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Abstract

Inflammatory bowel disease (IBD) includes Crohn’s disease and ulcerative colitis
and is an idiopathic, chronic inflammatory disease of the colonic mucosa. The
occurrence of IBD, causes irreversible damage to the colon and increases the risk
of carcinoma. The routine clinical treatment of IBD includes drug treatment,
endoscopic treatment and surgery. The vast majority of patients are treated with
drugs and biological agents, but the complete cure of IBD is difficult.
Mesenchymal stem cells (MSCs) have become a new type of cell therapy for the
treatment of IBD due to their immunomodulatory and nutritional functions,
which have been confirmed in many clinical trials. This review discusses some
potential mechanisms of MSCs in the treatment of IBD, summarizes the experi-
mental results, and provides new insights to enhance the therapeutic effects of
MSCs in future applications.

Key Words: Mesenchymal stem cells; Inflammatory bowel diseases; Inflammation;
Pretreatment; Gene editing
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Core Tip: Mesenchymal stem cell (MSC) transplantation is a novel treatment method for inflammatory
bowel disease (IBD) that has exhibits certain achievements in clinical trials. Here, we reviewed the
developed strategies for enhancing the therapeutic effect of MSCs, and among these, pretreatment with
MSCs is the most common method. The pretreatments include bioactive substances, hypoxia and
modification of culture methods and are able to enhance the migration ability of MSCs to repair the
damaged intestinal mucosa or upregulate the expression of cytokines. These methods provide new ideas
for the future clinical application of MSCs in the treatment of IBD.
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INTRODUCTION

Inflammatory bowel disease (IBD) is divided into three types: Chronic IBD, ulcerative colitis (UC) and
Crohn’s disease (CD). Genetic susceptibility, environmental factors, the intestinal microbiota and the
immune system play important roles in the pathogenesis of IBD[1], and immune factors may be the
most direct and important factor[2]. In recent decades, the incidence rate of IBD has increased
worldwide. The increase in the incidence of IBD has led to increased social and economic burdens|3].
IBD is traditionally considered common in the Western world. However, data from the last ten years
showed that the IBD incidence rates in newly industrialized countries, including China and India, are
increasing[4,5]. IBD has developed into a common disease of the digestive system in China. Patients
with IBD may exhibit extracolonic manifestations, such as primary sclerosis cholangitis and arthritis,
and are also more prone to complications, such as colon cancer, coronary artery disease, osteoporosis
and venous thrombosis, than the general population[6,7]. The routine clinical treatment for IBD includes
three categories: Traditional therapeutic drugs, biological agents and new small-molecule drugs. The
traditional therapeutic drugs include 5-aminosalicylic acid (5-ASA), glucocorticoids such as budesonide
and immunosuppressants such as azathioprine (AZA), 6-mercaptopurine (6-MP), ciclosporin and
methotrexate. Anti-tumor necrosis factor (TNF)-a drugs, insulin receptor antagonists, and interleukin
(IL) inhibitors, are biological agents widely used for the treatment of IBD. The new small-molecule
drugs include selective Janus kinase inhibitors, and sphingosine-1-phosphate receptor modulators[8,9].
Although these drugs alleviate IBD, maintaining the effects is difficult, and the expected effect is not
ideal. More importantly, these drugs may lead to various adverse reactions[10], such as a risk of
increased mortality. The use of corticosteroids has been shown to be associated with skin effects, weight
gain, hyperglycaemia, osteoporosis, adrenal insufficiency and cataracts. The use of immunosup-
pressants also increase the risk of opportunistic infection. Intolerance or the potential occurrence of bone
marrow/liver toxicity caused by immunomodulators may result in treatment cessation in one quarter of
patients[11]. Ileocolectomy is the most common surgical strategy used to treat patients with CD, but this
treatment rarely cures the disease; new lesions usually develop rapidly at the anastomosis, and a risk of
urinary incontinence has been documented[12,13]. Therefore, new treatments are needed to improve
this condition without a risk of incontinence. The new era of cell-based therapy in stem cell biology has
provided promising prospects and aroused great interest from scientists, clinicians and patients[14].
Mesenchymal stem cells (MSCs) are heterogeneous spindle-shaped cells with the ability to differentiate
into osteoblasts, chondrocytes and adipocytes in vitro. MSCs originate from various tissues, including
the bone marrow, umbilical cord, placenta, fat and tooth tissue[15]. Considering their immunoregu-
latory and nutritional characteristics, MSCs have become promising candidates for the treatment of
autoimmune diseases and have promoted the development of regenerative medicine. Inflammatory
signals stimulate bone marrow MSCs (BMMSCs) to produce a variety of growth factors, that accelerate
tissue repair by promoting angiogenesis, extracellular matrix remodeling and tissue progenitor cell
differentiation. BMMSCs effectively regulate immune cells in the inflammatory microenvironment.
Interestingly, the immunomodulatory effects of BMMSCs are not inherent but are determined by the
type and intensity of the inflammatory reaction[16]. In this review, we discuss the research progress and
possible molecular mechanism of MSCs in the treatment of IBD, summarize the protocols and improved
technical methods currently being developed to enhance the effect of MSCs on the treatment of IBD and
provide a basis for more promising and safer prospects for MSC applications.
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SEARCH STRATEGY

We conducted a comprehensive literature search of the following databases: PubMed, Google Scholar
and SpiScholar, using Reference Citation Analysis (https:/ /www.referencecitationanalysis.com). Free text
words and database-specific index terms were combined with Boolean operators (“AND” and “OR") to
improve the sensitivity of our search. We searched for multiple combinations of the following
keywords: mesenchymal stem cells, inflammatory bowel disease, hypoxia, inflammatory, pretreatment,
preconditioning, stimulation, priming, regeneration, immunomodulation, secretome, conditioned
medium (CM), paracrine, therapeutic, brain, nervous system, bone, and cartilage, among others. The
identified studies were not constrained by the publication language or publication status. Most of the
publications were published in the last five years, but some classical studies are also cited.

USE OF MSCS AND THEIR DERIVATIVES IN THE TREATMENT OF IBD

MSCs are pluripotent stem cells with the ability to self-renew and differentiate into various cell types.
These cells play a key role in immune regulation and regenerative therapy[17]. According to the
standard definition of MSCs, MSCs express CD73, CD90, CD105 and other markers, but do not express
the haematopoietic markers CD45, CD34, CD14, CD19 and HLA-DR (< 2%) and differentiate into
adipogenic, osteogenic and chondrogenic cells in vitro. The sources of MSCs include the bone marrow,
fat, muscle, peripheral blood, umbilical cord, placenta, foetal tissue and amniotic fluid[18]. BMMSCs are
the most widely used and studied stem cells, but their application is limited due to the possible pain
and the incidence rate caused by bone marrow aspiration, and the limited number of BMSCs obtained
[19]. Adipose-derived mesenchymal stem cells (AMSCs) and umbilical cord derived mesenchymal stem
cells (UCMSCs) have recently received considerable attention. The procedures for collecting UCMSCs
are painless, and these cells exhibit faster self-renewal characteristics[20]. Dental mesenchymal stem
cells have a strong muscle regeneration ability. After combination with appropriate scaffold materials,
these cells provide a favorable alternative treatment for muscle tissue engineering[21]. Human term
placental tissue-derived MSCs and the conditioned medium remaining after cultures of these cells
reportedly enhance angiogenesis[22]. MSCs derived from the amniotic fluid and amniotic membrane
have been introduced as attractive and potent stem cell sources for clinical application due to their easy,
safe, and painless collection procedures with minimal ethical issues[23].

MSCs influence the phenotype and function of innate immune cells (macrophages, dendritic cells,
neutrophils, eosinophils, basophils, natural killer cells, natural killer T cells, and natural lymphocytes)
and acquired immune cells (T and B lymphocytes) through paracrine signalling (secretion of soluble
factors) or cell-cell contact[24] (Figure 1). Clinical trials of MSC treatments as a new cell therapy strategy
for IBD have yielded certain results, but considerable room for improvement remains. According to a
published study, more than 200 patients with refractory fistulas have received local injections of
BMMSCs. More than half of the patients achieved complete remission, and approximately two-thirds of
the patients achieved overall remission. Among patients with refractory luminal CD, 49 cases of
systematic transplantation of MSCs have been recorded, and the results have shown that autologous
BMMSCs generate reduced responses, whereas the use of allogeneic BMMSCs is promising because
approximately 60% of patients exhibited a response, and approximately 40% achieved clinical remission
[25]. In general, bone marrow mesenchymal stem cell transplantation (BMSCT) is presumed to be
markedly safer than haematopoietic stem cell transplantation (HSCT). Although autologous BMSCT
does not show higher efficacy than conventional treatment, allogeneic BMSCT appeared to be more
effective in patients with intracranial CD in a phase II metacentre clinical trial[26]. In addition, clinical
research on the treatment of CD patients with AMSCs has been performed. Panés et al[27] completed a
phase III randomized double-blind trial involving the use of allogeneic AMSC transplantation to treat
patients with complex anal fistulas and observed obvious curative effects. These experiments showed
the prospects of MSCs in the treatment of IBD.

Although the results of clinical trials are promising in terms of safety and efficacy, many problems
remain to be solved, such as the exact working mechanism, dose, mode of administration and optimal
concentration. In a trinitrobenzene sulfonic acid (TNBS)-induced colitis model, intravenously injected
MSCs were cleared nonspecifically by the innate immune system under physiological conditions.
However, local administration may prevent MSCs from directly entering the blood circulation and
thereby significantly reduce spleen and liver clearance, and local administration increases the concen-
tration and duration of MSC engraftment in target organs. However, the disadvantage of local adminis-
tration is that the operation is relatively complex[28]. Similarly, a dextran sulfate sodium (DSS)-induced
colitis model was intravenously injected with human embryonic stem cell-derived MSCs (TMSCs), and
CM-Dil was used for tracking for 12 and 24 h. The injected TMSCs mainly accumulate in the lung, and a
small portion of TMSCs localized to the liver and spleen. However, MSCs expressing fluorescein were
only detected at the injection site 12 and 24 h after intrapulmonary administration. No signal was
detected after intravenous injection, indicating that most of the intravenously injected TMSCs migrated
away from the injection site through the blood circulation, that the number of cells in the target organ
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Figure 1 Immunoregulatory mechanism of mesenchymal stem cells. Mesenchymal stem cells (MSCs) express CD73, CD90 and CD105 and do not
express haematopoietic markers such as CD14, CD34 and CD45 or the costimulatory molecules CD40, CD80 and CD86. MSCs exhibit low expression of major
histocompatibility complex class (MHC) | and do not express MHC Il. MSCs possess a wide range of immunomodulatory properties. Activated MSCs secrete a variety
of soluble factors, such as indoleamine 2,3-dioxygenase, prostaglandin E2, transforming growth factor-@, tumor necrosis factor-a stimulating gene 6, interleukin (IL)-
1Ra, and IL-6. These factors inhibit the differentiation, proliferation and activation of various immune cell subsets, including T cells, B cells, dendritic cells,
macrophages, and natural killer cells. Therefore, MSCs inhibit the immune response to inhibit inflammation. MSCs: Mesenchymal stem cells; MHC: Major
histocompatibility complex; IDO: Indoleamine 2,3-dioxygenase; PGE2: Prostaglandin E2; TGF-p: Transforming growth factor-f; TSG-6: Tumor necrosis factor-a
stimulating gene 6; IL: Interleukin; NK: Natural killer; CCL: CC chemokine ligand.
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was too low for bioluminescence imaging, and that the intravenously injected cells may no longer have
been viable during the observation period[15]. Despite many unsolved problems, the direct injection of
MSCs into target tissues has been indicated to improve the homing efficiency[29]. Arterial MSC infusion
is another option, and the major limitation is the risk of intestinal ischaemia due to embolic events[30].
Consequently, MSCs may interact with resident cells by secreting paracrine factors or through
intercellular communication[31]. In addition to the low survival rates of stem cells that are injected
intravenously into the targeted area to treat intracranial diseases, the injected stem cells may also
migrate to other sites and produce side effects. Therefore, some techniques have been developed to
promote colonic mucosal healing through interventional radiology and an intra-arterial injection of
MSCs into the ileum, and clinical trials have also suggested their safety and efficacy[32]. In a recent
study, a temperature-responsive Petri dish was used to endoscopically transplant MSC sheets into the
inflammatory area of mice with TNBS-induced colitis. The effect of MSC sheet transplantation on ulcer
reduction was then confirmed, verifying that endoscopic MSC transplantation may be a new and
effective method for the treatment of IBD[33]. Many inconsistencies regarding the location and
persistence of MSCs after transplantation have been reported. Therefore, many recent studies have
focused on the paracrine immunomodulatory effects of biological factors secreted by MSCs, particularly
the immunomodulatory potential of soluble factors (cytokines, chemokines and growth factors)[31,34].
Cell-free therapy with these derivatives has been proposed as a treatment for IBD. An important
advantage of these cell-free therapies is that they may reduce the risk of immune rejection.

MSCs have emerged as a new paradigm for IBD treatment, largely due to their multifaceted
biological functions. MSCs secrete numerous factors that target immune cells and affect their functions
[35] (Table 1), such as indoleamine 2,3-dioxygenase (IDO), canine urinary quinoline, prostaglandin E2
(PGE2), CD73, transforming growth factor-p (TGF-B), IL-6 and TNF-a stimulating gene 6 (TSG-6), and
these effects enable MSCs to regulate T cells, B cells, macrophages, natural killer cells, and dendritic cells
[36]. MSCs adjust their immune function in an inflammatory environment, particularly by stimulating
the proinflammatory cytokines interferon-y (IFN-y) and TNF-a. Activated, MSCs upregulate the
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Table 1 Common factors secreted by mesenchymal stem cells[35]

Type Representative factors
Immunomodulatory factor HGF, TGF-$1, PGE2, IDO
Chemokine RANTES, SDF-1a, MIP-1a, MCP-1

Nutritional factors

HGF, NGF, FGF-2, PDGF-AA, PDGF-BB, EGF

Haematopoietic growth factor G-CSF, M-CSF, GM-CSF, EPO
Vascular regeneration factor VEGF, 45, FGF-2, EGF, PDGF
Scar inhibiting factor HGF, FGF-2

Anti-apoptotic factor VEGEF, ¢, FGF-2, HGF

HGEF: Hepatocyte growth factor; TGF-B: Transforming growth factor-B; PGE2: Prostaglandin E2; IDO: Indoleamine 2,3-dioxygenase; SDF-1a: Stromal cell-
derived factor-1o; MCP-1: Monocyte chemoattractant protein-1; NGF: Nerve growth factor; FGF: Fibroblast growth factor; PDGF: Platelet-derived growth
factor; G-CSF: Colony stimulating factor 3; M-CSF: Colony stimulating factor 1, GM-CSF: Colony stimulating factor 2; EPO: Erythropoietin; VEGF,:
Vascular endothelial growth factor-165.
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expression of IL-6, IL-10, IDO, TGF, PGE2, hepatocyte growth factor, nitric oxide and haem oxygenase-1
(HO-1)[31].

In addition to MSCs, cytokines and extracellular vesicles (EVs) released by MSCs exert therapeutic
effects on CD. According to the position statement of the International Society of Exosomes, EVs are
particles with a lipid bilayer, that are naturally released from cells and cannot be replicated. MSC EVs
perform their functions by transferring their contents, such as proteins, mRNAs and microRNAs
(miRNAs), to target cells[37]. EVs have been proven to retain the therapeutic characteristics of MSCs
and thereby stimulate tissue repair, limit oxidative stress, reduce inflammation and regulate the
immune response. Therefore, an increasing number of studies have focused on the paracrine effects of
MSCs[36,38]. In a previous study, researchers compared the effects of MSCs and MSC-derived EVs on
IBD in a DSS-induced colitis model and found that MSCs and EVs exert similar immunosuppressive
and anti-inflammatory effects by decreasing colonic lymphocyte infiltration and reducing disease
severity in DSS-induced mice[39]. Some studies have performed in situ injection of EVs to treat colitis.
The results show that EV injection regulates the balance of proinflammatory and anti-inflammatory
cytokines in colon tissue[40]. As an important paracrine product of MSCs, EVs inhibit the nuclear factor-
kappaB (NF-xB) p65 signaling pathway and TNBS-induced colonic oxidative stress in a TNBS-induced
experimental colitis model, reduce the production of free radicals, enhance the enzyme defense system,
maintain the cellular oxidation/antioxidant balance, and inhibit cell apoptosis through the exogenous
death receptor signaling pathway and inherent mitochondrial signaling pathway, which play important
roles in colon repair[41]. The experimental data show that EVs promote the M2 polarization of
macrophages[42], increase the expression of IL-10, and inhibite IL-1B, TNF-o and IL-6 production. The
treatment of RAW264.7 macrophages with EVs upregulates TGF-B1 expression and thereby increases
the expression of miR-132. Based on these findings, EVs carry TGF-p1 and regulate the miR-
132/mycbp2/TSC2 axis to promote M2 macrophage polarization[43].

ENHANCEMENT OF THE THERAPEUTIC EFFECTS OF MSCS ON IBD

MSCs are typically injected intravenously to treat IBD and may thus remain in blood-rich tissues (liver,
lung and spleen) without reaching the target organs. Many animal studies have reported that the level
of recruitment and persistence of MSCs in vivo is low[44]. Some infusion techniques can be modified or
MSCs can be combined with conventional drugs to combat the problems of the low differentiation
potential and homing of MSCs to the injured site; additionally, the homing to the target organ and anti-
inflammatory effects of MSCs can be enhanced. The enhancement strategies include pretreatment, gene
modification and combination with currently used drugs[45]. The pretreatment of MSCs before use
comprises a large proportion of improvement strategies. The pretreatment reagents include bioactive
substances (cytokines, growth factors and innate immune receptor agonists), hypoxia and modification
of the culture medium (Figure 2).

