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SUMMARY

Vascular endothelium dysfunction plays a pivotal role in the initiation and pro-
gression of multiple organ dysfunction. The mesenchymal stem cell (MSC)
maintains vascular endothelial barrier survival via secreting bioactive factors.
However, the mechanism of human umbilical cord MSC (hMSC) in protecting
endothelial survival remains unclear. Here, we found IGF-1 secreted by hMSC
suppressed severe burn-induced apoptosis of human umbilical vein endothelial
cells (HUVECs) and alleviated the dysfunction of vascular endothelial barrier
and multiple organs in severely burned rats. Severe burn repressed miR-301a-
3p expression, which directly regulated IGF-1 synthesis and secretion in hMSC.
Down-regulation of miR-301a-3p decreased HUVECs apoptosis, stabilized endo-
thelial barrier permeability, and subsequently protected against multiple organ
dysfunction in vivo. Additionally, miR-301a-3p negatively regulated PI3K/Akt/
FOXO3 signaling through IGF-1. Taken together, our study highlights the protec-
tive function of IGF-1 against the dysfunction of multiple organs negatively regu-
lated by miR-301a-3p, which may provide the theoretical foundation for further
clinical application of hMSC.

INTRODUCTION

Severe burn is a complex and severe traumatic injury with high mortality in the acute phase (Auger et al.,

2017; Liu et al., 2016). Vascular endothelial barrier dysfunction induced by severe burn, synergism of exces-

sive inflammation, and serious metabolic disturbance are important contributors for the development of

multiple organ dysfunction, such as acute kidney injury (AKI), cardiac dysfunction, and multiple organ fail-

ure (MOF) (Lam et al., 2018; Haines et al., 2017). It has been demonstrated that apoptosis of vascular endo-

thelial cells induced by severe burn is one of the main concerns responsible for vascular endothelial barrier

dysfunction at the early stage (Tian et al., 2015). Therefore, reducing vascular endothelial cells apoptosis

may benefit patients with endothelial barrier disorder and multiple organ dysfunction post severe burn.

Because of its lower immunogenicity and higher proliferation rate, human umbilical cord mesenchymal

stem cell (hMSC) is considered as a perfect candidate for stem cell-based therapy and regenerative med-

icine (Matthay et al., 2017; Lee and Wang, 2017; Laroye et al., 2017). Increasing evidence has shown that

hMSC can protect the endothelial barrier function and effectively treat ill surgical patients who develop

multiple organ dysfunction post severe burn and traumatic brain injury (TBI) (Dorronsoro and Robbins,

2013; Pati et al., 2015; Menge et al., 2012). The beneficial effects of hMSC are partially explained by secre-

tion of bioactive factors, such as anti-apoptotic factors, immunomodulation factors, antioxidant factors,

and exosomes (Yin et al., 2019; Temnov et al., 2018; Beltran et al., 2015). Among these bioactive factors,

insulin-like growth factor (IGF-1) is an important anti-apoptotic factor that regulates cell survival (Li et al.,

2017; Song et al., 2016). Bake et al. showed that IGF-1 could be beneficial to the endothelial barrier function

at the earliest phase of ischemia (Bake et al., 2019). Pati et al. suggested that bone marrow MSC preserved

vascular endothelial integrity in the lungs after hemorrhagic shock (Pati et al., 2011). Our previous study also

showed that IGF-1 was one of the most important factors secreted by hMSC in eliminating apoptosis in
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severely burned wound (Liu et al., 2014). However, the mechanism of IGF-1 secreted by hMSC on protect-

ing endothelial survival and function remains unclear.

MicroRNAs (miRNAs) are 21–24 nucleotides noncoding RNAs that negatively regulate the expression of

genes by binding to the 3’ untranslated regions (30 UTRs) (Zhao and Srivastava, 2007; Kertesz et al.,

2007; Wu and Belasco, 2008). MiRNAs participate in multiple cellular processes, including differentiation

and organogenesis, as well as a broad array of repair and regeneration mechanisms of MSC (Huang

et al., 2013; Lakshmipathy and Hart, 2008; Wen et al., 2012). For example, miR-126 up-regulation promotes

mesenchymal stem cell (MSC) secretome and ischemic angiogenesis and improves cardiac function (Huang

et al., 2013).

