding 

endometrium over a 7-day period (Figure 5B). It is known that the mean length of the 

estrous cycle in sexually matured rats is 4 days. The crosslinked HA synthesized in this 

study can stay in the uterine cavity for roughly two estrous cycles.

2.5. MSC-Sec Gel Treatment Improved Pregnancy

To test the effect of different treatments for the injured uterus, an injured rat uterus model 

was induced by using electrocoagulation (Figure 6A).[29] Electrocoagulation injures the 

endometrium of the uterus and reduces angiogenesis therein, simulating the pathological 

changes that lead to AS.[15,30] Figure 6B shows the hematoxylin and eosin (H&E) and 

Liu et al. Page 6

Adv Healthc Mater. Author manuscript; available in PMC 2020 February 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



trichrome stained micrographs of the uteri before and after injury. The pathological changes 

are indicative of the disorganized morphologic structure and enhanced collagen deposition 

of injured endometrium and myometrium. In addition, the endometrial thickness and the 

quantity of glands therein was quantified in Figure 6C,D. The subsequent decrease in 

endometrial thickness and gland quantity indicates the successful establishment of the AS 

animal model.

To evaluate the therapeutic effect of MSC-Sec/gel, rats were randomized into three groups to 

receive crosslinked HA gel only, MSC-Sec only, and MSC-Sec/HA gel, respectively. A 

schematic image detailing the animal experiment was presented in Figure 7A. In this novel 

experimental approach, we establish a self-comparison control, to reduce experimental error 

and interference, by administering PBS into the left injured uterus and one of the three 

treatments into the right injured uterus. The following treatments were administered: MSC-

Sec-loaded, crosslinked HA gel for the MSC-Sec/HA gel group, only crosslinked HA for the 

HA group, and only MSC-Sec (protein concentration: 10 mg mL−1) for the MSC-Sec group 

(n = 10). The crosslinked HA gel ensured that the release of MSC-Sec was spread out over a 

7-day period in the uterus. After one week, half of these female rats were mated with male 

rats and half were sacrificed for histology.

As shown in Figure 7B, only ≈1–2 fetuses developed on the PBS control side (left), 

confirming the successful establishment of the model. As discussed earlier, infertility is a 

common consequence of AS. After treatment, the right side of the MSC-Sec/HA gel group 

(red arrow) developed a significantly higher number of fetuses, while in the groups with HA 

or MSC-Sec only, there was no significant difference between both sides. MSC-Sec itself 

cannot stay for a long time in the uterine cavity without crosslinked HA gel as the carrier, 

which leads to its failure to treat. Additionally, crosslinked HA gel alone cannot restore 

fertility without the infusion of MSC-Sec. Based on significant improvement of the number 

of fetuses of MSC-Sec/HA gel group, we can conclude that the therapy of MSC-Sec-loaded, 

crosslinked HA gel makes contribution to the fertility restoration of AS rats.

2.6. Histology Analysis

To reveal the pathological changes in the uteri as a result of the treatment, we performed 

H&E staining on the control sides and the treated sides. Figure 8A showed H&E-stained 

images of the treated and control sides of the uteri from the MSC-Sec/ HA gel group, 

endometrium thickness and number of glands were quantified (Figure 8B,C). The 

morphology of the myometrium on the control side was disorganized because of the trauma, 

and the boundary between the endometrium and myometrium was not clear. On the MSC-

Sec HA gel treated side, we can clearly identify the endometrium, myometrium, and 

perimetrium. The treated side presented a thicker endometrium and more glands compared 

to the control side, demonstrating the restoration of endometrial health. Future studies will 

explore the mechanisms and related pathways involved in MSC-Sec/HA gel treatment.