Combination therapy with MSCs and conventional drugs

Currently, patients with IBD are treated with 5-ASA compounds (mainly mesalamine), glucocorticoids
(conventional and other forms, such as budesonide and beclomethasone), antibiotics (usually
ciprofloxacin and metronidazole), immunomodulators (mainly AZA/6-MP or methotrexate) and
biological agents[32,46]. The aim of these treatments is to inhibit intestinal inflammation and ultimately
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Figure 2 The developed strategies to improve the efficacy of mesenchymal stem cells in the treatment of inflammatory bowel disease
include combined treatment with conventional drugs, pretreatment and gene modification. The tested pretreatments include bioactive factors,
hypoxia and medium modification. The conventional drugs include biological preparations of mesalazine, budesonide, beclomethasone, ciprofloxacin, metronidazole,
6-mercaptopurine, methotrexate, infliximab and adalimumab. For example, the combination of mesenchymal stem cells (MSCs) and the drug sulfadiazine inhibits the
nuclear factor-kappaB pathway, reduces Bax expression, prevents loss of the B cell lymphoma-2 protein, reduces the levels of monocyte chemoattractant protein-1
and CXCLY, increases the levels of interleukin (IL)-10 and Arg-1, and transforms inflammatory M1 macrophages into anti-inflammatory M2 macrophages. Pretreatment
with IL-25 and IL-1B enhances the immunosuppressive abilities of MSCs. MSCs pretreated with Toll-like receptor 3 (TLR3) for a short time in vitro produce
prostaglandin E2 through the TLR3-Jagged-1-Notch-1 pathway. In response to hypoxia, the levels of IL-11, soluble vascular cell adhesion protein-1 and stromal cell-
derived factor-1a are significantly upregulated. MSCs have also been pretreated by modifying the culture medium, such as the addition of fibroblast growth factor, all-
trans retinoic acid and modified neuronal medium. In addition, genetically modified MSCs have been developed. These methods and strategies potentially improve the
immunosuppressive abilities of MSCs by promoting their homing and differentiation abilities. PGE2: Prostaglandin E2; MSCs: Mesenchymal stem cells; IL: Interleukin;
6-MP: 6-mercaptopurine; MCP-1: Monocyte chemoattractant protein-1; TLR: Toll-like receptor; MNM: Modified neuronal medium; sVCAM-1: Soluble vascular cell
adhesion protein-1; ATRA: All-trans retinoic acid; FGF: Fibroblast growth factor.

improve the quality of life of patients with IBD[47]. Biological agents such as infliximab, Odalisque,
anti-TNF therapy, 047 integrin inhibitors and IL-12/23 inhibitors have changed the treatment of
patients with IBD. However, up to 30% of patients with CD and UC do not show a response or do not
receive clinical benefits after treatment. In addition, up to half of patients who initially attained clinical
benefits lost the second response[48]. In addition to these biological treatments, HSCT has been used to
treat some serious gastrointestinal diseases, including IBD[49]. The use of local immunomodulatory cell
therapy is an alternative method to the current treatments for IBD. As mentioned above, a phase I-III
clinical trial of MSCs to treat IBD has achieved good results, which raises the possibility of combining
MSCs with conventional IBD drugs, such as immunosuppressants and anti-inflammatory drugs.
However, this strategy remains questionable because whether MSCs and other conventional drugs will
affect each other or reduce their functions is unclear. Although some studies suggest that these drugs
may affect MSCs, another study showed that MSCs reduce the effects of several immunosuppressive
drugs on T-cell subsets in mouse models[50]. A previous study analysed the interaction of immunosup-
pressive drugs with MSCs in the context of cell proliferation and function[51]. Another study
demonstrated that the aggregation of MSCs into globules (when MSCs were injected into a narrow
space) resulted in loss of their ability to inhibit T cells. Interestingly, the addition of budesonide to the
pellet partially restored the inhibitory effect of MSCs on T-cell proliferation. Although globular MSCs
do not inhibit the proliferation of T cells alone, when combined with budesonide, PGE2 produced by
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globular MSCs act synergistically with budesonide on EP2-/-EP4 receptors of T cells to inhibit T-cell
proliferation[36]. The thiopurine analogues AZA and 6-MP were widely accepted in the early 1980s as
agents for the treatment of IBD. The thiopurine metabolite 6-MP is a purine antagonist that inhibits the
proliferation of T and B lymphocytes by interfering with DNA and RNA synthesis[47]. The differences
in cell polarity and actin organization induced by AZA and dexamethasone (DEX) might reflect the
different effects of immunosuppressive drugs on MSC migration. Because the clearance of allogeneic
MSCs can be delayed, combined treatment with AZA may improve the homing of BMMSCs to the
injured site, to achieve a better therapeutic effect[52]. The combination of AZA and MSCs does not alter
their respective effects. In contrast, the combination may improve the therapeutic effects on IBD. A
molecular analysis showed that steroids and TNF substantially increase vascular endothelial growth
factor C (VEGF-C) production in MSCs, and VEGF-C in turn promote the CD8* T-cell response to
reverse the immunosuppressive effect of MSCs and provide new information for effective MSC therapy
[53]. The T-cell subsets, and the Bax (proapoptotic protein) and B cell lymphoma-2 (Bcl-2) (anti-
apoptotic protein) levels are unbalanced, which results in defects in immune cell apoptosis in the IBD
microenvironment[54]. In a recent study, the NF-xB signaling pathway in the colons of rats with TNBS-
induced colitis was effectively inhibited by the combination of AMSCs and sulfadiazine, and the loss of
Bcl-2 protein expression was prevented by reduction of Bax expression. A decrease in NF-«B signaling
reduces inflammatory, proliferative and proapoptotic activities[55,56]. In addition, the combination of
AMSCs and sulfadiazine transforms inflammatory M1 macrophages into anti-inflammatory M2
macrophages by reducing the levels of monocyte chemoattractant protein-1 (MCP-1) and CXCL9 and
increasing the levels of IL-10 and Arg-1. Therefore, AMSCs combined with conventional IBD drugs may
be a more effective strategy to alleviate the progression of colitis by reducing the levels of inflammatory
and apoptosis markers than individual treatments[57]. In addition to routine medication, some relevant
studies have examined the efficacy of MSCs combined with other drugs as treatments for IBD. MIS416 is
a novel immunomodulatory factor extracted from Propionibacterium acne that is composed of MDP and
bacterial DNA, and activates the cytoplasmic receptors nucleotide-binding oligomerization domain 2
and Toll-like receptor 9 (TLR9)[58]. The effect of MIS416 on mice with 3% DSS-induced experimental
colitis has been analysed. The retro-orbital administration of MIS416 has been followed by subsequent
intrapulmonary injection of umbilical cord blood derived MSCs (human UCMSCs). Compared with
single administration, the combination of MIS416 with UCMSCs significantly alleviate the symptoms of
IBD to improve the treatment efficacy of stem cells. The therapeutic effect is mediated by inhibiting Th1
and Th17 cells, polarization of Th2 cells, and increases in the numbers of Treg and B cells; in particular,
the combination of MIS416 and human UCMSCs shifted the balance from Th1/Th17 to a Treg-oriented
response. In contrast, improper changes in the immune environment promote increases in the levels of
cytokines such as IFN-y, IL-6, and IL-12, and human UCMSCs are stimulated by these cytokines and
subsequently inhibit proinflammatory cells in the inflamed colon. Moreover, MIS416-induced MCP-1
production increases the migration of human UCMSCs, leading to increased colonic infiltration. In
conclusion, MIS416 enhances the therapeutic effect of human UCMSCs on experimental colitis by
improving immunosuppression and regulating immune homeostasis in the intestine[59]. The combined
use of BMMSCs and immunosuppressants may prolong the survival of transplanted BMMSCs and
reduce the adverse reactions to drugs to improve the therapeutic effect. Importantly, the use of bioactive
reagents to promote homeostasis of the immune balance in vivo stabilizes the effects of BMMSCs[54]. A
study showed that combined transplantation of MSCs and tryptophan decarboxylases (TDCs) (dendritic
cells) is more effective than single therapy in alleviating the clinical and histological manifestations of
colitis, particularly compared with MSC transplantation alone. The protective effect of TDC-MSCs is
accompanied by the induction of Treg cells and increased production of anti-inflammatory cytokines in
the spleen and mesenteric lymph nodes (MLNSs). Therefore, the combined transplantation of BMMSCs
and TDCs may be a promising and effective method for treating IBD[60]. MSCs combined with new
immune agents will be a more effective method for IBD therapy than conventional treatment, and
studies exploring agents to enhance the therapeutic effect of MSCs on IBD are urgently needed.

Pretreatment of MSCs

Pretreatment with bioactive substances: Injured or inflamed tissue may release cytokines and growth
factors, such as TGF-B1, TNF-a and IL. IL-1B is a member of the IL-1 family and plays a key role in
innate immunity and inflammation in a variety of tissues and organs. A previous study showed that IL-
1B increases leukocyte migration. Animal experiments have shown that IL-1p increases the migration of
BMMSCs to the inflamed spleen, mesentery and colon, repairs the damaged intestinal mucosa and
exerts an immunosuppressive effect by increasing the expression of chemokine receptor 3 (CXCR3) and
CXCR4[54].

In colitis mice, IL-1B-treated MSCs regulate the balance of immune cells in the spleen and MLNs by
increasing the expression of cyclooxygenase-2 (COX-2), IL-6 and IL-8 and altering the polarization of
peritoneal macrophages. Importantly, IL-1p-induced MSCs exhibit upregulates CXCR4 expression and
better engraftment at the site of intestinal inflammation, which increases the efficacy of IL-1p-induced
MSCs in the treatment of DSS-induced colitis[61]. INF-y induction maintains the classic phenotype of
AMSCs without significantly changing the proliferation or migration of AMSCs. However, compared
with untreated AMSCs, IFN-y treated AMSCs produce significantly increased levels of IDO, exhibited
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higher expression of adhesion molecule family-1 (ICAM-1), and inhibit the proliferation of activated T
cells[62]. Therefore, an experiment using IL-18 and IFN-y combined with human UCMSCs showed that
the pretreated MSCs significantly reduce the proliferation of peripheral blood mononuclear cells,
indicating that their immunosuppressive activity is enhanced. Compared with untreated human
UCMSCs, PGE2 secretion and the expression of COX-2 and IDO are significantly increased in pretreated
human UCMSCs. Thus, DSS-induced colitis might be alleviated by pretreatment with human UCMSCs
[63]. In addition, IL-25, which is a member of the IL-17 cytokine family, stimulates the Th2 cell-mediated
immune response, and increases the recruitment of inflammatory cells to damaged tissues by affecting
epithelial cells[64]. The pretreatment of MSCs with IL-25 may alleviate destructive inflammation in
several autoimmune diseases by inhibiting the Th1 or Th17 immune response[65]. Recently, Wang et al
[66] showed that knocking out IL-25 expression in MSCs eliminates the inhibitory effects of Th17 cells.
In addition, MSCs have been manipulated to express CX3CR1 and IL-25 to promote their delivery to the
inflamed colon and enhance their immunosuppressive activity[67]. These results help to better clarify
the inhibitory potential of AMSCs and their products, and build a foundation for the development of
new therapeutic methods to control the immune response. IL-37 exerts a potent immunosuppressive
effect on both innate and adaptive immunity. The expression of IL-37 in macrophages or epithelial cells
almost completely inhibits the production of proinflammatory cytokines[68]. IL-37-treated MSCs
attenuate the histological damage in mice with DSS-induced colitis by inducing the production of Th2-
related cytokines and inhibiting splenic production of Thl-related cytokines by CD4"cells[69]. TLR
pathway activation in BMSCs changes their inflammatory characteristics and immunomodulatory
effects on cells in the innate and adaptive immune systems[70]. This stimulation of receptors on the cell
surface or cytoplasm with corresponding ligands activates the TLR pathway, which involves various
adaptor molecules and the transcription factors NF-xB and interferon regulatory factor, resulting in a
cytokine response. MSCs express a variety of functional TLRs at high levels, including TLR3 and TLR4,
which change the phenotype and immunophenotype of cells after activation[71]. The activation of TLR3
enhances the immunosuppressive activity of MSCs. If human UCMSCs are pretreated with TLR3 for a
short time in vitro, they produce PGE2 through the TLR3-Jagged-1-Notch-1 pathway and enhance the
protective effect of MSCs on TNBS induced colitis in mice[72]. Granulocyte colony stimulating factor (G-
CSF) is a glycoprotein that is mainly produced by monocytes and macrophages. G-CSF plays an
important role in promoting the differentiation and maturation of haematopoietic cells and the release
of mature blood cells[73]. Clinically, G-CSF is mainly used to treat patients with chemotherapy-induced
leukopenia and patients with poor responses to peripheral blood stem cell transplantation. The
combination of BMSCs and G-CSF in rats increases the number of transplanted MSCs, enhances the
immunosuppressive ability of MSCs, inhibits inflammation and reduces leukocyte activation in the
intestinal mucosa during UC therapy[74,75]. TSG-6 possesses anti-inflammatory, secretory and tissue-
protective properties[76]. The injection of TSG-6 derived from MSC exosomes inhibits the immune
response and repairs the damaged tissue, resulting in the alleviation of IBD in mice[77]. In summary,
stimulation and pretreatment with these factors may enhance the differentiation and migration of MSCs
and exert some immunosuppressive and anti-inflammatory effects. Other researchers have shown that
stem cells responding to different types of injury signals will actively secrete endogenous CSF-2, which
stimulates MSCs through the PI3K/ Akt or FAK/ERK1/2 signaling pathway to increase the differen-
tiation and migration of MSCs. This enhanced therapeutic effect has been proven in an animal model of
endometrial ablation[78]. Experiments must be performed to verify whether these factors stimulate
MSCs to exert enhanced therapeutic effects and whether they are applicable to IBD. Studies have shown
that the intestinal microbiota plays a critical role in IBD[79]. Thus, some experimental models and
clinical trials have attempted to correct changes in the gut microbiota (FMT) using various approaches,
including microbiota transplantation and probiotic administration[80]. As a treatment for IBD, FMT-
MSC transplantation improves the clinical remission rate, enhances the efficacy of radiation therapy
against pathogenic bacteria and ultimately restores the intestinal health of patients with IBD[81].

Hypoxic preconditioning of MSCs: MSCs located in inflammatory tissue release many chemokines,
which upregulate the expression of cell adhesion molecules, such as ICAM-1 and vascular cell adhesion
protein-1 (VCAM-1)[78,82]. These chemokines induce the accumulation of large numbers of CD4+ T
cells and Treg cells in the lesion site and enhance the ability of MSCs to regulate the imbalance in
immune cells. In recent years, hypoxia has become an effective method to control the proliferation,
differentiation and multidirectional differentiation of BMSCs. Hypoxia-treated conditioned medium
(HCM) has been proven to exert numerous beneficial effects on tissue regeneration, such as cell
recruitment, wound healing, angiogenesis and reconstruction[83]. In long-term culture, the proliferation
potential of MSCs cultured under hypoxic conditions is higher than the effect of normobaric oxygen. An
oxygen concentration of 1%-5% has been proven to significantly increase the proliferation of MSCs
while maintaining their normal morphology[84]. IL-11 is a member of the IL-6 cytokine family and has a
structure and function similar to those of IL-6. In recent years, the interest in IL-11 has been renewed
due to its unique biological effects on epithelial cancers and inflammatory diseases[85]. IL-11 plays a
key role in promoting cell proliferation and protecting cells from oxidative stress[86]. The proteolytic
shedding of VCAM-1 also produces soluble VCAM-1 (sVCAM-1), which is present in many cell types of
the haematopoietic lineage, including B and T Ilymphocytes, monocytes, eosinophils and basophils. This
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soluble protein plays an important role by mediating leukocyte adhesion and endothelial cell migration
during inflammation[87]. Stromal cell-derived factor-la (SDF1la) is a widely characterized small
proinflammatory chemokine that binds to the transmembrane receptor CXCR4[88]. The binding of SDF-
la to CXCR4 induces not only the migration of stem cells but also the expression of adhesion molecules
in stem cells. Compared with those in the normobaric oxygen control group, IL-11, the sVCAM-1 and
SDF-1a levels are significantly upregulated by hypoxia, and this upregulation increases chemotaxis and
reveals their key role in human BMMSC migration and in characterizing the HCM chemotactic
components[89,90].

Another experiment showed that BMSCs coated with VCAMI1 antibodies (V-MSCs) can be
successfully obtained. The analysis showed that V-MSCs and uncoated MSCs had similar surfaces and
differentiation potentials. A transwell analysis showed that V-MSCs exhibit higher mobility than
uncoated MSCs. The injection of V-MSCs increases the expression of the SRY gene in the diseased colon
and resulted in rapid recovery of all disease indices [including weight change, Drug Attitude Inventory
(DAI) scores, histological changes and the expression of Ki67 and claudin 1]. The treatment decreases
the proportions of proinflammatory Thl and Th17 cells and increases the proportions of anti-inflam-
matory Th2 and Treg cells. V-MSCs show enhanced homing and regulate the immune balance in experi-
mental colitis models, which suggests that these cells may be useful in the treatment of IBD or other
immune diseases[91]. Similarly, an intravenous injection of MSCs overexpressing ICAM-1 (C3 cells) into
mice with DSS-induced IBD decreases the numbers of Thl and Th17 cells in the spleen while increasing
the number of Tregs. A quantitative polymerase chain reaction analysis showed that the infusion of
ICAM-1-overexpressing MSCs significantly reduces the IFN-y and IL-17 mRNA levels and increases the
Foxp3 mRNA levels. These cells reduce inflammatory damage by promoting MSC homing to target
organs and immune organs to significantly enhance the beneficial effects of MSC treatment[92].

Modification of the culture medium: CM preparations differ from other biological preparations
because they represent a mixture of different factors secreted by cells, including growth factors,
cytokines, enzymes, nucleic acids and bioactive lipids[93]. Various studies have shown that MSC-
derived exosomes or CM exert similar effects on repairing damaged tissues, inhibiting the inflammatory
response and regulating the immune response[36]. CM helps to maintain the increased paracrine factor
gradient between the diseased organ and the stem cell niche to accelerate the recovery process[94]. Kang
et al[95] and Wu et al[96] showed that using different culture media without foetal bovine serum during
the in vitro expansion of BMMSCs enhances the immunomodulatory effect of MSCs in an in vivo model
of IBD. Other researchers then supplemented culture media with different compounds, such as a
combination of aspirin, b-fibroblast growth factor (b-FGF), all-trans retinoic acid and modified neuronal
medium (MNM) or the combination of activin A, b-FGF and platelet lysates. Studies have been designed
to verify whether the therapeutic effect of MSCs in vivo could be enhanced through this modification[32,
97], and the results showed that culturing MSCs with specific pretreated culture media increase cell
survival, migration, differentiation and secretory functions[98]. Yang et al[99] pretreated human
UCMSCs with MNM for 24 h, washed off the MNM and replaced the culture medium with minimum
essential medium. After two days of growth, the cells were labelled deadapted MSCs (De-hUCMSCs).
Compared with human UCMSC treatment, De-hUCMSC treatment resulted in less weight loss in mice
with colitis; specifically, this treatment significantly reduces the ulceration, expansion and DAI score of
the mice with colitis and significantly decreases crypt damage and inflammatory cell infiltration in the
mouse colon. Based on these results, De-hUCMSCs have obvious therapeutic advantages in the
treatment of IBD and better improve the symptoms of colitis than unmodified cells.