FOXO3a is a major downstream effector of phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway in

regulating endothelial cell survival and vascular endothelial function (Tian et al., 2015; Ren et al., 2016; Li

and Zheng, 2019; Yao et al., 2019; Huang et al., 2015; Yan et al., 2019). Burns induce inactivation of PI3K/

Akt and dephosphorylation of FOXO3a, which translocates into the nucleus and triggers apoptosis-related

gene expression (Yu et al., 2016). Several evidences have demonstrated that stem cell transplantation im-

proves cardiac function through the Akt survival pathway in diabetic cardiomyopathy (Yan and Singla,

2013). In addition, IGF-1 released from adipose stem cells protects against 6-hydroxydopamine-induced

neurotoxicity/neuronal cell death via PI3K/Akt and downstream signaling pathway (Wang et al., 2014).

Based on the published studies and our previous results, this study was designed to investigate the poten-

tial mechanism of the therapeutic effect of hMSC involved in the endothelial apoptosis and dysfunctions of

endothelial barrier at early stage post severe burn.

RESULTS

IGF-1 Secreted from hMSC Reduces Severe Burn-Induced Apoptosis of Endothelial Cells

To investigate the role of hMSC-secreted IGF-1 on severe burn-induced apoptosis of endothelial cells, we over-

expressed and knocked down IGF-1 in hMSC and assessed human umbilical vein endothelial cell (HUVEC)

apoptosis in the severely burned serum culture system. Flow cytometry assay showed that transfection efficiency

was comparable in Lenti-overexpress vehicle (mock), Lenti-IGF-1-overexpression (IGF-1-o), Lenti-siRNA vehicle

(mock), and Lenti-IGF-1-siRNA (IGF-1-i) groups (Figures 1A and 1B ). Compared with the corresponding mock

groups, the mRNA expression of IGF-1 in IGF-1-o and IGF-1-i groups was significantly increased or decreased,

respectively (Figure 1C). After cultured with or without burn serum, the mRNA, protein, and secreted levels of

IGF-1 in burn serum + hMSC group were remarkably higher than those in control and sham serum + hMSC

groups. Consistently, the mRNA, protein, and secreted levels of IGF-1 were significantly higher and lower in

IGF-1-o and IGF-1-i groups than in the corresponding mock groups, respectively (Figures 1D–1F).

To investigate the paracrine effect of hMSC on severe burn-induced HUVEC apoptosis, hMSC and HUVEC

were co-cultured in a trans-well co-culture system, treated with DMEM-high glucose containing 20%

severely burned rat serum for 24 h. HUVEC cells were subjected to apoptosis analysis. Apoptosis was

boosted in the burn serum group as compared with control and sham serum groups, whereas it was obvi-

ously reduced after co-culturing with hMSC (Figure 1G). In addition, IGF-1 overexpression further

decreased apoptosis of HUVEC, whereas IGF-1 knockdown increased apoptosis compared with the corre-

sponding mock groups.

MiR-301a-3p Down-Regulation Is Induced by Severe Burn and Acts as a Direct Regulator of

IGF-1 in hMSC

To identify dysregulatedmiRNAs induced by burn in hMSC, miRNA array analysis was performed in hMSCs,

which were maintained in a co-culture system of severe burn serum and sham serum (control) for 24 h. The

results showed that 31 miRNAs were downregulated and 81 were upregulated (fold change ＞2). Among

them,miR-301a-3p was the top-ranked downregulatedmiRNA (Figures 2A and 2B). Reduction of miR-301a-

3p induced by burn was also confirmed by real-time PCR assay (Figure 2C). Based on TargetScan and

miRanda, we predicted that IGF-1 was a direct target for miR-301a-3p, which was highly conserved across

species (Figure 2D). We therefore performed a luciferase assay to evaluate the direct interaction between

miR-301a-3p and IGF-1 mRNA. The luciferase activity was inhibited when miR-301a-3p mimics were co-

transfected with luciferase reporters containing the predicted binding region of the wild-type 30 UTR of

IGF-1 (Figure 2E). However, the luciferase activity remained unchanged when a plasmid with a mutated
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sequence was used instead (Figure 2F). These results suggest that miR-301a-3p is suppressed by burn and

directly targets IGF-1.

The miR-301a-3p Regulating hMSC-Secreted IGF-1 Reduces Severe Burn-Induced HUVEC

Apoptosis

To determine whether miR-301a-3p modulates severe burn-induced HUVEC apoptosis by regulating

hMSC-secreted IGF-1, hMSCs were transfected with Lenti-mimic vehicle (mock), Lenti-miR-301a-3p mimic

Figure 1. Suppressive Effect of IGF-1 Secreted from hMSC on Severe Burn-Induced HUVEC Apoptosis In Vitro

(A) Representative photographs revealed transfection efficiency with mock, IGF-1-o, mock, IGF-1-i in hMSC

(magnification: 1003). Visible green fluorescence protein (GFP) expression that >96.77% of the cells were successfully

infected.