3. Conclusion

MSCs, along with other stem cell types, have been used to treat and prevent the formation of 

recurrent AS.[7a,31] MSC-Sec has shown increasing potential in uterine diseases in recent 
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years.[32] In this study, MSC-Sec-loaded, crosslinked HA gel was developed as a therapeutic 

that restores injured endometrial morphology and fertility in a rat model of AS. First, we 

proved that the crosslinked HA gel itself is a good candidate to be as the carrier of 

intrauterine control released drug delivery system because of its stability and 

biodegradability. The promising effect of MSC-Sec on endometrial and endothelial cells was 

verified, and then the therapeutic effect of MSC-Sec HA gel was proved in a murine uterus 

injury model. The results of this study, both in terms of the morphology and function of the 

endometrium, highlight the potential benefits of developing this treatment platform in future 

large-scale animal studies and, potentially, in clinical trials. Inspired by these pilot studies, 

the functional restoration of endometrium and related mechanisms will be deeply 

investigated in following studies. Importantly, unlike the laparotomic administration used in 

this animal study, any subsequent clinical trials stemming from this work will use 

transvaginal administration to deliver MSC-Sec gel.

To the best of our knowledge, this is the first attempt to combine biomaterials with MSC-Sec 

in pursuit of uterine restoration/regeneration. By using MSC-Sec, we were able to bypass the 

tumorigenic risks associated with stem cell therapies. HA, a powerful antiadhesive 

biomaterial, serves as an optimal carrier for intrauterine administration. It provides 

protection from recurrent intrauterine adhesions and releases MSC-Sec to accelerate the 

restoration process. In addition, MSC-Sec/HA gel is clinically translational, given the ease 

with which it can be prepared and stored, compared to traditional stem cell therapy.

In conclusion, we successfully fabricated a control-released, intrauterine-administered, 

MSC-Sec-loaded, crosslinked HA gel to restore endometrial morphology and function after 

electrocoagulation injury in rats. This therapeutic platform utilizes the paracrine signaling 

proteins similar with cell therapy efficacy, while tackling the challenges of live stem cells.

4. Experimental Section

Culture of MSC and Derivation of MSC-Sec

Human bone marrow–derived MSCs were ordered from the American Type Culture 

Collection (ATCC; VA, USA). They were cultured in serum-free Iscove’s Modified 

Dulbecco’s Medium (Thermo Fisher Scientific, MA, USA). After 72 h, the conditioned 

media or secretome was collected. The Sec was first centrifuged at 0.4 rcf for 5 min and then 

filtered through a 0.22 μm filter. Sterilized Sec was stored in a −80 °C freezer for at least 24 

h, and then lyophilized.

Characterization of MSC and MSC-Sec

The MSC phenotypes were characterized by flow cytometry (Beckman Coulter, Brea, CA). 

The following primary antibodies were purchased from Becton Dickinson (NJ, USA): CD31 

(BD555445), CD34 (BD555821), CD45 (BD 555482), and CD90 (BD 555595). The 

following primary antibody was purchased from R&D Systems (MN, USA): CD105 (FAB 

10971P). The conditioned media of MSC was analyzed by cytokine array (RayBiotech, GA, 

USA).
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Alexa Fluor 488 NHS Ester (A20000, Molecular Probes) was used to react with the amino 

groups of the proteins to label MSC-Sec. Alexa Fluor 488 NHS Easter labeled Sec was 

prepared by the following procedures: Lyophilized Sec was dissolved in 1 mL of 0.1 m 

sodium bicarbonate buffer pH 8.3 at the protein concentration of 10 mg mL−1. The Alexa 

Fluor 488 NHS Easter was dissolved in DMSO at 10 mg mL−1 and then 50 μL solution was 

added into the protein solution. After incubating the reaction for 1 h at room temperature, a 

10 × 300 mm gel filtration column was equilibrated with PBS and finally the Alexa Fluor 

488 labeled Sec was obtained.

