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Abstract
Cancer stem cells (CSCs) comprise a subpopulation of cancer cells with stem cell 
properties, which exhibit the characteristics of high tumorigenicity, self-renewal, 
and tumor initiation and are associated with the occurrence, metastasis, therapy 
resistance, and relapse of cancer. Compared with differentiated cells, CSCs have 
unique metabolic characteristics, and metabolic reprogramming contributes to the 
self-renewal and maintenance of stem cells. It has been reported that CSCs are 
highly dependent on lipid metabolism to maintain stemness and satisfy the 
requirements of biosynthesis and energy metabolism. In this review, we 
demonstrate that lipid anabolism alterations promote the survival of CSCs, 
including de novo lipogenesis, lipid desaturation, and cholesterol synthesis. In 
addition, we also emphasize the molecular mechanism underlying the 
relationship between lipid synthesis and stem cell survival, the signal trans-
duction pathways involved, and the application prospect of lipid synthesis 
reprogramming in CSC therapy. It is demonstrated that the dependence on lipid 
synthesis makes targeting of lipid synthesis metabolism a promising therapeutic 
strategy for eliminating CSCs. Targeting key molecules in lipid synthesis will play 
an important role in anti-CSC therapy.

Key Words: Lipid synthesis; Cancer stem cells; Anti-cancer therapy; Stem cell survival; 
Lipid anabolism
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Core Tip: Cancer stem cells (CSCs) are associated with the occurrence, metastasis, therapy resistance, and 
relapse of cancer. CSCs are highly dependent on lipid metabolism to maintain stemness and satisfy the 
requirements of biosynthesis and energy metabolism. Here, we review the molecular mechanism 
underlying the relationship between lipid synthesis and stem cell survival, the signal transduction 
pathways involved, and the application prospect of lipid synthesis reprogramming in CSC therapy. We 
demonstrate that lipid anabolism alterations promote the survival of CSCs.

Citation: Wang SY, Hu QC, Wu T, Xia J, Tao XA, Cheng B. Abnormal lipid synthesis as a therapeutic target for 
cancer stem cells. World J Stem Cells 2022; 14(2): 146-162
URL: https://www.wjgnet.com/1948-0210/full/v14/i2/146.htm
DOI: https://dx.doi.org/10.4252/wjsc.v14.i2.146

INTRODUCTION
Cancer stem cells (CSCs) comprise a subpopulation of cancer cells with stem cell properties, which 
exhibit the characteristics of high tumorigenicity, self-renewal, and tumor initiation. They may be 
responsible for cancer occurrence, metastasis, therapy resistance, and relapse of cancer[1,2]. CSCs are 
able to differentiate into diverse cancer cell progenies to maintain the hierarchical organization of a 
tumor[3].

In solid tumors, the expression of the CSC markers, including CD133, CD44, and aldehyde dehydro-
genase (ALDH)1, is similar to that in normal human embryonic stem cells, thus transformed adult stem 
cells are one possible source of CSCs. Another possibility is differentiated cells under long-term stress 
conditions, which transform into CSCs through reprogramming due to genetic instability and epigenetic 
abnormalities[4-6] (Figure 1).

Various studies have shown that both CSC and non-CSC are plastic, and the interconversion between 
them may be a common phenomenon. Epithelial-to-mesenchymal transition (EMT) is the process by 
which epithelial cancer cells acquire a mesenchymal gene program that promotes migration and 
invasion. Many studies suggest that EMT promotes the transition from non-CSCs to CSC[7]. During 
EMT, cancer cells obtain stem cell-like properties to migrate and grow into distant tissues[8-10]. In a 
human model, the EMT major transcription factor Snail was elevated in cancer cells that displayed 
enhanced oncogenic capability and metastatic potential and was tightly associated with a CSC 
phenotype[11]. The plasticity of CSCs is also closely related to microenvironment. Angiogenesis, the 
hypoxic niche, and extracellular matrix are essential for maintaining the stemness of glioblastoma stem 
cells[12]. In addition, there is evidence that, in colon cancer, myofibroblasts enhance Wnt signaling 
through secreted factors, establishing a CSC niche and restoring the stemness of highly differentiated 
cancer cells[13]. In non-CSCs, the promoter of zinc-finger E-box-binding (ZEB)1, the key regulator of 
EMT, maintains the bivalent chromatin configuration, making non-CSCs respond readily to microenvir-
onmental signals. When the promoter converts to active chromatin configuration, ZEB1 transcription 
increases and non-CSCs convert to the CSC state.

Independent of the origin, CSCs are important cancer cell subsets. The existence of CSCs is clearly 
demonstrated in different types of cancer, including leukemia[14,15], tongue squamous cell carcinoma
[16], breast cancer[17], glioblastoma[18], lung cancer[19,20], and osteosarcoma[21]. They actuate tumori-
genesis and progression, and promote therapy resistance, metastasis, and recurrence of cancers. A 
growing number of studies have shown that metabolic reprogramming of cancer cells caused by 
changes in the microenvironment exerts a marked effect on the properties of stem cells.

METABOLIC REPROGRAMMING IN CSCS
The interaction between CSCs and the tumor microenvironment (TME) is related to tumorigenesis and 
disease progression[22]. Due to the rapid proliferation of tumor cells and insufficient angiogenesis, the 
TME has the characteristics of hypoxic, acidic, and nutrient-poor conditions; therefore, tumor cells must 
adjust energy metabolism to deal with this adverse microenvironment, and maintain the rapid growth 
and proliferation of tumor cells[23-25], a process called metabolic reprogramming. The metabolic 
phenotype of CSCs may depend on the microenvironment to a great extent.

Several studies have been conducted on a variety of cancer types, such as nasopharyngeal carcinoma
[26], leukemia[27], osteosarcoma[28], breast cancer[29], and ovarian cancer[30], which suggest that CSCs 
show a greater reliance on glycolysis for energy supply compared with other differentiated cancer cells 
in vitro and in vivo. Evidence suggests that paracrine hepatocyte growth factor/c-MET enhances the 
expression of hexokinase 2 and promotes glycolysis by activating Yes-associated protein (YAP)/ 
hypoxia-inducible factor-1α in pancreatic cancer, which may facilitate CSC-like properties[31].

https://www.wjgnet.com/1948-0210/full/v14/i2/146.htm
https://dx.doi.org/10.4252/wjsc.v14.i2.146
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Figure 1 Origin of cancer stem cells and regulatory pathways involved. There are two possible origins of cancer stem cells (CSCs), one is normal stem 
cells/progenitor cells, and the other is fully differentiated cells. CSCs are closely related to tumor microenvironmental factors. In the process of epithelial-
mesenchymal transformation, cancer cells acquire stem cell-like characteristics. The differentiation direction of CSC progeny is determined by niche signal, and the 
available niche space determines the number of progeny stem cells. When there is no space available in the niche, the stem cells divide into transient amplifying (TA) 
cells, which divide and differentiate rapidly. At the same time, niche cells reprogram TA cells and differentiated cells into CSCs by niche signals[7]. CSCs are 
important subsets of tumor cells, which are regulated by a variety of signal pathways, including Notch, Wnt/β-catenin, Hippo, and Hedgehog signaling, which are the 
main causes of cancer initiation, progression, metastasis, therapy resistance, and relapse. EMT: Epithelial-to-mesenchymal transition.

However, there is also growing evidence that mitochondrial oxidative metabolism is the preferred 
form of energy production in CSCs, including CD133+ colon cancer cells[32], CD44+ and CD117+ 
ovarian cancer cells[33], cholangiocarcinoma cells[34], brain tumor cells[35], and leukemia cells[36]. In 
addition, it is found that pancreatic CSCs (PaCSCs) are enriched in the oxidative phosphorylation 
(OXPHOS) promotion system using galactose instead of glucose as carbon source in vitro. And 
significant CSC features are present, such as the expression of multiple CSC biomarkers, the overex-
pression of stem-related pathways, the enhancement of self-renewal ability, and the significant 
improvement of tumorigenicity in vivo. Meanwhile, OXPHOS promoted the immune escape properties 
of PaCSCs[37].

A large number of the above studies have shown that CSC metabolism is highly heterogeneous. CSCs 
exhibit a metabolic phenotype dependent on glycolysis or OXPHOS, which mainly depends on the 
heterogeneity of tumor origin and surrounding microenvironmental conditions.

In addition to glucose metabolism, alterations in lipid metabolism also modulate tumor development 
and progression. Lipid metabolism is related to the stem cell properties in cancers. A growing body of 
evidence suggests that alterations in metabolic pathways associated with lipids, including fatty acids 
(FA) and cholesterol, are crucial for maintaining the stemness of CSCs. Lipid synthesis and catabolism 
are strictly regulated by CSCs to maintain self-renewal, proliferation, and chemotherapy resistance of 
the CSCs. Increased de novo lipid biosynthesis and lipid storage, as well as enhanced lipid oxidation, are 
unique features of many CSCs. It has been reported that fatty acid oxidation (FAO) can support self-
renewal and drug resistance of breast CSCs. The Leptin-LEPR-JAK-STAT3-dependent FAO pathway 
plays an important role in the self-renewal of breast cancer stem cell (BCSC) associated with 
chemotherapy resistance in breast cancer. Blocking FAO and/or Leptin re-sensitize them to 
chemotherapy and inhibit breast CSCs in vivo[38]. Furthermore, targeting FAO enhances the 
chemotherapy efficacy of cytarabine (AraC) in AraC-resistant acute myeloid leukemia enriched in 
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leukemic stem cells[39]. Mesenchymal stem cells promoted stemness and chemoresistance in gastric 
cancer cells through FAO in vitro and in vivo[40]. Lipid droplets (LDs), organelles that store neutral 
lipids, are accumulated in CSCs in numerous types of cancer[41,42]. LDs are more abundant in 
pancreatic and colorectal CSCs than in isogenic non-CSCs[43].

Lipid synthesis has been shown to play a significant role in maintaining the characteristics of CSCs 
during tumorigenesis. De novo lipid biosynthesis is one of the most targetable features of CSCs[44]. We 
will highlight the important role of lipid synthesis in CSCs, including the pathways involved and 
promising therapeutic targets (Figure 2).

ALTERATIONS AND KEY MODULATORS IN LIPID SYNTHESIS IN CSCS
Lipid synthesis includes de novo lipid biosynthesis, lipid desaturation, and cholesterol synthesis. 
Metabonomic analysis demonstrated that FA and cholesterol synthesis displays high activity in triple-
negative breast CSCs (TNBCSCs). Cholesterol synthesis is essential for the survival and migration of 
CSCs, and inhibition of cholesterol synthesis induces cytotoxic effects on CSCs. For instance, pyridine 
pamoate (PP) can induce a cell killing effect on CSCs and prevent tumor metastasis by inhibiting 
cholesterol anabolic flux. By supplementing cholesterol to restore the level of free and bound 
cholesterol, the cytotoxicity induced by PP is effectively limited[45]. Compared with non-CSCs, the rates 
of lipid unsaturation in the CSCs were further increased[46,47]. In addition, in various cancers such as 
ovarian cancer, glioblastoma multiforme, and colon cancer, more monounsaturated FAs (MUFAs) are 
demanded by CSCs, which indicates that MUFAs may be involved in mediating various signaling 
pathways in CSCs and associated with stemness, and lipid desaturation may be an ideal and specific 
therapeutic target for CSCs[48,49].

FA synthesis in CSCs
Experimental investigation indicated that de novo FA synthesis is more active in CSCs than in differen-
tiated cells, suggesting that it is essential for CSCs to maintain stemness. In CSCs, the key rate-limiting 
enzymes of de novo FA synthesis, including ATP-citrate lyase (ACLY), acetyl-CoA carboxylase (ACC), 
and fatty acid synthase (FASN), as well as sterol regulatory element-binding proteins (SREBPs), which 
regulate the expression level of lipid synthesis genes, are highly expressed.

ACLY
ACLY is principally located in the cytoplasm, which catalyzes the conversion of citrate to acetyl-CoA. 
Acetyl-CoA is not only an important substrate for the synthesis of FAs and cholesterol, but it is also 
necessary for protein acetylation reactions. Therefore, ACLY is a key enzyme of lipid synthesis that links 
catabolic pathways to biosynthesis. In many types of cancer, ACLY is upregulated or activated[50-52]. 
ACLY upregulation contributes to stemness maintenance and tumorigenesis[53,54]. ACLY overex-
pression increased the expression of Snail, which is known to promote EMT and stemness[55]. ACLY 
inhibition decreased the invasiveness of breast cancer cells, and targeting ACLY attenuated the prolif-
eration potential and cisplatin resistance in ovarian cancer[56,57].

ACC
ACC catalyzes the ATP-dependent carboxylation of acetyl CoA to generate malonyl-CoA, which is a 
rate-limiting step in de novo FA synthesis. In pancreatic cancer cells, inhibition of ACC inhibits Wnt and 
Hedgehog (HH) signal transduction by inhibiting palmitoylation of their ligands, and inhibits the 
growth of pancreatic tumors in vivo and in vitro. ACC inhibitors can restore tumor cells to histological 
epithelial phenotype in vitro[58]. Moreover, ACC is highly expressed in induced pluripotent stem cells 
(iPSCs). Pharmacological inhibition of ACC significantly reduced reprogramming efficiency in iPSCs
[59]. Research reveals that inhibiting the activation of ACC can effectively restore intracellular lipid 
levels, reduce EMT, and inhibit the features of CSCs[60].

FASN
FASN, the key enzyme of de novo lipogenesis, is highly expressed in human pluripotent stem cells 
(hPSCs) compared with that in hPSC-derived cardiomyocytes (hPSC-CMs)[61]. In addition, it is highly 
active in adult neural stem and progenitor cells, which require FASN-dependent lipogenesis for prolif-
eration[62]. Data suggest that de novo lipogenesis is higher and FASN expression is upregulated in 
glioma stem cells (GCSs). Pharmacological inhibition of FASN dramatically decreases the expression of 
GSC stemness markers, including Sox2, Nestin, CD133, and FABP7, and thus inhibits cell proliferation 
and invasiveness of GSCs[63]. Moreover, downregulation of FASN suppresses CSCs in breast cancer[64] 
and pancreatic cancer[65].

SREBP1
SREBPs are a class of transcription factors that regulate lipid homeostasis by controlling the expression 
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Figure 2 Alteration of lipid metabolic pathways in tumors and cancer stem cells. Cancer stem cells (CSCs) enhance lipid metabolic activities, such as 
fatty acid synthesis, fatty acid oxidation, and lipid storage, to promote self-renewal and proliferation. Key enzymes that control lipid metabolism (red letters) are 
considered to be ideal therapeutic targets for CSCs. CPT1: Carnitine palmitoyl-transferase 1; FAO: Fatty acid oxidation; TCA cycle: Tricarboxylic acid cycle; CD36: 
Cluster of differentiation 36; FA: Fatty acid; FASN: Fatty acid synthase; ACC: Acetyl-CoA carboxylase; ACLY: ATP citrate lyase; SREBP1: Sterol-regulatory element 
binding protein 1; SCD1: Stearoyl-CoA desaturase 1; MUFA: Monounsaturated fatty acid; HMGCR: 3-hydroxy-3-methylglutaryl coenzyme A reductase.

of a series of key enzymes required for cholesterol and FA synthesis. Three SREBP subtypes have 
distinctive roles in lipid synthesis: SREBP1a regulates FA and cholesterol synthesis, and cholesterol 
absorption, SREBP1c regulates FA synthesis, and SREBP2 specifically regulates cholesterol synthesis 
and uptake. SREBPs are downstream molecules of the PI3K/AKT/mTOR signaling pathway. 
Regulation of SREBPs through the PI3K/AKT/mTOR pathway can regulate glucose production and FA 
synthesis, and affect the proliferation and invasion of cancer cells[66,67]. Downregulation of SREBP 
inhibited the growth of non-small-cell lung cancer cells and liver cancer cells[67,68]. SREBP1 targets key 
enzymes of FA synthesis, such as ACLY, ACC, FASN, and stearyl coenzyme A desaturase 1 (SCD1), to 
regulate lipid metabolism[69], and is highly expressed in various cancers[69-71]. Compared to differen-
tiating melanosphere-derived cells, the expression of SREBP1 is enhanced in melanosphere-derived 
CSCs[42]. Gemcitabine is a standard treatment for advanced pancreatic cancer patients but can cause 
chemoresistance during treatment. The chemoresistant cells have features of CSCs. Gemcitabine is 
widely used in chemotherapy for advanced pancreatic cancer, but chemotherapy in turn promotes the 
stemness of CSCs. Resveratrol inhibits SREBP1, resulting in the inhibition of lipid synthesis and the 
stemness induced by gemcitabine, and enhances the sensitivity of gemcitabine[72].

Lipid desaturation in CSCs
MUFAs, such as palmitoleic acid and oleic acid, are key substrates in the formation of complex lipids 
such as phospholipids, triglycerides, and cholesterol esters, and maintain optimal fluidity of cellular 
membranes. Moreover, MUFAs have a protective function against the lipotoxicity caused by excess 
saturated FAs and other cellular stresses[73,74]. SCD catalyzes the committed step in the biosynthesis of 
MUFAs from saturated FAs[75,76]. There are two isoforms in humans, SCD1 and SCD5. The expression 
of SCD5 is high in the brain and pancreas, while SCD1 is the main subtype, and is highly expressed in 
adipose tissue, the brain, liver, heart, and lung[77]. SCD1 is overexpressed in a variety of tumors, 
including ovarian cancer[78], breast cancer[79], prostate cancer[80], and colon cancer[81]. The upregu-
lation of SCD1, which increases lipid desaturation and relieves endoplasmic reticulum stress, promotes 
ovarian cancer progression and metastasis[82]. Inhibition of SCD1 can inhibit the growth of leukemic 
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cells in the central nervous system[83]. A growing number of studies on SCD1 have indicated that it 
plays a key role in tumorigenesis and maintenance of stemness[84-86]. SCD1 promotes the activation of 
NF-κB by increasing the synthesis of polyunsaturated FA (PUFAs) to promote CSC characteristics. In 
turn, the NF-κB pathway regulates the expression of lipid desaturase by regulating transcription. This 
supports a positive feedback loop involving the NF-κB pathway and lipid desaturase in ovarian CSCs
[46]. Furthermore, SCD1 controls the fate of breast CSCs by regulating Wnt/β-catenin signaling[87].

Cholesterol synthesis in CSCs
Cholesterol is an important component of cell membranes and lipid rafts. Highly proliferating cancer 
cells require increased cholesterol synthesis to meet the need for rapid production of cell membranes. At 
the same time, metabolically active cancer cells need lipid rafts to form signal complexes for multiple 
complex signal transduction[88,89]. Cholesterol is produced by a variety of biosynthetic processes or 
obtained from the diet. Cholesterol synthesis occurs in most tissues and cells. The synthetic pathway 
involves the conversion of acetyl-CoA to cholesterol through a series of enzymatic reactions, including 
the biosynthesis of mevalonate (MVA) and squalene[90,91]. There are three crucial players in the 
cholesterol synthesis pathway, namely, SREBP2 and the two key rate-limiting enzymes, 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR) and squalene epoxidase (SQLE). Of these, SREBP2 is the 
master transcriptional regulator of cholesterol biosynthesis. HMGCR and SQLE reduce HMG-CoA to 
MVA and catalyze the oxidation of squalene to 2,3-epoxy-quinenone, respectively[92]. Increased 
cholesterol synthesis is considered to be a unique hallmark of many cancers[93]. Pharmacological 
inhibition of cholesterol biosynthesis dramatically suppressed crypt growth in vivo and ex vivo, which 
demonstrates that cholesterol itself acts as a mitogen for intestinal stem cells (ISCs). Cholesterol biosyn-
thesis can drive ISC proliferation and tumorigenesis[94]. Proteomic analysis of tumor tissues, patient-
derived xenograft, and mammospheres known to be enriched in CSCs revealed that the expression of 
proteins involved in the cholesterol synthesis pathway in CSCs increased. Simvastatin or siRNA 
blocking cholesterol biosynthesis reduced the formation of mammospheres. These results confirm that 
CSCs are highly dependent on metabolic processes associated with cholesterol biosynthesis, suggesting 
that the cholesterol biosynthesis pathway is a potential therapeutic target for the elimination of CSCs
[95].

SREBP2
SREBP2 specifically regulates cholesterol synthesis and uptake to maintain intracellular cholesterol 
homeostasis. Evidence indicates that apoA-I binding protein-mediated cholesterol efflux activates 
endothelial SREBP2 which in turn transactivates Notch and promotes hematopoietic stem and 
progenitor cell (HSPC) emergence. SREBP2 inhibition impairs hypercholesterolemia-induced HSPC 
expansion[96]. Biofunctional analyses demonstrated that SREBP2 promotes stem cell-like characteristics 
and metastasis of prostate cancer cells. The overexpression of SREBP2 increases the population of 
prostate CSCs and promotes the tumorigenicity of prostate cancer cells in vivo, while gene silencing of 
SREBP2 inhibits the growth, metastasis, and stemness of prostate cancer cells[97]. In colon cancer, 
inhibition of SREBP2 blocked the proliferation of cancer cells and reduced CSC properties. Knockdown 
of SREBP inhibits the growth of xenograft tumor in vivo[98].