(B) Transfection efficiencies of mock, IGF-1-o, mock, IGF-1-i groups were evaluated by flow cytometry assay.

(C) The relativemRNA fold change of IGF-1 in hMSC after transfection with mock, IGF-1-o, mock, IGF-1-i were detected by

real-time PCR.

(D) The relative mRNA levels of IGF-1 in different treatment groups were detected by real-time PCR.

(E) The protein expression level of IGF-1 in different treatment groups was detected by western blotting.

(F) The IGF-1 level in cultural supernatant of different treatment groups was detected by ELISA assay.

(G) Apoptosis rates of HUVEC in different treatment groups were detected by the flow cytometry assay. The quantitative

analyses were presented in the corresponding histogram.

Values are represented as mean G SD (n = 6), *p < 0.05, **p < 0.01. The hMSC, mock, IGF-1-o, mock, or IGF-1-i was

defined as untransfected, Lenti-overexpression vehicle transfected, Lenti-IGF-1-overexpression transfected, Lenti-siRNA

vehicle transfected, and Lenti-IGF-1-siRNA transfected, respectively.
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(miR-301a-3p-o), Lenti-miR-301a-3p mimic combined Lenti-IGF-1-overexpression (miR-301a-3p-o + IGF-

1-o), Lenti-inhibitor vehicle (mock), Lenti-miR-301a-3p inhibitor (miR-301a-3p-i), and Lenti-miR-301a-3p in-

hibitor combined Lenti-IGF-1-siRNA (miR-301a-3p-i + IGF-1-i). The transfection efficiency was comparable

among these groups (Figures 3A and 3B). MiR-301a-3p overexpression and inhibition significantly

increased and decreased the expression level of miR-301a-3p, respectively (Figure 3C). MiR-301a-3p over-

expression obviously repressed the protein expression and secretion of IGF-1. By contrast, downregulation

of miR-301a-3p enhanced the protein and secreted abundance of IGF-1 (Figures 3E and 3F). IGF-1 knock-

down and overexpression resulted in downregulation and upregulation of IGF-1, respectively (Figures 3D–

3F). However, the relative IGF-1 mRNA levels in miR-301a-3p-o and miR-301a-3p-i groups exhibited no

significant changes compared with the corresponding mock groups (Figure 3D). These data suggest

that miR-301a-3p regulated IGF-1 at the post-transcriptional level.

Next, the hMSC and HUVEC co-culture system was used to evaluate the effect of miR-301a-3p on HUVEC

apoptosis induced by burn. Compared with the burn serum group, other groups reduced HUVEC

apoptosis rates (Figure 3G). miR-301a-3p overexpression led to enhance HUVEC apoptosis, which was

reversed by IGF-1 ectopic expression (Figure 3G). Oppositely, reduction of miR-301a-3p suppressed

HUVEC apoptosis, which was reversed by IGF-1 inhibition (Figure 3G). Taken together, down-regulation

of miR-301a-3p in hMSC reduces burn-induced HUVEC apoptosis by upregulating IGF-1 expression.

The miR-301a-3p Regulates IGF-1 Levels in Serum and Vital Organs of Severely Burned Rats

To further determine if miR-301a-3p regulates IGF-1 levels in vivo, severely burned rats were immediately

injected with hMSC, which was co-transfected with IGF-1 and miR-301a-3p. IGF-1 levels in serum and vital

organs were detected at 12, 24, and 48 h post severe burn. IGF-1 levels in serum and vital organs, such as

lung, liver, kidney, and heart, were decreased in the burn group, whereas they were increased in the burn +

hMSC and burn + mock groups, compared with those in the sham group (p < 0.05). Moreover, they were

markedly higher in burn + IGF-1-o and burn + miR-301a-3p-i groups and lower in burn + IGF-1-i and burn +

miR-301a-3p-o groups than in the burn + mock group (p < 0.05). They were also significantly decreased in

miR-301a-3p-i + IGF-1-i groups compared with burn + miR-301a-3p-i groups and were comparable with

Figure 2. Severe Burn-Induced Down-Regulation of miR-301a-3p Regulated Directly on IGF-1 Protein Translation

in hMSC

(A) Hierarchical clustering of miRNAs expressed differentially in hMSC of the control and burn groups. The scale bar at the

bottom depicts standard deviation from the mean.