Genetic modification enhances the therapeutic effects of MSCs

Genetic or particle modification of BMMSCs potentially improves their immunosuppressive abilities
[100]. IFN-y enhances the immunosuppressive characteristics of MSCs[101], and the basic characteristics
of MSCs are not changed after the transfection of pcDNA3 carrying 1-IFN-y. The transfection of MSCs
with IFN-y induces the overexpression of IFN-y to balance immunity, upregulation of IDO expression
and inhibition of the production of cytokines in subjects with intestinal mucositis to ameliorate intestinal
inflammation in a DSS-induced colitis model[102]. Based on accumulating evidence, miR-146a is an
anti-inflammatory miRNA and a negative regulator of the innate immune response[103]. BMMSCs were
transfected with a lentivirus expressing miR-146a in one study. EVs has been isolated from BMMSCs
after gene modification and then delivered via tail vein injection to the target tissue of TNBS-induced
IBD mice. MiR-146a-carrying EVs significantly inhibite the expression of TNF receptor-related factor 6
(TRAF6) and IL-1 receptor-related kinase 1 (IRAK1) in rats with TNBS-induced colitis. Thus, EVs
containing miR-146a improve TNBS-induced experimental colitis caused by targeting TRAF6 and
IRAK1[104]. 15-LOX-1 is a key regulator of the inflammatory response in the colon and other tissues and
is mainly expressed in macrophages[105]. Notably, miR-148b-5p complementarily binds to the 3’
untranslated region of 15-LOX-1 mRNA, and human UCMSCs transfected with miR148b-5p relieve IBD
by downregulating the expression of 15-LOX-1 in macrophages[106]. SDF-1 has been recognized as one
of the most critical factors for stem cell homing to the bone marrow and other damaged tissues[107]. The
CXCR4 gene has been transfected into BMMSCs with a lentiviral vector, and overexpression of the
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CXCR4 gene does not alter the biological characteristics or viability of BMMSCs but increases the
migration and homing of BMMSCs in vitro and in vivo. The overexpression of CXCR4 may promote the
homing of BMMSCs to the damaged intestinal mucosa and improve its therapeutic effect on colitis[108].
Overexpression of CXCR4 also exerts a more obvious antitumor effect, which is helpful for preventing
and treating the most serious complications of IBD, such as colitis-associated cancer[109]. COX2 is an
enzyme involved in arachidonic acid metabolism that is responsible for the production of PGE2. This
major inflammatory regulator maintains the immune balance and has been proven to play a vital role in
the treatment of IBD with MSCs[110]. COX2 increases the expression of insulin-like growth factor-1
(IGF-1) in the skeletal muscle of MSC-transplanted mice[111,112]. CXCR3 is a G-protein-coupled seven
transmembrane receptor that is expressed in damaged parenchymal cells in lesions of multiple organs
and inflammatory cells, including activated lymphocytes, macrophages and dendritic cells[113]. HO-1
and its metabolites exert antioxidant, anti-inflammatory, antiproliferative and immunomodulatory
effects[114]. The transfection of HO-1 improves the transformation and antioxidant capacity of
BMMSCs. A study also showed that the number of BMMSCs modified by CXCR3 and HO-1 are
significantly increased at the site of injury and that the damage to intestinal function exhibited rapid
recovery. BMMSCs modified with the CXCR3 and/or HO-1 genes were transplanted into the intestinal
epithelial recess cell line-6 injury model, and CXCR3 overexpression improves BMMSC chemotaxis to
induce the early and rapid recruitment of BMMSCs to damaged intestinal epithelial cells[115,116]. Other
experiments have shown that the exogenous or endogenous overexpression of heparin binding
epidermal growth factor-like growth factor (HBEGF) promotes the proliferation and migration of MSCs,
and the synergistic effect of HBEGF and MSCs further restores the function of the intestinal barrier[117,
118]. The transfection of MSCs with an IL-33 overexpression plasmid reduces apoptosis in early MSCs
and further improves the therapeutic effects of MSCs on myocardial infarction (MI) through the
polarization of macrophages and T cells[119]. Similarly, in an animal model of MI, BMMSCs overex-
pressing VEGF and Bcl-2, which inhibit apoptosis and autophagy and enhance paracrine signaling,
significantly improves cardiac function by improving the survival rate and angiogenesis, and these
modified MSCs are more resistant to harsh environments than unmodified cells[120]. In addition,
pioglitazone combined with BMMSC transplantation further enhances the protective effect of BMMSCs
on diabetes and heart damage[121]. These studies showed the improved abilities of MSCs to repair
damaged tissues, but unfortunately, a study of IBD therapy has not been performed. Research on MSC
gene editing in other disease models also provides some insights into the future treatment of IBD with
MSCs.

CONCLUSION

MSCs exist widely in human tissues and organs. They not only exhibit multidirectional differentiation
and proliferation potential but also show a wide range of prospects and applications in medicine
because of their immunoregulatory activity. MSCs represent a safe and effective treatment for IBD.
Although MSC therapy has shown great potential in a large number of animal experiments and clinical
trials, a consensus on the effectiveness of intravenous MSCs in IBD-focused clinical trials has not been
achieved. Many animal studies have suggested that the level of recruitment and persistence of
mesenchymal stem cells in vivo is low, and thus we must improve strategies to enhance their therapeutic
effects. We summarized the strategies to improve the efficacy of MSCs in the treatment of IBD. MSCs
have been combined with current drugs, cultured in different media or pretreated with cytokines and
biological factors, combined with current IBD treatments and subjected to genetic engineering. These
new strategies may increase the efficacy of MSC-based treatments, and further research is ongoing. The
goal of IBD treatment remains the same: To achieve prolonged remission and halt any ongoing disease
progression. In future research, we must strive to improve the safety and feasibility of MSCs in IBD
therapy, improve patient quality of life and maximize the utilization of MSCs.
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Abstract

BACKGROUND

Heart diseases are the primary cause of death all over the world. Following
myocardial infarction, billions of cells die, resulting in a huge loss of cardiac
function. Stem cell-based therapies have appeared as a new area to support heart
regeneration. The transcription factors GATA binding protein 4 (GATA-4) and
myocyte enhancer factor 2C (MEF2C) are considered prominent factors in the
development of the cardiovascular system.

AIM
To explore the potential of GATA-4 and MEF2C for the cardiac differentiation of
human umbilical cord mesenchymal stem cells (hUC-MSCs).

METHODS

hUC-MSCs were characterized morphologically and immunologically by the
presence of specific markers of MSCs via immunocytochemistry and flow
cytometry, and by their potential to differentiate into osteocytes and adipocytes.
hUC-MSCs were transfected with GATA-4, MEF2C, and their combination to
direct the differentiation. Cardiac differentiation was confirmed by semiquant-
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itative real-time polymerase chain reaction and immunocytochemistry.

RESULTS

hUC-MSCs expressed specific cell surface markers CD105, CD90, CD44, and vimentin but lack the
expression of CD45. The transcription factors GATA-4 and MEF2C, and their combination induced
differentiation in hUC-MSCs with significant expression of cardiac genes i.e., GATA-4, MEF2C,
NK2 homeobox 5 (NKX2.5), MHC, and connexin-43, and cardiac proteins GATA-4, NKX2.5, cardiac
troponin T, and connexin-43.

CONCLUSION

Transfection with GATA-4, MEF2C, and their combination effectively induces cardiac differen-
tiation in hUC-MSCs. These genetically modified MSCs could be a promising treatment option for
heart diseases in the future.

Key Words: Heart disease; GATA binding protein 4; Myocyte enhancer factor 2C; Transcription factors;
Differentiation; Human umbilical cord-mesenchymal stem cells
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Core Tip: Transcription factors have great potential to direct cell fate decisions during embryonic
development. In this study, we investigated the overexpression of cardiac transcription factors in human
umbilical cord mesenchymal stem cells to enhance their differentiation into cardiac-like cells. The
synergistic effect of GATA binding protein 4 and myocyte enhancer factor 2C transcription factors
increased the expression of cardiac genes and proteins. The results of this study will aid in the
development of new therapeutic strategies aimed at curing heart diseases.
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INTRODUCTION

Heart failure is the most challenging issue after myocardial infarction[1,2]. The environmental and
genetic risk factors cause the deregulation of cardiomyocytes as well as endothelial, smooth muscle, and
inflammatory cells of heart tissue[3]. Cardiomyocytes largely fail in adult life to divide or enter the cell
cycle[4,5]. Therefore, the adult heart has a limited endogenous repair and regeneration mechanism[6-8].
Current interventions rely on heart transplantation, mechanical assistance devices, and medicinal
therapies for the management of damaged organ. However, these options cannot revert the normal
functioning of the heart. The future therapeutic strategy for cardiac diseases is to regenerate damaged
tissue for restoring complete heart function[9,10].

Cell based therapies are promising for damaged heart tissue. Stem cells possess the remarkable
potential to stimulate endogenous myocardial repair and regeneration processes|[11-15]. However, the
low viability of transplanted stem cells due to inadequate supply of blood and inflamed myocardium
has been a major challenge[12-14]. Adult mesenchymal stem cells (MSCs) have the potential to make
bone, muscle, nerve, cardiac, and fat cells[16,17]. Furthermore, MSCs help in the formation of new blood
vessels, induce apoptotic resistance, and provide anti-fibrotic effects[18,19]. One of the recently emp-
loyed innovative approaches is the use of forward programming with tissue type-specific transcription
factors for the differentiation of stem cells[20].

The successful cell fate reprogramming requires a temporospatial expression pattern of transcription
factors[21]. Heart development is a complex process that requires the coordination of a series of events
such as specification, proliferation, and differentiation[22]. Cardiac transcription factors, including
GATA binding protein 4 (GATA-4), myocyte enhancer factor 2A (MEF2A), NK2 homeobox 5 (NKX2.5),
and serum response factor (Srf), have a paradoxical role in the differentiation and homeostasis of
myocardial cells[23]. It has been documented that three cardiac transcription factors, GATA-4, NKX2.5,
and T-Box transcription factor 5 (TBX5), programmed extra-cardiac mesoderm of mouse embryo into
cardiac tissue[24]. Also, a combination of GATA-4, NKX2.5, TBX5, and BAF60C can induce the differen-
tiation of embryonic stem cells into cardiac lineage[25]. Altogether, these research studies display that
transcription factor mediated stem cell reprogramming is a valuable strategy that directs cardio-
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myogenic differentiation of various stem cell types.

The current study aimed to examine the effects of overexpressing two cardiac transcription factors,
GATA-4 and MEF2C, in cardiac differentiation of human umbilical cord MSCs (hUC-MSCs). After
introducing the transcription factors either individually or in combination, hUC-MSCs were analyzed
for the expression of cardiac genes and proteins. These genetically modified MSCs could be a promising
treatment option for cardiovascular diseases.

MATERIALS AND METHODS

Ethics committee approval

The current research project was approved by the institutional bioethical committee of University of
Karachi (protocol #: ICB KU-92/2020).

Human umbilical cord collection
Human umbilical cords (n = 12) were collected from healthy pregnant females at the Dow University of
Health Science, OJHA campus, Karachi, Pakistan after obtaining the consent from the donors.

Isolation and propagation of hUC-MSCs

Human umbilical cord tissue was longitudinally cut and thoroughly washed with sterile phosphate-
buffered saline (PBS). The human cord tissue was cut into 2-5 mm in size and placed in 1 x (0.25%)
trypsin (GIBCO, United States) for 20 min at 37 °C. Partially digested cord tissues were kept in a T-25
tissue culture flask having 3-5 mL of DMEM (GIBCO, United States) supplemented with 10% fetal
bovine serum (FBS), 100 units/ mL penicillin/streptomycin, and 1 mmol sodium pyruvate. Explants
were placed at 37 °C with 5% CO, (Heracell, United States). The medium was changed every third day.
MSCs attached to the tissue culture flask during 15-20 d of the first culture. After adhesion of the MSCs,
tissues were discarded and fresh DMEM was added for the proliferation of cells. Once the MSCs
reached 70% to 80% confluence, they were detached using 1 x (0.25%) trypsin. hUC-MSCs at passage (P)
1-2 were used for experiments.

Immunocytochemistry

Isolated hUC-MSCs were characterized by immunocytochemistry to detect the specific markers of
MSCs. Briefly, 4% paraformaldehyde (PFA) was added to the cells and then incubated with 0.1% Triton
X-100. The permeabilized cells were then kept in a blocking solution for 1 h. After incubation, the
solution was discarded and cells were kept at 4 °C with anti-mouse primary antibodies against CD90,
CD105, vimentin, CD44, and CD45. After overnight incubation, cells were thoroughly washed 4-5 times
with PBS. Alexa fluor 488 conjugated goat anti-mouse secondary antibody was added to each well. The
negative control cells were incubated only with the secondary antibody. DAPI (4’,6-diamidino-2-
phenylindole) was used to stain the cell nuclei. Lastly, cells were mounted and observed under a
fluorescence microscope (NIE, Nikon, Japan).

Flow cytometry

MSCs were washed 2-3 times with PBS and incubated with dissociation buffer at 37 °C for 40 min. The
cells were pelleted down through centrifugation and then the cell pellet was mixed in FACS solution
containing 1% BSA, 1 mmol EDTA, and 0.1% Na-azide. The tubes were centrifuged for 5 min and then
the blocking solution was added to all the tubes. Primary antibodies against CD44, CD90, and CD73
were added and the tubes were incubated at 4 °C. After washing with FACS solution, Alexa fluor 488
conjugated goat anti-mouse secondary antibody was added. Unlabeled and isotype labeled cells were
used as controls. Data were analyzed using BD FACS Diva software.

Adipogenic and osteogenic differentiation
Approximately 4 x 10°hUC-MSCs were seeded in a 6-well plate for 24 h. After confirming cell prolif-
eration, cells were washed with sterile PBS. For osteogenesis, low glucose DMEM supplemented with 10
mmol glycerol-2-phosphate, 0.2 mmol ascorbic acid, 0.1 pmol dexamethasone, 10% FBS, 100 pg/mL
streptomycin, 100 units/mL penicillin, and 2 mmol L-glutamine were added into the cell culture plate.
The medium was replaced every 4th day till 21 d. After the completion of 21 d incubation period, ice
cold 75% ethanol was used for cell fixation, and then the cells were stained with 2% Alizarin stain.

For adipogenesis, hUC-MSCs were cultured in adipogenic induction and maintenance medium for 21
d. Adipogenic induction medium contains 10 pg/mL insulin, 100 pmol indomethacin, 1 pmol
dexamethasone, 10% FBS, 100 pg/mL streptomycin, and 100 units/mL penicillin in low glucose DMEM.
After 21 d, 4% PFA was used for cell fixation and then cells were stained with 0.5% Oil Red O. Finally,
images were taken under a phase contrast microscope (CKX41, Olympus, Japan).

WJSC | https://www.wjgnet.com 702 September 26,2022 | Volume14 | Issue9 |



Jaishideng®

Razzaq SS et al. Differentiation of MSCs into the cardiomyocytes

hUC-MSC transfection

GATA-4 and MEF2C plasmids were purchased from Addgene (plasmid No. 46030 and No. 46031,
respectively). Plasmid DNA was isolated by using a maxiprep plasmid DNA isolation kit (Thermo
Scientific, United States). Briefly, Escherichia coli were harvested by centrifugation at 5000 x g. The pellet
was mixed in resuspension solution and then lysis solution was added. The suspension was incubated
at room temperature for 3 min and a neutralization solution followed by endotoxin binding reagent was
added to the tube. The tube was incubated at room temperature for a further 5 min and 96% ethanol
was added. The supernatant was collected through centrifugation, mixed with 96% ethanol, and then
shifted to the purification column. The tube was centrifuged at 2000 x g for 3 min. Wash solution 1 was
added to the column and centrifuged at 3000 x g. This step was repeated with wash solution 2. The
plasmid DNA was eluted in elution buffer and quantified using a nano-drop spectrophotometer. hUC-
MSCs were transfected separately with GATA-4 and MEF2C, and co-transfected with 1 pg each of
GATA-4 and MEF2C plasmids using lipofectamine 3000 kit (Invitrogen, United States). Briefly, the
plasmid vector (1 pg for GATA-4 or MEF2C) was diluted in serum free DMEM, and 2 pL of P3000
reagent was added per 1 pg of plasmid DNA. Lipofectamine TM 3000 reagent and DNA were mixed
and kept at room temperature for 15 min. Cells at 70%-80% confluence were incubated with DNA-lipid
complex at 37 °C for 24 h. After 24 h, lipofectamine was replaced with FBS containing DMEM. The cells
were kept for 2 wk at 37 °C using an air jacketed CO,incubator. The medium was changed every 3 to 4
d. The following experimental groups were used in this study: Untreated control, GATA-4 transfected,
MEF2C transfected, and combination group of GATA-4 + MEF2C transfected hUC-MSCs.

Gene expression analysis of transfected hUC-MSCs

The overexpression of the GATA-4 and MEF2C genes in transfected hUC-MSCs was confirmed by
semiquantitative real-time polymerase chain reaction (RT-PCR). RNA was extracted from transfected
and control hUC-MSCs using TRIzol reagent. For RNA isolation, cells were harvested and the pellet was
gently mixed with TRIzol reagent. In the next step, chloroform was added to the tube and incubated at
room temperature for 15 min. The cell suspension was centrifuged at 12000 x g for 15 min. Isopropyl
alcohol was added to the separated aqueous phase followed by centrifugation at 12000 x g. The RNA
pellet was air dried and then resuspended in RN Aase-free water. The RNA absorbance was calculated
at 260 nm. cDNA was synthesized using a cDNA synthesis kit (Invitrogen, United States) and then
amplified using primers corresponding to GATA-4 and MEF2C genes. Human beta-actin was used as a
housekeeping gene. Reverse transcription reaction products were initially denatured for 30 s at 94 °C,
followed by 40 cycles of amplification: Denaturation at 94 °C for 3 s and annealing at 60 °C for 30s.
Primer sequences and melting temperatures of each gene are enlisted in Table 1.