MVA pathway 
The MVA pathway produces isoprenoids, such as cholesterol and vitamin D, which are essential for a 
variety of cellular functions from cholesterol synthesis to cell survival and growth[91]. Many studies 
have shown that numerous enzymes (HMGCR, FDPS, squalene synthase, and SQLE) required for 
cholesterol synthesis in the MVA pathway are overexpressed and overactivated in several cancers, 
including multiple myeloma, as well as breast, gastric, lung, colon, and prostate cancers. Targeting 
MVA can effectively inhibit the survival and proliferation ability of cancer cells and reduce the 
tumorigenic potential[99-104]. Overactivation of key enzymes in cholesterol synthesis in the MVA 
pathway is usually associated with a poor prognosis with shorter disease-free survival and reduced 
overall survival[105-107]. Statins inhibit HMGCR, the rate-limiting enzyme of the MVA pathway. 
Genetic variants associated with low HMG-CoA reductase function significantly reduced the risk of 
epithelial ovarian cancer[108]. Lovastatin inhibited SOX2 promoter transactivation and reduced the 
efficiency of mammosphere formation and the percentage of ALDH+ cells in vitro. Gene set enrichment 
analysis indicated that lovastatin downregulates genes that are involved in stemness and invasiveness 
of breast CSCs[109]. Atorvastatin has a stronger anti-proliferative effect on CSCs by inhibiting the MVA 
pathway[110]. Cholesterol and MVA increase the proliferation of breast CSCs and promote breast 
cancer progression, invasion, and chemotherapy resistance through activation of the estrogen-related 
receptor α pathway[111]. Long non-coding RNA (lncRNA)/mRNA microarray assays showed that a 
novel lncRNA (named lnc030) cooperates with poly (rC) binding protein 2 (PCBP2) to stabilize SQLE 
mRNA, resulting in increased cholesterol which activates PI3K/Akt signaling in governing BCSC 
stemness[112].

In addition, the MVA pathway is the only source of intracellular isopentenyl- diphosphate, which 
produces farnesyl-diphosphate and geranylgeranyl-diphosphate (GGPP) for the prenylation of proteins. 
For example, different types of preacylation enable the RasGTPase superfamily, including Ras and 
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Ral/Rho, to be correctly directed to specific subcellular membranes to function. The RasGTPase 
superfamily affects a variety of cellular processes in cancer progression and participates in EMT, tumor 
progression, metastasis, and chemotherapy resistance. Inhibition of the MVA pathway can reduce 
GTPases prenylation and can induce the death of cancer cells, suggesting that these MVA pathway 
metabolites are essential for cancer cell viability[91,110]. In addition, inhibiting the MVA pathway with 
small-molecule inhibitors such as statins has been shown to cause inhibition of YAP/transcriptional co-
activator with PDZ-binding motif (TAZ) activity. Studies have shown that the activation of RhoGTPases 
requires GGPP, and the Rho-dependent YAP/TAZ regulatory pathway inhibits YAP/TAZ phos-
phorylation and promotes their nuclear accumulation to play a role[113-115]. Decreasing the activation 
of Rho-GTPases and Hippo-YAP/TAZ represses the expression of genes associated with breast cancer 
stemness[116]. YAP/TAZ nuclear accumulation and transcriptional activity are attenuated by Rho-
GTPase/F-actin signaling to increase the sensitivity to chemotherapeutic drugs and suppress breast 
cancer chemoresistance[117].

MECHANISM OF LIPID SYNTHESIS REPROGRAMMING IN CSCS
In CSCs, there are a series of pathways involved in lipid metabolism to maintain cell stemness, and 
sustain their survival, proliferation, and invasion, including Notch, hippocampal cascade, HH, and Wnt 
signaling (Figure 3).

Notch signaling
Notch signaling is a highly conservative signal transduction pathway, which is closely related to various 
biological behaviors such as tumor metastasis and immune escape[22,118,119]. In terms of lipid 
metabolism, the Notch signaling pathway can regulate the expression of peroxisome proliferator-
activated receptor α and lipid oxidation genes to achieve lipid homeostasis and redox homeostasis[120]. 
In colon cancer, targeting SCD1-dependent lipid desaturation selectively eliminates colon CSCs by 
inhibiting Notch signaling[49,121].

Wnt signaling pathway
The Wnt signal cascade includes three main pathways: The canonical Wnt pathway, which leads to the 
accumulation of β-catenin, activates the transactivation complex, and participates in tumorigenesis, the 
non-canonical planar cellular polarity pathway, and the non-canonical Wnt-calcium pathway[119]. At 
least 19 Wnt family members have been identified in humans, all of which are lipid-modified secretory 
glycoproteins. They are the ligands of ten Frizzled family receptors[22,122].

Wnt signaling plays a key role in regulating CSCs[13,123,124]. The canonical Wnt signaling pathway, 
activated by ligands such as Wnt2β and Wnt3, promotes the proliferation of CSC by up-regulating β-
catenin and terminating target β-catenin and STOP-target proteins, such as FOXM1, MYC, and 
YAP/TAZ, while the non-canonical Wnt signaling pathway in CSCs is activated by non-canonical Wnt 
ligands such as Wnt5A and Wnt11, thus activating the PI3K/AKT signal and inducing YAP/TAZ-
dependent transcriptional activation to promote survival and therapeutic resistance of CSCs[125]. In 
contrast, tumor invasion and metastasis are driven by both the canonical and non-canonical Wnt 
signaling cascades. Canonical Wnt/β-catenin and Wnt/STOP signaling cascades cooperatively 
upregulate SNAI1 to initiate EMT of CSCs[126].

Wnt signaling has also been associated with lipid synthesis in CSCs. The canonical Wnt/β-catenin 
pathway regulates de novo lipogenesis and fatty acid monounsaturation[127]. SCD could be a key 
regulator between the Wnt signaling pathway and lipid metabolism. In mouse liver CSCs, the 
expression of SCD is regulated by the Wnt-β-catenin signaling pathway, while MUFAs produced by 
SCD provide a positive feedback loop to amplify Wnt signaling by promoting the stability and 
expression of Lrp5/6 mRNA[128]. Another study suggests that MUFAs are crucial in the production 
and secretion of Wnt ligands[129]. Finally, FA metabolism, especially SCD1 activity, in YAP/TAZ 
signaling depends on the activity of the β-catenin pathway in CSCs[130].

Hippo signaling
The core of the Hippo signaling pathway is the kinase cascade involving mammalian STE20-like 
(MST)1/2 and LATS1/2. MST1/2 activates LATS1/2 by promoting autosphosphorylation of LATS1/2 
or by phosphorylation of MOB1, resulting in degradation of the downstream transcriptional 
coactivators YAP1 and TAZ, thereby limiting YAP activity[22,131]. YAP/TAZ activation leads to the 
induction of CSC properties, including self-renewal, tumorigenic potential, anoikis resistance, EMT, 
drug resistance, and metastasis, in a wide range of human cancers[132,133]. As mentioned earlier, in 
lung CSCs, SCD1 regulates lung cancer stemness by stabilizing YAP/TAZ and nuclear localization
[130]. The positive feedback loops of LATS2 and p53 inhibit cholesterol synthesis, and LATS2 binds to 
the endoplasmic reticulum tethered precursor (P-SREBP) of SREBP1 and SREBP2, and inhibits the 
transcription of SREBP mRNA, thus inhibiting the activity of cellular SREBP[134]. Recent studies have 
revealed that the cancer-promoting properties of YAP/TAZ depend on cholesterol biosynthesis activity 
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Figure 3 Signaling pathways involved in lipid metabolism in cancer stem cells. There are four major signaling pathways, including Notch, Wnt, Hippo, 
and Hedgehog signaling, involved in lipid metabolism to maintain cell stemness, and sustain their survival, proliferation, and invasion. GGPP: Geranylgeranyl 
pyrophosphate; MUFA: Monounsaturated fatty acids; YAP: Yes-associated protein; TAZ: Transcriptional co-activator with PDZ-binding motif; SREBP: Sterol 
regulatory element-binding protein; SCD1: Stearyl coenzyme A desaturase 1; TEAD: Transcriptional enhanced associate domain; FAO: Fatty acid oxidation; SMO: 
Smoothened; HH: Hedgehog; SMP: Scalp micropigmentation.

and MVA-dependent nuclear localization and activity of YAP/TAZ[114]. YAP/TAZ-mediated lipid 
synthesis may be an important factor affecting the metabolic changes of CSCs[135].

HH signaling
The HH signaling pathway, which is responsible for the signal transmission from the cell membrane to 
the nucleus, is a highly conservative pathway. HH ligands mainly include Sonic hedgehog (SHH), 
Indian HH, and Desert HH. The HH signal pathway is activated by the binding of HH ligands to the 
transmembrane proteins Patched (PTCH)1/2, which release the inhibition of smoothened (SMO), 
leading to the activation of glioma transcription factors, thus inducing target gene transcription[22]. HH 
ligands have been found to be activated in CSCs. High fibrillar collagen content resulting from HH 
pathway activation promotes breast cancer cell stemness. In cholangiocarcinoma, hypoxia promoted 
SHH pathway activation. Inhibition of the SHH pathway by cyclopamine significantly attenuated the 
expression of CSC transcription factors, leading to the abrogation of CD133 expression and EMT[136].

Previous evidence suggested that lipids are key regulators of HH signaling. The cholesterol covalent 
modification of SMO is regulated by the HH signaling pathway and is very important for the signal 
transduction and cell biological function of HH. PTCH1 inhibits the cholesterol modification of SMO, 
while the overexpression of SHH increases the cholesterol modification of SMO[137]. In addition, SMO 
activates adenosine monophosphate kinase via the non-canonical pathway, directly or indirectly 
inhibiting FA and cholesterol synthesis[138].

APPLICATION PROSPECTS OF LIPID SYNTHESIS REPROGRAMMING IN THE TR-
EATMENT OF CSCS
CSCs can adapt easily to changes in the nearby environment and are more resistant to conventional 
therapies than other cancer cells. However, their proliferation and survival are highly dependent on 
lipid synthesis, which provides a point of penetration for the establishment of efficient targeting 
strategies to eliminate CSCs. Targeted clearance of CSCs can be achieved by interfering with different 
aspects of lipid synthesis, such as FA synthesis, lipid desaturation, and cholesterol synthesis (Table 1).



Wang SY et al. Abnormal lipid synthesis in CSC treatment

WJSC https://www.wjgnet.com 154 February 26, 2022 Volume 14 Issue 2

Table 1 Inhibitors related to lipid synthesis enzymes of cancer stem cells

Metabolism type Targeting 
enzyme Drug Cancer type

Metabolic processes or 
signaling pathways 
involved

Study type

FASN Cerulenin Glioma stem cells[63], 
pancreatic CSCs[65]

FASN Preclinical trial

FASN TVB-2640 NSCLC and breast 
cancer[139]

FASN Clinical trial

ACC Soraphen A Breast CSCs[140] FASN Preclinical trial

ACC ND-646 Non-small-cell lung 
CSCs[142]

FASN Preclinical trial

Lipogenesis

ACC Leptin Breast CSCs[141] TAK1-AMPK signaling Preclinical trial

SCD1 CAY10566 Ovarian CSCs[46], 
glioblastoma CSCs[84]

NF-κB pathway, ER stress Preclinical trial

SCD1 A939572 Liver cancer[146], etc. MUFA synthesis Preclinical trial

SCD1 MF-438 Colon CSCs[121], lung 
CSCs[85]

Wnt, Notch, and YAP/TAZ 
signaling

Preclinical trial

SCD1 PluriSIn#1 Colon CSCs[121], liver 
CSCs[150]

Wnt/β-catenin and Notch 
signaling

Preclinical trial

Lipid desaturation

Delta 6 desaturase SC-26196 Ovarian CSCs[46] Polyunsaturated fatty acid 
synthesis

Preclinical trial

25-HC or fatostatin Colon CSCs[98] Fatty acid synthesis and 
cholesterol synthesis

Preclinical trialSREBPs

Pyrvinium pamoate TNBC CSCs[45] Cholesterol biosynthesis Preclinical trial

Cholesterol synthesis

HMGCR Simvastatin Breast CSCs[95] Cholesterol biosynthesis FDA-approved 
cardiovascular system 
drug

HMGCR: 3-hydroxy-3-methylglutaryl-CoA reductase; CSCs: Cancer stem cells; FDA: Food and Drug Administration; TNBC: Triple negative breast cancer; 
ACC: Acetyl-CoA carboxylase; FASN: Fatty acid synthase; MUFA: Monounsaturated fatty acid; NSCLC: Non-small cell lung cancer; YAP: Yes-associated 
protein; TAZ: Transcriptional co-activator with PDZ-binding motif; SREBP: Sterol regulatory element-binding protein; SCD1: Stearyl coenzyme A 
desaturase 1.

Targeting FA synthesis
FASN is the most targetable among the lipogenesis genes. Some FASN inhibitors have shown anti-CSC 
and anti-tumor activities. Both inhibitor and RNA silencing of FASN decreased invasiveness, sphere 
formation, and expression of stemness markers to kill various CSCs[63,65]. A new generation of FASN 
inhibitors is being developed, and data from early clinical trials on TVB-2640, a FASN inhibitor, show a 
partial tumor response in patients with non-small-cell lung cancer and breast cancer when TVB-2640 
was used in combination with paclitaxel[139]. Similarly, Soraphen A, an ACC inhibitor, suppressed 
mammosphere formation. Sorafen A treatment inhibited the self-renewal and growth of CSC-like cells 
by blocking FA synthesis and eliminated the promoting effect of human epidermal growth factor 
receptor 2 on CSC proliferation[140]. Moreover, inhibition of ACC suppresses tumor growth, metastasis, 
and recurrence in non-small-cell lung cancer and breast cancer[141,142], indicating that ACC has great 
significance and potential in inhibiting CSCs and cancer.

However, in addition to being produced through the ACLY pathway, acetyl-CoA can also be 
produced by glucose or acetate metabolism to enter the process of fatty acid synthesis[143,144]. In 
cancer cells, ACLY silencing increases the expression of ACC2, which maintains lipid synthesis in an 
acetate-dependent manner[145]. Despite the knockdown of ACLY diminishing the number of breast 
CSCs, the effect of ACLY deficiency remains to be studied in CSCs.

Targeting lipid desaturation
Targeting SCD1, which converts fully saturated fatty acids to MUFAs, can selectively kill CSCs. It is 
reported that SCD1 inhibitors, such as CAY10566 and A939572, suppress cancer stemness and prevent 
tumorigenesis, and can counteract cancer cell chemoresistance[46,146]. Significantly, MF-438 and 
PluriSIn #1, as SCD1 inhibitors, selectively eliminate colon CSCs but not the bulk cancer cells[121]. 
Furthermore, inhibition of SCD1 increased the sensitivity of CSCs to cisplatin and reduced drug 
resistance[85]. Therefore, combining SCD1 inhibitors with chemotherapy may be a more effective 
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treatment strategy. Other studies have shown that miR-600 targeting SCD1 regulates Wnt/β-catenin 
signaling, thereby inhibiting the self-renewal and differentiation of mammary CSCs. Therefore, in 
addition to SCD1 inhibitors, nanovectorized miR-600 agonists (promiRNAs) may serve as a targeted 
tumor stem cell therapy[87]. Delta 6-desaturase inhibitors block the globular formation and tumor-
initiating ability of ovarian CSCs by inhibiting the synthesis of PUFAs[46].

Targeting cholesterol synthesis
Activation of cholesterol synthesis could be relevant to the aggressive and metastatic potential in CSCs. 
Inhibition of SREBP activation by 25-HC or fatostatin inhibits lipogenesis, including FA and cholesterol, 
and decreases the expression of genes associated with CSCs[98]. PP significantly inhibits lipid 
anabolism in CSCs. In triple-negative breast cancer, PP exerts cytotoxic effects on TNBCSCs by 
inhibiting cholesterol synthesis[45]. Simvastatin significantly reduced mammosphere formation and 
growth through inhibition of cholesterol biosynthesis[96]. In addition, statins target CSCs by inhibiting 
the signaling associated with protein farnesylation, and protein geranylgeranylation in the MVA 
pathway[147,148]. Similarly, metformin suppresses CSCs through inhibiting protein prenylation of the 
MVA pathway in colorectal cancer[149].

CONCLUSION
In the past few years, many studies have shown that CSCs are responsible for tumor occurrence and 
development, distant metastasis, and therapy resistance. Metabolic alterations are the main pathways 
for cancer cells and CSCs to escape from adverse environmental effects. Among the reprogrammed 
metabolic pathways, alterations in lipid synthesis such as de novo lipogenesis, lipid desaturation, and 
cholesterol synthesis are closely related to CSC generation and stemness maintenance. Furthermore, 
lipid synthesis is also involved in the activation of several important oncogenic signaling pathways, 
including Notch, Wnt/β-catenin, Hippo, and HH signaling. Taking the key molecules of lipid synthesis 
as the target shows promising application potential in the elimination of CSCs. Therefore, we believe 
that altered lipid synthesis metabolism is a promising target for CSC elimination and tumor therapy.
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Abstract
BACKGROUND 
Intervertebral disc degeneration (IVDD) is the leading cause of lower back pain. 
Disc degeneration is characterized by reduced cellularity and decreased 
production of extracellular matrix (ECM). Mesenchymal stem cells (MSCs) have 
been envisioned as a promising treatment for degenerative illnesses. Cell-based 
therapy using ECM-producing chondrogenic derivatives of MSCs has the 
potential to restore the functionality of the intervertebral disc (IVD).

AIM 
To investigate the potential of chondrogenic transcription factors to promote 
differentiation of human umbilical cord MSCs into chondrocytes, and to assess 
their therapeutic potential in IVD regeneration.

METHODS 
MSCs were isolated and characterized morphologically and immunologically by 
the expression of specific markers. MSCs were then transfected with Sox-9 and 
Six-1 transcription factors to direct differentiation and were assessed for 
chondrogenic lineage based on the expression of specific markers. These differen-
tiated MSCs were implanted in the rat model of IVDD. The regenerative potential 
of transplanted cells was investigated using histochemical and molecular analyses 
of IVDs.

RESULTS 
Isolated cells showed fibroblast-like morphology and expressed CD105, CD90, 
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CD73, CD29, and Vimentin but not CD45 antigens. Overexpression of Sox-9 and Six-1 greatly 
enhanced the gene expression of transforming growth factor beta-1 gene, BMP, Sox-9, Six-1, and 
Aggrecan, and protein expression of Sox-9 and Six-1. The implanted cells integrated, survived, and 
homed in the degenerated intervertebral disc. Histological grading showed that the transfected 
MSCs regenerated the IVD and restored normal architecture.

CONCLUSION 
Genetically modified MSCs accelerate cartilage regeneration, providing a unique opportunity and 
impetus for stem cell-based therapeutic approach for degenerative disc diseases.

Key Words: Intervertebral disc degeneration; Human umbilical cord; Transcription factors; Mesenchymal 
stem cells; Gene expression; Regeneration

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

Core Tip: In this study, we highlighted that overexpression of chondrogenic transcription factors in human 
umbilical cord derived mesenchymal stem cells (hUC-MSCs) accelerated their differentiation into 
chondroprogenitor cells. The synergistic effect of Sox-9 and Six-1 transcription factors leads the MSCs to 
differentiate into chondrogenic cells in the basal medium, which produced the same effect as the chondro-
induction medium. In vivo transplantation of these transfected cells leads to their homing, integration, and 
differentiation into nucleus pulposus cells of the intervertebral disc.  This approach could help to develop a 
better treatment option for degenerative disc diseases.

Citation: Khalid S, Ekram S, Salim A, Chaudhry GR, Khan I. Transcription regulators differentiate mesenchymal 
stem cells into chondroprogenitors, and their in vivo implantation regenerated the intervertebral disc degeneration. 
World J Stem Cells 2022; 14(2): 163-182
URL: https://www.wjgnet.com/1948-0210/full/v14/i2/163.htm
DOI: https://dx.doi.org/10.4252/wjsc.v14.i2.163

INTRODUCTION
Severe lower back pain (LBP) is the major disability responsible for physical discomfort, emotional 
distress, and significant decline in social life. Intervertebral disc (IVD) degeneration is a consequence of 
LBP affecting 80% of the world’s population and economy[1]. IVD provides cushioning between 
vertebrae and absorbs pressure placed on the spine. It is an avascular and aneural site consisting of 
central nucleus pulposus (NP) containing a limited number of notochondral cells and a high volume of 
proteoglycans and glycosaminoglycans (GAGs)[2], with surrounding concentric rings of annular 
fibrosus (AF)[3] and cartilaginous endplate (CEP)[4]. The disc nourishes with the nutrients and 
metabolites provided by CEP, which is the prime region for controlled diffusion[5]. The main function 
of IVDs is to transmit load between the spinal column and body weight, and helps in body flexion and 
torsion[6]. Degeneration of IVD starts with the disintegration of resident cells which is ultimately 
followed by a reduction in the proteoglycan and water content. The degenerative process intensifies 
with age, injury, and genetic factors[7]. These factors decrease the synthesis of extracellular matrix 
(ECM) in the NP region[8]. Additionally, loss of notochondral cells disturbs the balance of anabolic and 
catabolic processes, resulting in disc degeneration[9]. These drastic changes also release cytokines and 
accelerate the secretion of matrix metalloproteinases. Current approaches to rejuvenate the tissue 
infrastructure and improve biochemical homeostasis of IVD using pharmacological and conventional or 
surgical treatments do not provide long-lasting relief from LBP caused by degenerative disc disease 
(DDD)[10,11].

Stem cell therapy has been considered a promising therapeutic option for degenerative diseases, 
including DDD. Stem cells can be isolated from various sources like bone marrow, umbilical cord, 
adipose tissues, etc.[12]. Mesenchymal stem cells (MSCs) are the most preferred population because of 
their proliferation, differentiation, and immunomodulatory potential[13]. The concept of inducing 
differentiation of MSCs through the overexpression of chondro-specific genes before injecting them into 
IVD disease (IVDD) model is novel which is likely to significantly improve the microenvironment for 
the regeneration of the disc[14]. One of the significant advantages of the stem cell-based gene therapy 
approach is that it can exhibit a long-lasting effect. However, the genetically modified cells need to be 
analyzed for safety and effectiveness. Nevertheless, such genetic modifications have been explored for 
targeting traditional inheritable genetic disorders, such as cystic fibrosis, hemophilia, and hypercho-
lesteremia, and to treat acute and chronic diseases[15].
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Murine MSCs have been transduced by the adenovirus-mediated transforming growth factor beta-2 (
TGFβ2) gene that led to the synthesis of proteoglycans and downregulation of markers for hypertrophy
[16], while BMP2 is responsible for cartilage production when transduced via retroviral vector 
promoting chondrogenesis[17]. Gene overexpression proved to be a powerful tool to differentiate MSCs 
into chondroprogenitors (CPCs) which, upon transplantation, healed the degenerated region of IVD
[18]. Similarly, collagen synthesis was upregulated in the osteoarthritis imperfecta mice model by 
transduction of bone marrow MSCs with retroviral-mediated transcription of procollagen alpha 2[19].