(B) Enlarged view of miRNAs with significantly differential expression was shown.

(C) The relative fold change of miR-301a-3p in hMSC of control and burn groups were detected by real-time PCR assay.

(D) Bioinformatics predicted miR-301a-3p-binding sites in IGF-1. Partial sequences of miR-301a-3p and sequences of its

binding sites in the 30 UTR of IGF-1 across various species are shown.

(E and F) Luciferase activity derived from a reporter containing a wide-type (E) or mutant (F) 30 UTR of IGF-1 co-transfected

with miR-301a-3p or miR-NC, respectively. All values are represented as mean G SD (n = 3), **p < 0.01.
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burn + mock groups (p < 0.05) (Figures 4A–4F). The results suggest that down-regulation of miR-301a-3p

mediates IGF-1 expression and secretion in multiple organs and serum of severely burned rats.

MiR-301a-3p Negatively Regulating hMSC-Secreted IGF-1 Inhibits Vascular Endothelial

Apoptosis in Vital Organs in Severely Burned Rats

Based on the above results, we next investigated the effect of miR-301a-3p-mediated IGF-1 secretion from

hMSC on vascular endothelial apoptosis of vital organs in severely burned rats. As shown in Figure 5A, the

transplanted cells of burn + mock, burn + IGF-1-o, burn + IGF-1-i, burn + miR-301a-3p-o, burn + miR-301a-

3p-i, and burn + miR-301a-3p-i + IGF-1-i groups migrated into the lung, liver, kidney, and heart, which were

accumulated in the blood vessels of these vital organs at 24 h post severe burn. The vascular endothelial

apoptosis of vital organs was not observed in sham groups but was significantly increased in the burn group

(p < 0.01) (Figure 5B). hMSC and IGF-1 both obviously suppressed the vascular endothelial apoptosis of

vital organs (p < 0.01) (Figures 5B and 5C). Moreover, compared with the burn +mock group, the apoptosis

was further decreased in burn + IGF-1-o and burn + miR-301a-3p-i groups but was markedly increased in

burn + IGF-1-i and burn +miR-301a-3p-o groups (p < 0.05) (Figures 5B and 5C). The decreased apoptosis in

Figure 3. miR-301a-3p Negatively Regulating hMSC-Secreted IGF-1 Reduces Severe Burn-Induced HUVEC Apoptosis In Vitro

(A) Representative photographs demonstrated successful transfection with mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-

301a-3p-i + IGF-1-i in hMSC (magnification: 1003). Visible green fluorescence protein (GFP) expression that >96.36% of the cells were successfully infected.

(B) Transfection efficiencies of mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-301a-3p-i + IGF-1-i groups were evaluated by

flow cytometry assay.

(C) The relative expression levels of miR-301a-3p in hMSC after transfection with mock, miR-301a-3p-o, mock, and miR-301a-3p-i were detected by real-time

PCR.

(D) The relative IGF-1 mRNA levels in hMSC of control, mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-301a-3p-i + IGF-1-i

groups were detected by real-time PCR.

(E) The relative IGF-1 protein expression levels in hMSC of control, mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-301a-3p-

i + IGF-1-i groups were detected by western blotting.

(F) The IGF-1 levels in cultural supernatant of control, mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-301a-3p-i + IGF-1-i

groups were detected by ELISA assay.

(G) Apoptosis rates of HUVEC in control, mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-301a-3p-i + IGF-1-i groups were

detected by flow cytometry assay in the severely burned serum culture system. The quantitative analyses were presented in the corresponding histogram.

Values are represented as meanG SD (n = 6), *p < 0.05, **p < 0.01. Control, mock, miR-301a-3p-o, miR-301a-3p-o + IGF-1-o, mock, miR-301a-3p-i, and miR-

301a-3p-i + IGF-1-i were defined as untransfected, Lenti-mimics vehicle transfected, Lenti-miR-301a-3p mimics transfected, Lenti-miR-301a-3p mimics and

Lenti-IGF-1-overexpress co-transfected, Lenti-inhibitors vehicle transfected, Lenti-miR-301a-3p inhibitors transfected, and Lenti-miR-301a-3p inhibitors and

Lenti-IGF-1-siRNA co-transfected, respectively.
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burn + miR-301a-3p-i groups was reversed by IGF-1 inhibition (p < 0.05) (Figures 5B and 5C). Collectively,

IGF-1 expression directly regulated by miR-301a-3p protects vital organs from burn-induced apoptosis.