Preparation of MSC-Sec-Loaded, Crosslinked Hyaluronic Acid Hydrogel

MSC-Sec-loaded, crosslinked HA gel was fabricated as follows: Briefly, 0.2 g of HA 

(Sigma-Aldrich, MO, USA), in a sodium salt state, was dissolved in 20 mL of ultrapure 

water and stirred at 200 rpm for 20 min. Then, 0.8 mL of a 5 n sodium hydroxide (Sigma-

Aldrich) solution was added and reacted with 1 mL of methacrylic anhydride (Sigma-

Aldrich). The resultant solution was stirred at 400 rpm for 2 h. It was then stored at 4 °C for 

24 h, after which it was mixed with 95% ethanol to precipitate. Then, the sediments were 

washed with 95% ethanol, placed in 40 °C for 3 h, dissolved in ultrapure water, frozen 

thoroughly, and finally lyophilized. The powder was dissolved by ultrapure water and 

dialyzed, using a 12 kDa cellulose bag (Spectrum Laboratories, Rancho Dominguez, CA) 

immersed in 1 L ultrapure water, which served as buffer medium. After 1 week, the resultant 

MA-HA was lyophilized. The lyophilized Sec was combined with the MA-HA solution and 

exposed to UV light at a distance of 1.5 cm, using a wavelength of 365 nm (BlueWave 75 

UV Curing Spot Lamp), at a power of 4.5 mW cm−2, for 10 s. The final product was the 

MSC-Sec-loaded, crosslinked hyaluronic acid gel. MA-HA was reacted with cysteamine 

first to produce amino groups, and then the Alexa Fluor 594 NHS Ester (A20004, Molecular 

Probes) was used to react with amino groups to fluorescently label MA-HA.

Cell Lines

Immortalized endometrial epithelial cells were obtained from ATCC (AN3CA) and cultured 

in Eagle’s Minimum Essential Medium (EMEM; Sigma) infused with fetal bovine serum at 

a concentration of 10% by volume. Human umbilical vein endothelial cells were also 

obtained from ATCC (CRL1730) and cultured in vascular cell basal medium (ATCC; PCS 

100–030) infused with endothelial cell growth kit- VEGF (ATCC; PCS 100–041). 

Endometrial epithelial cells and stromal cells were separated from 3 eight-week-old rats 

according to a video protocol.[33] The rat endometrial stromal cells were cultured in 

Dulbecco’s Modified Eagle Medium/Nutrient Mixture F12 (DMEM/F12) with l-glutamine, 

phenol red, 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid, 100 μg mL−1 gentamicin, 

0.5 μg mL−1 amphotericin B, N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) 

(HEPES), and fetal bovine serum (FBS; 10% by volume). The rat endometrial epithelial 

cells were cultured in DMEM containing FBS (10% by volume), 100 μg mL−1 gentamicin, 

0.5 μg mL−1 amphotericin B, MCDB-105 medium (25% by volume), and 5 μg mL−1 insulin.

Cell Proliferation Assay

Proliferation was tested on three types of cells: 1) Immortalized human endometrial cells 

(AN3CA), 2) HUVEC, and 3) rat endometrial stromal cells. The cells were seeded in 96-
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well plates, at a concentration of 5000 cells per well, in MSC-Sec and plain IMDM. The 

protein concentration of Sec was 10 mg mL−1 which was measured by BCA protein assay 

(Thermo Scientific Pierce). CCK8 (Dojindo Molecular Technologies, MD, USA), a 

proliferation and cytotoxicity assay, was added to each well and analyzed after 4 h in the 

following 3 days.

Wound Healing Assay

Culture insert 2-well kits (Ibidi; Planegg, Germany) were used to perform the wound healing 

assay on rat endometrial epithelial cells. 70 μL cell suspension was seeded to both sides of 

the kit, at a density of 5 × 105 cells mL−1. After cell adherence, the kits were removed gently 

to create a cell-free gap. After washing with PBS, plain IMDM was added to the control 

group and MSC-Sec (protein concentration: 10 mg mL−1) was added to the Sec-treated 

group. The cells were imaged at time points 0 and 24 h.