The novel role of Six-1 and other transcription factors, including pitx1, and ttf1, for differentiation of 
MSCs, resulted in cell progression towards the early stages of cartilage differentiation[20]. Additionally, 
different genes have been targeted by researchers to treat IVDs. For example, IL-1 and BMP2 co-
transduced via adenovirus vector showed positive biological activity by enhancing ECM at the site of 
inflamed articular cartilage[21]. Similarly, when Sox tri-genes (Sox-9, Sox-6, Sox-7) were electroporated to 
MSCs for transplantation in the IVDD model, it enhanced chondrogenesis and suppressed hypertrophy 
of MSCs compared to the normal non transfected MSCs[22].

In the present study, we hypothesized that damaged IVD could be regenerated, and its normal 
physiological function can be restored if MSCs are preconditioned by overexpressing chondrogenic 
transcription factors Six-1 and Sox-9 or by their synergistic combination, as well as by MSCs pre-differ-
entiated into CPCs, transplanted into the damaged disc in the form of induced chondro-progenitor cells 
(iCPCs).

MATERIALS AND METHODS
Isolation and propagation of human umbilical cord derived MSCs
The study protocol (IEC-009-UCB-2015) was approved by the institutional ethical committee on human 
subjects. Human umbilical cord samples (n = 20) were collected from Zainab Panjwani Memorial 
Hospital following cesarean section. Formal ethical consent was obtained from the donor parents. The 
cord was washed with phosphate buffered saline (PBS) to remove blood clots. This was followed by 
mincing the cord tissue into approximately 1–3 mm pieces. The minced tissue was then transferred to a 
T-75 culture flask containing 12 mL complete medium (Dulbecco’s Modified Eagle’s Medium [DMEM]) 
supplemented with 10% fetal bovine serum, 1 mmol/L L-glutamine, 1 mmol/L sodium pyruvate, and 
1% penicillin-streptomycin, and kept in a humidified incubator at 37 °C, maintained at 5% CO2. The 
growth medium was refreshed every 3rd day. After 14 d, cell outgrowth was observed from explants. 
Upon reaching 70%-80% confluency, sub-culturing was performed.

Immunocytochemistry for characterization of MSCs
Cells at passage 2 (P2) were grown on the coverslip, fixed with 4% paraformaldehyde for 15 min at room 
temperature (RT) and permeabilized with 0.1% Triton X-100 in PBS. Blocking was performed with 2% 
bovine serum albumin (BSA) and 0.1% Tween-20 in PBS for 30 min at RT. The primary antibodies 
against CD73, CD105, Vimentin, CD29, and CD90 at recommended dilutions were added and incubated 
at 4 °C overnight. The cells were washed three times with PBS and then subjected to secondary 
antibodies, Alexa fluor-546 or 488 at a dilution of 1:200 for 1 h at 37 °C. Nuclei were stained with DAPI 
for 10 min. Finally, cells were mounted with an aqueous mounting medium and visualized under a 
fluorescent microscope (NiE, Nikon, Japan).

Immunophenotyping of MSCs
Cells were analyzed for the presence of MSC specific markers by flow cytometry using standard 
protocol. Briefly, the cells were washed with PBS and blocked using a blocking solution (2% BSA). This 
was followed by incubation with primary antibodies against CD45, Vimentin, CD105, and CD73 at RT 
for 2 h, and then with the secondary antibody, Alexa fluor 546. Cells were analyzed by flow cytometer 
(FACS Celesta, Becton Dickinson, Franklin Lakes, NJ, United States).

Tri-lineage differentiation of MSCs
To validate that the isolated cells from human umbilical cord tissues are MSCs, the differentiation 
potential of these cells into adipogenic, osteogenic, and chondrogenic lineages was assessed. Cells at 
passage P2 were seeded in a 6-well plate and grown in DMEM until they reached 60%-70% confluency, 
then DMEM was replaced with adipogenic induction medium (1 μM dexamethasone, 10 μM insulin, 
and 200 μM indomethacin), osteogenic differentiation medium (0.1 μM dexamethasone, 10 μM β-
glycerophosphate, and 50 M ascorbate phosphate), and chondrogenic medium (1 μM dexamethasone, 
10 ng insulin, 20 ng TGFβ1 and 100 μM ascorbic acid). Cells in the induction media were cultured for 3 
wk. Cells were stained with Oil Red O, Alizarin Red S, and Alcian blue stains for the detection of 
adipogenic, osteogenic, and chondrogenic differentiation, respectively, and observed under a bright-
field microscope. Images were captured with a CCD camera (TE2000, Nikon).
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Amplification and isolation of plasmid vectors
Plasmid constructs for Sox-9 and Six-1 in the form of E. coli stab cultures were obtained from Addgene 
(www.addgene.org; plasmid No. 62972 and 49263, respectively). E. coli was grown in Luria broth and 
plasmid DNA was isolated by using a maxiprep plasmid DNA isolation kit (Thermo Scientific, 
Waltham, MA, United States) according to the manufacturer’s instructions. Plasmid DNA was 
quantified using a nano-drop spectrophotometer and resolved on 1% agarose gel to check purity.

Transfection of human umbilical cord derived MSCs by electroporation
To transfect MSCs with plasmids (pcDNA3.1 HA-rnSox-9 and MSCV-Six-1 tagged GFP), MSCs were 
suspended in sterile R buffer containing 30 μg plasmids and were electroporated at 1200 volts; 10 ms 
and 1 pulse with Neon Transfection System (Thermo Scientific). MSCs were transfected separately with 
Sox-9 and Six-1, and co-transfected with 15 μg each of Sox-9 and Six-1 plasmids. Each subset of 
transfected MSCs was cultured in a basic growth medium for 48 h, followed by incubation in a 
chondrogenic induction and standard growth media till day 21. MSCs grown in the chondrogenic 
induction medium were used as positive control, while non-electroporated MSCs in the basal medium 
was used as negative control.

Evaluation of transfection efficiency
After 48 h of electroporation, MSCV-Six-1 GFP labeled plasmid was analyzed for GFP expression under 
fluorescent microscope. HA-rnSox-9 and MSCV-Six-1 transfected MSCs were analyzed for protein 
expression by immunocytochemical staining. To evaluate the transfection efficiency, the fluorescent 
intensity of Six-1 and Sox-9 expressing cells was quantified with Image J software and plotted with MS 
excel.

Protein expression analysis
Normal and transfected MSCs cultured in the basal and chondro-induction media for 21 d were 
evaluated for chondrogenic protein expression by immunocytochemical analysis as described in the 
above section for the presence of chondrogenic markers Six-1, Sox-9, TGFβ1, TGFβ2, and aggrecan, as 
well as a stem cell potency marker Stro-1 at the recommended dilutions. Phalloidin labeled with Alexa 
fluor 488 or 546 was used to visualize the cellular cytoskeleton. Slides were observed under a 
fluorescent microscope (NiE, Nikon). Fluorescent cells were quantified with Image J software and 
plotted with Microsoft Excel.

Gene expression dynamics
RNA was isolated using 1 mL TRIzol for lysis, followed by 200 µL of chloroform for aqueous phase 
separation, and centrifugation at 12000 rpm for 10 min. The aqueous phase was collected and 1 mL of 
absolute ethanol was added for overnight incubation at -20 °C. The suspension was centrifuged, and the 
pellet was washed with 70% ethanol. Finally, the pellet was dissolved in 20 µL nuclease-free water and 
stored at -20 °C. Quantification and purity of RNA were determined at 260 nm and 280 nm, respectively. 
First-strand cDNA was prepared by using 1 μg RNA by RevertAidTM First Strand cDNA synthesis kit 
(K1622, Thermo Scientific). qPCR amplification was performed in three biological replicates in 96-well 
plates using qPCR master mix (A600A, Promega, Madison, WI, United States) for genes provided in 
Table 1. β-actin and GAPDH were used as internal controls.

Experimental animals
A total of 21 Wistar rats (aged 3-5 mo) were used for in vivo experiments under the guidelines for the 
care and use of laboratory animals. Local ethical approval was obtained under protocol number 
(#20170051) from the Institutional Animal Care and Use Committee of Dr. Panjwani Center for 
Molecular Medicine and Drug Research, University of Karachi, Pakistan. Animals weighting between 
200-250 g were used for experiments to ensure equal size of IVDs to minimize variation in results.

Establishment of needle punctured IVDD model
Rats were anesthetized by injecting a mixture of ketamine hydrochloride (60 mg/kg) and xylazine 
hydrochloride (7 mg/kg), intraperitoneally. To ensure complete anesthesia, reflexes were checked by 
tail pinch test. The tail was sterilized with 70% ethanol and three sequential intervertebral disc spaces 
were manually located and marked. Sterile 21 G × 1-inch needle was penetrated in between the 
coccygeal vertebrae (Co); Co5/Co6 (unpunctured disc or negative control), Co6/Co7 (punctured disc or 
positive control), and Co7/Co8 (cells transplanted disc), through the level of an upper region (annulus 
fibrosus) to the middle section of the disc to aspire nucleus pulposus to induce degeneration. The needle 
was perpendicularly kept for about 20 s for rapid degeneration. Animals were placed back into their 
respective cages and observed on daily basis for changes in diet uptake and behavior till 14 d.

Cell labeling for transplantation
For in vivo cell tracking, transfected and non-transfected cells were detached, washed, and centrifuged 
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Table 1 Primer sequences used in the study with their annealing temperatures

Gene Primer sequences (5’-3’) Annealing temperature (ºC)
GAPDH (F) 5’-CACCATGGGGAAGGTGAAGG-3’; (R) 5’- AGCATCGCCCCACTTGATTT -3’ 58

β-actin (F) 5’-CACTGGCATCGTGATGGACT -3’; (R) 5’-TGGCCATCTCTTGCTCGAAG -3’ 58

Sox-9 (F) 5’-CATCTCCCCCAACGCCA-3’; (R) 5’-TGGGATTGCCCCGAGTG-3’ 58

Six-1 (F) 5’-CTCCAGTCTGGTGGACTTGG-3’; (R) 5’-AGCTTGAGATCGCTGTTGGT -3’ 58

BMP2 (F) 5’-AGCTGGGCCGCAGGA -3’; (R) 5’-TCGGCTGGCTGCCCT -3’ 58

Aggrecan (F) 5’-AATCTCACAATGCCACGCTG -3’; (R) 5’-GAGGCTGCATACCTCGGAAG -3’ 58

TGFβ1 (F) 5’-CAAGGCACAGGGGACCAG -3’; (R) 5’-CAGGTTCCTGGTGGGCAG -3’ 58

to obtain a cell pellet. Cells were labeled with red fluorescent lipophilic cationic indocarbocyanine (DiI) 
membrane labeling dye (V-22885, Vybrant® DiI cell-labeling solution, Invitrogen, Carlsbad, CA, United 
States) according to the manufacturer’s instructions. The activity of unbound dye was instantly 
inhibited by adding 5 mL complete medium, followed by washing with PBS and dissolving in 50 μL 
PBS. To check the labeling efficiency, these cells were observed under a fluorescent microscope and flow 
cytometer.

Cellular transplantation in the IVDD model
There were seven experimental groups; normal, degenerated, MSC transplanted, Sox-9 MSC 
transplanted, Six-1 MSC transplanted, Sox-9 and Six-1 MSC transplanted (synergistic), and iCPC 
transplanted groups (n = 3). One million cells suspended in 50 μL PBS were transplanted into the site of 
injury. After 2 wk of transplantation, animals were decapitated and tail discs were carefully harvested 
and demineralized in 11% formic acid for 2 h. Tissues were transferred into small molds containing 
optimal cutting temperature (OCT) medium (Surgipath, FSC22, Leica Microsystems, Wetzlar, 
Germany), and immediately stored at -20 °C to turn it into a frozen block.

Histological analysis
Sectioning of frozen blocks was performed using a cryostat machine (Shandon, Thermo Electron 
Corporation, UK) with a sharp cutting blade. Ten µm thick sections were cut and loaded on gelatin 
coated slides, and further classified by hematoxylin-eosin and Alcian blue staining. Images were 
captured with a bright field microscope (NiE, Nikon). Histological grading was performed and plotted.

Tracking of DiI labeled cells in the transplanted IVDs 
Cryosections were observed under a fluorescent microscope to track the presence of transplanted DiI 
labeled cells. To check the viability, long term survival and distribution of the transplanted cells in the 
IVDD model, the sections were stained with Alexa fluor 488 labeled phalloidin to stain the cytoskeleton 
protein F-actin. Images were captured with fluorescent microscope. Fluorescent intensity was measured 
with Image J software and plotted with Microsoft Excel.

Statistical analysis
All statistical evaluations were performed using IBM SPSS version 21. Each experiment was run in 
triplicate and presented as mean ± SD. Multiple comparative analysis was performed using One Way-
ANOVA and Bonferroni post hoc test, considering P < 0.05, P < 0.01, and P < 0.001 as statistically 
significant.

RESULTS
Isolation, proliferation, and characterization of MSCs from a primary culture of human umbilical cord 
tissue
Cell growth observed after the 15th day of explant culture is termed P0 cells, as shown in Figure 1A. 
Fibroblast-like cells of the homogenous population were detached upon reaching 70% confluency and 
sub-cultured; this is termed as P1 cells propagated further until passage P2. These cells showed 
expression of stem cell markers CD73, CD105, Vimentin, CD29, and CD90 as depicted in Figure 1B. The 
immunophenotypic analysis was performed using flow cytometry to analyze the expression of CD45, 
Vimentin, CD105, and CD73, as shown in Figure 1C. The isolated cells were analyzed for tri-lineage 
differentiation by culturing in the induction media for 3 wk; MSCs differentiated into osteogenic, 
adipogenic, and chondrogenic lineages revealed respectively by Alizarin Red S which indicated mineral 
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Figure 1 Characterization of human umbilical cord mesenchymal stem cells. A: Culture of human umbilical cord mesenchymal stem cells (hUC-
MSCs) showed spindle-shaped fibroblast-like morphology at passage P1 to P4; B: MSCs showed positive expression of CD73, CD105, Vimentin, CD29, and CD90. 
Nuclei were stained with DAPI; C: Histogram of MSCs with specific markers. MSCs showed negative expression of CD45, while positive expression for Vimentin, 
CD105, and CD73; D: Tri-lineage differentiation of hUC-MSCs. Alizarin Red stained calcium deposits produced by osteocytes, Oil red O-stained lipid vacuoles 
produced by adipocytes, and Alcian blue stained proteoglycans and glycosaminoglycans secreted by chondrocytes.

deposits, Oil Red O, which positively stained oil droplets, and Alcian blue which stained ECM of 
chondrocytes, as shown in Figure 1D.

Transfection efficiency of MSCs
Sox-9 and Six-1 transfected MSCs were characterized for transfection efficiency. MSCs were successfully 
transfected as shown by the expression of Sox-9 and Six-1 proteins after 48 h of transfection compared to 
control, as shown in Figure 2.
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Figure 2 Transfection efficiency of human umbilical cord mesenchymal stem cells. A: Positive expression of Sox-9, and Six-1 proteins was observed 
after 48 h of electroporation, as analyzed by immunocytochemical staining; B: Quantification of fluorescent intensities showed that Sox-9 transfected cells expressed 
Sox-9 protein, Six-1 transfected mesenchymal stem cells (MSCs) expressed Six-1 protein, and Sox-9+Six-1 transfected MSCs expressed Sox-9, and Six-1 proteins. 
aP < 0.05 vs control; bP < 0.01 vs control.

Characterization of differentiated transfected MSCs
MSCs analyzed by immunocytochemical staining indicated that they did not express chondro-markers 
Sox-9, TGFβ2, and aggrecan as shown in Figure 3A, whereas MSCs cultured in chondrogenic medium 
expressed TGFβ2 and aggrecan as shown in Figure 3B. The later cells are termed iCPCs. The cellular 
cytoskeleton of F-actin was stained with Alexa fluor 488/546 labeled phalloidin. After day 21 of 
transfection, striking differences in the morphological features of the differentiated cells were noted. The 
transfected cells completely lost their fibroblast-like appearance. Cells displayed a broad and polygonal 
shape similar to the iCPCs as shown in Figure 4. Transfected MSCs after 21 d of culture in the normal 
and chondro-induction media were immunostained for the expression of Sox-9 and Six-1 proteins, as 
shown in Figure 5. The fluorescent intensity was quantified, and the results showed that MSCs 
transfected with Sox-9, Six-1, and their combination expressed chondrogenic markers following 21 d of 
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Figure 3 Expression of chondrogenic markers in human umbilical cord mesenchymal stem cells and induced chondro-progenitor cells. 
A: Human umbilical cord (hUC)-mesenchymal stem cells (MSCs) did not express Sox-9, transforming growth factor beta-2 (TGFβ2), and aggrecan, which indicates 
that MSCs are negative for the expression of early and late chondrogenic markers; B: Induced chondro-progenitor cells expressed aggrecan, and TGFβ2, showing 
that MSCs were differentiated into chondrocytes; C: The quantification of fluorescent intensities for aggrecan and TGFβ2 showed their significantly higher expression 
in differentiated cells as compared to control. cP < 0.001 vs MSCs.

culture in the basal medium. Similarly, the transfected MSCs in the chondro-induction medium also 
expressed chondrogenic markers Sox-9 and Six-1 after 21 d of culture as shown in Figure 5.

Stemness of MSCs
Immunostaining of MSCs showed positive expression of stemness marker Stro-1 in the control cells, 
whereas transfected MSCs lost the expression of Stro-1 after 21 d of culture in normal and chondro-
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Figure 4 Morphology of transfected human umbilical cord mesenchymal stem cells. Transfected human umbilical cord mesenchymal stem cells 
(MSCs) after 21 d of culture in the normal and chondro-induction media under phase contrast microscope showed broad and polygonal morphology which is similar to 
the morphology of induced chondroprogenitor cells, indicating that differentiation is induced in the transfected cells.

induction media. The immunofluorescence quantification showed a significant reduction in Stro-1 
protein expression in all the transfected and differentiated cells, as shown in Figure 6.

Gene expression dynamics of Sox-9 and Six-1 transfected MSCs
To check the transcriptional changes of transfected MSCs in comparison to the control MSCs, fold 
change regulation (2-ΔΔCt) of chondro-specific genes was analyzed. Expression of TGFβ1, BMP, Sox-9, and 
Six-1 at 48 h showed that these genes were significantly up-regulated in Sox-9, Six-1 and their com-
bination (Sox-9 + Six-1) groups as shown in Figure 7. Expression of Sox-9 was significantly up-regulated 
at day 21 post-transfection in the basal medium in Sox-9 and the combination group, while no 
significant difference was observed in the Six-1 transfected group. The expression of Six-1 has shown no 
effect in any of the transfected groups after 21 d of transfection. BMP, aggrecan, and TGFβ1 were 
significantly up-regulated in the Sox-9, Six-1, and the combination group at 21 d of transfection in the 
basal and chondro-induction media, as shown in the Figure 7.

Histological examination
Immunohistochemical staining after 2 wk of transplantation showed that the implanted cells homed, 
distributed, and integrated into the IVD. The quantification of fluorescently labeled cells in the IVD 
sections showed that the transfected MSC group has significantly higher fluorescent intensity than 
normal MSCs. The sections were stained for F-actin to visualize the cellular cytoskeleton, which showed 
that the DiI labeled implanted cells were stained with phalloidin, as evident by co-localization of red 
and green fluorescence in Figure 8. H and E staining of the degenerated intervertebral disc displayed 
complete shrinkage of the NP region with fissuring morphology at NP-AF interface compared to normal 
IVD. Cells surrounded by the matrix in healthy NP were not present in the degenerated IVD. 
Transfected MSC and iCPC transplanted IVD sections showed better cellularity than degenerated IVDs 
as shown in Figure 9. However, the partial deformity was observed in the MSC transplanted IVD 
sections. Alcian blue staining of IVDD showed negligible presence of glucosaminoglycans in the 
degenerated and MSC transplanted groups. In contrast, transfected MSC and iCPC transplanted IVDDs 
showed a significant amount of glucosaminoglycans as shown in Figure 9. Histological scoring showed 
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Figure 5 Expression of Sox-9 and Six-1 proteins in transfected human umbilical cord mesenchymal stem cells. Human umbilical cord 
mesenchymal stem cells transfected with Sox-9, Six-1 or both in combination (Sox-9 + Six-1) were cultured in the normal and chondro-induction media for 21 d. Cells 
were stained for the expression of Sox-9 and Six-1 proteins by immunocytochemical staining. Alexa fluor 488 labeled phalloidin was used to visualize F-actin of the 
cellular cytoskeleton. A, B: The expression of Sox-9 in Sox-9 and synergistic transfected group in normal and chondro-induction media, and their fluorescent 
intensities, respectively; C, D: The expression of Six-1 in Six-1 and synergistic transfected group in normal and chondro-induction media, and their fluorescent 
intensities, respectively. bP < 0.01 vs control; cP < 0.001 vs control.

that transfected MSCs better regenerated the IVD as compared to normal MSCs.