Analysis of cardiac genes and proteins

For gene expression, RT-PCR of untreated and transfected hUC-MSCs was performed at day 14 of
transfection. For cardiac protein expression, immunocytochemistry staining of untreated and
transfected hUC-MSCs was performed also on day 14 of transfection. Primary antibodies for cardiac
specific proteins, i.e., GATA-4, connexin-43, NKX2.5, and cTnT, were used. The negative control cells
were incubated only with the secondary antibody. Finally, cells were mounted and images were taken
under a fluorescence microscope (NIE, Nikon, Japan). The fluorescence intensities were calculated
through Image J software (NIH, United States).

Statistical analysis

Data were analyzed by using IBM SPSS Statistics 20 software. One way ANOVA and Tukey’s post hoc
test were used for comparisons among multiple groups. All data were collected from three independent
experiments. A P value less than 0.05 (°P < 0.05) was considered statistically significant.

RESULTS

Morphological features of MSCs derived from human umbilical cord tissue

Adherent cells started to grow during 15 d to 20 d of isolation and are termed PO cells, as shown in
Figure 1. The PO cells were sub-cultured once they reached 80% confluence and termed P1 cells. The
hUC-MSCs appeared in colonies and showed a fibroblast-like morphology (Figure 1). P1 to P2 cells
were used in this study.

Characterization of hUC-MSCs

Immunocytochemistry analysis showed positive expression of the MSC markers CD105, CD90, CD44,
and vimentin, while CD45, a hematopoietic marker, was not expressed in these cells (Figure 2A). The
immunophenotypic analysis showed positive expression of CD90, CD73, and CD44 in hUC-MSCs
(Figure 2B). The osteogenic and adipogenic differentiation was confirmed, respectively, by Alizarin Red
staining which revealed mineral deposits, and Oil Red O staining which revealed lipid droplets
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Table 1 Primer sequence and annealing temperature of cardiac genes

Gene Primer sequence (5™-3’) Annealing temperature (°C)

Beta-actin Forward: 5-TGGGCATGGGTCAGAAGGATTC-3 60
Reverse: 5-AGGTGTGGTGCCAGATTTTCTC-3’

Myocyte enhancer factor 2C Forward: 5-CGAGATGCCAGTCTCCATCC-3 60
Reverse: 5-CAGAGAAGGGTGAGCCAGTG-3’

NKX2.5 Forward: 5-AGTGTGCGTCTGCCTTTCC-3’ 60
Reverse: 5-CACAGCTCTTTCTTTTCGGCTC-3’

MHC Forward: 5-GACAGGTGCAGCAAAA CAGG-3 60
Reverse: 5-AAGGGTATCCTGCAACTGCC-3

Connexin-43 Forward: 5-CTTCATGCTGGTGGTGTCC-3’ 60
Reverse: 5'-ACCACTGGTCGCATGGTAAG-3'
GATA-4 Forward: 5-CTGCCCTCCGTCTTCTGC-3 60

Reverse: 5-CTCGCAGGTCAAGGAGCC-3

NKX2.5: NK2 homeobox 5; MEF2C: Myocyte enhancer factor 2C; MHC: Myosin heavy chain; GATA-4: GATA binding protein 4.

A

o

DOI: 10.4252/wjsc.v14.i9.700 Copyright ©The Author(s) 2022.

Figure 1 Isolation and morphology of human umbilical cord mesenchymal stem cells. A-D: A stepwise method of isolation and proliferation of
human umbilical cord mesenchymal stem cells (hUC-MSCs), which show a spindle-shaped fibroblast-like cell morphology under the phase contrast microscope at PO
and P1. Allimages were captured under a phase contrast microscope (scale bar: 100 um).

(Figure 2C).

Molecular analysis of transfected hUC-MSCs

hUC-MSCs were successfully transfected with GATA-4 and MEF2C genes. RT-PCR analysis showed a
significant increase in GATA-4 and MEF2C expression after 24 h of transfection compared with the
control (Figure 3).
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Figure 2 Human umbilical cord mesenchymal stem cell characterization by immunocytochemical analysis, flow cytometry, and lineage
differentiation assays. A: Immunocytochemsitry of human umbilical cord mesenchymal stem cell (hUC-MSC) showing positive expression of CD44, CD90,
CD105, and vimentin, and negative expression of CD45, a hematopoietic marker. Images were captured under a fluorescence microscope (scale bar: 50 ym); B:
Flow cytometry of hUC-MSCs showing positive expression of CD44, CD73, and CD90. Data were analyzed using BD FACS Diva software; C: Adipogenic and
osteogenic lineage differentiation of hUC-MSCs. Images were captured under a phase contrast microscope (scale bar: 100 ym).
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Morphological changes and gene expression analysis of transfected hUC-MSCs

After 14 d of culture, the transfected cells displayed extended cytoplasmic processes and myotube like
structures which are the typical features of cardiomyocytes (Figure 4A). hUC-MSCs transfected with
GATA-4, MEF2C, and their combination showed significant expression of cardiac genes including
MEF2C, NKX2.5, GATA-4, connexin-43, and myosin heavy chain (MHC) (Figure 4B). Moreover, the
combination group for the evaluation of the synergistic effect of both transcription factors showed
significant expression of cardiac genes as compared to the individual groups (Figure 4B).

Expression of cardiac proteins in transfected hUC-MSCs

Cardiac differentiation of transfected hUC-MSCs was further confirmed using immunocytochemistry.
hUC-MSCs transfected with GATA-4, MEF2C, or their combination exhibited positive expression of
cardiac specific proteins, including connexin-43, cTnT, GATA-4, and NKX2.5 as compared to the
untreated control at day 14 (Figure 5A). Moreover, the fluorescence intensity of hUC-MSCs transfected
with GATA-4, MEF2C, and their combination was also calculated using Image J software. Statistical
analysis showed significant up-regulation of GATA-4, connexin-43, and NKX2.5 in all three treatment
groups as compared to the untreated control. However, the late cardiac marker cTnT was not up-
regulated at day 14 (Figure 5B).

DISCUSSION

This study determined the effects of two cardiac transcription factors, GATA-4 and MEF2C, on the
differentiation of hUC-MSCs towards cardiac lineage in vitro. GATA-4 is an important transcription
factor that regulates the proliferation, survival, and fate commitment of many cell types[26]. Moreover,
GATA-4 plays a vital role in the process of heart development[27]. The myocyte enhancer factor 2C
(MEF2C) acts as a transcriptional regulator in cardiovascular growth[28]. It is demonstrated by various
studies that MEF2C acts together with GATA factors to induce gene transcription in cardiomyocytes
[27]. Based on their widely documented role in the structure and function of the heart, we hypothesized
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Figure 3 Gene expression analysis of GATA binding protein 4 and myocyte enhancer factor 2C transfected human umbilical cord
mesenchymal stem cells. Semiquantitative real-time polymerase chain reaction (RT-PCR) analysis was performed to show the gene expression levels of GATA
binding protein 4 and myocyte enhancer factor 2C transfected mesenchymal stem cells, separately and in combination, in comparison to the control. Results are
expressed as the mean + SE (n = 3). Differences between groups are considered statistically significant where °P < 0.01 and °P < 0.001. GATA-4: GATA binding
protein 4; MEF2C: Myocyte enhancer factor 2C.
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that GATA-4 and MEF2C overexpression may have the potential to induce the differentiation of hUC-
MSCs into cardiac-like cells.

In this study, hUC-MSCs were isolated by the explant method[29]. The characterization studies of
isolated cells were performed according to the standard criteria of the International Society for Stem Cell
Research (ISSCR)[30]. The isolated cells showed a fibroblast-like morphology and positive expression of
CD105, CD90, CD44, and vimentin, whereas they lack the expression of the hematopoietic marker
CD45. MSCs specific markers CD73, CD90, and CD44 were also verified by flow cytometry analysis.
Moreover, cord derived MSCs showed the differentiation potential of adipocytes and osteocytes. The
results of our study confirmed that the cord derived cells possess the main characteristics of MSCs.
Next, we analyzed the overexpression of GATA-4 and MEF2C mRNA in control and transfected hUC-
MSCs. The expression of GATA-4 and MEF2C was maximum 24 h after transfection. Based on these
gene expression data, we selected 24 h transfected hUC-MSCs for further experiments. hUC-MSCs were
transfected with GATA-4 and MEF2C separately and in combination for 24 h, and then their cardiac
differentiation potential at day 14 was analyzed. We observed elongated cells with extended cyto-
plasmic processes in the transfected groups in comparison with the control group. The transfected cells
had a morphology similar to cardiomyocytes and these results are also in line with earlier studies[31,32].

The cardiac differentiation of transfected cells at day 14 was analyzed via analysis of mRNA
expression of early and late cardiac specific markers, such as GATA-4, MEF2C, NKX2.5, connexin-43, and
MHC. Cardiac markers were initiated to express in the GATA-4 and MEF2C transfected cells, while
their significant up-regulation was prominent in the combination group. The cardiac transcription factor
GATA-4 facilitates the binding of various transcriptional factors and co-activators including GATA-6,
NKX2.5, Srf, MEF2, dHAND, YY1, and NFAT[33]. MEF2C participates in the growth and maturation of
myocardial cells with GATA-4[34]. It has been found that the overexpression of transcription factors
induces cardiomyocyte differentiation in stem cells[35,36]. The combination of precardiac mesodermal
transcription factors (Csx/NKX2.5 and GATA-4) has been reported to induce cardiac differentiation of
9-15¢ stem cells[37]. It has been found that GATA-4, MEF2C, and TBX5 generated cardiomyocyte like
cells from mouse heart fibroblast[38]. The gene expression data revealed that GATA-4, MEF2C, and
their combination were capable of directing stem cell fate into cardiomyocytes in vitro. Additionally, in
the combination group, the significantly higher expression of cardiac specific genes indicates their
synergistic effect on cardiac differentiation.

To complement gene expression data, we analyzed cardiac specific proteins in the GATA-4, MEF2C,
their combination, and control groups. The combination group showed significant up-regulation of
connexin-43, NKX2.5, and GATA-4 proteins at day 14 of transfection. The transcription factor NKX2.5 is
expressed at the early and late stages of heart development[39]. NKX2.5 transcription is regulated by
binding with GATA-4 and MEF2C[40,41]. The late stage marker troponin T regulates cardiac rhythm
and maintains thin filaments in cardiac and skeletal muscles[42]. The heart rhythm regulation and
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Figure 4 Morphological changes and cardiac-specific gene expression in transfected human umbilical cord mesenchymal stem cells. A:
Images showing human umbilical cord mesenchymal stem cells trasnfected with (b) GATA binding protein 4 (GATA-4), (c) myocyte enhancer factor 2C (MEF2C), and
(d) GATA-4 + MEF2C, and (a) the corresponding untreated control. All images were captured at day 14 under a phase contrast microscope (scale bar: 100 ym); B:
Bar diagrams showing fold change analysis of cardiac gene expression by semiquantitative real-time polymerase chain reaction (RT-PCR) in the transfected cells in
comparison to the control cells after 14 d of culture. Results are expressed as the mean + SE (n = 3). Differences between groups are considered statistically
significant where 2P < 0.05, °P < 0.01, and °P < 0.001. GATA-4: GATA binding protein 4; MEF2C: Myocyte enhancer factor 2C; MHC: Myosin heavy chain; NKX2.5:
NK2 homeobox 5.

coordinated contraction are controlled by a complex network of interconnected cardiomyocytes. Gap
junction proteins help cardiomyocytes to communicate with their surrounding cells[43]. Connexin-43 is
the major connexin protein involved in the propagation of electrical signals essential for the structural
and functional maintenance of cardiac cells[44].
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human umbilical cord mesenchymal stem cells (hUC-MSCs) transfected with GATA binding protein 4 (GATA-4) and myocyte enhancer factor 2C (MEF2C),
separately and in combination, in comparison to the control cells (scale bar: 50 um); B: Bar diagrams showing quantification of positive cells using ImageJ software.
Also shown is the comparison between the individual and combination groups. Results are expressed as the mean + SE (n = 5). Differences between groups are
considered statistically significant where 2P < 0.05 and °P < 0.001. GATA-4: GATA binding protein 4; MEF2C: Myocyte enhancer factor 2C; CTnT: Cardiac troponin T;
NKX2.5: NK2 homeobox 5; NS: Not significant.
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Collectively, the results of the current study demonstrate that hUC-MSCs overexpressing GATA-4
and/or MEF2C have the potential to generate cardiac-like cells. These genetically modified MSCs may
be used as a new therapeutic approach for the regeneration of heart tissue.

CONCLUSION

It is concluded from this study that overexpression of the cardiac transcription factors in hUC-MSCs
enhanced their differentiation potential into cardiac-like cells. The expression of early and late cardiac
genes was significantly higher in all treatment groups. However, the combination group showed
enhanced synergistic effect on cardiac differentiation. GATA-4 and MEF2C delivery seems to have the
potential for the development of a cell-based treatment approach for cardiovascular diseases. However,
further research is needed to explore the therapeutic effects of transfected hUC-MSCs in in vivo models.

ARTICLE HIGHLIGHTS

Research background

Myocardial infarction is the leading cause of death worldwide. Following myocardial infarction, billions
of cardiomyocytes die, resulting in a significant loss in cardiac function. Cell-based therapies have
emerged as a new area to support heart regeneration. GATA binding protein 4 (GATA-4) and myocyte
enhancer factor 2C (MEF2C) are considered important transcription factors in the formation of cardiac
cells during the embryonic development.

Research motivation

Stem cell based therapies are considered a promising approach for repairing the damaged heart.
However, the underlying mechanisms that control stem cell mediated cardiac cell fate decisions are still
poorly understood. Since GATA-4 and MEF2C are the critical regulators of cardiac differentiation, use
of these factors for transfection of mesenchymal stem cells (MSCs) may enhance the potential of these
stem cells for cardiac differentiation.

Research objectives

Considering the critical role of cardiac transcription factors in maintaining the structure and function of
the heart during the development process, their role in cardiac differentiation is highly anticipated.
These genetically modified MSCs could be a promising future therapeutic option for heart diseases.

Research methods

Human umbilical cord-MSCs (hUC-MSCs) were isolated and characterized morphologically and
immunologically. The cord derived MSCs were identified by the presence of specific markers via
immunocytochemistry and flow cytometry, and by their potential for osteogenic and adipogenic differ-
entiation. hUC-MSCs were transfected with GATA-4, MEF2C, and their combination to direct cardiac
differentiation. Cardiac differentiation was confirmed by semiquantitative real-time polymerase chain
reaction and immunocytochemistry.

Research results

GATA-4, MEF2C, and their combination induced the differentiation of hUC-MSCs with significant
expression of cardiac genes and proteins. Moreover, myotube like structure, which is the main charac-
teristic of cardiomyocytes, was also observed in the transfected cells.

Research conclusions

Overexpression of GATA-4 and MEF2C in hUC-MSCs induces the differentiation of stem cells into
cardiac-like cells. This study is an attempt to provide deeper insights into the mechanism of trans-
cription factors in the cardiac differentiation of stem cells.

WJSC | https://www.wjgnet.com 710 September 26,2022 | Volume14 | Issue9 |



Jaishideng®

Razzaq SS et al. Differentiation of MSCs into the cardiomyocytes

Research perspectives

The knowledge of the current study offers a promising therapeutic approach to improve treatment
strategies for heart diseases. The genetically modified MSCs may serve as an ideal source for cardiac
tissue repair and regeneration.
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Abstract

BACKGROUND

The effect of hypoxia on mesenchymal stem cells (MSCs) is an emerging topic in
MSC biology. Although long non-coding RNAs (IncRNAs) and messenger RNAs
(mRNAs) are reported to play a critical role in regulating the biological character-
istics of MSCs, their specific expression and co-expression profiles in human
placenta-derived MSCs (hP-MSCs) under hypoxia and the underlying mech-
anisms of IncRNAs in hP-MSC biology are unknown.

AIM
To reveal the specific expression profiles of IncRNAs in hP-MSCs under hypoxia
and initially explored the possible mechanism of IncRNAs on hP-MSC biology.

METHODS
Here, we used a multigas incubator (92.5% N,, 5% CO,, and 2.5% O,) to mimic the
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hypoxia condition and observed that hypoxic culture significantly promoted the proliferation
potential of hP-MSCs. RNA sequencing technology was applied to identify the exact expression
profiles of IncRNAs and mRNAs under hypoxia.

RESULTS

We identified 289 differentially expressed IncRNAs and 240 differentially expressed mRNAs
between the hypoxia and normoxia groups. Among them, the IncRNA SNHG16 was upregulated
under hypoxia, which was also validated by reverse transcription-polymerase chain reaction.
SNHG16 was confirmed to affect hP-MSC proliferation rates using a SNHG16 knockdown model.
SNHGI16 overexpression could significantly enhance the proliferation capacity of hP-MSCs,
activate the PI3K/AKT pathway, and upregulate the expression of cell cycle-related proteins.

CONCLUSION

Our results revealed the specific expression characteristics of IncRNAs and mRNAs in hypoxia-
cultured hP-MSCs and that IncRNA SNHG16 can promote hP-MSC proliferation through the
PI3K/AKT pathway.

Key Words: Human placenta-derived mesenchymal stem cell; Hypoxia; Long non-coding RNAs;
Proliferation; Mesenchymal stem cell

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This study revealed the specific expression and co-expressed profiles of long non-coding RNAs
and messenger RNAs in human placenta-derived mesenchymal stem cells under hypoxia by RNA
sequencing assays. Through the performance of a series of systemic bioinformatic analyses, the hypoxia-
responsive long non-coding RNA SNHGI6 that may play a role in proliferation was screened out.
Furthermore, through the use of molecular biology experiments, SNHG16 was found to affect human
placenta-derived mesenchymal stem cell proliferation rates and cell cycle progression by activating the
PI3K/AKT pathway and upregulating the expression of the key cell cycle regulators.