Tube Formation Assay

Reduced growth factor Matrigel (250 μL) was added into each well of a 24-well plate and 

allowed to solidify in an incubator, at 37 °C for 30 min. 300 μL of MSC-Sec (protein 

concentration was 10 mg mL−1), mixed with 10 μL of resuspended HUVEC cells (≈75 000 

cells), were added on the Matrigel. Plain IMDM was used as a control. After 4 h, the 

quantity and the length of tubal connections of HUVECs were compared.

MSC-Sec In Vivo Release Study

Cohorts of rats with endometrial injury were sacrificed 24, 48, 72, 96, and 168 h after 

receiving intrauterine MSC-Sec HA injections. The HA was previously labeled with Alexa 

Fluor 594. Uteri were collected for in vivo retention studies using ex vivo fluorescent 

imaging (IVIS, Caliper Lifesciences, Waltham, MA).

Rat Model of Endometrial Injury

All animal experiment procedures were approved by the IACUC at North Carolina State 

University. The injury model was induced according to a previous publication.[29] Briefly, 

8–10 week-old SD rats who had reached sexual maturity were anesthetized via isoflurane 

inhalation. A vertical incision was then made on the middle caudal abdomen of each rat to 

expose their uteri. Next, a small incision was made on both sides of the uteri to insert an 

electrocoagulation tip. While moving the tip from the uterine horn to the cervix, an electric 

current (3 V) was delivered over a period of 5 s using an electrocoagulation machine 

(Hyfrecator 2000 Electrosurgical System). After injury, each study group (n = 10) received a 

different treatment with syringe directly injecting into the uterine cavity through the 

previous incision: 1) HA + MSC-Sec group: the right side of uteri received MSC-Sec-

loaded, crosslinked HA gel, while the left side received PBS as a control. 2) HA group: right 

side of the uterus received the blank crosslinked HA gel, while the left side received PBS. 3) 

MSC-Sec group: the right side of the uterus received only MSC-Sec solution (protein 

concentration: 10 mg mL−1), while the left side received PBS. After the treatment, sutures 

were used to close the incisions on the uterus and the abdomen.
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Morphological and Functional Test of the Uteri

7 days after the surgery and the treatment injections, half of the rats (n = 5) from each group 

were sacrificed for uterus removal and histological sectioning/analysis. The remaining rats 

(n = 5) were relocated to a different cage, where each of them was allowed to mate with a 

male rat for 96 h. 10 days after mating, the female rats were sacrificed to count the number 

of fetuses in both sides of their uteri.

Histology

Uterine tissues were embedded in paraffin after fixing in 10% formalin. Sections were cut at 

5 μm thicknesses and stained with hematoxylin and eosin as well as Masson’s trichrome. An 

AZ-100 Nikon multipurpose zoom microscope was used to capture images.

Statistical Analysis

All experiments were repeated independently at least three times and the results were shown 

as mean ± SD. A two-tailed, paired or unpaired, Student’s t-test was used to analyze data 

between two groups, depending on the experimental design. Single, double, and triple 

asterisks represent P < 0.05, 0.01, and 0.001, respectively. P value less than 0.05 means 

significant difference. Graphpad Prism 7.0 was used for statistical analysis.
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Figure 1. 
Characterization of MSCs. Flow cytometry analysis of common MSC markers such as A) 

CD105 and B) CD90. MSCs are negative for C) CD31, D) CD34, and E) CD117. F) 

Summary of positive MSC cells with different markers.
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Figure 2. 
Human cytokine arrays. A,B) Human cytokine array analysis (AAH-CYT-6 and AAH-