DISCUSSION
Discogenic pain arising from the degenerated intervertebral disc is considered one of the leading causes 
of chronic low back pain. Analgesics and physiotherapy are the only treatment options, which only 
reduce the symptoms; pathological progression of intervertebral disc degeneration cannot be precluded 
by these methods. A normal healthy disc is an avascular tissue with a consistent cell density of 5.5 × 103 
cells/mm3 that greatly reduces with age and injury. In disc degeneration morphology, the disc water 
content and matrix composition is significantly reduced[23]. Once the damage is initiated, it ultimately 
leads to cell loss in the nucleus pulposus region of the disc, which leads to deterioration as cartilage 
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Figure 6 Stemness of transfected human umbilical cord mesenchymal stem cells. A: After 21 d of in vitro culture in normal and chondro-induction 
media, transfected cells were immunocytochemically stained for the expression of mesenchymal stem cell (MSC) stemness marker Stro-1. Alexa fluor 546 labeled 
phalloidin was used to visualize F-actin of the cellular cytoskeleton. The nuclei were stained with DAPI; B: The fluorescent intensity of Stro-1 was quantified and 
showed the expression of Stro-1 protein. cP < 0.001 vs MSCs. iCPCs: Induced chondro-progenitor cells.

tissue has limited mending capability. Because cartilage in the intervertebral disc contributes to overall 
body movements and flexion, dysfunction in the disc prominently affects the body motions, including 
flexion and bending. It may cause severe back pain leading to a decline in the quality of life[24]. 
Recently, advances in understanding disc biology led to the interest in fixing the degeneration of disc by 
gene therapy combined with stem cells which may support the regeneration by overcoming the 
drawbacks of the self-renewal process[25].

This study was focused on determining the role of specific chondrogenic transcription factors Sox-9 
and Six-1 in differentiating the MSCs into chondrocytes in vitro. Transfected MSCs after transplantation 
were analyzed for their enhanced role in homing, production of the extracellular matrix, and 
regeneration of the degenerated intervertebral disc.
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Figure 7 Gene expression analysis of transfected human umbilical cord mesenchymal stem cells via quantitative polymerase chain 
reaction. A: Bar graphs with significant transcriptional expression of transforming growth factor beta-1 gene (TGFβ1), BMP, Sox-9, and Six-1 at 48 h post-
transfection; B, C: Significant expression of TGFβ1, BMP, Sox-9, and aggrecan observed at 21 d post-transfection shows long term sustainability in the expression 
pattern. However, the expression was time-dependent, Six-1 was significantly downregulated in both normal and chondro-induction media at day 21. aP < 0.05 vs 
control; bP < 0.01 vs control; cP < 0.001 vs control.

Human umbilical cord tissue was used as a source of MSCs. Cord explants were cultured, and MSCs 
were isolated and grown in culture. They were passaged to obtain a pure population and their prolif-
erative ability was analyzed. Further, cells showed typical spindle shape fibroblast-like morphology and 
positive expression of specific surface markers CD73, CD105, and Vimentin, as reported in other studies
[26]. Harvested cells also exhibited significant expression of Stro-1 marker. Since Stro-1 is a well 
reported MSC marker, once MSCs are differentiated, they lose its expression[27]. Stro-1 is not expressed 
in iCPCs[28], which is in agreement with our findings. The presence of MSC antigens CD73, CD105, and 
Vimentin were also confirmed by flow cytometric analysis, while CD45 which is a hematopoietic 
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Figure 8 Tracking of transplanted cells in rat intervertebral disc degeneration model. A: Tracking of the DiI-labeled normal and transfected 
mesenchymal stem cells (MSCs), and induced chondro-progenitor cells transplanted disc indicated the co-localization of red fluorescence originating from the DiI-
labeled cells and green fluorescence from Alexa fluor 488 labeled phalloidin (F-actin), confirming their distribution, and homing in the intervertebral discs; B: 
Fluorescence intensities of the group transplanted with transfected cells showed significantly high fluorescence compared to normal MSCs. aP < 0.05 vs MSCs; bP < 
0.01 vs MSCs. iCPCs: Induced chondro-progenitor cells.

marker was used as a negative control; similar observations were also reported previously[29,30]. 
Additionally, human umbilical cord cells showed great potential of differentiation into chondrocytes, 
adipocytes, and osteocytes[31]. The differentiated cells showed irregular, broad-shaped morphology 
and presence of proteoglycans for chondrocytes, calcium deposits for osteocytes, and lipid molecules for 
adipocytes. Successful in vitro multilineage differentiation proved that the isolated cells were MSCs. All 
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Figure 9 Histological examination of intervertebral disc. A: (A-G) Bright field imaging of intervertebral discs (IVDs) showing nucleus pulposus (NP) content 
of the healthy (Co6/7), and degenerated disc (Co5/6) treated with normal mesenchymal stem cells (MSCs), transfected MSCs, and induced chondro-progenitor cells 
(iCPCs) (Co5/6) IVDs, in each group. Bright-field microscopic images of IVDs were captured from the cryosections stained by hematoxylin and eosin; normal healthy 
disc, degenerated disc, and degenerated disc transplanted with normal MSCs, Six-1 transfected MSCs, Sox-9 transfected MSCs, iCPCs, and Sox-9 + Six-1 
transfected MSCs, respectively; B: (A-G) Bright-field microscopic images of IVDs were captured from the cryosections stained by Alcian blue displayed glycoproteins 
secreted by the transplanted cells compared to the degenerated disc; normal healthy disc, degenerated disc, and degenerated disc transplanted with normal MSCs, 
Six-1 transfected MSCs, Sox-9 transfected MSCs, iCPCs, and Sox-9 + Six-1 transfected MSCs, respectively; C: Histological grading with a score for regeneration. 
AF: Annular fibrosus.

these morphological, cytological, and biochemical properties were in agreement with previous studies 
and strongly favored the existence of a pure MSC population[32].

On day 21, the morphology of transfected cells showed a large, broad, and flat shape, similar to the 
morphology of iCPCs, unlike non-transfected MSCs that showed typical adult stem cell features. Similar 
morphological differences of Sox-9 transfected cells at different days were also reported in a prior 
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investigation[33]. We also observed that the differentiation of cells has significantly reduced the 
expression of Stro-1, compared to normal MSCs, in agreement with previous findings[28].

Gene expression dynamics of normal and transfected MSCs and MSCs induced to chondrocytes 
showed that the chondrogenic markers, Sox-9, Six-1, BMP, and TGFβ2 were significantly upregulated, 
indicating that the cellular differentiation towards chondrogenic lineage has been initiated. The mRNA 
expression is downregulated after sufficient protein expression is achieved or once the early induction 
into a particular lineage is initiated. Prior studies reported that the Six-1 mRNA expression is downreg-
ulated after few hours. On day 21, it did not show any change; however, the Six-1 protein was found to 
be at a significant level[34]. Transcription factors have been reported to induce differentiation in human 
umbilical cord derived MSCs (hUC-MSCs) into chondrocytes[35,37]. Sox-9 and Six-1 are well-
documented transcription factors to initiate chondrogenesis[38,39]. It has been found that overex-
pression of Sox-9 and Six-1 induced the transcription of BMP2, TGFβ1, Sox-9, and Six-1 after 48 h of 
transfection which efficiently directed the fate of MSCs towards chondrocytes[40]. In the differentiated 
cells, Six-1 expression downregulates, and aggrecan which is a late chondrogenesis marker, is reported 
to be upregulated[34,41]. Sox-9 and Six-1 triggered hUC-MSCs to undergo morphological changes and 
induce differentiation in MSCs[42].

To elucidate the effect of chondrogenic transcription factors, transfected MSCs, non-transfected 
MSCs, and iCPCs were analyzed for the regeneration of the intervertebral disc after 2 wk of tran-
splantation. Fluorescently labeled cells were tracked in the harvested disc with fluorescence microscopy, 
which showed that MSCs transfected with Sox-9 and Six-1, as well as the co-transfected MSCs, did better 
homing, integration, distribution, and differentiation into notochordal cell types and regenerated the 
degenerated disc. To analyze the potential of differentiated MSCs, a histological assessment was 
performed for cellularity and ECM and GAG content. H and E staining of the degenerated interver-
tebral disc displayed NP ossification, reduced cell density, and diminished extracellular matrix in the 
form of shrunken shape. It has been documented that in the degenerated disc, interconnection with AF 
is lost and fissuring manifestation in the NP area is prominent[43,44]. The disc transplanted with MSCs 
only exhibited slight improvement in preserving structural integrity. However, disc injected with 
transfected MSCs showed remarkable difference in contrast to the IVDD. The overall appearance 
resembled the normal intervertebral disc IVD morphology. Alcian blue staining showed significant 
amount of GAG content in the disc transplanted with transfected MSCs, which is in agreement with 
previous findings[10,45]. Additionally, xenogenic transplanted MSCs were selectively investigated by 
measuring specific chondrogenic markers which contribute to restore IVD integrity[46].

Tracking of labeled cells with DiI showed better survival, homing and integration of transfected hUC-
MSCs into the punctured rat model of IVDD. Regeneration of NP region showed better delivery of cells 
to the site of injury. Significantly, the effect of transfected cells on nucleus pulposus content was more 
noticeable than non-transfected hUC-MSCs. Immunohistochemistry revealed co-localized expression of 
Sox-9 and Six-1 with actin (used as internal control). Previous reports have shown similar findings that 
xenogenic MSCs home and integrate in the IVD[47,48]. The studies showed that the disc transplanted 
with genetically modified MSCs did home, survive, and were functionally active in the NP area[49].

The findings in the current study elucidated that gene modification or overexpression in stem cells 
has immense potential for the regeneration of degenerated disc, compared to normal MSCs. Genetically 
modified MSCs survived long and better regenerated the degenerated NP of the disc. The enforced 
expression of Six-1, Sox-9, and their synergistic (Six-1 + Sox-9) co-transfection enhanced the 
chondrogenic differentiation of human cord MSCs into chondrogenic lineage in the normal growth 
medium.

CONCLUSION
Overexpression of the chondrogenic transcription factors in hUC-MSCs accelerated their differentiation 
potential into chondroprogenitor cells. The synergistic effect of Sox-9 and Six-1 transcription factors led 
the MSCs to differentiate into chondrogenic cells in the basal medium and produced the same effect as 
the chondro-induction medium. The in vivo implantation of these transfected cells leads to their better 
homing, integration, and differentiation into NP cells of the IVD. Histological observation and grading 
score showed that cellular transplanted group significantly regenerated the degenerated disc. This 
approach could be further developed for treating DDD.

ARTICLE HIGHLIGHTS
Research background
Genetic manipulation is now considered the safest and promising approach in the field of regenerative 
medicine. Mesenchymal stem cells (MSCs) are the potential candidates for the clinical use of genetically 
engineered stem cells. They are non-immunogenic, proliferative, and possess multiple lineage differen-
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tiation potential. Gene modification of MSCs using chondrogenic transcription factors may lead to the 
use of this strategy to treat debilitating diseases related to cartilage.

Research motivation
Genetic modification of MSCs offers a competent source for the sustained translation of therapeutic 
proteins. Transfection of human umbilical cord derived MSCs (hUC-MSCs) using chondro-specific 
transcription factors may lead to enhance chondrogenesis and efficient regeneration of cartilage-related 
injuries.

Research objectives
The main objective of the study was to analyze the effect of transcription factors Sox-9 and Six-1 in 
chondrogenesis by transfecting them into hUC-MSCs and determining successful intervertebral disc 
(IVD) regeneration.

Research methods
MSCs were isolated from cord tissue and characterized using their specific markers. MSCs were 
transfected using transcription factors Sox-9 and Six-1. Cell differentiation was analyzed at the transcrip-
tional and translational levels, while the regeneration potential of transfected MSCs was observed by 
transplanting them into the degenerated rat IVD model. Post-transplantation histology and cell tracking 
analysis were performed to evaluate cartilage regeneration.

Research results
In vitro analysis showed that transcription and translation of chondrogenic markers were significantly 
higher in transfected MSCs at 24 h, and 21 d in comparison to control MSCs. Transfected MSCs at the 
site of degenerated IVD differentiated into chondrocytes which secreted chondro-proteins. The cells 
homed and regenerated the injured cartilage as that of normal cartilage, as evident from immunohisto-
logical and histological analyses.

Research conclusions
Genetic modification of hUC-MSCs with two chondrogenic transcriptional factors Sox-9 and Six-1 
enhances their chondrogenic differentiation. Their synergistic effect on MSCs accelerated the 
regeneration of degenerated cartilage with complete restoration of tissue architecture.

Research perspectives
The present manuscript offers a promising therapeutic approach to revolutionize the treatment of 
cartilaginous defects and spinal cord injuries. The outcomes discussed in this study accentuates the 
advances towards the clinical translation of such approaches.
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Abstract
BACKGROUND 
Extracellular vesicles (EVs) derived from hypoxia-preconditioned (HP) 
mesenchymal stem cells (MSCs) have better cardioprotective effects against 
myocardial infarction (MI) in the early stage than EVs isolated from normoxic 
(NC)-MSCs. However, the cardioprotective mechanisms of HP-EVs are not fully 
understood.

AIM 
To explore the cardioprotective mechanism of EVs derived from HP MSCs.

METHODS 
We evaluated the cardioprotective effects of HP-EVs or NC-EVs from mouse 
adipose-derived MSCs (ADSCs) following hypoxia in vitro or MI in vivo, in order 
to improve the survival of cardiomyocytes (CMs) and restore cardiac function. 
The degree of CM apoptosis in each group was assessed by the terminal 
deoxynucleotidyl transferase dUTP nick end-labeling and Annexin V/PI assays. 
MicroRNA (miRNA) sequencing was used to investigate the functional RNA 
diversity between HP-EVs and NC-EVs from mouse ADSCs. The molecular 
mechanism of EVs in mediating thioredoxin-interacting protein (TXNIP) was 
verified by the dual-luciferase reporter assay. Co-immunoprecipitation, western 
blotting, and immunofluorescence were performed to determine if TXNIP is 
involved in hypoxia-inducible factor-1 alpha (HIF-1α) ubiquitination and 
degradation via the chromosomal region maintenance-1 (CRM-1)-dependent 
nuclear transport pathway.

https://www.f6publishing.com
https://dx.doi.org/10.4252/wjsc.v14.i2.183
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RESULTS 
HP-EVs derived from MSCs reduced both infarct size (necrosis area) and apoptotic degree to a 
greater extent than NC-EVs from CMs subjected to hypoxia in vitro and mice with MI in vivo. 
Sequencing of EV-associated miRNAs showed the upregulation of 10 miRNAs predicted to bind 
TXNIP, an oxidative stress-associated protein. We showed miRNA224-5p, the most upregulated 
miRNA in HP-EVs, directly combined the 3’ untranslated region of TXNIP and demonstrated its 
critical protective role against hypoxia-mediated CM injury. Our results demonstrated that MI 
triggered TXNIP-mediated HIF-1α ubiquitination and degradation in the CRM-1-mediated nuclear 
transport pathway in CMs, which led to aggravated injury and hypoxia tolerance in CMs in the 
early stage of MI.

CONCLUSION 
The anti-apoptotic effects of HP-EVs in alleviating MI and the hypoxic conditions of CMs until 
reperfusion therapy may partly result from EV miR-224-5p targeting TXNIP.

Key Words: Extracellular vesicles; Myocardial infarction; Mesenchymal stem cells; Hypoxia precon-
ditioning; Thioredoxin-interacting protein; Hypoxia-inducible factor 1 alpha

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

Core Tip: Extracellular vesicles (EVs) from adipose-derived mesenchymal stem cells treated with hypoxia 
preconditioning improve tolerance toward myocardial infarction or hypoxic conditions and alleviate the 
degree of cardiomyocyte apoptosis until reperfusion therapy. The anti-apoptotic effects may result from 
EV miR-224-5p targeting thioredoxin-interacting protein (TXNIP) and subsequent TXNIP-mediated 
hypoxia-inducible factor-1 alpha ubiquitination and degradation via the chromosomal region maintenance-
1-mediated nuclear transport pathway.

Citation: Mao CY, Zhang TT, Li DJ, Zhou E, Fan YQ, He Q, Wang CQ, Zhang JF. Extracellular vesicles from 
hypoxia-preconditioned mesenchymal stem cells alleviates myocardial injury by targeting thioredoxin-interacting 
protein-mediated hypoxia-inducible factor-1α pathway. World J Stem Cells 2022; 14(2): 183-199
URL: https://www.wjgnet.com/1948-0210/full/v14/i2/183.htm
DOI: https://dx.doi.org/10.4252/wjsc.v14.i2.183

INTRODUCTION
Myocardial infarction (MI) is an acute and fatal cardiovascular disease triggered by coronary occlusion, 
resulting ischemia-hypoxia of myocardial cells[1]. Despite significant progress in surgical treatment and 
medical therapy, MI remains remains a major cause of morbidity and mortality in clinical practice[2]. 
During the early period of MI, apoptosis is the predominant form of cardiomyocyte (CM) death[3]. 
However, if reperfusion therapy cannot be initiated in time to restore blood flow, initial apoptosis 
transitions into passive and irreversible necrosis[4]. Hence, patients with MI gain the greatest benefit 
from early intervention.

The molecular mechanisms underlying MI involve a double hit-related injury in CMs resulting from 
ischemia, hypoxia, and subsequent reoxygenation with reperfusion in infarcted tissue[5]. Sustained 
hypoxia and excessive mitochondrial reactive oxygen species (mROS) production are common triggers 
of myocardial apoptosis during early MI, which occur after the apoptosome activates caspase-3[6,7]. In 
addition, mROS and hypoxia-mediated upregulated thioredoxin-interacting protein (TXNIP)[8] interact 
with von Hippel–Lindau protein (pVHL) and hypoxia-inducible factor-1 alpha (HIF-1α) to promote the 
hypoxia-independent nuclear export and degradation of HIF-1α, hence weakening myocardial tolerance 
to hypoxia and eliciting anti-inflammatory responses[9]. The consequent activation of TXNIP and 
weakened tolerance to hypoxia both contribute to the larger number of CMs undergoing apoptosis and 
necrosis, which are difficult to reverse during the period from MI onset to reperfusion therapy[10]. 
Thus, due to CMs that are terminally differentiated and non-regenerative cells, the more CMs that die 
during the period before reperfusion, the worse the prognosis of MI[11]. Accordingly, despite some 
mechanisms remaining obscure, interference on TXNIP have been demonstrated to protect myocardial 
cells from hypoxic vulnerability, programmed death, and myocardial stunning caused by ischemia[12-
14].

Mesenchymal stem cells (MSCs) are a heterogeneous population of multipotent stem cells, 
progenitors, and differentiated cells that are existed in most stromal tissues. MSCs possess immunoreg-
ulation effects and the function of remaining internal environment stabilization and cell repair. The 
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above-mentioned characteristics have become a cornerstone of the development of several potential 
therapeutic applications of MSCs, among which extracellular vesicles (EVs) derived from MSCs are the 
most promising[15,16]. EVs are cell-derived membranous particles, which contains membranous 
structures of 30-2000 nm in diameter, which are packaged and secreted by most types of cells, including 
MSCs, and microorganisms[17]. EVs mainly include exosomes and microvesicles which can regulate 
intracellular signal transduction by delivering proteins, mRNAs, and microRNAs (miRNAs) to targeting 
cells and tissues. EV carries homologous molecules from the mother cells and can adjust the biological 
functions of target cells, tissues, and organs, including differentiation, proliferation, migration, 
secretion, and death[18,19]. In turn, changes in the microenvironment and physiological state of EV-
derived cells may influence the EV contents and their biological functions. Furthermore, a prevailing 
view is that the cellular origin of EVs significantly qualifies their biological function[20,21]. Accordingly, 
EVs derived from MSCs have potential in cardioprotection[22]. Thus, we determined if a precondi-
tioned method would improve the cardioprotective effects of EVs derived from MSCs.

Because hypoxia preconditioning can enhance and strengthen the tolerance and adaptability of CMs 
to an anoxic environment, inflammation, and oxidative stress[23,24], the cardioprotective mechanism of 
EVs derived from hypoxia-preconditioned MSCs (HP-EVs) has not been fully elucidated in previous 
studies. We hypothesized that HP-EVs can protect CMs from ischemia and hypoxia much more 
effectively than EVs derived from normoxic MSCs (NC-EVs). For this purpose, EVs were extracted from 
mouse adipose-derived mesenchymal stem cells (ADSCs) which were pretreated with either normoxia 
or hypoxia preconditioning. Cardiac protection effects of HP and NC-EVs were measured in vitro and in 
vivo. Additionally, we explored the molecular, morphologic and phenotypic changes with regard to MI-
triggered apoptosis in CMs and revealed the potential role for hypoxia-induced, EV-associated miRNAs 
in CM survival.

MATERIALS AND METHODS
MI and reperfusion mouse model
All animal care and procedures were approved by the Shanghai Ninth People’s Hospital Institutional 
Ethics Committee (Shanghai, China). Animal experimental procedures were strictly performed and 
followed Directive 2010/63/EU. Eight-week-old male C57BL/6 mice were purchased from Shanghai 
Jessie Experimental Animal Co., Ltd. (Shanghai, China). Mice were fed standard mouse chow and water 
ad libitum under specific pathogen-free conditions (20-24 °C, 50%-60% humidity). All invasive 
procedures were performed under anesthesia. An anesthesia box with 2.5% isoflurane (RWD Life 
Science Co., Ltd., Shenzhen, China) was used to induce anesthesia for 3 min, and thereafter an animal 
anesthetic mask with 1.5%-2.0% isoflurane was administered in the anesthesia maintenance stage. 
Excess carbon dioxide inhalation was applied for euthanasia. A total of 80 healthy wild-type (WT) 
C57BL/6 male mice (20-24 g) were used for the experiments. The MI model was established as 
described by Gao et al[25]. Briefly, the left coronary artery (LCA) was ligated with a slipknot for 30, 60, 
120, 240, and 480 min to establish a time-myocardial injury relationship. Then, the slipknot was released 
to achieve reperfusion therapy. Successful MI was confirmed based on dynamic electrocardiograph 
changes (ST-segment elevation). Sham-operated mice underwent the same procedure, with the 
exception that the left knot on the LCA was loosened.