Citation: Feng XD, Zhou JH, Chen JY, Feng B, Hu RT, Wu J, Pan QL, Yang JF, Yu J, Cao HC. Long non-coding
RNA SNHGI16 promotes human placenta-derived mesenchymal stem cell proliferation capacity through the
PI3K/AKT pathway under hypoxia. World J Stem Cells 2022; 14(9): 714-728

URL: https://www.wjgnet.com/1948-0210/full/v14/i9/714.htm

DOI: https://dx.doi.org/10.4252/wjsc.v14.19.714

INTRODUCTION

Recently, mesenchymal stem cells (MSCs) have gained much attention due to their therapeutic effects
and potential applications in regenerative medicine[1]. MSCs have recently been shown to have
therapeutic efficacy in various disease models and clinical diseases such as liver injury, coronavirus
disease 2019, and Crohn’s disease[2-5]. MSCs have been reported to be present in bone marrow, pla-
centa, umbilical cord, and adipose tissue and can be efficiently isolated[6-8]. However, the application of
MSCs is limited due to the difficulty in obtaining the large numbers of MSCs required for clinical
treatment (3 x 107 cells per infusion)[9]. Tissue-derived primary MSCs occur in small numbers and
require in vitro expansion before transplantation. Human placenta-derived MSCs (hP-MSCs) are a
ubiquitous type of MSCs with lower immunogenicity and higher proliferative potential compared to
bone marrow-derived MSCs, but these advantages may be compromised by inappropriate culture or
changes in the in vitro environment.

To improve the proliferation potential of hP-MSCs in vitro, most researchers use different methods to
stimulate the microenvironment of MSCs in vivo[10]. Among the proposed approaches to mimic the
natural cellular microenvironment, hypoxia has garnered enormous interest. Hypoxia has been
observed in different tissue niches, including the placenta (1%-5% O,) where hP-MSCs reside[11]. Since
the oxygen concentration (almost 21%) in the ex vivo culture system is much higher than the
physiological oxygen concentration in the body, hypoxia could act as a physiological stimulus with a
significant influence on cell fate. Numerous studies have reported that hypoxia can affect various
biological properties of MSCs, such as proliferation capacity, multidirectional differentiation potential,
migration, and apoptosis[12-14]. However, the underlying molecular mechanisms by which hypoxia
regulates MSC biology remain unclear.
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Long non-coding RNAs (IncRNAs) are RNAs longer than 200 nt with no protein-coding potential
[15]. LncRNAs are the coordinators of the cellular biological regulatory network, participating in a
variety of biological and pathological cellular processes such as cellular survival, proliferation, or
migration through regulation of gene expression at transcriptional, post-transcriptional, or translational
levels[16]. With advancements in gene sequencing technology, more and more IncRNAs related to
cellular functions have been identified. However, the impact of hypoxia on the IncRNA expression
profile of MSCs remains unclear. In addition, the roles of hypoxia-responsive IncRNAs remain to be
explored. In this study, we investigated the effect of hypoxia on the proliferation potential of hP-MSCs
and explored the role of IncRNAs in it.

MATERIALS AND METHODS

Cell culture
The protocols for hP-MSC isolation and hypoxic culture were as previously described[7]. All protocols

for the processing of human tissues and cells were approved by the Ethics Committee of The First
Affiliated Hospital of Zhejiang University (No. 2020-1088).

Colony-forming unit-fibroblast assay

For the colony-forming unit-fibroblast assay, 1000 hP-MSCs were plated on six-well plates in triplicate
and cultured in complete medium for 14 d under normoxic or hypoxic conditions with medium changes
every 3 d. Colonies were fixed with paraformaldehyde and then stained with crystal violet for
enumeration.

Cell counting kit-8 assay

The corresponding cells were inoculated into 96-well cell culture plates at a density of 2000 cells per
well. After 24, 48, 72 or 96-h culture, 10 pL of cell counting kit-8 reagent (Dojindo, Kumamoto, Japan)
was added into each well to incubate for 2 h. The optical density value at 450 nm was measured using a
microplate reader.

Flow cytometry analysis of cell cycle

The cells were collected with trypsin and fixed with cold 70% ethanol for 2 h. Fixed cells were then
treated with propidium iodide staining solution (Beyotime, Nanjing, China). The cells were finally
analyzed by flow cytometry. The proportions of cell population in GO/G1, S, and G2/M phases of the
cell cycle were fitted and calculated using ModFit software.

Quantitative real-time polymerase chain reaction

Total RNA of cells was obtained using Trizol reagent (Invitrogen, Carlsbad, CA, United States)
following the manufacturer’s protocol; the concentration of total RNA was quantified using a
NanoDrop-2000 (Thermo Fisher Scientific, Waltham, MA, United States). cDNA was synthesized by
reverse transcription reaction using a commercial IncRNA quantitative reverse transcription polymerase
chain reaction (PCR) Starter Kit (RiboBio, Guangzhou, China). The final relative expression levels of
genes were analyzed through the 224“ method using GAPDH as the internal control. Primers were as
follows: GAPDH: (forward) 5-ACAACTTTGGTATCGTGGAAGG-3’, (reverse) 5'-GCCATCACGC-
CACAGTTTC-3’; SNHG16: (forward) 5-GTTGCCACCCACAACCATT-3’, and (reverse) 5'-
GCGGAGACACCAGGAGAACT-3.

Western blot assay

The cellular protein was harvested using RIPA lysis buffer supplemented with protease and
phosphatase inhibitor cocktail (Beyotime). The protein concentrations were detected using a BCA kit
(Beyotime). The western blot was conducted as previously described[7]. The primary antibodies were
anti-p-actin (Abcam, Cambridge, United Kingdom), anti-GAPDH (Abcam), anti-hypoxia-inducible
factor 1a (HIF-1a) (Cell Signaling Technology, Danvers, MA, United States), anti-c-MYC (Abcam), anti-
proliferating cell nuclear antigen (Abcam), anti-CDK2 (Abcam), anti-CDK4 (Abcam), anti-CDK6
(Abcam), anti-CyclinD1 (Abcam), anti-CyclinE1 (Abcam), anti-AKT (Abcam), and anti-phospho-AKT
(Abcam).

RNA sequencing

Whole-transcriptome sequencing was quantitatively analyzed by Oebiotech (Shanghai, China). The
libraries [including IncRNA and messenger RNA (mRNA)] were generated using TruSeq Stranded Total
RNA with Ribo-Zero Gold (Illumina, San Diego, CA, United States) according to the manual. RNA was
then sequenced on a HiSeq 2500 instrument (Illumina). Differential expression analysis of IncRNA and
mRNA between the hypoxic and normoxic groups was conducted using the DESeq software package.
The differentially expressed genes were identified with the criteria of fold change > 1.5 and P < 0.05. The
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Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analyses were performed for differentially expressed mRNAs to explore their biological functions.
Association analysis between IncRNAs and transcription factors and IncRNA-mRNA co-expression
analysis were conducted to investigate IncRNA functions in cell biology.

Cell transfection

Lentivirus-mediated short hairpin RNA for silencing SNHG16 in cells and recombinant lentivirus for
SNHG16 overexpression were constructed by Genomeditech (Shanghai, China). Transfection was
performed following the manufacturer's instructions. Lentiviruses were added to infect cells at a
multiplicity of infection of 50:1.

Statistical analysis
All data were expressed as the mean + SD. Statistical evaluation of two groups was conducted using
Student’s t test; a P value < 0.05 was considered to indicate statistical significance.

RESULTS
Hypoxic culture facilitated hP-MSC proliferation

HIF-1a is a critical regulator of cellular adaptation to the hypoxic microenvironment. When the
expression of HIF-1a protein under hypoxia was assessed by western blot, hypoxia induced the
expression of HIF-1a in hP-MSCs and stabilized its expression level during cell growth (Figure 1A). In
addition, hP-MSCs cultured under hypoxia appeared to be relatively small, with a spindle-shaped
morphology (Figure 1B). The cell counting kit-8 assay showed that hP-MSCs had higher proliferation
potential (P < 0.0001) when they were maintained under hypoxia (Figure 1C). Similarly, the colony-
forming unit-fibroblast assay indicated that hypoxia enhanced the hP-MSC proliferation rate. Although
the difference in the number of hP-MSC colonies between the hypoxia and normoxia groups was not
significant (P = 0.249), the colony size of the hypoxia group was larger with darker staining, indicating a
higher number of cells (Figure 1D). c-MYC and proliferating cell nuclear antigen are molecules closely
related to cell proliferation and can be adopted to determine the status of cell proliferation. As expected,
hypoxia significantly increased the expression of c-MYC and proliferating cell nuclear antigen,
indicating that cells proliferated more rapidly under hypoxia (Figure 1E).

Hypoxia specifically altered the IncRNA and mRNA expression profiles of hP-MSCs

To further investigate the influence of hypoxia on hP-MSCs, whole-transcriptome sequencing was
performed. First, six high-throughput sequenced transcriptomes were generated, containing over 650
million clean reads, among which three were from the normoxic group and three were from the hypoxic
group. More than 96% of the raw reads were high-quality clean reads (Table 1). Ultimately, 10387
putative IncRNAs and 16041 mRNAs were identified. We further identified 289 differentially expressed
IncRNAs (135 upregulated and 154 downregulated) and 240 differentially expressed mRNAs (156
upregulated and 84 downregulated) in the hypoxia group compared to normoxia group (Figure 2).
Heatmap analysis clearly distinguished the hP-MSCs cultured under hypoxia from those cultured under
normoxia. The top 20 differentially expressed IncRNAs and mRNAs are summarized in Tables 2 and 3.

Differentially expressed mRNAs participated in cell proliferation function

The top ten enriched GO terms in biological process, molecular function, and cellular component were
determined. For biological process, the differentially expressed mRNAs were related to regulation of
cell growth (GO: 0001558), positive regulation of MAP kinase activity (GO: 0043406), and response to
hypoxia (GO: 0001666) (Figure 3A). KEGG pathway enrichment analysis revealed several significantly
enriched pathways, such as the HIF-1 signaling pathway (KEGG: hsa04066), Jak-STAT signaling
pathway (KEGG: hsa04630), and Rap1 signaling pathway (KEGG: has04015) (Figure 3B). We further
performed GO and KEGG analyses on the upregulated and downregulated genes separately.
Upregulated genes were involved in regulation of cell growth (GO: 0001558) and regulation of cell
proliferation (GO: 0042127) (Figure 3C) and were enriched in the HIF-1 signaling pathway (KEGG:
hsa04066), Jak-STAT signaling pathway (KEGG: hsa04630), and AMPK signaling pathway (KEGG:
hsa04152) (Figure 3D). Thus, hypoxia mainly affected cell functions, such as proliferation, by upregu-
lating the expression of certain genes through several signaling pathways.

SNHG16 was a potential promotor of hP-MSC proliferation ability

Hypoxia affected cell proliferation by regulating cell cycle progression as the percentages of S (P = 0.011)
and G2/M phase cells (P = 0.014) were larger under the hypoxic condition (Figure 4A). At the same
time, the PI3K/AKT pathway was activated under hypoxia (Figure 4B). The PI3K/AKT pathway is
responsible for coordinating a diverse range of cell functions, including proliferation and survival.
These findings suggest that hypoxia can activate the PI3K/AKT pathway and modulate the cell cycle.
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Table 1 Summary of the RNA sequencing data

Summary MSC_N1 MSC_N2 MSC_N3 MSC_H1 MSC_H2 MSC_H3
Raw reads (M) 103.22 113.01 117.09 114.00 117.77 106.81
Clean reads (M) 99.95 109.86 113.73 110.04 113.72 103.86
Clean reads rate (%) 96.83 97.21 97.13 96.53 96.56 97.24
Q30 (%) 94.32 94.63 94.62 94.22 94.18 94.78

GC (%) 46.71 45.65 4535 46.18 44.99 4592
Total mapped reads 320502139 324502629

Uniquely mapped reads 308534583 312982527

QB30 (%) represents the proportion of the data in which the quality values are > Q30 in the raw data; MSC_N: Human placenta-derived mesenchymal stem
cells cultured under normoxic condition; MSC_H: Human placenta-derived mesenchymal stem cells cultured under hypoxic condition.

Table 2 Summary of the top 20 differentially expressed long non-coding RNAs

Upregulated IncRNA Fold-change Downregulated IncRNA Fold-change
ENST00000480904 144.7046633 TCONS_00024987 558.6529515
ENST00000420168 88.58973499 TCONS_00022901 305.9141231
ENST00000447687 51.87793204 ENST00000580684 101.5147448
TCONS_00022897 43.87602707 XR_951092.3 9615131381
NR_135828.1 43.01226344 TCONS_00040744 85.07807992
ENST00000652331 37.64067361 NR_151707.1 75.91477831
ENST00000615566 35.57471309 XR_924538.2 51.52143558
XR_001740831.1 30.29369126 ENST00000533146 47.14143364
XR_943245.2 29.4766044 NR_046472.1 45.2199291
ENST00000641463 29.12107436 ENST00000379848 34.42041339
ENST00000587838 28.77216197 XR_002957073.1 33.6627267
NR_027295.2 28.51478291 NR_138037.1 31.71645024
XR_001738493.2 26.08189868 ENST00000424751 31.28206241
ENST00000622955 24.98325918 ENST00000476224 29.12601955
ENST00000437589 2311958922 NR_152515.1 28.62941025
NR_028397.1 2210295425 ENST00000608741 25.94241325
NR_138259.1 21.16258012 XR_001740695.2 25.76946681
XR_947992.2 21.13351381 NR_102280.1 25.69150571
XR_930796.2 1816731229 ENST00000513626 23.42886779
ENST00000542086 17.05330496 NR_132369.1 21.10943719

IncRNA: Long non-coding RNA.

To explore whether there are specific hypoxia-responsive IncRNAs that play a role in hypoxia-promoted
cell proliferation, association analysis between IncRNAs and transcription factors and IncRNA-mRNA
co-expression analysis were performed. SNHG16 was related to the expression of PIK3R5, a gene
encoding the regulatory subunit of the PI3K gamma complex (Figure 4C and D). SNHG16 was also
correlated with FOSB, a key transcription factor in the cell cycle (Figure 4E). Quantitative reverse
transcription PCR analysis confirmed that hypoxia induced the expression of SNHG16 (P = 0.003),
consistent with the results of RNA sequencing (Figure 4F). Thus, SNHG16 is a potential promoter of hP-
MSC proliferation under hypoxia.
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Table 3 Summary of the top 20 differentially expressed messenger RNAs

Upregulated mRNA Fold-change Downregulated mRNA Fold-change
S100A1 32.28708068 MMP13 32.7146796
1.20 31.01976446 RASAL3 25.22521191
GUCY2D 18.95647724 ITGAM 21.2376519
PIK3R5 16.27652505 FGF14 13.88641698
KCNJ15 9.485618545 KCNS2 9.402226087
CA9 9.092268285 DCT 7.332486828
AK4 8.577190243 TMEM247 6.224926429
CD99 7.853653254 TNFRSF4 5.89336975
VSIG2 6.545400641 SOX7 5.002461264
CKMT2 6.072884506 TXNIP 3.914446648
FOLR1 5.195878685 NBPF6 3.514713231
C5o1f46 5.180793591 PDF 3.476083157
PPFIA4 4.979164209 LHX4 3.46662373
TEC 4.732591252 CD14 3.005111835
INHBB 4.597149928 HHIPL? 2.918560997
GLDC 4140246682 RASL11B 2.770760137
GPR146 4.107008037 LMO3 2.767289903
VASH2 4.051761622 MYHI1 2728808288
Cdorfd7 3.969880654 DIRAS2 2718905726
SCHIP1 3.945719906 AJM1 2.696612138

mRNA: Messenger RNA.

Jaishideng®

SNHG16 promoted proliferation of hP-MSCs via the PI3K/AKT pathway

To further confirm the biological function of SNHG16 in hP-MSCs, short hairpin RNA was used to
specifically knock down SNHG16, whereas lentivirus overexpressing SNHG16 was used to increase
SNHGI16 expression. By transfecting SNHG16 short hairpin RNA, we found that sh-SNHG16 sign-
ificantly downregulated SNHG16 expression (P < 0.0001) by up to 80% (Figure 5A). The cell counting
kit-8 assay then revealed that depletion of SNHG16 could attenuate the proliferation ability of hP-MSCs
under both normoxia (P = 0.0003) and hypoxia (P = 0.0007) (Figure 5B and Supplementary Figure 1).
Moreover, SNHG16 knockdown decreased the cell numbers in S phase (P = 0.022) and increased the
ratio of cells in the GO/G1 phase (P = 0.003) (Figure 5C). Furthermore, western blot showed that
knockdown of SNHG16 downregulated the phosphorylation of AKT and the expression of several
important cell cycle regulators, including CDK2, CDK4, CDKS®, cyclin E1, and cyclin D1 (Figure 5D).
Subsequently, we evaluated the effect of SNHG16 overexpression on cell proliferation and cell cycle
transition. Quantitative reverse transcription PCR indicated that SNHG16 was upregulated approx-
imately 8-fold (P = 0.0001) when transfected with lentivirus overexpressing SNHG16 (Figure 6A).
Overexpression of SNHG16 greatly enhanced the proliferative rate of hP-MSCs (P < 0.0001) and caused
a mild increase in the ratio of cells in the S (P = 0.027) and G2/M phases (P = 0.003) (Figure 6B and C).
The expression of G1 to S phase transition-related genes in the SNHG16 overexpression group increased
along with the activation of the PI3K/AKT pathway (Figure 6D). Overall, these data demonstrated that
SNHG16 could facilitate the growth and cell cycle transition of hP-MSCs through activating the
PI3K/AKT pathway.