MiR-301a-3p Regulating hMSC-Secreted IGF-1 Reduces Vascular Permeability of Vital

Organs in Severely Burned Rats

Then we evaluated the therapeutic effect of miR-301a-3p-mediated IGF-1 secretion from hMSC on vascular

permeability of vital organs, including lung, liver, kidney, and heart in rats at 12, 24, and 48 h post severe

burn by detecting water content ratio and Evans Blue (EB) content. The water content ratios and the EB

content of lung, liver, kidney, and heart were increased in the burn group but were decreased in the

burn + hMSC group compared with the sham group (p < 0.05). IGF-1 up-regulation and miR-301a-3p

down-regulation suppressed the water content ratio and the EB content. Opposite results were observed

in IGF-1 inhibition andmiR-301a-3p overexpression groups (p < 0.05). IGF-1 down-regulation enhanced the

inhibition effect of miR-301a-3p inhibitors on water content ratio and the EB content (Tables 1 and 2).

MiR-301a-3p Negative Regulating hMSC-Secreted IGF-1 Improves the Function Parameters

of Vital Organs in Severely Burned Rats

We also evaluated the therapeutic effects of miR-301a-3p-mediated IGF-1 secretion from hMSC on func-

tion parameters of lung, liver, kidney, and heart in rats at 24 h post severe burn. Lung function was deter-

mined by examining the parameters of inspiratory resistance (Ri), expiratory resistance (Re), compliance

(Cl), peak expiratory flow (PEF), and maximal voluntary ventilation (MVV). Liver function was checked by

measuring Alanine Transaminase (ALT) and Aspartate Transaminase (AST). Kidney function was deter-

mined by detecting urine volume, creatinine (Crea), and Urea. Heart function was determined bymeasuring

Figure 4. The miR-301a-3p Regulates IGF-1 Levels in Serum and Vital Organs of Severely Burned Rats

(A–E) IGF-1 levels in serum (A) and vital organs, such as lung (B), liver (C), kidney (D), and heart (E), in rats transfected with miR-301a-3p were detected by

ELISA assay at 12, 24, and 48 h post severe burn, respectively. The down-regulation expression of miR-301a-3p mediated IGF-1 secretion from the

transplanted hMSC in serum and vital organs, such as lung, liver, kidney, and heart, of severely burned rats.

(F) The urine volume was collected and recorded at 24 h post severe burn. Values are represented as mean G SD (n = 8). *p < 0.05 and **p < 0.01 compared

with sham groups, respectively. @p < 0.05 and @@p < 0.01 compared with burn group, respectively. #p < 0.05 and ##p < 0.01 compared with burn + mock

group, respectively. &p < 0.05 and &&p < 0.01 compared with miR-301a-3p-i group, respectively. The mock, IGF-1-o, IGF-1-i, miR-301a-3p-o, miR-301a-3p-i

or miR-301a-3p-i + IGF-1-i groups were defined as transplanted hMSC transfected with Lenti-GFP vehicle, Lenti-IGF-1-overexpress, Lenti-IGF-1-siRNA,

Lenti-miR-301a-3p mimics and Lenti-miR-301a-3p inhibitors, Lenti-miR-301a-3p inhibitors combined Lenti-IGF-1-siRNA co-transfected, respectively.
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Troponin, Creatine Kinase (CK), MB isoform of CK (CK-MB), and Lactate Dehydrogenase (LDH) and a-hy-

droxybutyrate Dehydrogenase (HBDH). We showed that the multiple organ functions were deteriorated

the in the burn group but significantly improved in the burn + hMSC group compared with the sham group

(p < 0.05). Compared with the burn +mock group, they were greatly improved in burn + IGF-1-o and burn +

miR-301a-3p-i groups and markedly deteriorated in burn + IGF-1-i and burn + miR-301a-3p-o groups

(p < 0.05). Moreover, compared with the burn + miR-301a-3p-i group, these parameters were worsened

again in the miR-301a-3p-i + IGF-1-i group, and close to burn + mock group (Table 3) (p < 0.05). Taken

together, these data comprehensively confirmed the therapeutic effects of miR-301a-3p-mediated IGF-1

secretion on vascular endothelial apoptosis, vascular permeability, and function parameters of vital organs,

such as lung, liver, kidney, and heart in rats at very early stages post severe burn.