Transthoracic echocardiography
Echocardiography was performed to assess (M mode) ejection fraction (EF) and fractional shortening 
(FS) in three sequential cardiac cycles on the third day after MI surgery using echocardiography (Vevo 
770 High-Resolution Imaging System; Visualsonics Inc., Toronto, Canada).

Evaluation of area at risk and infarct size
At 12 h after loosening the knot on the LCA, the chest wall was re-opened under 1.5-2% isoflurane 
anesthesia to expose the heart. Then, the LCA was re-ligated and the aortic arch was clipped. Next, 1% 
Evans Blue [normal saline (NS) as the solvent] was retrogradely injected through the ascending aorta, 
and the aortic arch was clipped until the non-infarction area turned blue. Then, the heart was removed 
and harvested, washed in NS, and sliced horizontally (parallel to the short axis of the heart) below the 
level of ligation. Each piece was approximately 1 mm thick. All tissue pieces were immediately 
incubated in 1.5% 2,3,5-triphenyltetrazolium chloride (TTC) for 20 min at 37 °C [phosphate-buffered 
saline (PBS) as the solvent]. The infarct area and area at risk (AAR) zone were calculated by Image-Pro 
Plus 6.0 software. Infarct size (IS)/AAR × 100% and AAR/left ventricle (LV) area × 100% were assessed.

Isolation and culture of mouse ADSCs
ADSCs were isolated from the adipose tissue of C57BL/6 mice as previously described[26]. The charac-
terization of ADSCs was performed by flow cytometry analyses of cluster of differentiation 34 (CD34), 
CD105, and CD106 (negative controls) and CD29, CD45, and CD90 (positive cell surface markers).
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Isolation and culture of neonatal mouse CMs
Primary neonatal mouse CMs were extracted from approximately 150 1-day-old neonatal C57BL/6 mice 
as previously described[27]. Briefly, 75% ethanol solution was used to disinfect the neonatal mice for no 
more than 1 min. Then, chests were opened with the hearts quickly clipped, cut into pieces 
(approximate volume of 1 mm3), and placed in PBS at 4 °C. The tissues were digested in 0.125% trypsin 
and 0.0075 g/mL collagenase IV diluted in PBS [without fetal bovine serum (FBS)] at 4 °C overnight. 
The supernatant was collected and centrifuged at 200 × g for 5 min. Then, the tissues and cells were 
resuspended and cultured in complete medium [Dulbecco’s Modified Eagle Medium (DMEM)-high 
glucose containing 5% FBS at 37 °C, 5% CO2] for 2 h to induce fibroblast attachment before CMs. The 
remaining supernatant (only containing CMs) was plated in new 2-cm dishes at a density of 1 × 106 

cells/mL for a subsequent study. α-actinin staining was applied to identify the purity of the CMs. See 
Figure 1A for a flow chart of the isolation procedures for ADSCs and CMs.

In vitro CM hypoxia model
An in vitro model of mouse CM hypoxia was established by incubating cells in oxygen-free, low-glucose 
DMEM in a controlled atmosphere (5% CO2, 95% N2) for 2 h. Then, the incubation conditions were 
converted to normoxia FBS-free medium for 12 h. After treatment, the myocardial cells were collected 
and analyzed.

Hypoxic preconditioning of ADSCs 
ADSCs were seeded in complete medium (DMEM/F12 with 10% EV-free FBS) for 24 h. Oxygen-free 
DMEM/F12 medium previously incubated overnight with 100% N2 was prepared in advance. Hypoxic 
preconditioning was performed by exposing the cells to five cycles of hypoxia (60 min in oxygen-free 
DMEM/F12 medium and 5% CO2, 95% N2 cultured atmosphere) with intermittent reoxygenation (30 
min in normal oxygen-containing DMEM/F12 medium and 5% CO2, 75% N2, 20% O2 cultured 
atmosphere) in a hypoxic chamber (Forma-1025 Anaerobic System; Thermo Fisher Scientific, Waltham, 
MA, United States). After hypoxic preconditioning, ADSCs were cultured in serum-free DMEM/F12 
medium in a normoxic environment (5% CO2), and the supernatant was collected for EV extraction after 
24 h.

Isolation and characterization of EVs
EVs were extracted from cultured ADSCs (approximately 107 per dish) in the absence or presence of 
exposure to hypoxic preconditioning by differential velocity centrifugation. Briefly, the cell culture 
supernatant was centrifuged at 2,000 × g for 30 min at 4 °C to remove cell debris. Then, the supernatant 
was collected and centrifuged at 100000 × g for 70 min to precipitate the EVs. The supernatant was 
discarded to remove contaminating proteins and EVs were re-suspended in PBS. Size distribution and 
concentration of the EVs were determined using the NanoSight NS300 Instrument (Malvern 
Instruments, Malvern, United Kingdom), and EV morphology was assessed by transmission electron 
microscopy (TEM). Expression of the EV surface markers [tumor susceptibility gene 101 (TSG101), 
CD63, CD81] was detected by western blotting.

EV injections
Eighty mice were randomly divided into the following four groups (n = 20 each): sham (no MI, control), 
MI, NC-EV (NC-EVs plus MI), and HP-EV (HP-EVs plus MI), which ensured a sample size of more than 
five mice per assay. In the NC-EV and HP-EV groups, EVs were administered at a dose of 1 μg/1 g body 
weight via injecting into the border zone of the infarcted heart at three sites immediately post-MI 
surgery.

Confirmation of EV uptake by CMs
EVs were labeled with PKH26 (Cat. MINI26; Sigma-Aldrich, St. Louis, MO, United States), and mouse 
CMs were labeled with phalloidin (Cat. A12379s; Thermo Fisher Scientific). Then, 500 μL EV solution 
was stained with 5 mL PKH26 and added to a culture of CMs, EVs, and cells followed by a 2-h 
incubation to allow endocytosis by mouse CMs. The CMs were washed three times with PBS and then 
fixed in 4% paraformaldehyde for 20 min, after which the nucleus was stained with Hoechst. An 
inverted microscope was used to detect the EVs phagocytized in the CMs.

Cell transfection
HEK 293T cells were transfected with miR-224-5p mimics and the TXNIP dual-luciferase plasmid 
(Ribobio, Shanghai, China). H9c2 CMs stably overexpressing TXNIP and TXNIP-L294A mutant were 
established by lentivirus (synthesis by ZoRin, Shanghai, China). ADSCs overexpressing miR-224 and 
miR224-negative control (NC) were infected with adeno-associated virus (AAV) containing the miR-224 
or miR-224-NC sequence (RiboBio), and miR-224 was knocked out by CRISPR/Cas9 in ADSCs 
(RiboBio).



Mao CY et al. EV miR-224-5p alleviates myocardial injury

WJSC https://www.wjgnet.com 187 February 26, 2022 Volume 14 Issue 2

Figure 1 Identification of adipose-derived mesenchymal stem cells and neonatal mouse cardiomyocytes. A: Flow chart of extracellular vesicles 
and neonatal mouse cardiomyocyte (CM) isolation; B: Characterization of adipose-derived mesenchymal stem cells (ADSCs) was performed by flow cytometry 
analyses of cluster of differentiation 34 (CD34), CD105, and CD106 (negative controls) and CD29, CD45, and CD90 (positive cell surface markers); C: Identification 
of neonatal mouse CMs, which were specifically stained with α-actinin. CM: Cardiomyocyte; ADSC: Adipose-derived mesenchymal stem cells; CD: Cluster of 
differentiation.

Dual luciferase reporter assay
First, miR-224-5p mimics and PGL3 Luciferase plasmids containing WT, NC, or mutated TXNIP 3’-
untranslated region (3’-UTR) sequences were co-transfected in HEK 293T cells, which were cultured in 
24-well plates and co-transfected at approximately 70% confluence. After 12 h, the cells were re-cultured 
in 96-well luciferase assay plates. The ratio of firefly to Renilla luciferase activity was detected after 36 h 
using the Dual-GLOTM Luciferase Assay System (Cat. E2920; Promega, Madison, WI, United States).

Quantitative polymerase chain reaction and western blotting
We used the RNAiso Plus extraction reagent (Cat. 9108; Takara, Dalian, China) to extract EV-associated 
RNA. Stem-loop primers (Ribobio Biotech) were used to generate the cDNA of miRNA. The cDNA was 
amplified by SYBR green-based quantitative polymerase chain reaction (qPCR). U6 small nuclear RNA 
was used as the internal control. Cardiac tissues and CM protein were extracted using radioimmuno-
precipitation assay buffer. TSG101, CD63, CD81, TXNIP, HIF1, and ubiquitin antibodies were supplied 
by Abcam (Cambridge, MA, United States); α-tubulin was supplied by Cell Signaling Technology 
(Danvers, MA, United States).

Statistical analyses
SPSS 19.0 software was used for the data analyses (IBM Corp., Armonk, NY, United States). Whether the 
data fit the normal distribution was assessed by the Shapiro-Wilk test. Categorical variables were 
analyzed by the Pearson’s chi-square test (n ≥ 5) or Fisher’s exact test (n < 5) with subsequent multiple 
comparisons using Bonferroni correction. One-way analysis of variance with subsequent post-hoc 
multiple comparisons test (Student-Newman-Keuls test) was applied for continuous variables. The 
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Kruskal–Wallis test was applied for nonparametric testing of multiple independent samples, and a 
Dunn-Bonferroni test used for post-hoc comparisons.

RESULTS
Characterization of ADSCs, ADSC-derived EVs, and mouse CMs
ADSCs isolated from mouse adipose tissue were identified by using cell surface markers of stem cells. 
The positive cell surface markers were CD29, CD45, and CD90 which demonstrated positive expression 
(> 95%) in flow cytometry assessment. Likewise, negative cell surface markers(CD34, CD105, and 
CD106) revealed low/negative expression (Figure 1B). Subsequently, neonatal mouse CMs were 
identified via α-actinin staining (Figure 1C). Sequential supercentrifugation was adapted to gain EVs 
from supernatant of ADSCs. TEM and the NanoSight Instrument were applied to verify the isolated EVs 
(Figure 2A and B). Results showed that the isolated EVs had a average diameter of 115 nm. Western blot 
assay revealed that EVs expressed three EV-associated markers: CD63, CD81, and TSG101 (Figure 2C). 
CMs’ endocytosis of EVs was verified by PKH26-stained EVs detected via fluorescence microscopy 
(Figure 2D).

HP-EVs reduce myocardial injury in the early stage of MI and hypoxia
To access the temporal relationship of HP-EV cardioprotective effects in vitro and in vivo, MI models 
were established and LCAs were ligated for 0.5, 1, 2, 4, and 8 h followed by reperfusion for 12 h. Evans 
Blue/TTC staining was used to evaluate the area of viable myocardium in the HP-EV and MI groups in 
vivo (Figure 3A). The results demonstrated that, within the first 2 h, HP-EVs contributed to significant 
cardiomyocyte survival compared to the MI group, which peaked after 1 h of LCA ligation followed by 
12 h of reperfusion (HP-EVs vs MI; P = 0.0021). Similarly, the Cell Counting Kit-8 assay was used to 
study the temporal relationship of HP-EV cardioprotective effects in vitro (Figure 3B). Neonatal mouse 
CMs were exposed to hypoxic conditions for 0.5, 1, 2, 4, and 8 h followed by 12 h of reoxygenation. CMs 
treated with HP-EVs showed significant cardioprotective effects against hypoxia compared to the 
control group, which peaked at 2 h (HP-EV vs hypoxia-CMs; P = 0.0009) and decreased with a 
prolonged period of hypoxia. Thus, 2-h hypoxia in vitro and 1-h MI in vivo were applied to subsequent 
experiments.

HP-EVs fail to alleviate myocardial injury in CMs subjected to a long period of hypoxia
We evaluated the cardioprotective effects of HP-EVs in improving heart function and alleviating the 
degree of CM apoptosis after a long period of hypoxia and ischemia (8 h of hypoxia for CMs and 8 h of 
LCA ligation in mice). The cardioprotective effects of HP-EVs did not reduce apoptosis nor improve 
heart function after a long period of hypoxia or ischemia (P = 0.400 and P = 0.7136 for CM apoptosis in 
vitro, Figure 4A and B; P = 0.1519 for myocardial apoptosis in vivo, Figure 4C; P = 0.486 for EF% and P = 
0.785 for FS%, Figure 4D). These results indicated that the cardioprotective effects of HP-EVs might 
decrease with prolonged ischemia or hypoxia. Thus, in the case of late-stage apoptosis and irreversible 
necrosis induced by protracted and prolonged ischemia or hypoxia, ADSC-derived EVs (ADSC-EVs) 
contribute little to ameliorating myocardial injury, which is consistent with our conventional 
understanding that patients with MI gain the greatest benefit from early intervention.

ADSC-EVs reduce apoptosis in CMs subjected to hypoxia
To determine the anti-apoptotic effects of ADSC-EVs in preventing or attenuating MI-triggered 
apoptosis in CMs, apoptosis assays were performed by the Annexin V/PI, terminal deoxynucleotidyl 
transferase dUTP nick end-labeling (TUNEL), and caspase-3 activation assays in cultured neonatal 
mouse CMs subjected to hypoxia and were exposed to NC-EVs or HP-EVs prior to hypoxia. As is 
revealed in Figure 5A, pretreatment with NC-EVs decreased the apoptotic rate of CMs [P = 0.0021 
compared to the hypoxia/reoxygenation (H/R) group]. However, the downregulation of apoptosis was 
significantly higher after exposure to HP-EVs (P = 0.0080 compared to NC-EVs). Over again, the 
cardioprotective effects were significantly greater in HP-EV-treated cells as determined by the TUNEL 
assay (P = 0.0001 compared to the H/R group; P = 0.0291 compared to NC-EVs) (Figure 5B). Meanwhile, 
as shown in Figure 5C, caspase-3 activation assays demonstrated a reduced trend in the enzymatic 
activity of caspase-3 after CM treatment with ADSC-EVs, with HP-EVs eliciting more significant anti-
apoptotic effects (P = 0.0001 compared to the H/R group; P = 0.0001 compared to NC-EVs).

ADSC-EVs ameliorate myocardial damage in a mouse model of MI 
To assess cardioprotective effects in alleviating MI-triggered myocardial injury of ADSC-EVs in vivo, in 
situ apoptosis was evaluated in infarct tissues by the TUNEL assay. Figure 6A demonstrates that the 
degree of in situ apoptosis was significantly improved in the NC-EV and HP-EV groups. Moreover, the 
HP-EV group had a greater ameliorative apoptotic rate than the NC-EV group. Cardiac IS and AAR 
were evaluated in ischemic myocardium injected with ADSC-EVs post-MI models establishment. As is 
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Figure 2 Identification of extracellular vesicles. A: Transmission electron microscopy characterization of extracellular vesicles (EVs); B: Size distribution by 
intensity was detected using the NanoSight Instrument; C: EV biomarkers cluster of differentiation 63 (CD63), CD81, and tumor susceptibility gene 101 were identified 
by western blotting of adipose-derived mesenchymal stem cell (ADSC)-derived EVs and ADSCs; D: EV tracer assay was used to identify exosomes phagocytosed by 
cardiomyocytes. ADSC: Adipose-derived mesenchymal stem cell; EV: Extracellular vesicles.

revealed in Figure 6B, among the sham, MI, NC-EV, and HP-EVs groups, AAR/LV values were similar 
(LCA was re-ligated prior to Evans Blue staining to calculate the AAR/LV values). Significantly, the 
NC-EV and HP-EV groups showed markedly mitigated post-MI IS compared to the ischemia-
reperfusion (IR) group. Once again, HP-EV group demonstrated a conspicuously mitigated IS region 
(NC-EV vs IR, P = 0.0115; HP-EV vs NC-EV, P = 0.0213).

ADSC-EVs improve cardiac function after MI reperfusion injury
Echocardiography on Day 3 post-MI revealed that EF and LV fractional shortening were markedly 
turned better of cardiac systolic function that treated with ADSC-EVs (Figure 6C), particularly HP-EVs 
(EF Day 3: NC-EVs vs IR, P = 0.022; HP-EVs vs NC-EVs, P = 0.030; FS Day 3: NC-EVs vs IR, P = 0.031; 
HP-EVs vs NC-EVs, P = 0.017).

Hypoxia preconditioning upregulates miR-224-5p, a potential TXNIP regulator, in ADSC-EVs
To discover the molecular mechanism of much more significant cardioprotective effects of HP-EVs 
against ischemia and hypoxia-induced CMs damage, sequencing analysis was applied to reveal nucleic 
acid molecular (miRNA) expression differences between NC-EVs and HP-EVs. The result of sequencing 
detected 88 miRNAs expression differences between HP-EVs and NC-EVs. Further analysis revealed 10 
of them were potentially predicted to bind with TXNIP by the TargetScan and miRanda algorithms in 
the Encyclopedia of RNA Interactomes database (Figure 7A). The expression differences of these 
miRNAs were verified by quantitative polymerase chain reaction (Figure 7A). Then we chose miR-224-
5p as candidate for further study for its most markedly upregulated expression among the 10 miRNAs 
in HP-EVs. In the follow-up verification work we used the dual-luciferase reporter assay to determine 
that miR-224-5p directly bind to TXNIP WT-3’-UTR region of its mRNA to inhibit translation process of 
TXNIP (P = 0.0026; Figure 7B).

ADSC-EV miR-224-5p ameliorates HIF-1α degradation and hypoxia-induced CM apoptosis by 
targeting TXNIP
To assess whether ADSC-EV miR-224-5p can attenuate the degradation of HIF-1α and hypoxia-induced 
apoptosis in CMs by inhibiting TXNIP, we established AAV-miR-224 ADSCs and ADSCs with miR-224 
knocked out to obtain miR-224-5p overexpressing EVs and miR-224-5p knockout EVs, respectively. 
TXNIP, HIF1-αexpression level and apoptotic degree of CMs were evaluated on hypoxia-treated 
neonatal mouse CMs pre-processed with EVs derived from ADSCs, ADSCs overexpressing miR-224, 
and ADSCs with miR-224 knocked out by CRISPR/Cas9. As shown in Figure 7C, pre-treatment with 
EVs derived from ADSCs overexpressing miR-224 Led to the significant suppression of TXNIP 
expression relative to NC-ADSCs (P = 0.0006) and increase in HIF-1α expression (P < 0.0001). In EVs 
derived from ADSCs with miR-224 knocked-out, TXNIP expression was not inhibited (P = 0.0018) and 
HIF-1α expression was decreased (P = 0.0002) compared to the NC group. Furthermore, Annexin V/PI 
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Figure 3 Evaluation of the temporal relationship of the cardioprotective effects of hypoxia-preconditioned extracellular vesicles. A: 
Temporal relationship of the cardioprotective effects of hypoxia-preconditioned extracellular vesicles (HP-EVs) in vivo. Myocardial infarction (MI) models were 
established with left coronary artery ligation for 0.5, 1, 2, 4, and 8 h followed by 12 h of reperfusion. Evans Blue/2,3,5-triphenyltetrazolium chloride staining was used 
to evaluate the area of viable myocardium in the HP-EV and MI groups (n = 5); B: Temporal relationship of the HP-EV cardioprotective effects in vitro. Hypoxia injury 
models were established for 0.5, 1, 2, 4, and 8 h of hypoxia followed by 12 h of reoxygenation. Cell Counting Kit-8 assay was used to evaluate the cell survival rate in 
the HP-EV and hypoxia groups (x axis was time of hypoxia, y axis was the value of absorbance of experimental/control group, which reflected the survival rate of cells 
in the experimental condition; n = 5). The arrows indicate the most significant difference, and the corresponding time points were adopted for subsequent research. 
MI: Myocardial infarction; HP-EV: Hypoxia-preconditioned extracellular vesicles.

staining indicated, as expected, a significant improvement in apoptosis in CMs treated with miR224-5p-
overexpressing EVs compared to NC-EV-treated cells (P = 0.0002; Figure 7D). This effect was sig-
nificantly reversed by miR-224-5p knockout EVs compared to the NC group (P = 0.0059).

TXNIP regulates the ubiquitination of HIF-1α in a chromosomal region maintenance-1-dependent 
manner
TXNIP binds to the β-domain of pVHL and promotes the degradation of HIF1α independently of 
hypoxia. A functional nuclear export signal (NES) in the chromosomal region maintenance-1 (CRM-1)-
binding site (Leu294) of TXNIP is important for the formation of the TXNIP-pVHL-HIF-1α complex[9]. 
To further explore the mechanism by which TXNIP regulates HIF-1α degradation in CMs, TXNIP-
overexpressing and TXNIP L294A mutant H9c2 cell lines were established (Cyagen Biosciences, 
Guangzhou, China). Our results demonstrated that the nuclear expression of HIF-1α was abolished in 
TXNIP-overexpressing cells in hypoxia. In TXNIP L294A mutant cells, the nuclear expression of HIF-1α 
was recovered. After treatment with leptomycin B, which specifically blocks CRM1-dependent nuclear 
export and is extensively used to investigate this process, TXNIP-induced HIF-1α degradation was 
inhibited (Figure 8A). Western blot analysis revealed that TXNIP induced the degradation of HIF-1α in 
H9c2 CMs in the presence and absence of hypoxia (Figure 8B). Moreover, the increased ubiquitination 
of HIF-1α induced by overexpressed TXNIP was detected (Figure 8C and D). However, this effect was 
not detected in TXNIP L294A mutant cells, which indicated that, as a functional NES binding site of 
CRM-1 in TXNIP, TXNIP-mediated ubiquitination and degradation of HIF-1α by the proteasome might 
be dependent on CRM-1-mediated nuclear transport and stabilization.