CYT-7) of MSC-Sec and densitometric analysis of proteins associated with tissue 

regeneration. Graph shows the mean value. The proteins in graph are pointed out in red.
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Figure 3. 
Fabrication and characterization of MSC-Sec-loaded, crosslinked HA gel. A) Schematic 

showing the synthesis of MSC-Sec-loaded, crosslinked HA gel. B) MA-HA: 1H NMR 

(D2O, 300 MHz, δ ppm): 1.85–1.96 (m, 3H, CH2 = C(CH3)CO), 1.99 (s, 3H, NHCOCH3), 

5.74 (s, 1H, CH1H2 = C(CH3) CO), 6.17 (s, 1H, CH1H2 = C(CH3)CO). C) State of HA gel 

at room temperature when the bottle is upside down (gelation). D) Representative SEM 

(scale bar: 100 μm) and color-depth projection confocal images of MSC-Sec/non-

crosslinked HA; green represents MSC-Sec, red represents HA. Scale bar in confocal image: 

100 μm. E) Representative SEM (scale bar: 100 μm) and color-depth projection confocal 

images of MSC-Sec/crosslinked HA; green represents MSC-Sec, red represents HA. Scale 

bar in confocal image: 100 μm.
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Figure 4. 
In vitro cell-based assays. A) HUVEC tubing images of MSC-Sec-treated group and control 

group. Scale bar: 20 μm. B) Graph comparing the number of tube points between MSC-Sec-

treated group and control group, n = 3. C) Proliferation of HUVEC with IMDM (control 

group) or MSC-Sec group. D) Proliferation of AN3CA treated with IMDM or MSC-Sec. * 

indicates P < 0.05 when compared to the control group. E) The image of cell migration of rat 

endometrial epithelial cells (EEC) cultured with IMDM (control group) or MSC-Sec. Scale 

bar: 20 μm. F) Analysis of the migration rate of EEC of the control group and MSC-Sec 
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group. G) Proliferation of rat endometrial stromal cells cultured with IMDM or MSC-Sec. n 
= 6 for each group if no further description, * indicates P < 0.05, ** indicates P < 0.01.
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Figure 5. 
MSC-Sec/HA gel injection and rodent model of endometrium injury. A) Schematic showing 

intrauterine injection of MSC-Sec/HA gel. B) Ex vivo fluorescent imaging of rat uteri at 

days 1, 2, 3, 4, and 7 after injection.
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Figure 6. 
The electrocoagulation-induced animal model of AS. A) Pictures showing the procedure of 

inducing injury and delivering the treatment. I: abdominal skin incision. II: incision of rectus 

abdominis and uterus exposure. III: electrocoagulation injury in both sides of uterus. IV: 

electrocoagulation machine. V: intrauterine injection. Right side is treatment side. Left side 

is control side. VI: closure of uterus incision. VII: closure of abdominis. VIII: closure of 

abdominal skin incision. B) Representative H&E and Masson’s trichrome-stained uterus 

section 14 days after injury (Scale bar: 70 μm). C) Quantitative data comparing the number 

of glands of endometrium of injured group and control group. D) Quantitative data 

comparing the thickness of endometrium of injured group and control group. n = 5, ** 

indicates P < 0.01 when compared to the other group.
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Figure 7. 
The effects of MSC-Sec HA gel on fetal development. A) Schematic showing the animal 

study design. Both sides of the uterus are injured. One side gets treatment while left side 

gets PBS as control. And there are three treatment groups: MSC-Sec, crosslinked HA gel 

group; crosslinked HA group, and MSC-Sec group, n = 5. B) Representative uterus images 

and quantitative data comparing the numbers of fetuses on both sides (red arrow indicates 

treated side). * indicates P < 0.05 when compared to the other side.
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Figure 8. 
MSC-Sec/HA treatment increases gland numbers and endometrium thickness. A) 

Representative H&E images of sham, the control side of MSC-Sec/HA group, and the 

treated side of MSC-Sec/HA group. Scale bar: 70 μm. B) Comparison of endometrium 

thickness between the control side and the treated side of MSC-Sec/HA group. C) 

Comparison of number of glands between the control side and the treated side of MSC-

Sec/HA group. n = 5, ** indicates P < 0.01, *** indicates P < 0.001 when compared to the 

other group.
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