MiR-301a-3p Negatively Regulates hMSC-Secreted IGF-1 to Activate PI3K/Akt/FOXO3

Signal in Endothelial Cells

To elucidate the potential mechanism, we examined PI3K/Akt signaling using western blotting. The phos-

phorylation of PI3K, AKT, and Foxo3a was normalized to their protein expression. Cleaved caspase 3 was

normalized to caspase 3. Compared with control and sham serum groups, the p-PI3K/PI3K, p-Akt/Akt, and

p-FOXO3a/FOXO3a were decreased in the burn serum group but increased in IGF-1treated groups in a

dose-dependent manner (Figure 6A) (p < 0.05). In addition, the p-PI3K/PI3K, p-Akt/Akt, and p-FOXO3a/

FOXO3a of the burn serum group were lower than in the sham serum group, and those of the burn +

mock group were markedly higher than in the burn group, but markedly lower than in the sham serum

group (p < 0.05). They were remarkably increased in burn + IGF-1-o and burn + miR-301a-3p-i groups,

Figure 5. Distribution of Transplanted hMSC with IGF-1/miR-301a-3p Overexpression and Knockdown and Their

Effects on Apoptosis of Vascular Endothelial Cell in Vital Organs of Rats at 24 h Post Severe Burn

(A) Representative photographs showed that hMSC transfected with mock, IGF-1-o, IGF-1-i, miR-301a-3p-o, miR-301a-

3p-i, and miR-301a-3p-i + IGF-1-i were mainly distributed in blood vessels of lung, liver, kidney, and heart tissues in rats at

24 h post severe burn.

(B) MiR-301a-3p negatively regulating hMSC-secreted IGF-1 reduced vascular endothelial apoptosis of vital organs, such

as lung, liver, kidney, and heart, in severely burned rats at 24 h post injury.

(C) Quantitative analysis of apoptosis rate is shown in the corresponding histogram. Values are represented as mean G

SD (n = 8). *p < 0.05 and **p < 0.01 compared with sham group, respectively. @p < 0.05 and @@p < 0.01 compared with

burn group, respectively. #p < 0.05 and ##p < 0.01 compared with burn + mock group, respectively. &p < 0.05 and
&&p < 0.01 compared with miR-301a-3p-i group, respectively.
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but obviously decreased in burn + IGF-1-i and burn + miR-301a-3p-o groups compared with burn + mock

group (p < 0.05). Moreover, IGF-1 inhibition suppressed the expression of p-PI3K/PI3K, p-Akt/Akt, and

p-FOXO3a/FOXO3a (Figure 6B) (p < 0.05). By contrast, the ratio of cleaved Caspase 3 to Caspase 3 showed

opposite change tendency relative to p-PI3K/PI3K, p-Akt/Akt, and p-FOXO3a/FOXO3a (Figures 6A and

6B). The data confirmed that miR-301a-3p regulation of hMSC-secreted IGF-1 activated PI3K/Akt/FOXO3a

signal of vascular endothelial cells in severe burn microenvironment in vitro.

DISCUSSION

Burn is a common form of traumatic injury with high mortality and morbidity. The vascular endothelium

injury leading to vascular endothelial barrier dysfunction, which is essential for the initiation of shock at

the early stage and progression of multiple organ dysfunction at the advanced stage. Recently, the thera-

peutic effects of hMSC have been demonstrated on some severe traumas and serious injuries through sta-

bilizing endothelial barrier function (Walker et al., 2010; Bruno et al., 2012; Gatti et al., 2011; Walter et al.,

2014; Yang et al., 2015; Meng et al., 2019). We previously found that hMSC alleviated cells apoptosis of

wound and organ tissues post severe burn by secreting bioactive factors (Liu et al., 2016; Bake et al.,

2019). In this study, we found that hMSC significantly reduced severe burn-induced vascular endothelial