DISCUSSION
EVs are biocompatible, high-tissue penetrating, nano-sized secreted vesicles containing many types of 
biomolecules, including proteins, RNAs, DNAs, lipids, and metabolites. Their low immunogenicity and 
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Figure 4 Cardioprotective effects of hypoxia-preconditioned extracellular vesicles after long periods of hypoxia and ischemia. A: Degree of 
in situ apoptosis of cardiomyocytes (CMs) in hypoxia and hypoxia-preconditioned extracellular vesicle (HP-EV) groups after a long period (8 h) of hypoxia followed by 
12 h of reoxygenation, as determined by the terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) assay (n = 5); B: Degree of CM apoptosis in the 
hypoxia and HP-EVs groups after a long period (8 h) of hypoxia followed by 12 h of reoxygenation, as determined by flow cytometry (n = 5); C: Degree of in situ 
apoptosis of CMs in the myocardial infarction (MI) and HP-EVs groups after a long period of MI [left coronary arteries (LCAs) were ligated for 8 h followed by 12 h of 
reperfusion], as determined by the TUNEL assay (n = 5); D: Echocardiography was used to examine the heart function of the MI and HP-EVs groups on Day 3 after a 
long period of MI (LCAs were ligated for 8 h followed by 12 h of reperfusion); ejection fraction and fractional shortening were detected (n = 5). MI: Myocardial 
infarction; HP-EV: Hypoxia-preconditioned extracellular vesicles.

ability to functionally modify recipient cells by transferring diverse bioactive constituents make them an 
excellent candidate for a next-generation drug delivery system[20,28,29]. Despite the tremendous 
achievements, clinical application of EVs remains challenging for the following reasons. There is no 
universally accepted gold standard for EVs extraction methods to meet clinical application, biosafety 
concerns regarding editing and modification of EVs, and the question of whether long-term clinical use 
of EVs could produce unacceptable side effects has not been resolved[30,31]. Thus, the goal of this study 
was to improve the therapeutic efficacy of MSC-derived EVs against MI-induced CM death by using a 
safe hypoxia preconditioning method in vitro, and to explore the mechanisms of the protective effects of 
EVs.

The idea of hypoxia preconditioning of ADSCs came from remote ischemic preconditioning (RIPC), 
which is a novel method where ischemia followed by reperfusion of one organ is believed to protect 
remote organs either due to release of biochemical messengers in the circulation or activation of nerve 
pathways, resulting in release of messengers that have a protective effect[32]. With regard to the 
underlying mechanism of RIPC in cardioprotection, whether such preconditioning efficacy may 
extended application in vitro to provide a promising treatment by using EVs generated by ADSCs 
exposure to hypoxia preconditioning[33]. For example, EVs generated by HP MSCs were adapted to 
improve traumatic spinal cord injury via its paracrine mechanisms and unfolded a myocardium preser-
vation effect against ischemia-reperfusion injury[34,35]. Thus, we proposed to explore whether an in 
vitro RIPC process can change contents of EVs derived from ADSCs to strengthen its intrinsical 
cardioprotective potential. Our results revealed that HP-EVs elicited more significant inhibiting effect of 
MI-triggered CM death than NC-EVs. Notably, HP-EVs were changed its contained miRNA expression 
(88 miRNA) after ADSCs exposure to preconditioning, 10 of these upregulated miRNA are putative 
regulators of inflammasome activation based on the predicted binding affinity for TXNIP. We focused 
on the most upregulated miRNA (i.e. miR-224-5p) and verified both direct binding to TXNIP and a 
critical role for this interaction in the inhibition of MI-induced CM death.

Additionally, our results also objectively illustrated the fact that the timely opening of the infarction 
vessels and reducing the apoptosis of CMs during MI are equally crucial. Once delayed treatment 
occurs, CMs would change from a reversible injury state to necrosis, apoptotic necrosis, fibrous tissue 
replacement, and eventually to ventricular remodeling, which is often irreversible. Hence, for the 
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Figure 5 Hypoxia-preconditioned extracellular vesicles alleviated hypoxia/reoxygenation-induced apoptosis in vitro. A: Degree of 
cardiomyocyte (CM) apoptosis in control, hypoxia, normoxic extracellular vesicle (NC-EV), and hypoxia-preconditioned EV (HP-EV) groups after 2 h of hypoxia 
followed by 12 h of reoxygenation, as determined by the Annexin V/PI assay (n = 5); B: Degree of CM apoptosis in control, hypoxia, NC-EV, and HP-EV groups after 
2 h of hypoxia followed by 12 h of reoxygenation, as determined by the terminal deoxynucleotidyl transferase dUTP nick end-labeling assay (n = 5); C: Caspase-3 
activity of CMs in the control, hypoxia, NC-EV, and HP-EV groups after 2 h of hypoxia followed by 12 h of reoxygenation (n = 5). All data are expressed as the mean 
± SD. aP < 0.05, bP < 0.01 compared with Hypoxia group; cP < 0.05, dP < 0.01 compared with Hypoxia + NC-EVs group. HP-EV: Hypoxia-preconditioned extracellular 
vesicles; NC-EV: Normoxic extracellular vesicle.

treatment of MI, on the one hand, we should emphasize timely reperfusion therapy; on the other hand, 
we should preserve more CMs without irreversible injury, even death, until the moment of artery 
recanalization to maintain overall heart function after reperfusion therapy by enhancing hypoxia 
tolerance. In this study, HP-EVs exhibited a significant cardioprotective effect against aggravated 
apoptosis in MI caused by hypoxia and ischemia. Mechanistically, the benefit of CMs was mainly 
derived from effective hypoxia tolerance induced by HP-EVs.

The hypoxia tolerance of CMs induced by HP-EVs revealed that the HIF-1 transcription factor partly 
contributed to this benefit. HIF-1, of which the active subunit 1α undergoes proteasomal oxygen-
dependent degradation, has an essential cardioprotective role and is a key mediator of the adaptability 
of the myocardium to hypoxia[36]. Under aerobic conditions, hydroxylated HIF-1α is recognized by 
pVHL, which combines with HIF-1α in a ubiquitin ligase form to be exported into the cytoplasm, where 
HIF-1α is degraded. By contrast, hypoxia promotes the accumulation of unhydroxylated HIF-1α and 
translocation to the nucleus to initiate transcriptional activity[37]. The role of HIF-1 in ischemic 
cardiomyopathy is different from its role in mediating oxygen homeostasis, inflammation, autoim-
munity, and tumor metastasis under hypoxic conditions[38]. In MI, hypoxia and slight mROS 
generation induced by the unstable membrane potential of mitochondria, which are two independent 
factors that increase TXNIP expression in CMs, expedite the export and degradation of HIF-1α through 
the pro-oxidative stress function of TXNIP[39,40]. Considering that CMs contain a large number of 
mitochondria, once ischemia and hypoxia occur, mitochondria dysfunction induces the high expression 
of TXNIP and high level of HIF-1α degradation, which decreases the tolerance of hypoxia of CMs, 
accelerating their death. Clinically, if the duration of the MI exceeds its 12 h-therapeutic time window or 
time from first medical contact to re-opening blocked blood vessels, which was defined as “90 min door-
to-balloon time”, CMs would enter an irreversible process of death, when even reperfusion therapy did 
not help[40,41]. It is assumed that reperfusion therapy can be performed in a fixed time period; thus, 
therapies that facilitate CM survival from onset of MI to reperfusion therapy (elevating the hypoxia 
tolerance of CMs in this fixed time period) are particularly significant. Moreover, when 
reperfusion/reoxygenation therapy is delayed or prolonged, enhancing the hypoxia tolerance of CMs 
may be an ideal choice in order to preserve more CMs that cannot regenerate rather than waiting for 
irreversible injury to occur before treatment. Thus, increasing hypoxia tolerance and timely reperfusion 
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Figure 6 Hypoxia-preconditioned extracellular vesicles alleviated hypoxia/reoxygenation-induced apoptosis in vivo. A: Degree of 
cardiomyocyte (CM) apoptosis in the control, sham, myocardial infarction (MI), normoxic extracellular vesicle (NC-EV), and hypoxia-preconditioned EV (HP-EV) 
groups after 2 h of left coronary artery (LCA) ligation followed by 12 h of reperfusion, as determined by the terminal deoxynucleotidyl transferase dUTP nick end-
labeling assay (n = 5); B: HP-EV cardioprotective effects were assessed in vivo, and MI models were established with LCA ligation for 1 h followed by 12 h of 
reperfusion. Evans Blue/2,3,5-triphenyltetrazolium chloride staining was used to evaluate the area of viable myocardium in the sham, MI, NC-EV, and HP-EV groups (
n = 5); C: Heart function of the sham, MI, NC-EV, and HP-EV groups was evaluated by echocardiography; ejection fraction and fractional shortening were detected (n 
= 6). All data are expressed as the mean ± SD. eP < 0.05, fP < 0.01 compared with MI group; gP < 0.05, hP < 0.01 compared with MI + NC-EVs group. MI: Myocardial 
infarction; HP-EV: Hypoxia-preconditioned extracellular vesicles; NC-EV: Normoxic extracellular vesicle.

therapy appear to be ‘two-horse carriages’ in preserving CMs in the early stage of MI.
As a core transcription factor antagonizing apoptosis and inflammation and promoting proliferation 

and hypoxia tolerance under hypoxia conditions, HIF-1α is key for controlling the expression of a 
myriad of genes involved in the hypoxic response; thus, its role in ischemic cardiomyopathy has 
received increasing attention[42]. In our previous study, we revealed that HP-EVs primarily target 
TXNIP to alleviate myocardial IR injury post-reperfusion therapy[43]. Theoretically and mechanistically, 
we demonstrated that TXNIP, which interacts with HIF-1α, involves the degradation of HIF1α through 
accelerating the nuclear export of ubiquitinated HIF-1α via the CRM-1 nuclear export pathway in 
hypoxic conditions. Thus, HIF-1α-induced tolerance to hypoxia is weakened under hypoxic conditions 
to exert severe ischemia or hypoxia injury in CMs, unlike its effect on tumor metabolism and angi-
ogenesis under hypoxic conditions. HIF-1α has long been mainly considered an oxygen homeostasis 
regulator, probably because of its characteristic transcriptional activation[44,45]. However, recent 
studies have indicated that HIF-1α contributes to anti-apoptosis, regulation of energy metabolism, and 
collateral vessel generation[46,47]. Therefore, considering that HIF-1α has the potential to regulate 
hypoxia-related injury and our previous studies on the inhibitory effects of HP-EV on TXNIP, we 
confirmed that highly expressed TXNIP in hypoxic conditions triggers the degradation of HIF-1α. 
Furthermore, by targeting TXNIP, HP-EVs improve the prognosis of MI.

The limitation of this study was, due to the difficulty in effectively inhibiting the action of the 
myocardial proteasome, we did not assess HIF-1α ubiquitination in vivo. The interaction among pVHL, 
TXNIP, and HIF-1α as well as the mechanism of the CRM-1 nuclear export pathway under hypoxia/MI 
conditions remains to be further studied.
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Figure 7 Extracellular vesicle-associated miR-224-5p inhibits hypoxia-induced apoptosis in cardiomyocytes by downregulating 
thioredoxin-interacting protein. A: MicroRNA (miRNA) sequencing analysis in adipose-derived stem cell-extracellular vesicles (ADSC-EVs). A total of 88 
miRNAs were upregulated in hypoxia preconditioned EVs (HP-EVs) compared to normoxic EVs (NC-EVs), of which 10 (shown in the heatmap) were predicted to 
associate with thioredoxin-interacting protein (TXNIP). Validation of differential EV-associated miRNA expression through quantitative PCR. U6 small nuclear RNA 
served as the internal reference; B: Dual luciferase reporter assay. HEK 293 T cells were co-transfected with miR-224-5p mimics and PGL3 Luciferase reporter 
plasmids containing wild-type (WT) or mutated TXNIP 3′-untranslated region (3’-UTR). mutated-TXNIP 3′-UTR served as the control. Dual luciferase reporter assay 
(All data are expressed as the mean ± SD , kP < 0.05, lP < 0.01, miR-224-5p + TXNIP WT 3′-UTR vs miR-224-negative + 3’-UTR-mutant groups; n = 3); C: Neonatal 
mouse CMs subjected to hypoxia were pre-treated with EVs derived from ADSCs (ADSCs group), ADSCs overexpressing miR-224 (ADSCs-AAV-miR-224 group), 
ADSCs overexpressing miR-224-NC (ADSCs-AAV-miR-224NC group) and ADSCs with miR-224 knocked-out (ADSCs-cas9-miR-224 group). Western blotting was 
used to detect the expression of hypoxia-inducible factor-1 alpha and TXNIP (n = 5); D: Neonatal mouse CMs subjected to hypoxia were pre-treated with EVs derived 
from ADSCs (ADSCs group), ADSCs overexpressing miR-224 (ADSCs-AAV-miR-224 group), ADSCs overexpressing miR-224-NC (ADSCs-AAV-miR-224NC group) 
and ADSCs with miR-224 knocked-out (ADSCs-cas9-miR-224 group). Annexin V/PI assay was used to assess the degree of apoptosis in four groups (n = 5). All data 
are expressed as the mean ± SD, iP < 0.05, jP < 0.01, compared with CMs subjected to hypoxia were pre-treated with EVs derived from ADSCs group(ADSCs 
group). HP-EV: Hypoxia-preconditioned extracellular vesicles; NC-EV: Normoxic extracellular vesicle; ADSC: Adipose-derived mesenchymal stem cell; WT: Wild-
type.

CONCLUSION
In conclusion, our study demonstrated that EVs generated by ADSCs subjected to hypoxia precondi-
tioning showed more significant cardioprotection against MI than EVs derived from normoxic ADSCs, 
partly due to the abundance of miRNAs targeting TXNIP in HP-EVs. TXNIP-aggravated ubiquitination 
of HIF-1α in CMs exposed to MI determines the tolerance of cells to hypoxia (Figure 9). Therefore, we 
propose that the downregulation of TXNIP by EV-associated miRNAs prevents the nuclear export and 
ubiquitination of HIF-1α, which protect CMs against early-stage ischemic injury by sustaining the 
transcriptional activity of HIF-1α. Our study provides novel insights into therapeutic approaches and 
the pathogenesis of MI and reveals that EVs derived from HP MSCs could help improve myocardial 
hypoxia tolerance when applied in the early stage of MI.
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Figure 8 Thioredoxin-interacting protein promotes the ubiquitination of hypoxia-inducible factor-1 alpha through the chromosomal 
region maintenance-1 nuclear export pathway. A: H9C2 cardiomyocytes (CMs) overexpressing thioredoxin-interacting protein (TXNIP) or TXNIP-L294A 
mutant as indicated and leptomycin B were used to inhibit the chromosomal region maintenance 1 nuclear export pathway. The expression and cellular localization of 
hypoxia-inducible factor-1 alpha (HIF-1α) was analyzed by immunofluorescence staining; B: H9C2CMs were treated with hypoxia or normoxia and TXNIP was 
overexpressed as indicated. The expression of HIF-1α was analyzed by western blotting; C: H9C2 CMs were pretreated with MG132 for 2 h and TXNIP or TXNIP-
L294A-mutant were overexpressed as indicated. The interaction of TXNIP and HIF-1α, and HIF-1α ubiquitination were assessed by immunoprecipitation with an anti-
HIF-1α antibody; D: H9C2 CMs were pretreated with MG132 for 2 h. TXNIP was overexpressed and hypoxia treatment was applied as indicated. The interaction of 
TXNIP and HIF-1α, and HIF-1α ubiquitination were assessed by immunoprecipitation with an anti-HIF-1α antibody.

Figure 9 During myocardial infarction or hypoxia, hypoxia-inducible factor-1 alpha export is chromosomal region maintenance-1-
dependent in the presence of thioredoxin-interacting protein, based on the association of thioredoxin-interacting protein with 
chromosomal region maintenance-1. Thioredoxin-interacting protein (TXNIP)-induced hypoxia-inducible factor-1 alpha (HIF-1α) nuclear export may be 
hypoxia-independent, which triggers ubiquitination and degradation by the proteasome in cardiomyocytes. As a transcription factor, the function of HIF-1 in promoting 
targeted gene transcription is abolished by hypoxia/myocardial infarction-triggered TXNIP activation. Our research aimed to clarify this process by hypoxia-
preconditioned extracellular vesicles and the underlying mechanism.
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ARTICLE HIGHLIGHTS
Research background
Previous studies have demonstrated that extracellular vesicles (EVs) derived from mesenchymal stem 
cells (MSCs) reveal the cardioprotective effects against myocardial infarction (MI). Hypoxia-precondi-
tioned EVs (HP-EVs) derived from MSCs are thought to have better cardioprotective effects, and the 
underlying mechanisms have garnered increasing attention from scholars.

Research motivation
Although some scholars have focused on the effect of hypoxia preconditioning on MSCs, the underlying 
mechanisms remain unclear. Thus, this study focused on the mechanism underlying the cardiopro-
tective effect of HP-EVs from MSCs.

Research objectives
We explored the cardioprotective mechanism of HP-EVs from MSCs.

Research methods
HP-EVs from mouse adipose-derived MSCs (ADSCs) were extracted, and their cardioprotective effect 
on improving the survival of cardiomyocytes (CMs) and ameliorating cardiac function were evaluated 
by Evans Blue/2,3,5-triphenyltetrazolium chloride staining and echocardiography. Mechanistically, 
microRNA (miRNA) sequencing was adopted to investigate the functional RNA diversity between HP-
EVs or normoxic EVs (NC-EVs) from mouse ADSCs. Subsequently, the molecular mechanism of EVs in 
mediating thioredoxin-interacting protein (TXNIP) and TXNIP-mediated hypoxia-inducible factor-1 
alpha (HIF-1α) ubiquitination were verified by the dual-luciferase reporter assay, immunoprecipitation, 
western blotting, and immunofluorescence.

Research results
HP-EVs reduced both infarct size (necrosis area) and the degree of apoptosis to a greater extent than 
NC-EVs in CMs subjected to hypoxia in vitro and mice suffering from MI in vivo. We showed that EV 
miRNA224-5p directly bound to the 3’-untranslated region of TXNIP and had a critical protective role 
against hypoxia-associated CM injury. Our results suggested that MI triggered TXNIP-mediated HIF-1α 
ubiquitination and degradation via the chromosomal region maintenance 1-dependent nuclear transport 
pathway in CMs, which led to aggravated injury and hypoxia tolerance in CMs in the early stage of MI.

Research conclusions
The anti-apoptotic effect of HP-EVs, which improves tolerance toward MI or hypoxic conditions and 
alleviates the degree of CM apoptosis until reperfusion therapy, may partly result from EV miR-224-5p 
targeting TXNIP.

Research perspectives
This study partly reveals the mechanism underlying the cardioprotective effect of HP-EVs and provides 
insights into potential therapies against MI.
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Abstract
BACKGROUND 
Sustained injury, through radiotherapy, burns or surgical trauma, can result in 
fibrosis, displaying an excessive deposition of extracellular matrix (ECM), 
persisting inflammatory reaction, and reduced vascularization. The increasing 
recognition of fibrosis as a cause for disease and mortality, and increasing use of 
radiotherapy causing fibrosis, stresses the importance of a decent anti-fibrotic 
treatment.

AIM 
To obtain an in-depth understanding of the complex mechanisms underlying 
fibrosis, and more specifically, the potential mechanisms-of-action of adipose-
derived stomal cells (ADSCs) in realizing their anti-fibrotic effect.

METHODS 
A systematic review of the literature using PubMed, Embase and Web of Science 
was performed by two independent reviewers.

RESULTS 
The injection of fat grafts into fibrotic tissue, releases ADSC into the environment. 
ADSCs’ capacity to directly differentiate into key cell types (e.g., ECs, fibroblasts), 
as well as to secrete multiple paracrine factors (e.g., hepatocyte growth factor, 
basis fibroblast growth factor, IL-10), allows them to alter different mechanisms 
underlying fibrosis in a combined approach. ADSCs favor ECM degradation by 
impacting the fibroblast-to-myofibroblast differentiation, favoring matrix metallo-
proteinases over tissue inhibitors of metalloproteinases, positively influencing 
collagen organization, and inhibiting the pro-fibrotic effects of transforming 
growth factor-β1. Furthermore, they impact elements of both the innate and 
adaptive immune response system, and stimulate angiogenesis on the site of 
injury (through secretion of pro-angiogenic cytokines like stromal cell-derived 
factor-1 and vascular endothelial growth factor).
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CONCLUSION 
This review shows that understanding the complex interactions of ECM accumulation, immune 
response and vascularization, is vital to fibrosis treatments’ effectiveness like fat grafting. It details 
how ADSCs intelligently steer this complex system in an anti-fibrotic or pro-angiogenic direction, 
without falling into extreme dilation or stimulation of a single aspect. Detailing this combined 
approach, has brought fat grafting one step closer to unlocking its full potential as a non-anecdotal 
treatment for fibrosis.

Key Words: Fibrosis; Fat grafting; Adipose-derived stem cells; Angiogenesis; Anti-fibrotic effect; 
Immunomodulation

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

Core Tip: The goal of this review is to elucidate the potential mechanisms of action of fat grafting, and 
more specifically of adipose-derived stem cells (ADSCs), in hostile environment. Why can fat grafts turn 
the sclerotic environment after intense radiotherapy, burns or surgical trauma into a soft zone that can be 
further restored and reconstructed? In doing so, this review aims to complement existing literature by 
delivering an integrated approach to explain the positive effect of ADSCs on fibrosis, considering all 3 
main fibrotic aspects, i.e., extracellular matrix accumulation, innate and adaptive immune response and 
vascularization. It aims at acknowledging the complexity and reciprocal impact these aspects have, both 
from a clinical as well as a molecular point of view. While available literature so far only focused on a 
single one of these aspects, the question remains whether an integrated approach and explanation on these 
combined levels could improve the effectiveness and application areas of this treatment.