DISCUSSION

MSCs have great potential to cure a variety of diseases, as evidenced by the rapid growth in the number
of published preclinical and clinical studies. However, MSCs are found in very small numbers in most
adult tissues, such as bone marrow, placenta, adipose tissue, umbilical cord, amniotic fluid, and muscle
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Figure 1 Hypoxia facilitated human placenta-derived mesenchymal stem cell growth and proliferation. A: Western blot analysis of hypoxia-
inducible factor 1o expression in human placenta-derived mesenchymal stem cells (hP-MSCs) under hypoxic culture for 24, 48, or 72 h; B: Morphology of the cultured
hP-MSCs under hypoxia (scale bars, 100 pm); C: Proliferation curves of hP-MSCs were established based on cumulative cell numbers at different incubation times
(0,1, 2, 3, and 4 d) under normoxia or hypoxia; D: Colony size and colony number of hP-MSCs under normoxic or hypoxic culture (n = 6); E: The protein expression
of ¢-MYC and proliferating cell nuclear antigen in hP-MSCs under hypoxic culture for 24, 48, or 72 h. Data are presented as means * SD. 2P < 0.05. NS: No
significance; PCNA: Proliferating cell nuclear antigen; HIF-1a.: Hypoxia-inducible factor 1a.
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Figure 2 Long non-coding RNAs and messenger RNA expression profiles under hypoxia and normoxia. A: Number of differentially expressed
long non-coding (Inc)RNAs between hypoxia and normoxia; B: Volcano plot depicting differentially expressed IncRNAs between hypoxia and normoxia; C: Heatmap
of all differentially expressed IncRNAs identified in hypoxia vs normoxia; D: Number of differentially expressed messenger (m)RNAs; E: Volcano plot of differentially
expressed mRNAs; F: Heatmap showing hierarchical clustering of differentially expressed mRNAs.
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Figure 3 Gene Ontology terms and Kyoto Encyclopedia of Genes and Genomes pathway analyses. A: Enrichment of biological process, cellular
component, and molecular function in all differentially expressed messenger RNAs (mRNAs); B: Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment of all differentially expressed mRNAs; the top 20 are listed; C: Gene Ontology (GO) annotation and functional enrichment of upregulated mRNAs; D:
KEGG pathway enrichment analysis of upregulated mRNAs.
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[17,18]. To generate sufficient clinical therapeutic quantities, in vitro expansion is necessary[19].
Managing and modifying culture conditions during amplification of MSCs in vitro is critical for the
manufacture of effective cell therapies, as these in vitro culture conditions affect the cell properties and
cell behaviors after transplantation[20].

MSCs are widely located in the hypoxic microenvironment[21,22]. This physiological oxygen concen-
tration is significantly lower than normoxic conditions typically used for MSC culture in the laboratory.
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Figure 4 SNHG16 was a potential promotor of human placenta-derived mesenchymal stem cell proliferation ability. A: Cell cycle analysis of
human placenta-derived mesenchymal stem cells (hP-MSCs) under hypoxic culture via flow cytometry; B: Western blot analysis of AKT phosphorylation in hP-MSCs
exposed to hypoxia; C: Circos plot of the long non-coding RNAs (IncRNAs)-messenger (m)RNA co-expression network. The outermost circle is the autosomal
distribution. The second and third circles are the distribution of differentially expressed IncRNAs on chromosomes. The red line represents upregulation, and the
green line represents downregulation. Higher bars indicate a greater number of differential genes in the interval. The fourth and fifth circles are the distribution of
differentially expressed genes on chromosomes, with the same interpretation as IncRNA; D: Part of IncRNA-mRNA interaction network analysis visualized using the
Cytoscape software; E: Part of the association analysis of differentially expressed IncRNAs and transcription factors; F: Effects of hypoxia on the expression of
SNHG16 in hP-MSCs by quantitative reverse transcription polymerase chain reaction. Data are presented as means + standard deviation. °P < 0.01.
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Therefore, the application of physiological oxygen tension in stem cell research has attracted attention.
Culturing MSCs under hypoxia has been consistently associated with increased cell proliferative rate,
increased clonogenicity, decreased spontaneous differentiation, transcriptional alterations, and other
cellular behaviors[11,23-25].

In the current study, we focused on the influence of hypoxia on hP-MSC proliferation ability. We
found that hypoxic culture could facilitate hP-MSC proliferation, but enhanced clonogenicity under
hypoxia was not observed in hP-MSCs. This finding provides a basis for exploring the underlying
mechanism of the increased proliferation of hP-MSCs under hypoxic conditions.

Previous findings suggested that IncRNAs could exert regulatory function in MSC proliferation or
differentiation. For example, Meng et al[26] revealed that lincRNA-p21 promotes the migration and
survival capabilities of mouse bone marrow-derived MSCs via the HIF-1a/CXCR4 and CXCR7 axis
under hypoxia[26]. In addition, LINC01119 negatively regulates osteogenic differentiation of human
bone marrow-derived MSCs, while the IncRNAs LOC100126784 and POM121L9P improve the
osteogenic differentiation of human bone marrow-derived MSCs[27,28]. However, the role of IncRNAs
in hP-MSCs has rarely been reported.

Here, we employed RNA sequencing technology to obtain a comprehensive and systematic un-
derstanding of IncRNAs in hP-MSCs under hypoxia condition. A total of 289 IncRNAs (135 upregulated
and 154 downregulated) and 240 mRNAs (156 upregulated and 84 downregulated) were differentially
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Figure 5 Knockdown of SNHG16 attenuated the proliferation ability of human placenta-derived mesenchymal stem cells. A: Quantitative
reverse transcription polymerase chain reaction analysis of relative SNHG16 expression after transfection of SNHG 16 short hairpin RNA (sh-SNHG16) and the
corresponding controls (sh-NC) in human placenta-derived mesenchymal stem cells; B: Cell proliferation capacity evaluated by cell counting kit-8 assay; C: Cell cycle
measured by flow cytometry; D: The G1 to S phase transition-related proteins and p-AKT detected by western blot analysis. Data are presented as means + standard
deviation. °P < 0.01.
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expressed between the hypoxia and normoxia groups. Expression profiles of these differentially
expressed genes were clustered hierarchically. GO and KEGG analyses suggested that the most enriched
genes were positioned in the plasma membrane and related to regulation of cell growth and HIF-1
signaling pathway.

The results of the bioinformatic analysis were consistent with our experimental results. Combined
with the individual analysis of upregulated genes, we found that hypoxia affected multiple cellular
functions, mainly through upregulating the expression of certain genes. Moreover, hypoxia could
mediate cell cycle progression and activate the PI3K/AKT pathway. Similarly, IncRNA-mRNA co-
expression network analysis indicated that SNHG16, a hypoxia-responsive IncRNA, is associated with
key genes in the cell cycle or PI3K/AKT pathway. Therefore, SNHG16 was selected as a potential
promoter of the hP-MSC proliferative rate under hypoxia.

SNHG16 is a member of the SNHGs and is well-documented for its oncogenic properties in numerous
types of malignancies[29]. SNHG16 is reported to be involved in multiple cell biological functions,
including cell cycle progression, proliferation, and migration[30-32]. In our study, we found that
hypoxic culture could induce the expression of SNHG16 in hP-MSCs. We further verified that SNHG16
could promote cell cycle progression and cell proliferation of hP-MSCs by using knockdown and
overexpression models. Moreover, we demonstrated that overexpression of SNHG16 could increase the
phosphorylation of AKT with a simultaneous elevation in the expression levels of G1 to S phase
transition related proteins, including CDK2, CDK4, CDKG®, cyclin E1, and cyclin D1.

However, how SNHG16 becomes integrated in the PI3K/AKT signaling pathway in the study
remains unknown. There are some related articles on the mechanism by which SNHG16 regulates the
AKT pathway in other models. For example, SNHG16 could activate the PI3K/AKT pathway through
SNHG16/miR-338-3p/ PLK4 axis in cisplatin-resistant neuroblastoma cells[33]. Moreover, SNHG16 was
found to facilitate proliferative diabetes-related abnormalities in cell proliferation through regulating
miR-7-5p/IRS1 to activate PI3K/AKT pathway in HG-stimulated hRMECs[31]. It can be seen that
SNHG16 mainly acts as a competing endogenous RNA to participate in the regulation of the PI3K/AKT
signaling pathway. Our follow-up studies will take this as a starting point to elucidate the detailed
mechanism of SNHG16 regulation of the PI3K/AKT pathway.

CONCLUSION
In this study, we have shown that hypoxia enhanced hP-MSCs proliferation ability and could
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Figure 6 SNHG16 overexpression resulted in activation of the PI3K/AKT pathway and a significant enhancement in the proliferative rate
of human placenta-derived mesenchymal stem cells. A: Quantitative reverse transcription polymerase chain reaction analysis of relative SNHG16
expression after transfection of lentivirus overexpressing SNHG16 (SNHG16-OE) and the corresponding empty vector in human placenta-derived mesenchymal stem
cells; B: Cell proliferation after SNHG 16 overexpression was evaluated by cell counting kit-8 assay; C: Cell cycle distribution after SNHG 16 overexpression was
evaluated by flow cytometry; D: The expression levels of CDK2, CDK4, CDKG®, cyclin E1, cyclin D1, and phosphorylated AKT. Data are presented as the means + SD
obtained from three separate experiments. °P < 0.01.
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specifically alter the IncRNA and mRNA expression profile. Furthermore, we identified a hypoxia-
responsive IncRNA, SNHG16, which may serve as a regulator of promoting hP-MSCs proliferation
under hypoxia. Mechanically, SNHG16 was shown to activate the PI3K/AKT signaling pathway and
upregulate the expression of key cell cycle regulators to induce cell cycle transition.

ARTICLE HIGHLIGHTS

Research background

As the role of hypoxia on mesenchymal stem cells (MSCs) is an emerging topic of MSCs biology,
increasing studies are devoted to researching the regulation mechanisms of hypoxia on the biological
functions of MSCs. Long non-coding RNAs (IncRNAs) and messenger RNAs (mRNAs) are reported to
possess a critical role in regulating MSC biological characteristics. Nonetheless, the specific expression
and co-expressed profiles of IncRNAs and mRNAs in human placenta-derived MSCs (hP-MSCs) under
hypoxia and underlying mechanism of IncRNAs on hP-MSCs biology are still unknown.

Research motivation
Although some studies have explored the effects of hypoxia on MSCs, the role of IncRNAs in them
remains unclear.

Research objectives
In this study, we aimed to reveal the specific expression profiles of IncRNAs in hP-MSCs under hypoxia
and initially explored the possible mechanism of IncRNAs on hP-MSCs biology.

Research methods

Here, we used a multigas incubator (92.5% N,, 5%CO, and 2.5% O,) to mimic a hypoxia condition and
observed that hypoxic culture can significantly promote the proliferation potential of hP-MSCs. RNA
sequencing technology was applied to identify the exact expression profiles of IncRNAs and mRNAs
under hypoxia. After establishment of SNHG16-knockdown and SNHG16-overexpression hP-MSCs, the
effect of SNHG16 on proliferation capacity of hP-MSCs was analyzed via cell counting kit-8 and cell
cycle analysis. Finally, the underlying mechanism was analyzed by western blot.
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Research results

We identified 289 differentially expressed IncRNAs and 240 differentially expressed mRNAs between
hypoxia group and normoxia group. Among them, the IncRNA SNHG16 was upregulated under
hypoxia, which was also validated by reverse transcription polymerase chain reaction. SNHG16 was
confirmed to affect hP-MSCs proliferation rates by studying the SNHG16 knockdown model. SNHG16
overexpression could significantly enhance proliferation capacity of hP-MSCs, activate PI3K/AKT
pathway, and upregulate the expression of cell cycle-related proteins.

Research conclusions

Our results revealed the specific expression characteristics of IncRNAs and mRNAs in hypoxia-cultured
hP-MSCs and identified that hypoxia-responsive IncRNA SNHG16 can promote hP-MSC proliferation
through the PI3K/AKT pathway.

Research perspectives
This study may contribute to understanding the role of noncoding RNAs in MSC biology.
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Abstract

BACKGROUND
Recent studies have demonstrated that mesenchymal stem cells (MSCs) can rescue
injured target cells via mitochondrial transfer. However, it has not been fully

understood how bone marrow-derived MSCs repair glomeruli in diabetic kidney
disease (DKD).

AIM

To explore the mitochondrial transfer involved in the rescue of injured glomerular
endothelial cells (GECs) by MSCs, both in vitro and in vivo.

METHODS

In vitro experiments were performed to investigate the effect of co-culture with
MSCs on high glucose-induced GECs. The transfer of mitochondria was visua-
lized using fluorescent microscopy. GECs were freshly sorted and ultimately
tested for apoptosis, viability, mRNA expression by real-time reverse transcri-
ptase-polymerase chain reaction, protein expression by western blot, and
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mitochondrial function. Moreover, streptozotocin-induced DKD rats were infused with MSCs, and
renal function and oxidative stress were detected with an automatic biochemical analyzer and
related-detection kits after 2 wk. Kidney histology was analyzed by hematoxylin and eosin,
periodic acid-Schiff, and immunohistochemical staining.

RESULTS

Fluorescence imaging confirmed that MSCs transferred mitochondria to injured GECs when co-
cultured in vitro. We found that the apoptosis, proliferation, and mitochondrial function of injured
GECs were improved following co-culture. Additionally, MSCs decreased pro-inflammatory
cytokines [interleukin (IL)-6, IL-1B, and tumor necrosis factor-o] and pro-apoptotic factors (caspase
3 and Bax). Mitochondrial transfer also enhanced the expression of superoxide dismutase 2, B cell
lymphoma-2, glutathione peroxidase (GPx) 3, and mitofusin 2 and inhibited reactive oxygen
species (ROS) and dynamin-related protein 1 expression. Furthermore, MSCs significantly
ameliorated functional parameters (blood urea nitrogen and serum creatinine) and decreased the
production of malondialdehyde, advanced glycation end products, and ROS, whereas they
increased the levels of GPx and superoxide dismutase in vivo. In addition, significant reductions in
the glomerular basement membrane and renal interstitial fibrosis were observed following MSC
treatment.

CONCLUSION

MSCs can rejuvenate damaged GECs via mitochondrial transfer. Additionally, the improvement of
renal function and pathological changes in DKD by MSCs may be related to the mechanism of
mitochondrial transfer.

Key Words: Mitochondria transfer; Mesenchymal stem cells; Glomerular endothelial cells; Diabetic kidney
disease; Mitochondrial dysfunction; Oxidative stress
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Core Tip: This study demonstrated that the MitoTracker Red CMXRos labeled mitochondria were
transferred from mesenchymal stem cells (MSCs) to the high glucose-injured glomerular endothelial cells
(GECs) in vitro. Additionally, GEC proliferation was enhanced, and GEC apoptosis was suppressed.
Furthermore, in vivo experiments showed that MSCs ameliorated renal function damage and pathological
progression of diabetic kidney disease (DKD). These data suggest that MSCs may rescue damaged GECs
and improve the renal function and pathological changes of DKD partly through mitochondrial transfer.

Citation: Tang LX, Wei B, Jiang LY, Ying YY, Li K, Chen TX, Huang RF, Shi MJ, Xu H. Intercellular
mitochondrial transfer as a means of revitalizing injured glomerular endothelial cells. World J Stem Cells 2022;
14(9): 729-743

URL: https://www.wjgnet.com/1948-0210/full/v14/i9/729.htm

DOI: https://dx.doi.org/10.4252/wjsc.v14.19.729

INTRODUCTION

The prevalence of diabetic kidney disease (DKD), also known as diabetic nephropathy, is increasing
worldwide. The global all-age mortality rate from chronic kidney disease (CKD) increased by 41.5%
between 1990 and 2017[1]. Additionally, CKD caused the death of 1.2 million people in 2017 and there
was an increase of 697.5 million cases of all-stage CKD[1]. Furthermore, a decomposition analysis
showed that the burden of DKD accounted for about half the increase in CKD disability-adjusted life
years[2]. Due to the high mortality rate, morbidity, and financial burden, DKD is an urgent public
health issue.

Amongst the many known mechanisms of DKD pathophysiology, the mechanism of mitochondrial
dysfunction appears to play an essential role in its development[3,4]. Mitochondria play vital roles in
biological processes such as oxidative phosphorylation, cellular metabolism, and cell death[5]. Recent
studies indicate that mitochondrial damage occurs in glomerular endothelial cells (GECs) and podo-
cytes in DKD[6,7]. Moreover, hyperglycemia results in mitochondrial dysfunction[8], which produces
an excessive amount of reactive oxygen species (ROS), especially in GECs[6].

Mesenchymal stem cells (MSCs) have the potential to treat diabetes-related complications. However,
their therapeutic effects and mechanisms of action have not been determined as of yet. Notably, a
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possible benefit of stem cells might be their ability to release mitochondria[9]. Transferring mito-
chondria from human bone marrow MSCs (BMSCs) to human umbilical cord vein endothelial cells
(HUVECsS) has been suggested to reduce apoptosis, stimulate proliferation, and restore transmembrane
migration in injured HUVECs[10]. In streptozotocin (STZ)-induced diabetic animals, Konari reported
the transfer of mitochondria from systemically administered BMSCs to renal proximal tubular epithelial
cells (PTECs)[11]. Moreover, when BMSCs transferred their mitochondria to lung epithelial cells[12] and
cardiomyocytes[13], they resulted in increased adenosine triphosphate (ATP) levels and apoptosis
suppression. In addition, MSCs” mitochondria can be transferred to myocardial cells[14], alveolar
epithelial cells[15], and astrocytes[16], which restore cellular oxidative respiratory function and reduce
apoptosis. Therefore, a new concept for cell-cell signals involving intercellular mitochondrial transfer is
now proposed[9]. Because the pathological changes in many tissues are related to the impairment of
mitochondrial function, replacing dysfunctional mitochondria with healthy donor mitochondria has
broad research applications[16]. Supplementing exogenous healthy mitochondria to replace damaged
mitochondria can improve the bioenergetics of damaged cells, reverse excessive ROS production, and
restore mitochondrial function[17]. However, experimental data on how stem cells influence injured
GEC mitochondria is limited.

Previous studies have focused on glomerular hyper-filtration, oxidative stress, advanced glycation
end products (AGEs), activation of intracellular signaling pathways, and epigenetic changes in the
pathogenesis of DKD[2]. However, dysregulation of mitochondrial metabolism leads to the occurrence
and progression of DKD[7,18]. The importance of MSCs in glomerular development is still highly
debated, but one theory is that MSCs provide an environment conducive to glomerular development.
Further investigation of the mechanisms of action of MSCs should be conducted, particularly those that
involve the interaction between GECs and grafted MSCs. This study was designed to determine if MSCs
could repair GECs with dysfunctional mitochondria by transferring their mitochondria. This research
supports the idea that stem cell mitochondrial transfer can treat DKD or other diseases with
mitochondrial dysfunction.