Groups Parameter

Lung Liver Kidney Heart

12 h 24 h 48 h 12 h 24 h 48 h 12 h 24 h 48 h 12h 24 h 48 h

Sham 63.15 G

1.54

64.46 G

0.77

63.94 G

1.68

70.01 G

1.54

71.16 G

1.34

70.74 G

1.38

78.48 G

1.02

77.25 G

2.74

78.58 G

1.20

60.85 G

1.39

61.18 G

0.96

60.98 G

1.02

Burn 90.19 G

1.39

**

96.57 G

2.08

**

85.92 G

1.14

**

92.07 G

0.62

**

97.24 G

1.51

**

86.02 G

2.03

**

85.19 G

0.98**

90.58 G

1.63

**

82.72 G

2.69

81.46 G

1.64

**

85.36 G

2.16**

76.45 G

1.11

**

Burn + hMSC 76.24 G

0.88

@@

80.3 G

1.15

@@

73.09 G

1.20

@@

82.95 G

1.03

@@

84.87 G

1.29

@@

78.81 G

1.38

@@

80.19 G

0.71

@@

83.44 G

0.95

@@

78.72 G

1. 90

70.05 G

1.12

@@

74.80 G

1.09@@

68.38 G

1.06

@@

Burn + mock 76.97 G

0.51

@@

81 .24 G

1.04

@@

74.71 G

2.45

@@

83.39 G

0.88

@@

85.95 G

0.97

@@

78.15 G

1.20

@@

80.50 G

1.13

@@

83.73 G

0.78

@@

78.53 G

1.47

70.96 G

0.63

@@

74.99 G

0.54

@@

68.85 G

0.71

@@

Burn + IGF-o 68.24 G

1.49

##

72.36 G

1.81

#

67.07 G

1.07

##

76.15 G

1.03

##

78.01 G

1.06

##

74.09 G

0.74

#

78.12 G

0.85

79.51 G

0.96

#

78.37 G

0.96

65.49 G

0.41

#

67.66 G

0.90

##

64.12 G

0.55

#

Burn + IGF-i 86.03 G

0.76

##

91.97 G

0.74

##

81.99 G

0.88

##

89.05 G

0.56

##

93.00 G

1.35

##

83.98 G

0.97

#

83.22 G

0.78

88.73 G

0.54

#

81.93 G

1.50

78.90 G

0.84

##

82.82 G

0.45

##

73.07 G

1.44

#

Burn + miR-

301a-3p-o

84.12 G

0.85

##

88.86 G

1.31

##

79. 24 G

0.92

#

87.29 G

1.04

#

91.81 G

0.77

##

82.57 G

2.16

82.86 G

0.49

87.24 G

1.06

#

80.64 G

3.35

77.13 G

0.72

##

80.79 G

0.58

##

72.88 G

1.57

Burn + miR-

301a-3p-i

70.28 G

0.83

#

74.27 G

0.59

##

69.33 G

1.20

#

77.48 G

0.90

##

80.35 G

0.59

#

75.64 G

1.11

79.46 G

0.81

80.02 G

0.49

#

79.11 G

0.72

66.98 G

0.55

#

69.04 G

0.86

##

65.03 G

0.98

#

miR-301a3p-i

+IGF-1-i

75.52 G

1.12

&

79.91 G

0.84

&

72.94 G

1.05

&

81.93 G

0.74

&

84.36 G

0.78

&

77.83 G

1.00

81.3 G

0.92

83.08 G

0.72

&

79.48 G

0.82

69.77 G

0.79

&

72.85 G

0.92

&

67.14 G

0.56

Table 1. Water Content Ratio of Vital Organs (mean G SD, %, n = 8)

MiR-301a-3p negatively regulating hMSC-secreted IGF-1 reduces water content ratio of vital organs in severely burned rats (mean G SD, n = 8). *p < 0.05 and

**p < 0.01 compared with sham group, respectively. @p < 0.05 and @@p < 0.01 compared with burn group, respectively. #p < 0.05 and ##p < 0.01 compared with

burn + mock group, respectively. &p < 0.05 and &&p < 0.01 compared with burn + miR-301a-3p-i group, respectively.
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apoptosis, protected against endothelial barrier disorder andmultiple organ dysfunction by secreting IGF-

1. Severe burn-induced down-regulation of miR-301a-3p directly increased IGF-1 synthesis and secretion in

hMSC, hence reducing vascular endothelial apoptosis and protecting against dysfunction of endothelial

barrier andmultiple organs. We also demonstrated that miR-301a-3p negatively regulated hMSC-secreted

IGF-1 to activate PI3K/Akt/FOXO3 signaling in endothelial cells. Overall, we clarified the potential mech-

anism of hMSC on the endothelial apoptosis and dysfunctions of endothelial barrier at early stage post se-

vere burn.