Citation: Vanderstichele S, Vranckx JJ. Anti-fibrotic effect of adipose-derived stem cells on fibrotic scars. World J 
Stem Cells 2022; 14(2): 200-213
URL: https://www.wjgnet.com/1948-0210/full/v14/i2/200.htm
DOI: https://dx.doi.org/10.4252/wjsc.v14.i2.200

INTRODUCTION
Fibrosis, or scarring, is a potential consequence of a dysregulated wound-healing process. Tissue injury 
triggers wound-healing, a complex dynamic process characterized by four distinct but overlapping 
phases, all limited in time: homeostasis, inflammation, proliferation and remodeling. Interference of the 
immune system, deposition of the extracellular matrix (ECM) and alteration of the vascularization are 
indispensable and, typically, reversible elements of the wound-healing. However, sustained injury 
results in reduced vascularization, persisting inflammatory reaction and excessive deposition of ECM, 
inducing fibrosis[1]. Radiotherapy-induced skin fibrosis (RISF), a late cutaneous side effect of external 
radiation, is an example of chronic tissue injury leading to fibrosis. RISF is often characterized by pain, 
limited range of motion, tissue contraction and aesthetic deformation. All result in a significant loss of 
quality of life for patients.

Fibrosis can affect nearly every tissue in the body leading to common diseases such as idiopathic 
pulmonary fibrosis, cirrhosis, renal fibrosis, myocardial fibrotic remodeling, fibrotic stricture as a 
common complication of Crohn’s disease, and scar contractions after surgery, burns, trauma and 
radiotherapy. The increasing recognition of fibrosis as a cause for disease and mortality and the 
increasing use of radiotherapy, stresses the importance of a decent anti-fibrotic treatment[2].

In the early 20th century Hedrick, Zuk et al[3,4], reported the presence of adipose-derived stem cells 
(ADSCs), or adipose-derived stromal cells within adipose tissue obtained by lipoaspiration, the so-
called stromal vascular fraction (SVF). Decades before, fat grafting was already used in reconstructive 
procedures as filler of defects, albeit without much confidence since this transfer of fat lobules occurred 
without intrinsic vascularization. Coleman et al[5] pioneered in making the fat graft aliquots soluble and 
performing the fat transfer as tiny liquid parcels of lipoaspirate, thus eliminating the need for 
vascularized transfer.

The discovery of ADSCs in ‘ordinary’ fat grafts was revolutionary in stem cell research, since it was 
assumed previously that stem cells resided mainly in embryonic tissues, placenta and bone marrow of 
the adult patient[3,4]. The option of obtaining large numbers of mesenchymal stem cells from 
lipoaspirates meant a significant paradigm change. Moreover, nowadays ADSCs can be reprogrammed
[6,7]. Induced pluripotent stem cells, derived from skin or blood cells, that have been reprogrammed 
back into an embryonic-like pluripotent state, enable the development of an unlimited source of any 

https://www.wjgnet.com/1948-0210/full/v14/i2/200.htm
https://dx.doi.org/10.4252/wjsc.v14.i2.200


Vanderstichele S et al. Fat graft treatment for fibrotic scars

WJSC https://www.wjgnet.com 202 February 26, 2022 Volume 14 Issue 2

type of human cell required for therapeutic strategies[8,9].
Considering the fact that the SVF from fat grafts is easily accessible by lipo-aspiration, multipotent 

ADSCs emerged as attractive alternatives for soft tissue restoration and regeneration by adding cells, 
growth factors and active molecules to the microenvironment of the wound[10,11].

Plastic surgeons observed that fat grafting had a smoothening effect on scars and even on radiation-
induced fibrosis. The application of fat grafting extended on various types of fibrosis such as Parry-
Romberg syndrome, sclerodermia, dupuytren, hypertrophic scars etc., A multitude of reports confirm 
these observations[12,13]. However, the mechanisms underlying these fibrosis-reducing effects of fat 
grafts remain unclear so far.

The goal of this review is to elucidate the potential mechanisms of action of fat grafting, and more 
specifically of ADSCs, in hostile environment. Why can fat grafts turn the sclerotic environment after 
intense radiotherapy, burns or surgical trauma into a soft zone that can be further restored and 
reconstructed? In doing so, this review aims to complement existing literature by delivering an 
integrated approach to explain the positive effect of ADSCs on fibrosis, considering all 3 main fibrotic 
aspects i.e., ECM accumulation, innate and adaptive immune response and vascularization. It aims at 
acknowledging the complexity and reciprocal impact these aspects have, both from a clinical as well as a 
molecular point of view. While available literature so far only focused on a single one of these aspects, 
the question remains whether an integrated approach and explanation on these combined levels could 
improve the effectiveness and application areas of this treatment.

MATERIALS AND METHODS
A systematic review of the literature using PubMed, Embase and Web of Science was performed by two 
independent reviewers. Terms applied to the search included fat grafting, lipofilling, adipose tissue 
transplantation/transfer, adipose-derived stem cell, adipose-derived stromal cell, fibrosis, scar, keloid, 
radiation-induced skin fibrosis, myofibroblast, fibroblast, collagen, regenerative medicine, tissue 
engineering, immunomodulation, neovascularization and angiogenesis modulating agents. Inclusion 
criteria included animal studies, randomized controlled trials, case-control studies and reviews that 
were relevant for elucidating the anti-fibrotic effect of ADSCs, applied to multiple features of fibrosis (
e.g., dermal fibrosis after radiotherapy, hypertrophic scars, burns, sclerodermia) Exclusion criteria 
comprised of articles solely about clinical outcome measures, case reports, case series and literature 
focused on the technique of fat grafting. Language has been restricted to English. A structured summary 
of the review process is illustrated in Figure 1.

RESULTS
Mechanisms leading to fibrosis
Introduction and histology of fibrosis: Fibrosis is caused by a dysregulation of regular wound-healing 
(mostly through sustained injury), leading to an excessive deposition of ECM, persisting inflammatory 
reaction and reduced vascularization.

ECM is a non-cellular three-dimensional molecular network composed of proteins (e.g., collagen, 
elastin, laminin, fibronectin) and ground substance (e.g., glycosaminoglycans, such as hyaluronan and 
proteoglycans)[14-16]. The ECM regulates tissue development and homeostasis and constantly 
undergoes remodeling. Excessive accumulation of ECM components, such as collagens, fibronectin, 
proteoglycans, glycosaminoglycans and laminin are the typical characteristics of fibrosis regardless of 
the etiology[17]. Although all the beforementioned ECM components participate in the overall 
pathogenic process, collagen type I, collagen type III and fibronectin are the most dominating proteins 
found in fibrotic tissue[1,2]. Despite the fact that there is an increase in the amount of ECM, some ECM 
components (such as decorin) are less abundant in scars[13]. Besides the increase of ECM accumulation, 
fibrosis is also defined by a high amount of alfa-smooth muscle actin (α-SMA).

Microscopically, scar tissue (e.g., after radiation) is characterized by flattening of the rete ridges, a 
thickened epidermis and dermis, and an irregular collagen organization (see Figure 2). Excessive prolif-
eration of keratinocytes causes the epidermal thickening, while it is the excessive ECM that causes the 
thickened dermis. The abnormal collagen behavior displays itself in an increase in the number of 
collagens, altered fiber thickness, more cross-linking as well as a decreased degree of collagen 
organization[18].

Histological patterns do not only reflect the increased ECM deposition but also the enhanced inflam-
mation and reduced vascularization, through decreased vessel density, microvascular obliteration and 
abnormal vascularization patterns[12].

ECM accumulation
The homeostasis of the ECM is a well-regulated process influenced by a variety of actors and is subject 
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Figure 1 PRISMA flow diagram of search strategy and study selection.

Figure 2 Schematic overview of histological changes in dermal scars before and after treatment with ADSC’s.

to four major delicate balances. In fibrosis these balances are dysregulated, favoring deposition over 
degradation which results in overproduction of ECM.

Imbalance between fibroblasts and myofibroblasts: Fibroblasts play a crucial role in tissue 
homeostasis by regulating the ECM, which is constantly being synthesized, degraded and remodeled
[19]. However, when fibroblasts can no longer coordinate this meticulous cross talk and interplay of 
cells and factors in an environment of chronic inflammation or repeated tissue damage, they transform 



Vanderstichele S et al. Fat graft treatment for fibrotic scars

WJSC https://www.wjgnet.com 204 February 26, 2022 Volume 14 Issue 2

into professional repair cells i.e., myofibroblasts. Myofibroblasts do not typically appear in healthy 
connective tissue[20]. Myofibroblasts produce large amounts of ECM and are capable of contraction, 
due to the expression of α-SMA[21]. Juhl et al[19] found that cytokines and growth factors such as 
interleukin 6 (IL-6), platelet-derived growth factor, and transforming growth factor-beta 1 (TGF-β1) 
facilitate a prolonged myofibroblast activation, which results in excessive ECM production manifested 
as fibrosis.

Imbalance between TIMPs and MMPs: Fibrotic tissue can be characterized by a decreased matrix 
metalloproteinase (MMP)/tissue inhibitors of metalloproteinases (TIMPs) ratio resulting in ECM 
accumulation. ECM degradation enzymes called MMPs, vs their opposing tissue inhibitors known as 
TIMPs also play a role in ECM remodeling. MMPs are endopeptidases, mainly produced by 
macrophages (12), and are categorized by their substrates and structure, into collagenases, gelatinases 
(MMP-2 and MMP-9), stromelysins, membrane-type-MMPs and others.

Zhao et al[2] show that fibrillar collagen, the pre-dominant structural protein in fibrotic tissue, is 
cleaved by MMP1, MMP8, MMP13, MMP14, MMP16, and MMP18, allowing other MMPs such as 
gelatinases (MMP2 and MMP9), to further degrade collagen (see Figure 3). Several mice studies confirm 
the relation of a certain MMP-deficiency or -stimulation with development of fibrosis or protection 
against fibrosis, respectively[12,22,23]. The opposite is applicable for TIMPs; TIMP upregulation has 
been associated with fibrosis[24]. This general classification however does not seem to be valid for all 
MMP and TIMP subtypes. The role of MMP-2 and MMP-9 is for example less clear, and MMP-9 has 
been associated with pro-fibrotic characteristics[25].

TGF-β1 and plasminogen activator inhibitor 1 (PAI1) are major regulators of the MMP and TIMP 
expression[26,27]. The persistent activation and/or production of PAI1, resulting in MMP inhibition, 
directly stimulates fibrosis (see Figure 3). TGF-β1 also decreases the MMP/TIMP ratio, as will be further 
detailed in ‘Imbalance between multiple functions of TGF-b1 in regular vs hypertrophic scarring’. 
Fibroblasts derived from several fibrotic conditions such as keloid scars and scleroderma have 
demonstrated elevated levels of PAI1[27,28]. On the contrary, PAI1 deficiency protects mice from 
bleomycin induced lung fibrosis[27]. Taken together, upregulation of PAI1 substantially contributes to 
fibrosis. PAI1 is upregulated by TGF-β1, IL-1b, hypoxia and others. Ghosh et al[27] suggest that the 
increase of PAI1 Levels in fibroblasts from patients with scleroderma is linked to the activation of TGFβ
1/ SMAD axis.

Imbalance between organized and unorganized collagen fibers: Collagen organization can also 
influence the ECM balance through the extent in which they are cross-linked. Multiple fibrotic organ 
types show that crosslinking is disproportionately present and contribute to decreased ECM 
degradation and increased tissue stiffness[2]. Thus, fibrosis is characterized by favoring unorganized 
and cross-linked collagen, over normal collagen organization.

Imbalance between multiple functions of TGF-β1 in regular vs hypertrophic scarring: Continuous 
activation of TGF-β1/Smad axis has been reported to mediate the excessive production of ECM without 
appropriate remodeling. In a study by Juhl et al[19], TGF-β-treated human dermal fibroblasts showed an 
increase in collagen I, fibronectin gene and protein levels. They also observed a gene-upregulation of α-
SMA, type III, IV and V collagen, fibronectin and TGF-β1 genes, while type VI collagen was downreg-
ulated. In experimental animal studies, constitutive activation of TGF-β1 signaling leads to organ 
fibrosis, while inhibition of TGF-β1 reduces fibrosis[29].

The pro-fibrotic feature of TGF-β1 is multifactorial. TGF-β1 signaling stimulates directly the ECM 
accumulation by increasing the synthesis of ECM components such as collagen, fibronectin, elastin, 
proteoglycans, fibrillin and laminin[2]. TGF-β1 also enhances ECM production indirectly by inhibiting 
MMPs and stimulating TIMPs[26]. TGF-β1 induces fibroblast-to-myofibroblast differentiation, which 
results in the secretion of additional ECM components and which facilitates tissue contraction[2]. The 
entire TGF-β1 pathway promotes collagen cross-linking and leads to increased rigidity and decreased 
ECM degradation. The main sources of TGF-β1 production are fibroblasts and activated immune cells 
such as macrophages. Both of these are reciprocally upregulated by the presence of TGF-β1 creating a 
positive 2nd order TGF-β1 production loop.

The TGF-β1/Smad axis is also critical in regular wound healing, exerting influence on both the 
inflammation and revascularization processes. TGF-β1 increases inflammation by drawing neutrophils 
and monocytes to the injury environment and stimulates the differentiation of monocytes into activated 
macrophages[30]. However, TGF-β1 may also induce anti-inflammatory effects[31,32]. This duality may 
be explained by its double origin (from macrophages or T-cells)[31] or by the distinctive temporal 
expression patterns during the sequential phases in wound repair[30].

Role of the innate and adaptive immune response in fibrosis
Aside from ECM accumulation, fibrosis is also driven by persistent low-grade inflammation, sustained 
by both the innate and adaptive immune response[31]. Multiple mechanisms lead to this increased or 
prolonged inflammation.
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Figure 3 Collagen degradation. Collagen type 1 and type 3 are the predominant collagen types in fibrosis. ECM homeostasis requires a balance between 
collagen production and collagen degradation. MMPs manage the collagen degradation, while TIMPs inhibit MMPs, therefore inhibiting degradation. MMPs need 
activation, which is inhibited by PAI1. So, when TGF-β1 increases, PAI1 renders more inhibition of MMPs activation, therefore inhibiting ECM turnover/ remodeling 
and increasing fibrosis. MMP: Matrix metalloproteinase; TIMP: Tissue inhibitor of metalloproteinase; TGF-β1: Transforming growth factor beta; IL-1β: Interleukin-1β; 
PAI1: Plasminogen activator inhibitor 1.

The first mechanism is governed by an increase of pro-inflammatory cytokines. Adipocytes, in a 
stress situation (e.g., radiotherapy), synthesize pro-inflammatory proteins such as tumor necrosis factor-
α (TNF-α), IL-6 and IL-8[33]. IL-6 also has pro-fibrotic features by persistent stimulation of fibroblasts, 
which may lead to the differentiation into myofibroblasts[19]. Furthermore, various innate inflam-
matory cells (e.g., macrophages, neutrophils, mast cells and eosinophils) secrete a multitude of growth 
factors and cytokines, such as TNF-α, IL-1β. Studies by Miyazaki et al[34] and Kolb et al[35] found that 
mice who overexpress TNF-α or IL-1β in the lung, develop pulmonary fibrosis. In turn, TNF-α and IL-1β 
also increase expression of IL-6[31].

The second mechanism that leads to prolonged inflammation is via macrophages. Macrophages are 
vital in the wound healing process. However, redundant infiltration, overactivation, lack of differen-
tiation and lack of clearance result in fibrotic tissue formation[18,36]. This pro-fibrotic activity manifests 
itself mostly in the early phases of the wound-healing process and results in the production of inflam-
matory mediators that can aggravate tissue injury, such as TNF-α, IL-1β, and a variety of toxic 
mediators, such as reactive oxygen and nitrogen species. Moreover, macrophages are known to produce 
the pro-fibrotic TGF-β1. Duffield et al[37] reported that early macrophage depletion effectively reduced 
the development of liver fibrosis in mice. Wynn et al[31] showed that limiting the pro-inflammatory 
activity of innate myeloid-lineage cells (incl. macrophages) may successfully treat fibrotic diseases. In 
later stages of the wound-healing process, a subset of macrophages convert into a suppressive 
phenotype and express multiple anti-inflammatory mediators (e.g., IL-10, Arg1, Relm-α,…) that direct 
the resolution of the inflammatory response[38].

Furthermore, one can distinguish anti-inflammatory/pro tissue repair macrophages (M2) from pro-
inflammatory/pro-fibrotic (M1) macrophages[39]. Thus, the balance between both types also plays a 
role in the pathogenesis of fibrosis. Multiple studies[40,41] observed that M2 macrophages suppress 
fibrosis and reduce inflammation by competing with T-helper 2 (TH2) cells and fibroblasts for l-
arginine. This competition reduces the TH2 response and suppresses collagen synthesis by myofibro-
blasts[31]. Furthermore, literature[38] indicates that M2 cells are important inducers of regulatory T-
cells, that have an anti-fibrotic effect.

It seems useful to target the inflammatory cascade and the innate immune response, to treat fibrotic 
disorders. However, the extent of fibrosis is not per se linked with the severity of inflammation, which 
suggests that other immunological mechanisms, such as the adaptive immune response, play an 
important role in the fibrotic process. Wynn[42] described how the TH1/TH2 paradigm seems to play a 
key role in sustaining the immune response. There are 3 types of T helper cells; TH1 CD4+ T cells, TH2 
CD4+ T cells and regulatory T cells. This categorization is based on the cytokines each of these cells 
secrete.

TH1 cells are predominant in the initial response of the adaptive immune system to chronic injury. 
TH1 cells mainly secrete interferon-γ (IFN-γ) and IL-12, as well as associated pro-inflammatory 
cytokines. The TH1 responses are pro-inflammatory yet anti-fibrotic. They directly inhibit collagen 



Vanderstichele S et al. Fat graft treatment for fibrotic scars

WJSC https://www.wjgnet.com 206 February 26, 2022 Volume 14 Issue 2

production by fibroblasts, stimulate ECM degradation by favoring MMPs over TIMP and inhibit TGF-b1 
production[43]. Moreover, they indirectly inhibit fibrosis by reducing pro-fibrotic cytokine expression 
by TH2 cells (e.g., IL-13)[44].

However, when the stimulus persists, TH2 cells and regulatory T cells collaborate to suppress the 
TH1 response to prevent the immune system from causing additional damage. In their response, TH2 
cells mainly secrete IL-4, IL-5 and IL-13[44]. These factors stimulate fibrosis by enhancing collagen 
deposition through various mechanisms. On top of that, IL-13 specifically strengthens the pro-fibrotic 
TGF-β1-SMAD mechanism, while also independently stimulating collagen production by fibroblasts[45-
48]. Therefore, despite TH2’s facilitating function in wound healing, their response contributes to 
fibrosis. Specifically applied to post-irradiation fibrosis, Buttner et al[49] showed the increased concen-
trations of IL-4.

At last, the regulatory T-cells mainly secrete IL-10, which is anti-fibrotic by directly suppressing 
collagen synthesis by fibroblasts, and cooperates with TH1 cytokines to suppress collagen deposition
[50-52].

Reduced vascularization
Radiation injury on the skin is characterized by microvascular obliteration and poor revascularization. 
The reduced vascularization results in diminished transport of oxygen, nutrients and essential factors of 
the immune system to the damage tissues. In the end, this may lead to the deterioration of the hypoxia, 
resulting in fibrosis.

DISCUSSION
Anti-fibrotic effect of ADSCs on scar tissue by fat grafting
Histological changes mediated by ADSCs on scar tissue: When injecting ADSCs into a fibrotic injury 
environment through fat grafting, multiple histological changes occur (see Figure 2). A restoration of the 
normal skin ridge pattern is observed. Several animal models[23,53] and in vitro models[12,54] show a 
decrease in ECM components’ deposition such as collagen I, collagen III, fibronectin and elastin. The 
expression of α-SMA, SMAD-3 proteins and TGF-β1 seems to be decreased while the amount of decorin 
and MMP-1/TIMP-1 ratio is increased[12]. Furthermore, Zonari et al[55] and Zhang et al[53] show 
improved collagen fiber alignment, organization and less cross-linking. One can also distinguish a 
decrease in pro-inflammatory mediators/profibrotic factors (e.g., IL-6, IL-8, connective tissue growth 
factor)[12]. Finally, an increase in vascularization and a normalization of the microvascular architecture 
is observed[13].

This histological overview is however not exhaustive. Multiple other factors and substances are 
impacted by the insertion of a fat graft, which will be further described through the impact they have on 
the key molecular balances of fibrosis.

Anti-fibrotic effect through ADSCs
The antifibrotic potential of ADSC can be exerted in a direct or indirect fashion.

ADSCs as multipotent progenitor cells: ADSCs are multipotent progenitor cells that have the intrinsic 
possibility to differentiate into various sorts of cells that play a role in the wound-healing process (e.g., 
fibroblasts, keratinocytes, osteocytes, neural cells, endothelial cells, etc.). These ADSC cell products can 
in turn cause tissue regeneration and cell restoration[7]. ADSCs can also differentiate into mature 
adipocytes and serve as building blocks for a subcutaneous adipose layer that adds elasticity and 
pliability to the skin and volume required for thermoregulation. Adipogenesis is key for the effect-
iveness of ADSCs/fat grafts as it preserves the necessary fat tissue[33].

Paracrine: Moreover, ADSCs produce a myriad of trophic factors, which influence the formation and 
modulation of the ECM, and interact with the immune response and angiogenesis[7,13,30,32] (see 
Figure 4).