MATERIALS AND METHODS

Cell cultures and cell lines

BMSCs were isolated from Sprague-Dawley rats (4-6 wk old) using the adherence exclusion method
following previously published protocols[19]. The isolated cells were resuspended in endothelial cell
medium (ECM) (ScienCell, California, United States) containing 10% (v/v) fetal bovine serum (FBS)
(ScienCell) and 1% (v/v) penicillin-streptomycin (P/S) (ScienCell), and then incubated at 37 °C with 5%
circulating CO,. BMSCs at passages 2-4 were used in the following experiments. GECs were purchased
(ScienCell) and cultured in ECM containing 10% FBS, 1% P/S, and 1% (v/v) endothelial cell growth
supplement (ScienCell). GECs at passages 2-3 were used in the following experiments.

BMSCs were identified by differentiation potential and fluorescence-activated cell sorting (FACS) to
evaluate the cell surface markers. BMSCs could be differentiated into osteogenic, adipogenic, and
chondrogenic phenotypes when incubated in an osteogenic-, adipogenic-, or chondrogenic-inducing
medium (Cyagen, Suzhou, China) according to the manufacturer’s instructions. Osteogenic, adipogenic,
and chondrogenic differentiation capacity of BMSCs was observed using Alizarin red staining, Oil red O
staining, and Alcian Blue staining, respectively, and photographed under the light microscope
(Olympus, Tokyo, Japan). The results are shown in Supplementary Figures 1A-C. The BMSCs were
incubated with PE-conjugated CD45 polyclonal antibody (BD Biosciences, United States) and
fluorescein isothiocyanate (FITC)-conjugated CD44 polyclonal antibody (BD Biosciences). The BMSCs
expressed the antigen CD44 but not CD45 (Supplementary Figure 1D).

Cell label and co-culture model

The mitochondria of GECs and BMSCs were labeled to detect mitochondrial transfer before co-
cultivation. GEC cells (5 x 10°cells) were first incubated with 200 nmol/L MitoTracker Green (Beyotime,
Shanghai, China) for 25 min at 37 °C with 5% CO,, and then the nuclei were stained with Hoechst 33342
(Beyotime). BMSCs (5 x 10°cells) were incubated with 200 nmol/L MitoTracker Red CMXRos
(Beyotime) for 30 min, and then co-cultured with GECs in a 1:1 ratio and incubated at 37 °C with 5%
CO,. GECs were pre-cultured in ECM complete medium supplemented with high D-glucose (30
mmol/L; Sigma, United Kingdom) for 24 h to induce stress. Cells were randomly divided into four
groups: (1) Normal control (NC) group: ECM complete medium containing D-glucose (5.5 mmol/L); (2)
NC + MSC group; (3) High glucose (HG) group: D-glucose (30 mmol/L); and (4) HG + MSC group. A
fluorescence microscope (Olympus) was used to examine live cells after 48 h of co-culture. For further
analysis, supernatants and cells were collected.

Flow cytometry and cell sorting
To examine the protective effects on the injured GECs, FACSAria III analysis (BD Biosciences) was used
on at least 2 x 107 co-cultured cells after 48 h. GECs requiring sorting were pre-labeled with
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CellTracker™ Violet (CTV) (Invitrogen, United States). Sorting and purification were performed based
on CTV-positive labeled cells. Following the cell sorting, GECs were tested for apoptosis, viability, ROS
measurement, protein expression by western blot, and mitochondrial function.

Measurement of cell apoptosis and viability

Annexin V-FITC/Propidium lodide (PI) Apoptosis Detection Kit (Beyotime) was used to determine
apoptosis after co-culturing for 48 h. The sorted GECs were resuspended in 195 pL Annexin-binding
buffer according to the manufacturer’s instructions. In brief, approximately 5 pL of Annexin V-FITC
working solution and 10 pL of PI were added to a 1 x 10° cell suspension in darkness over 20 min. The
fluorescence intensity was analyzed by BD FACSCelesta (BD Biosciences) within 1 h. Annexin V-FITC
or PI staining results were calculated to indicate the early or late stages of apoptosis, respectively.

The cell viability was estimated using the Cell Counting Kit-8 (CCK-8) (Beyotime). GECs were plated
in 10 pL of CCK-8 and incubated for 2 h in 96-well microplates filled with culture medium. A
fluorescent microplate reader (FLx800™, BioTek, United Statets) was used to take readings at 450 nm,
and a decrease in optical density was interpreted as a decrease in viability.

Assessment of ATP production

A luciferin-luciferase bioluminescence assay was used to assess ATP production. Briefly, the sorted GEC
cells were collected, subjected to a single freeze-thaw cycle, and centrifuged. To measure ATP levels,
supernatants were collected using an ATP determination kit (Invitrogen), following instructions from
the kit manufacturer and the published protocol[20]. Standard curves normalized with protein concen-
trations (nmol/L ATP/pg protein) were used to calculate the ATP concentration.

Mitochondrial membrane potential

Mitochondrial membrane potential (A Wm) was examined in live cells with the enhanced mitochondrial
membrane potential assay kit (JC-1) (Beyotime). Briefly, 6 x 10° GEC cells were incubated with 0.5 mL
JC-1 (1 x) working solution in complete culture medium for 30 min at 37 °C and centrifuged at 600 g for
3 min. Then, the cells were resuspended with 1 mL JC-1 staining buffer. Carbonyl cyanide 3-
chlorophenylhydrazone (10 umol/L; Beyotime) treated cells were used as a positive control. The
fluorescence intensity was analyzed by BD FACSCelesta (BD Biosciences) for quantitative analysis.

ROS and interleukin-6 measurement

Intracellular ROS and mitochondrial ROS were measured using flow cytometry, following cell staining
with a DCF-DA probe (Beyotime) and MitoSOX™ Red fluorescent probe (Invitrogen), respectively.
Freshly sorted GEC cells were seeded in a 48-well plate at a density of 1 x 10* cells per well and then
cultured in a growth medium for 12 h to completely adhere to the wall surface. Cell pellets were
collected after staining with DCF-DA (5 pmol/L) or MitoSOXTM Red (5 pmol/L) for 30 min at 37 °C,
and fluorescence was detected with a flow cytometer. The level of interleukin (IL)-6 was measured
according to the manufacturer’s instructions for the enzyme-linked immunosorbent assay (ELISA) kit
(Invitrogen).

RNA extraction and real-time reverse transcriptase-polymerase chain reaction

Real-time reverse transcriptase-polymerase chain reaction (RT-qPCR) was used to detect caspase 3, B
cell lymphoma (Bcl)-2, Bax, tumor necrosis factor (INF)-o, and IL-18 mRNA expression levels. Briefly,
total RNA was isolated from cells or kidney tissues using Trizol reagent (Beyotime). With the Applied
Biosystems™ 7500 RT-qPCR System (Thermo Fisher Scientific), RNA reverse transcription was
performed with the SuperScript III (Invitrogen), followed by RT-qPCR with SYBR Green MasterMix.
GAPDH served as an internal control. All samples were analyzed in triplicate. RT-qPCR results were
analyzed by the 2*“ method and then converted to fold changes. All primer sequences were obtained
from publications[21-24] and commercially synthesized (Servicebio, Wuhan, China), and the utilized
sequences are shown in Supplementary Table 1.

Western blot analysis

After extracting the proteins with RIPA buffer and protease inhibitor, the total protein contents were
measured using a BCA assay kit (Servicebio). By normalizing protein content, all samples had the same
quality and volume for further analysis. A wet-transfer method was used to separate proteins by 10% or
12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transfer them to polyvinylidene
fluoride membranes. The membranes were blocked in pure methanol before use and then blocked in 1 x
TBS containing 3% bovine serum albumin (Solarbio, Beijing, China). The membranes were then
incubated overnight with primary antibodies: Anti-Bax (GB11690; Servicebio), anti-Bcl-2 (ab196495;
Abcam), anti-caspase-3 (GB11767C; Servicebio), anti-superoxide dismutase 2 (SOD2) (GB111875;
Servicebio), anti-glutathione peroxidase 3 (GPx-3) (ab256470; Abcam), anti-dynamin-related protein 1
(DRP1) (8570S; CST), anti-mitofusin 2 (MFN2) (ab124773; Abcam), and anti-pB-Actin (GB15001;
Servicebio) antibodies. After washing with TBS-T, they were incubated with appropriately diluted
horseradish peroxidase (HRP) conjugated Goat Anti-Rabbit immunoglobulin (Ig)G (GB23303;
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Servicebio) or HRP conjugated Goat Anti-Mouse IgG (GB23301; Servicebio) as the secondary antibody.
Protein bands were visualized using the BeyoECL Moon chemiluminescence system (Beyotime).

Animal study

All animal methods were carried out following the National Institutes of Health Guidelines for the care
and use of laboratory animals and were handled according to protocols approved by the Animal Experi-
mental Ethical Committee of Southeast University (Nanjing, China). Eight-week-old male Sprague-
Dawley rats were obtained from Southeast University Laboratory Animal Centre, and diabetes was
induced by a single intraperitoneal injection of 60 mg/kg of STZ (Sigma-Aldrich, United States)
dissolved in 10 mmol/L citrate buffer (pH 4.5), as our previously published study[25]. To verify the
successful establishment of the diabetes model, fasting blood glucose (FBG) levels (= 16.7 mmol/L) were
measured for three consecutive days after STZ administration for 3 d. The diabetic rats were provided
with standard rat food for 4 wk. An excretion rate of > 30 mg of 24-h urinary albumin (U-Alb) was
observed at week 4, suggesting successful DKD induction[26].

DKD rats were randomly divided into two groups (n = 5). Group 1 was treated with 2 x 10°MSCs
(pre-labeled with 200 nmol/L MitoTracker Red CMXRos) dissolved in 100 pL Hank’s Balanced Salt
Solution (HBSS) (DKD + MSC group), and group 2 received HBSS (DKD group) by tail vein injection.
Five non-diabetic rats served as a normal control group (NC group). Rats were sacrificed 2 wk after
treatment for biochemical and histological analyses.

Evaluation of FBG, 24 h U-Alb, serum blood urea nitrogen, serum creatinine, and AGE levels

The levels of FBG were measured before and after each STZ injection. Samples obtained from the tail
vein were tested for FBG using a blood glucose meter (LifeScan, CA, United States). Metabolic cages
were used to collect 24-h urine from rats. The levels of 24 h U-Alb, blood urea nitrogen (BUN), and
serum creatinine (Scr) were measured using an AU2700 automatic biochemical analyzer (Olympus).
AGE level was measured according to the ELISA kit’s instructions (Cusabio, China).

Assessment of SOD, malondialdehyde, and GPx in kidney tissue

A homogenizer was used to homogenize approximately 100 mg of kidney tissue in 5% phosphate-
buffered saline. After centrifugation, the clear supernatant was collected. SOD values were measured
with the xanthine oxidase activity assay kit (Sigma-Aldrich), the malondialdehyde (MDA) level was
measured by the thiobarbituric acid method (MDA colorimetric assay kit; Elabscience, China), and a
colorimetric assay kit (Elabscience) was used to measure the GPx concentration, following the
manufacturer’s protocol.

Histological analysis

Rat kidneys were dissected and fixed in 4% paraformaldehyde and embedded in paraffin, and 4 pm
serial sections were then prepared for histological analysis under a light microscope or fluorescence
microscope. TdT-mediated dUTP nick-end labeling (TUNEL) was done with an apoptosis detection kit
(Servicebio) following the manufacturer’s instructions. Hematoxylin and eosin (HE) staining and
periodic acid-Schiff (PAS)[27] staining were carried out using standard protocols. A random sample of
three glomeruli from each rat was analyzed using image analysis software (Image-Pro plus 6.0) to
determine the percentage of PAS-positive areas, expressed as a mesangial index. Immunohistochemical
(IHC) analyses were carried out using the rabbit anti-AGEs (1:300; bs-1158R; Bioss, Woburn, MA,
United States) primary antibodies. HRP-conjugated goat anti-rabbit IgG (1:500; GB23303; Servicebio)
was used to detect primary antibodies. The nuclei were subsequently stained with 3,3’-diaminoben-
zidine, and three fields of view from each rat were digitized. The integrated optical density from all
fields was calculated using Image-Pro Plus 6.0.

Statistical analysis

Data are presented as the mean + SD based on at least three independent experiments. Statistical
analyses were conducted using IBM SPSS 26.0 (Chicago, IL, United States). Comparing multiple groups
was done using one-way analysis of variance, followed by Bonferroni’s post hoc test. The significance of
the data was defined at P < 0.05.

RESULTS

Transfer of mitochondria from MSCs to GECs alleviates high glucose-induced GEC apoptosis and

promotes GEC proliferation

As a visual demonstration of mitochondrial transfer, the mitochondria of the GECs and the BMSCs were
labeled with MitoTracker Green and MitoTracker Red CMXRos, respectively, and the nuclei of GECs
were labeled with Hoechst 33342 before co-cultivation. CMXRos-labeled mitochondria were rarely
transferred from MSCs to NC-GECs. However, CMXRos-mitochondria of MSCs were markedly
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transferred into HG-induced damaged GECs in vitro (Figure 1A).

To further confirm that mitochondrial transfer is involved in protecting GECs, RT-qPCR, CCK-8,
western blot, and flow cytometry assays were performed. The mRNA and protein expression levels of
caspase 3 and Bax in the HG group were dramatically higher than those in the control group (Figures 1B
and C). Interestingly, treatment with MSCs significantly inhibited this upregulation (Figures 1B and C).
The changes observed in the mRNA and protein expression of Bcl-2 were opposite to those observed for
Bax and caspase 3 (Figures 1B and C). The ratio of Bcl-2/Bax increased in the HG + MSC group
compared to that in the HG group, although it was not statistically significant. Flow cytometry with
Annexin V-FITC/PI staining and CCK-8 assay was used to detect cell apoptosis and viability,
respectively. From these assessments, we observed that HG treatment significantly reduced the cell
viability of cultured GECs and increased their apoptosis (NC vs HG: 0.533 + 0.053 vs 0.336 + 0.043, P <
0.001). In contrast, MSC co-culture significantly reversed these outcomes (HG vs HG + MSC: 0.3358 +
0.043 vs 0.439 £ 0.05, P < 0.01) (Figures 1D and E). These results suggest that mitochondrial transfer
plays a notable role in the anti-apoptotic mechanisms of MSCs.

Mitochondrial transfer alleviates mitochondrial activity and oxidative stress in high glucose-induced
GECs

To evaluate the mitochondrial activity of GECs, in vitro co-culture experiments were performed. CTV-
positive GECs were sorted by flow cytometry. Compared with the HG-induced GECs group, the ATP
production of MSC-treated GECs was significantly upregulated (5.59 + 0.58 vs 6.91 + 0.84, P < 0.05)
(Figure 2A). Additionally, staining with the A Wm indicator, JC-1, revealed significant attenuation of
GECs by flow cytometry at 48 h (HG vs HG + MSC: 69.21 + 5.06 vs 80.44 + 6.49, P < 0.05) (Figure 2B).

To determine the impact of mitochondrial transfer on mitochondrial dynamics, the protein levels of
mitochondrial fission factor (DRP1) and fusion factor (MFN2) were analyzed. Representative western
blots showed that treatment with MSCs decreased the level of DRP1, whereas MFN2 level increased
(Figure 2C). In addition, intracellular and mitochondrial ROS production was visualized using DCF-DA
and MitoSOX Red ROS indicators, respectively. Compared with NC-GECs, HG significantly increased
DCF-DA and MitoSOX Red fluorescent intensity, suggesting high levels of ROS. In contrast,
pretreatment with MSCs attenuated HG-induced upregulation in ROS levels (Figure 2D). Moreover, the
expression levels of ROS-protective enzymes (SOD2 and GPx-3) increased after MSC treatment of HG-
induced GECs (Figure 2E). We then analyzed the expression of inflammatory cytokines in GECs
cultured with or without MSCs to characterize the mechanism of mitochondrial transfer on HG-GECs.
The expression of the inflammatory cytokines TNF-q, IL-1pB, and IL-6 decreased significantly in the HG-
GECs cultured with MSCs for 48 h. In contrast, the addition of MSCs did not affect the expression of
these inflammation cytokines in NC-GECs (Figures 2F and G). The above results demonstrate that direct
co-culture with MSCs improved the capacity of GECs to resist oxidative stress.

MSC treatment improves renal function and relieves inflammation of DKD rats

An animal model of STZ-induced DKD was established to explore the therapeutic effect of MSCs on
DKD. Following MSC treatment for 2 wk, the rats were sacrificed (5/5 in each group), and tissue
specimens were collected for further analysis (Figure 3A). The FBG and 24 h U-Alb levels of the DKD
and DKD + MSC groups were significantly higher than those of the NC group. There was no statist-
ically significant increase in FBG or 24 h U-Alb in the MSC group relative to the DKD group, although
the levels showed a trend towards an increase (Figure 3B). Significantly higher serum BUN and Scr
were found in the DKD group than in the control group, but MSC treatment significantly reduced these
changes (Figure 3C). RT-qPCR was applied to evaluate the expression of apoptosis-related genes.
Compared with the NC group, caspase 3 and Bax expression in DKD rats was significantly increased,
suggesting increased pro-apoptotic mechanisms (Figure 3D). In contrast, MSC injection reduced the
expression of the pro-apoptotic markers caspase 3 and Bax. However, changes in the expression of Bcl-2
were increased (Figure 3D). The ratio of Bcl-2/Bax increased in the DKD + MSC group compared to the
DKD group, although the difference was not statistically significant. The levels of MDA (a marker of
lipid peroxidation/oxidative stress) and AGEs (contribute to oxidative stress) were lower in the NC
group than in the other groups (Figure 3E). MSCs significantly decreased AGEs and MDA in DKD rats
(Figure 3E). Notably, the levels of GPx (a marker of oxidative stress) in each group were inversed (DKD
vs DKD + MSC: 2.08 + 0.29 vs 2.67 £ 0.2, P < 0.05) (Figure 3E). We then used DCF probes and the
xanthine oxidase activity assay kit to evaluate the ROS generation and scavenging ability. ROS
production decreased in the DKD group while SOD level increased after MSC administration
(Figure 3F). Overall, these results suggest that MSCs can ameliorate the abnormal renal function of DKD
rats.