Interference with excessive ECM formation
Influence on fibroblast to myofibroblast differentiation: Studies show that gene expression of the pro-
fibrotic marker α-SMA, produced specifically by myofibroblasts, is decreased upon administration of 
ADSCs[23,53,55,56]. Borovikova et al[30] describe multiple mechanisms: ADSCs inhibit the fibroblast-to-
myofibroblast differentiation by secreting hepatocyte growth factor (HGF), IL-10 and p53. ADSCs also 
stimulate myofibroblast apoptosis by the secretion of basis fibroblast growth factor (bFGF) via the 
Rho/Rho kinase pathway and HGF via the FAK-extracellular signal-regulated kinase (ERK)-MMP 
signaling pathway. FGF is also reported to reverse the myofibroblast phenotype through its activation 
of ERK/MAP kinase pathway.

MMP vs TIMP balance: The administration of ADSCs by lipofilling has an antifibrotic effect by 
modulating MMP/TIMP ratio by various pathways (see Figure 5).
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Figure 4 Main mechanisms of adipose-derived stromal cells antifibrotic action and their most important paracrine factors. VEGF: Vascular 
endothelial growth factor; PDGF: Platelet-derived growth factor; ADSCs: Adipose-derived stromal cells; HGF: Hepatocyte growth factor; bFGF: Basic fibroblast growth 
factor; IL-10: Interleukin-10; HIF-1β: Hypoxia-inducing factor-1β; IGF-1: Insulin-like growth factor-1; MMP: Matrix metalloproteinase; TIMP: Iissue inhibitor of 
metalloproteinase; TH1: T helper 1 cells; TH2: T helper 2 cells; Treg: Regulatory T cells.

Figure 5 Impact of adipose-derived stromal cells on matrix metalloproteinase and tissue inhibitor of metalloproteinase balance. ADSCs: 
Adipose-derived stromal cells; MMP: Matrix metalloproteinase; TIMP: Tissue inhibitor of metalloproteinase; TGF-β1: Transforming growth factor beta; IL-1β: 
Interleukin-1β; PAI1: Plasminogen activator inhibitor 1; HGF: Hepatocyte growth factor; bFGF: Basic fibroblast growth factor; IL-10: Interleukin-10.

Deng et al[12] show that ADSCs enhance ECM degradation by increasing MMP-1/TIMP-1 ratio. On 
top of that, Spiekman et al[54] show that ADSCs promote the expression of MMP-1, MMP-2 and MMP-
14. Presumably ADSCs enhance the ratio in favor of degradation by decreasing the major regulator of 
MMP and TIMP expression, TGF-β1. Decreased SMAD signaling also decreases the other crucial 
director, PAI1 which in turn results in MMP activation. Furthermore, ADSCs secrete HGF, which 
activates MMP-1, MMP-2 and MMP-9[57,58]. ADSCs also produce bFGF and IL-10 that influence the 
ratio significantly. IL-10 does this by increasing MMP-1 and MMP-8, and bFGF presumably by 
increasing MMP-1 and decreasing TIMP-1 expression[59-61]. bFGF also stimulates HGF production, 
strengthening the said HGF effect.

Finally, not all MMPs and TIMPs will necessarily have a singular effect (e.g., increase of MMP-9 can in 
certain circumstances be pro-fibrotic vs the anti-fibrotic effect of other MMPs).
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Improvement of collagen linking: Zonari et al[55] and Zhang et al[53] show improved collagen fiber 
alignment, organization and less cross-linking when ADSCs are inserted into the fibrotic injury 
environment. Given that cross-linking contributes to decreased ECM degradation[2], this decreased 
crosslinking has an anti-fibrotic effect.

TGF-b1/Smad axis: Section ‘Imbalance between multiple functions of TGF-β1 in regular vs hypertrophic 
scarring’ described the pro-fibrotic feature of the TGF-β1/Smad axis, through its multifactorial influence 
on the key mentioned balances leading to ECM accumulation, and thus fibrosis. Studies by Zonari et al
[55], Uysal et al[56] and Spiekman et al[54], report that ADSCs decrease the presence of TGF-β1 as well 
as SMAD 2 and SMAD 3 proteins. An effect possibly contributing to this is given by Ejaz et al[62], who 
in their study describe a downregulation of TGF-β1 as a result of increased concentrations of HGF (also 
secreted by ADSCs). In turn, decreased TGF-β1 reduces ECM accumulation both through its direct as 
well as indirect effects (by reducing myofibroblast activation, favoring MMPs over TIMPs and 
decreasing collagen cross-linking), all mitigating fibrosis.

For completeness on ADSC impact, one can mention the impact of another member of the TGF-β cell 
group, i.e., TGF-β3. Impacting the TGF-β1/TGF-β3 balance towards increasing TGF-β3, is linked to 
reduced scar formation in adult wound healing[30]. Multiple studies[23,55,63] have shown such an 
increase of TGF-β3 in fibrotic tissue after injection of ADSCs, resulting in decreased tissue stiffness.

Immunomodulation: The anti-fibrotic effect of ADSCs through their impact on elements of both the 
innate and adaptive immune response, has multiple facets.

ADSCs downregulate key pro-inflammatory cytokines. Carceller et al[64] indicates that, in an in vivo 
mouse model, ADSCs effectively suppress the inflammatory response through the downregulation of 
selected inflammatory mediators (e.g., IL-1b, TNF-α, IL-6, leukotriene B4). A similar effect of ADSCs 
could be seen through their secretion of HGF, which is documented to lead to a decrease of pro-inflam-
matory cytokines (TNF-α, IL-12, monocyte chemoattractant protein 1, IFN-g) in a fibrosis model[30]. 
Also, ADSCs have the potency to modulate macrophage recruitment and activation, mostly by secreting 
bFGF, HGF and IL-10[30]. Kotani et al[32] show that ADSCs induce apoptosis of activated macrophages, 
and reduce infiltrations of macrophages, neutrophils and T lymphocytes. Therefore, through their 
immunomodulatory ability, ADSCs have an inhibitory effect on active macrophages. Moreover, Xie et al
[65] showed that ADSCs promote a macrophage phenotype switch, favoring the anti-inflammatory M2 
phenotype over the pro-inflammatory M1 in a mouse model.

Finally, ADSCs exhibit a suppressive effect on lymphocyte responses and induce a phenotypic 
conversion of T-cells. Kotani et al[32] describes, in the context of pulmonary fibrosis, that ADSCs inhibit 
the differentiation and proliferation of Th2-type mCD4+ T cells while promoting this for regulatory T 
cells. Given the pro-fibrotic effect of TH2-cells (see section ‘Role of the innate and adaptive immune 
response in fibrosis’), this could suggest the phenotypic conversion of T cells as an important 
mechanism underlying the anti-inflammatory effect of ADSCs. Cho et al[66] in turn suggest that ADSCs 
have an inhibitory effect on inflammatory diseases either directly or by inducing T-Regulatory cells 
(through PGE2 and TGF-β1) and inhibiting TH2 cytokines.

Pro-angiogenic effect of fat grafting and ADSCs
Stimulating angiogenesis and revascularization has a positive effect on fibrosis. Rebuilding natural 
blood flow improves the delivery of supplemental oxygen and other key substances to the injury site. 
On top of that, angiogenesis allows for better survival of administered ADSC/fat grafts in general, 
enhancing beforementioned treatment effects. Evans et al[67] describe how ADSCs, like bone marrow-
derived mesenchymal stem cells, have the capacity to differentiate into endothelial cells (ECs), that 
provide the required cellular building blocks for angiogenesis.

Additionally ADSCs secrete an array of pro-angiogenetic cytokines and growth factors such as HGF, 
vascular endothelial growth factor (VEGF), bFGF, G-CSF, GM-CSF, IL-7, M-CSF, stromal cell-derived 
factor-1 (SDF-1), etc.[33,68]. These factors may promote the angiogenic sprouting process based on 
endothelial cell migration, proliferation and tube formation[69].

In response to entering a hypoxic environment, ADSCs activate hypoxia-inducing factor-1α (HIF-1α), 
and release bFGF and insulin-like growth factor-1 (IGF-1), that in turn promote neovascularization by 
establishing high levels of VEGF at the graft site. This VEGF promotes EC proliferation and migration to 
the graft, as well as inhibits EC apoptosis[70]. Studies also show[71-73] that high quantities of VEGF 
found at the grafting site, promote monocyte differentiation into M2 type macrophages, reducing 
fibrosis. On the paracrine side, increasingly more literature details the importance of SDF-1 in 
angiogenesis. Murohara et al[68] states that SDF-1 Likely plays a key role in the ADSC-mediated 
angiogenesis. Other studies mention that SDF-1, like VEGF, improves revascularization and 
angiogenesis by recruiting stem cells such as endothelial progenitor cells and hematopoietic stem cells 
to the engrafted/ischemic site. It is reported that SDF-1/CXCR4 axis exerts one of the strongest 
chemotactic effects on BMSCs[74,75].

Macrophages play an important role in angiogenesis. Cai et al[76] reported that early macrophage 
infiltration in the graft environment appears to be key for angiogenesis and revascularization. However, 
when present for an extended period of time they can stimulate fibrosis. By initially releasing 
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angiogenetic cytokines (e.g., VEGF, bFGF), macrophages stimulate vessel growth in a VEGF-dependent 
manner, while also generating recruitment signals for stem cells such as ECs. On top of that, M2 
macrophages are a major source of SDF-1. Through all this, the macrophages role in angiogenesis is 
regulated in an important, though delicate and time-sensitive balance. ADSCs influences this balance, 
by stimulating a phenotype switch to M2 macrophages and by inhibiting a prolonged infiltration. 
Further research needs to clarify the impact of ADSCs on early macrophage infiltration, possibly 
through M-CSF.

Finally, it must be stated that in select cases of fibrosis (e.g., liver fibrosis), angiogenesis can have a 
fibrosis stimulating effect[77]. This paradox indicates that the anti-fibrotic effect of ADSCs through 
angiogenetic stimulation, is case-dependent and remains particularly complex.

CONCLUSION
When injected into fibrotic tissue by using fat grafts, ADSCs exert anti-fibrotic and pro-angiogenic 
effects by impacting multiple distinctive mechanisms. Through their capacity to directly differentiate 
into key cell types that influence the wound healing process, as well as secrete multiple paracrine factors 
(e.g., HGF, bFGF, IL-10), they carefully alter different mechanisms underlying fibrosis. ADSCs favor 
ECM degradation by modifying the fibroblast-to-myofibroblast differentiation, by favoring MMPs over 
TIMPs, by positively influencing collagen organization, and by inhibiting the pro-fibrotic effects of TGF-
β1. In addition ADSCs influence both the innate and adaptive immune response system. The pro-
angiogenic effect of ADSCs can be categorized into direct (direct differentiation into ECs) as well as 
indirect effects (secreting pro-angiogenic cytokines such as stromal cell-derived factor-1 and VEGF).

Increasingly more in vitro and in vivo studies tend to focus on the development of anti-fibrotic drugs 
on a single aspect of fibrosis, not considering the complex interactions nor the time dependency of these 
mechanisms. This review has shown that the understanding of the complex interaction between ECM 
accumulation, immune response and vascularization, is vital for the effectiveness of treatments against 
fibrosis, like fat grafting.

ADSCs have the ability to interact intensively via multiple mechanisms-of action. They intelligently 
steer multiple molecular balances in an anti-fibrotic or pro-angiogenic direction in a delicate manner. It 
is by these synergistic actions that ADSCs injected through fat grafts successfully soften fibrotic scars.

ARTICLE HIGHLIGHTS
Research background
The successful anti-fibrotic effect of clinical fat grafting has been described extensively in literature. 
However, the mechanisms leading to fibrosis and how adipose-derived stomal cells (ADSCs) can 
interact with these mechanisms to reduce fibrosis, are far from clarified today.

Research motivation
Fibrosis is increasingly recognized as an important cause for morbidity and mortality. Moreover, the 
increasing clinical use of radiotherapy results in an enhanced incidence of severe tissue damage by 
fibrosis. Therefore, an efficient anti-fibrotic treatment and a thorough understanding of its mechanism-
of-action is mandatory.

Research objectives
The objective of this systematic review was to obtain an in-depth understanding of the complex 
mechanisms underlying fibrosis, and more specifically, the potential mechanisms-of-action of ADSCs in 
realizing their anti-fibrotic effect.

Research methods
This systematic review was conducted according to the PRISMA (Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses) methodology. We clearly defined a set of objectives with pre-
defined eligibility criteria. We performed a thorough and disciplined literature search to obtain all 
relevant studies that met the eligibility criteria.Each citation is associated with a set of Mesh terms that 
describe the content.

Research results
Systematic assessment of available literature was performed by two reviewers and one control to avoid 
bias. This process resulted in 80 references cited as reported in the PRISMA flow diagram. These 
references served as basic scientific platform to investigate the previously mentioned research 
objectives. Due to some contradictory findings in the molecular balances, we performed a supple-
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mentary literature search trying to elucidate some of the more specific mechanisms-of-action. This 
review has shown that the understanding of the complex interaction between extracellular matrix 
(ECM) accumulation, immune response and vascularization, is vital for the effectiveness of treatments 
against fibrosis, like fat grafting.

Research conclusions
ADSCs have the ability to interact intensively with the healing environment via multiple mechanisms of 
action. Through their capacity to directly differentiate into key cell types that influence the wound 
healing process, as well as secrete multiple paracrine factors, ADSCs meticulously alter distinctive 
mechanisms underlying fibrosis. ADSCs stimulate ECM degradation by modifying the fibroblast-to-
myofibroblast differentiation, by favoring matrix metalloproteinase over tissue inhibitors of metallopro-
teinases, by positively influencing collagen organization, and by inhibiting the pro-fibrotic effects of 
transforming growth factor-beta 1. In addition, ADSCs influence both the innate and adaptive immune 
response system. The pro-angiogenic effect of ADSCs exerted by direct differentiation into ECs, as well 
as by the secretion of pro-angiogenic cytokines such as stromal cell-derived factor-1 and vascular 
endothelial growth factor. ADSCs intelligently steer these molecular balances in a delicate manner. It is 
by these synergistic actions that ADSCs injected through fat grafts successfully soften fibrotic scars.

Research perspectives
This thorough systematic review describes the intensive and cross talk of ADSCs with surrounding cells 
and active molecules all having a significant effect on the outcome of fibrosis. This manuscript invites to 
further research to unravel the complex interactions of ADSCs and the seemingly contradictory effects 
depending on time and place of occurrence.
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Abstract
Recently, we read with interest the article entitled “Unveiling the Morphogenetic 
Code: A New Path at the Intersection of Physical Energies and Chemical 
Signaling”. In this paper, the investigation into the systematic and comprehensive 
bio-effects of physical energies prompted us to reflect on our research. We believe 
that ultrasound, which possesses a special physical energy, also has a certain 
positive regulatory effect on macrophages, and we have already obtained some 
preliminary research results that support our hypothesis.
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Core Tip: Because physical energies can contribute to the recovery of tissue damage in 
multiple aspects, it is widely used in clinical practice. The unique insights of the article 
“Unveiling the Morphogenetic Code: A New Path at the Intersection of Physical 
Energies and Chemical Signaling” inspired the direction of our experiments concerning 
the impact of physical energies on stem cells. In the future, we will conduct experiments 
and analytical techniques to reveal the mechanism of the regulatory effects behind 
ultrasound.
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TO THE EDITOR
Recently, the article named “Unveiling the Morphogenetic Code: A New Path at the Intersection of 
Physical Energies and Chemical Signaling” contributed by the Editor-in-Chief Carlo Ventura[1] 
motivated us to reconsider the biological roles of physical energies. In that article, the authors provided 
a detailed summary of the developmental history of physical energy, especially bioelectricity, as well as 
its applications and prospects in stem cell research. We strongly support the proposition about the high 
efficacy of physical energy in tissue repair. An article recently released in “Science Translational 
Medicine” described how massage, which is also a physical stimulus, regulates muscle repair[2]. The 
systematic and accurate explanation of physical energies by the editor echoes our dedicated research, 
which is the effect of therapeutic ultrasound on macrophages.

As early as the 1920s, Wood and Loomis began to investigate ultrasound as a therapeutic intervention
[3]. In recent years, one particular type of ultrasound, low-intensity pulsed ultrasound (LIPUS), has 
gained much attention. This is due to its non-thermal effects, such as acoustic cavitation and “cellular 
massage”, which produce a range of biological effects[4]. Clinically, LIPUS can be used as a non-
invasive adjunctive therapy for a variety of diseases, such as fractures, muscle injury, osteoarthritis, as 
well as nerve injury[4]. Besides, LIPUS has received considerable attention in the discipline of stem cell 
research. Salgarella et al[5] proved the bio-effect of ultrasound therapy on the proliferation and differen-
tiation of C2C12 myoblasts in vitro, while the research of Wang et al[6] indicated that LIPUS promotes 
the production of mesenchymal stem cells (MSC) derived mainly from bone marrow differentiation. 
Both of these studies verified the positive bio-effects of this therapeutic technique. Tan et al[7] listed 
recent studies regarding the action of LIPUS on various neural stem cells and concluded that LIPUS can 
stimulate stem cells in vitro, promote stem cell proliferation, differentiation, and migration, and 
maintain stem cell activity. The findings of Wu et al[8] suggested that LIPUS regulates the Notch 
signalling pathway in the central nervous system, causing neural stem cell proliferation and differen-
tiation. Additionally, LIPUS can also accelerate tissue repair[9] and promote the dissipation of inflam-
mation[10], angiopoiesis[11], etc.

Our research focused on discovering how sound waves, a kind of physical energy, exert potential 
effects on macrophage polarisation, which is of great significance during the inflammation stage. To 
ensure accurate muscle regeneration, a balance between M1 and M2 activity (pro- and anti-inflam-
matory, respectively) shifting over time is required[12]. Previous studies have found that ultrasound 
may regulate macrophages in the spinal fusion model of male Sprague Dawley (SD) rats[13]. However, 
very few studies have explored the direct effect of ultrasound on macrophages in vitro. We induced 
macrophages into M1 macrophages using lipopolysaccharide to mimic the inflammatory microenvir-
onment in vivo. Then, we collected and analysed the secretion composition and gene expression 
following ultrasound therapy. Details of the experiments are presented in Figure 1.

So far, we have already obtained some preliminary results. As Figure 2 indicates, after LIPUS 
treatment, the secretion of anti-inflammatory cytokine interleukin (IL)-10 significantly increased, while 
quantities of pro-inflammatory cytokines tumor necrosis factor-α and IL-6 fell substantially at genetic 
and secreted proteins levels. Besides, we determined that the phenotypes of the macrophages are 
polarised into M2 after ultrasound stimulation (Figure 3). According to the above experimental data, we 
can conclude that ultrasound facilitates the transition of macrophages from the M1 to M2 phenotype in 
vitro, which is consistent with da Silva Junior's discovery[14]. For subsequent research, we will further 
investigate the underlying mechanism of macrophage polarisation caused by LIPUS, and the potentially 
affected molecular pathways. Moreover, we will conduct both in vivo (skeletal muscle contusion model)
[15] and in vitro experiments to verify the mechanism and ascertain how LIPUS exerts a series of 
downstream bio-effects.

Conclusion and perspective
Various studies have established that physical energies can modulate inflammation and further promote 
tissue repair. As a conventional form of physical energy, ultrasound has extensive application prospects 
due to its non-thermal mechanical effect. Accordingly, it warrants further investigation to elucidate its 
influence on cell signalling. We predict that subsequent research can be extended from the aspect of 
monotypic cell regulation to the integral tissue, by employing single-cell transcriptomic analysis and 
spatial transcriptomic analysis[16]. Thus, we will gain an increasingly comprehensive insight into the 
role of ultrasound in tissue repair.
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Figure 1 Experimental design for this study in vitro and the method of treating cells. A: At 24 h before lipopolysaccharide (LPS) was added to 
simulate the inflammatory environment, macrophages at the M1 stage were uniformly subcultured into the six-well plate. Then, The first ultrasound treatment was 
performed 24 h after the inflammatory environment was maintained. At 48 h, ultrasound was performed on the group requiring a second treatment. The supernatant 
of culture medium was separated after 24 d of culture (3 d after LPS was added); B: In order to easily adjust the ultrasonic probe to fit the culture holes on the bottom 
of the six-well plate, we fixed the ultrasonic probe on a sponge pad. Additionally, a box of the same height is used to support the six-hole plate to prevent it from 
tilting.

Figure 2 Low-Intensity pulsed ultrasound significantly increases the expression of anti-inflammatory cytokine and decreases the 
expression of pro-inflammatory cytokine. A: Real-time quantitative polymerase chain reaction (qPCR) was used to detect the gene expression of tumor 
necrosis factor (TNF)-α, interleukin (IL)-6, and IL-10 after being treated by low-intensity pulsed ultrasound (LIPUS); B: ELISA was used to analyze the protein 
expression of TNF-α, IL-6, and IL-10 after being treated with LIPUS. Data are expressed as the mean ± standard error of the mean. aP < 0.05; bP < 0.01; cP < 0.001. 
Low intensity = 0.25 W/cm2, medium intensity = 0.5 W/cm2, and high intensity = 0.75 W/cm2. TNF-α: Tumor necrosis factor-α; IL: Interleukin.
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Figure 3 Low-intensity pulsed ultrasound shifts M1 macrophages towards M2 state. A: The morphology of macrophages was observed by 
microscopy. Black, red, and yellow arrows represent M0, M1, and M2 macrophages, respectively; B: Quantitative polymerase chain reaction was used to detect the 
gene expression of cell phenotypes maker iNOS, CD86, CD206, and ARG1 after being treated by low-intensity pulsed ultrasound. Data are expressed as the mean ± 
standard error of the mean. aP < 0.05; bP < 0.01; cP < 0.001. Low intensity = 0.25 W/cm2, medium intensity = 0.5 W/cm2, and high intensity = 0.75 W/cm2.
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