MSC treatment ameliorates renal pathological changes

As shown in Figure 4, TUNEL, HE, PAS, and IHC staining (5/5 in each group) were performed on
kidney tissue sections from selected experimental groups. The TUNEL method was used to investigate
the apoptotic cells in renal tissue. Figure 4A shows that the number of TUNEL-positive apoptotic cells in
kidney tissue of DKD rats was increased, while their positive expression was decreased after injection of
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Figure 1 Anti-apoptotic effects of mesenchymal stem cells on high glucose-induced glomerular endothelial cells in vitro. A:
Immunofluorescence images of MitoTracker green (green) labeled normal control-glomerular endothelial cells (NC-GECs) and high glucose-induced GECs (HG-
GECs) cultured with MitoTracker Red CMXRos (red) labeled mesenchymal stem cells (MSCs). GEC nuclei were counterstained with Hoechst 33342 (blue). A few
spontaneous mitochondria transferred from MSCs to NC-GECs. Interestingly, a robust transfer of numerous mitochondria from MSCs to HG-GECs was observed.
Scale bar: 200 nm; B: Caspase 3, Bax, and B-cell lymphoma 2 mRNA expression detected by real-time reverse transcriptase-polymerase chain reaction; C: Caspase
3, Bax, and B-cell lymphoma 2 protein expression detected by western blot; D: GEC viability assays performed using the Cell Counting Kit-8; E: Cellular apoptosis
analysis in GEC cells treated with MSCs using Annexin V-FITC/PI staining. Data are presented as the mean + SD. 3P < 0.05 vs normal control group, °P < 0.01 vs
normal control group, °P < 0.05 vs high glucose-induced group. GECs: Glomerular endothelial cells; MSCs: Mesenchymal stem cells; NC-GECs: Normal control
glomerular endothelial cells; HG-GECs: High glucose-induced GECs; Bcl-2: B-cell lymphoma 2.

MSCs. In the DKD group, HE staining revealed an inflammatory cell infiltration in the renal tissue
(Figure 4B). Additionally, PAS staining showed severe glomerular and tubular changes in the DKD
group. Atrophied glomeruli, ectopic mesangial extracellular matrix, high glycogen levels, kidney
interstitial fibrosis, and basement membrane thickening were also observed (Figure 4C). The DKD
group showed a degenerative phenotype indicative of glomerular endothelial degeneration by HE and
PAS staining, while MSC therapy alleviated these pathological changes (Figures 4B and C). Compared
to the NC group, the DKD and DKD + MSC groups showed significant increases in the mesangial index
(58.69 = 11.7 vs 195.13 + 32.55, P < 0.001; 58.69 + 11.7 vs 160.67 + 29.12, P < 0.001; respectively)
(Figure 4D). The mesangial index in the DKD + MSC group was markedly lower than that of the DKD
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Figure 2 Mesenchymal stem cells alleviate mitochondrial activity and high glucose-induced oxidative stress in cultured glomerular
endothelial cells. A: Mesenchymal stem cells (MSCs) increased adenosine triphosphate production in high glucose (HG)-induced glomerular endothelial cells
(GECs); B: MSCs also attenuated mitochondrial membrane potential ( A Wm) in GECs. Carbonyl cyanide 3-chlorophenylhydrazone as a mitochondrial oxidative
phosphorylation uncoupler, was used as the positive control group; C: Effect on mitochondrial fission marker and the fusion marker levels; D: Pretreatment with MSCs
attenuated HG-induced upregulation in DCF-DA [intracellular reactive oxygen species (ROS)] and MitoSOX Red (mitochondrial ROS) fluorescent intensity; E:
Representative western blot expression levels of ROS-protective enzymes (superoxide dismutase 2 and glutathione peroxidase 3); F: Concentration of interleukin
(IL)-6 in the supernatant by enzyme-linked immunosorbent assay; G: Mitochondrial transfer ameliorated the mRNA expression levels of inflammatory markers (tumor
necrosis factor-a. and IL-1f), as determined using real-time reverse transcriptase-polymerase chain reaction. Data are presented as the mean + SD. P < 0.05 vs
normal control group, °P < 0.01 vs normal control group, °P < 0.05 vs high glucose group. MSCs: Mesenchymal stem cells; DRP1: Dynamin-related protein 1; MFN2:
Mitofusin 2; ROS: Reactive oxygen species; SOD2: Superoxide dismutase 2; GPx-3: Glutathione peroxidase 3; IL-6: Interleukin-6; CCCP: Carbonyl cyanide 3-
chlorophenylhydrazone; NC: Normal control; HG: High glucose; TNF-a: Tumor necrosis factor-a; ATP: Adenosine triphosphate.

group (160.67 +29.12 vs 195.13 + 32.55, P < 0.01). Figures 4E and F illustrates the kidney expression of
AGE:s as detected by IHC. A deficient level of staining signals was observed around the renal corpuscle
wall and the tubular basement membrane in the NC group. Interestingly, the DKD group showed
higher expression of AGEs than the NC group (64.53 + 15.86 vs 8.58 + 3.83, P < 0.001) or DKD + MSC
group (64.53 £ 15.86 vs 52.62 + 10.33, P < 0.05). Notably, the DKD + MSC group showed significantly
decreased staining signals around the capsule and on the tubular basement membrane.

DISCUSSION

Recently, the administration of BMSCs has been shown to accelerate kidney reconstitution[28,29].
However, the underlying mechanism of action of MSCs that promote DKD kidney reconstitution is not
yet fully understood. Apoptosis of GECs induced by mitochondrial dysfunction is suggested to play a
role in the development of DKD. Therefore, one potential mechanism in BMSC-mediated kidney
reconstitution is via BMSC and GEC cell-cell communication, resulting in the rescue of the injured GECs
and promoting kidney reconstitution. MSCs can repair injuries in various ways, including secreting
paracrine factors, transferring proteins and RNA, and transferring organelles such as mitochondria[30].
In this study, we demonstrated a novel mechanism of MSCs that they can transfer functional
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Figure 3 Effects of mesenchymal stem cell treatment on biochemical indexes. A: Flowchart of rat treatment from day 0 to week 6; B: Fasting blood
glucose and 24-h urinary albumin concentration; C: Concentrations of blood urea nitrogen and serum creatinine in rat serum; D: Relative mRNA expression of
caspase 3, Bax, and B-cell lymphoma 2 (Bcl-2), and Bcl-2/Bax ratio in rat kidney tissues; E: Concentrations of glutathione peroxidase, malondialdehyde, and
advanced glycation end products in rat kidney tissues; F: Levels of reactive oxygen species and superoxide dismutase in kidney tissues. Data are presented as the
mean + SD.?P < 0.001 vs normal control group, ®P < 0.01 vs normal control group, °P < 0.05 vs diabetic kidney disease group. NC: Normal control; FBG: Fasting
blood glucose; 24 h U-Alb: 24-h urinary albumin; BUN: Blood urea nitrogen; Scr: Serum creatinine; Bcl-2: B-cell lymphoma 2; Bax: BCL2-Associated X; GPx:
Glutathione peroxidase; AGEs: Advanced glycation end products; MDA: Malondialdehyde; SOD: Superoxide dismutase; NC: Normal control; DKD: Diabetic kidney
disease; MSCs: Mesenchymal stem cells.

mitochondria into GECs in vitro. Therefore, the therapeutic effects of BMSC on DKD rats may be related
to the mechanism of mitochondrial transfer.

From our investigations, fluorescent imaging revealed that CMXRos-labeled mitochondria were
transferred extensively from MSCs to HG-induced stressed GECs. As previously reported, the
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Figure 4 TdT-mediated dUTP nick-end labeling and histopathology analysis of kidney tissues from all rats. A: TdT-mediated dUTP nick-end
labeling staining. Nuclei: Blue; apoptosis: Green; B: Hematoxylin-eosin staining; C: Periodic acid-Schiff (PAS) staining; D: Mesangial index of PAS-positive areas in
the glomerulus; E: Immunohistochemical staining of advanced glycation end products (AGEs); F: Integrated optical density of AGEs in kidney tissues. All scale bar:
50 um. Data are presented as the mean + SD.2P < 0.001 vs normal control group, °P < 0.001 vs normal control group, °P < 0.05 vs diabetic kidney disease group.
AGEs: Advanced glycation end products; NC: Normal control; DKD: Diabetic kidney disease; MSCs: Mesenchymal stem cells.

mitochondria of BMSCs could be transferred to renal PTECs[11] and HUVEC cells[10]. Although recent
studies have shown that mitochondrial transfer was bidirectional[31-33], our study did not find that the
mitochondria of GECs were transferred to MSCs, which may be due to the difference in the recipient
cell species. This finding is consistent with previous investigations[16,34-37] that demonstrated
mitochondrial transfer from MSCs to injured target cells.

Mitochondria are energy factories that control cellular survival, stress, and apoptosis[38]. There has
been evidence that MSCs can save damaged cells by transferring mitochondria, thus preventing tissue
damage and regenerating metabolism[5,10,12]. Co-culturing with MSCs improved ATP production and
AWm of injured GECs. In addition, our results demonstrated that mitochondrial transferred from MSCs
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to GECs could reduce apoptosis and promote proliferation in HG-stressed GECs. The finding that
mitochondrial transfer reversed target cell proliferation and apoptosis was supported by a previous
study conducted by Feng et al[10], which showed that MSCs promoted HUVEC proliferation and
reduced HUVEC apoptosis through mitochondria transfer from MSCs to injured HUVECs.
Additionally, hyperglycemia causes excessive oxidative stress, which contributes significantly to the
pathogenesis of diabetic complications[3]. Apoptosis, ROS production, and defective mitophagy play
crucial roles in DKD progression[3]. An elevated level of ROS is a biomarker of mitochondrial
dysfunction in diabetic kidneys[3]. Fortunately, mitochondrial and intracellular ROS generation was
inhibited with MSC supplementation, as well as the variation trend of SOD2 and GPx-3 levels.
Furthermore, mitochondrial function was partially improved by MSC-mediated protection in in vitro
investigations.

Recent studies indicate that mitochondrial dynamics (fusion and fission) play an essential role in
mitochondrial distribution, maturation, and quality control[39]. In DKD rats, the fusion and fission of
mitochondria are enhanced[4,40], which is similar to our finding that the expression of DRP1 decreased
and that of MFN2 increased. Mitochondria play a role in cellular stress-induced apoptosis through
various molecular mechanisms. Essentially, mitochondrial toxicity triggers the release of pro-apoptotic
factors, which activate latent forms of caspases, resulting in cell death[3]. Importantly, hyperglycemia
causes oxidative stress, which initiates caspase activation, leading to the release of TNF-a and activation
of the mitochondria-mediated apoptotic pathway[41]. Furthermore, pro-apoptotic factors (caspase 3 and
Bax) and inflammation-related factors (IL-6, TNF-0, and IL-1p) were down-regulated. In contrast, anti-
apoptotic factors (Bcl-2) were upregulated after HG-injured GECs were co-cultured with MSCs.
Additionally, the ratio of Bcl-2/Bax increased in the HG + MSC group compared to the HG group.
However, these differences were minor and did not reach statistical significance. Possible reasons for
this might include the following: (1) A too large control (NC and NC + MSC) group could lead to non-
statistically significant differences in the HG and HG + MSC groups; and (2) This study had a small
sample size, which may result in lower statistical power to detect differences between groups. These
reasons may also be applicable to our in vivo experimentation and observations. In addition to their
importance in intercellular mitochondrial transfer, these factors have also been associated with HG-
related damage.

After MSC injection in STZ-induced DKD rats, there was no significant difference in the FBG level
compared with the DKD group. This result is in agreement with previous reports[42,43], which may be
related to the late treatment of MSCs and the missed opportunity to heal the acute pancreatic injury.
Meanwhile, the level of 24 h U-Alb was not significantly different in the DKD + MSC group compared
with the DKD group. The reason may be due to the small sample size or the short 2-wk duration of
treatment. However, we did identify that the FBG and 24 h U-Alb levels in the DKD + MSC group were
lower than those in the DKD group, although there was no statistical significance. Interestingly, a
noteworthy finding was that MSCs effectively repaired renal dysfunction (BUN and Scr). Meanwhile,
we observed a significant increase in GPx and SOD, indicating that MSCs can protect the kidneys from
DKD.

Increased AGEs in DKD is another critical contributing factor resulting in mitochondrial dysfunction
and apoptosis of GECs[44]. The main pathological change of DKD is glomerular lesions. A long-term
and persistent high-glucose environment can activate protein kinase C and the renin-angiotensin
system, induce accumulation of ROS and AGEs that damage endothelial cells, and generate proteinuria
and glomerulosclerosis[45], which eventually aggravate renal function damage and progression of
DKD. Furthermore, diabetics with glomerular damage may experience altered blood flow and oxygen
delivery to other segments of the kidney[3]. However, treatment with MSCs resulted in renal
histological changes manifested by reductions in glomerular volume, inflammatory cell infiltration,
glomerular basement membrane, and renal interstitial fibrosis, consistent with previously reported
results[42]. Therefore, MSCs can improve renal function and pathological changes in DKD to a certain
extent.

Potential limitations of our study should be noted. First, further studies are warranted to explore and
elucidate the mechanism of mitochondrial transfer from MSCs to injured GECs. For example, Liu et al[5]
and Han et al[13] reported that MSCs transfer mitochondria to injured target cells via tunneling
nanotubes, and this might be of interest to elucidate the exact mechanism of mitochondrial transfer. In
addition, BMSCs can also transfer their mitochondria to target cells via gap junction channels containing
the connexin 43 protein[12], extracellular vesicles[46], or endocytosis[47]. Second, since the laboratory
conditions were unable to freeze renal tissue when they were obtained, the distribution of MSC
mitochondria labeled with fluorescence in the tissue was not observed. Future studies are recommended
to observe the map of MSC-derived mitochondria in DKD kidney tissue. Third, whether mitochondrial
transfer from MSCs to GECs directly affects the function of GEC needs further verification by blocking
the mitochondrial transfer. Fourth, TUNEL detects the apoptosis of cells in the whole kidney tissue, but
it could not distinguish the apoptosis of GECs. Therefore, multiple fluorescent markers may be used for
added analyses. Fifth, we did not assess the percentage of GECs with transferred MSC mitochondria.
Our current objective focused on how to promote mitochondrial transfer from BMSC to GECs. Sixth, a
study has shown that with intravenous injection of MSCs, these cells do not reach the damage site but
release exosomes that can[48]. The article also reported that neither infusion of MSCs induced
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significant fibrotic responses in organs (lungs, kidney, liver, and spleen), which might cause safety
concerns. In our study, we did not assess the following issues: (1) The dynamic changes in the biodistri-
bution of the BMSCs and the ratio/number of BMSCs after the injection; (2) The safety of the BMSC
injection; and (3) The level of liver injury (aspartate aminotransferase, alanine aminotransferase, and
others). However, we are optimistic about being able to solve these problems in our ongoing research.

CONCLUSION

Our study provides insights into the mechanisms underlying MSCs’ ability to rescue injured GECs by a
new cell-to-cell communication method of mitochondria transfer. Notably, mitochondria transfer
alleviates mitochondrial damage and abates cellular apoptosis of GECs. Furthermore, the therapeutic
effects of BMSC on DKD rats may be related to this mechanism of mitochondrial transfer.

ARTICLE HIGHLIGHTS

Research background
Mesenchymal stem cells (MSCs) can rescue injured target cells via mitochondrial transfer. However,

little is known about how bone marrow-derived MSCs repair glomeruli in diabetic kidney disease
(DKD).

Research motivation

Mitochondria play vital roles in biological processes such as oxidative phosphorylation, cellular
metabolism, and cell death. Recent studies indicate that mitochondrial damage occurs in glomerular
endothelial cells (GECs) in DKD and MSCs could transfer their mitochondria to target cells. However,
the mechanism of how mitochondrial transfer contributes to the high glucose-injured GECs is not well-
understood.

Research objectives
To investigate the mechanisms of mitochondrial transfer between MSC and high glucose-injured GECs
or streptozotocin (STZ)-induced DKD rats.

Research methods

The mitochondria of GECs and MSCs were labeled before co-cultivation. A fluorescence microscope
was used to examine the mitochondrial transfer, then cell proliferation and apoptosis were detected by
western blot, real-time reverse transcriptase-polymerase chain reaction, Cell Counting Kit-8, and
Annexin V-FITC/PI assays. The mitochondria function [adenosine triphosphate (ATP), reactive oxygen
species (ROS), and mitochondrial membrane potential] of GECs was assessed with related-detection
kits. A DKD rat model was obtained by STZ administration. Renal function and oxidative stress were
detected with an automatic biochemical analyzer and related-detection kits. In addition, histological
changes were evaluated by hematoxylin and eosin, periodic acid-Schiff, and immunohistochemical
staining.

Research results

Our results demonstrated that the MitoTracker Red CMXRos labeled mitochondria were transferred
from MSCs to the high glucose-injured GECs, ATP levels were increased, and the membrane potential
of mitochondria was stabilized. Additionally, the transfer of mitochondria decreased pro-inflammatory
cytokines [interleukin (IL)-6, IL-1B, and tumor necrosis factor-a] and pro-apoptotic factors (caspase 3
and Bax). Transfer of healthy MSC-derived mitochondria enhanced the expression of superoxide
dismutase 2, B-cell lymphoma 2, glutathione peroxidase 3, and Mitofusin 2 and inhibited ROS
(mitochondrial and intracellular) and dynamin-related protein 1 expression. Notably, a transfer of
healthy mitochondria from MSCs suppressed GEC apoptosis and enhanced their proliferation.
Furthermore, STZ-induced DKD animal experiments showed that MSC ameliorated renal function
damage and pathological progression of DKD.

Research conclusions

Our data demonstrated the existing of mitochondrial transfer in vitro, which plays a pivotal role in the
rescue of GECs. Moreover, MSCs repair the renal function damage and pathological progress of DKD
rats perhaps via mechanism of mitochondrial transfer.

Research perspectives
This study revealed the role and mechanism of mitochondrial transfer in the rescue of injured GECs,
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which can provide a scientific basis for the potential therapeutic effects of MSCs on DKD.
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