As a keymitogenic and anti-apoptosis factor, IGF-1 exhibits pro-survival and repairing effect on endothelial

barrier, which is susceptible to ectopic expression and dysfunction induced by excessive inflammation,

serious metabolic disturbance, and other systematic disorders after severe burn or trauma (Aman et al.,

2016; Bake et al., 2019; Davis et al., 2006). Our precious study showed that IGF-1 was a pivotal bioactive

factor secreted by hMSC in alleviating cell apoptosis after severe burn (Liu et al., 2014). Here we demon-

strated that IGF-1 secreted by hMSC displayed a strong anti-apoptotic activity and therapeutic effects.

IGF-1 reduced severe burn-induced vascular endothelial apoptosis, protected against endothelial barrier

disorder, and multiple organ dysfunction in vitro and in vivo. It has been shown that bone marrow-derived

MSC has beneficial effects on tubular cell repair in acute kidney injury by producing IGF-1 (Imberti et al.,

Groups Parameter

Lung Liver Kidney Heart

12 h 24 h 48 h 12 h 24 h 48 h 12 h 24 h 48 h 12 h 24 h 48 h

Sham 10.87 G

0.93

11.26 G

0.82

10.95 G

1.16

11.81 G

0.66

11.23 G

0.22

10.93 G

0.50

10.52 G

0.81

10.11 G

0.26

10.00 G

0.79

14.14 G

0.85

14.18 G

1.02

13.78 G

1.01

Burn 56.55 G

2.80

**

62.18 G

3.33

**

40.74 G

0.95

**

32.63 G

0.58

**

40.60 G

0.35

**

25.92 G

1.09

**

23.48 G

1.05

**

35.56 G

1.04

**

18.61 G

0.83

**

27.81 G

1.00

**

38.23 G

2.05

**

20.92 G

0.56

*

Burn + hMSC 28.96 G

0.92

@@

37.69 G

1.85

@@

21.80 G

1.09

@@

19.90 G

0.73

@@

23.77 G

0.94

@@

16.48 G

1.20

@@

16.01 G

0.48

@@

21.79 G

1.04

@@

13.50 G

0.62

@

18.52 G

1.13

@@

22.70 G

1.10@@

15.54 G

1.02

@

Burn + mock 29.03 G

1.01

@@

38.51 G

2.49

@@

22.93 G

0.61

@@

20.36 G

0.85

@@

24.05 G

0.68

@@

16.96 G

0.85

@@

16.24 G

0.77

@@

22.33 G

0.50

@@

13.92 G

1.14@

19.04 G

0.95

@@

23.08 G

0.94

@@

15.69 G

0.95

@

Burn + IGF-o 19.85 G

1.35

##

23.06 G

1.70

##

14.44 G

0.70

##

13.93 G

0.57

##

15.46 G

0.41

##

12.65 G

0.76

#

12.71 G

0.54

#

15.54 G

0.89

#

10.87 G

1.03

#

14.60 G

0.47

#

16.52 G

0.78

##

14.05 G

1.19

Burn + IGF-i 47.96 G

2.96

##

55.58 G

1.36

##

35.59 G

0.88

##

27.80 G

0.72

##

35.79 G

0.90

##

21.80 G

0.88

#

20.76 G

0.32

#

31.73 G

0.92

##

16.35 G

1.50

25.01 G

0.92

#

35.05 G

0.60

##

19.04 G

0.87

#

Burn + miR-

301a-3p-o

45.78 G

1.04

##

52.70 G

1.81

##

33. 37 G

1..04

##

25.94 G

1.19

#

32.81 G

1.42

##

20.97 G

1.30

#

19.81 G

0.20

#

29.11 G

0.18

#

15.89 G

0.77

23.99 G

0.73

#

33.73 G

1.39

##

18.97 G

1.03

#

Burn + miR-

301a-3p-i

22.06 G

0.67

##

25.93 G

0.62

##

16.80 G

0.65

##

15.20 G

0.71

#

17.18 G

0.85

##

13.08 G

1.12

#

13.29 G

1.40

17.02 G

0.75

#

11.43 G

0.99

15.50 G

1.09

#

17.42 G

0.71

##

15.12 G

0.91

miR-301a3p-i

+IGF-1-i

26.55 G

1.14

&

33.79 G

1.26

&&

19.82 G

0.70

&

18.71 G

1.08

&

21.89 G

1.21

&

15.24 G

0.93

14.89 G

0.50

20.14 G

0.37

&

13.79 G

0.51

17.38 G

1.25

21.35 G

1.12

&

16.33 G

1.79

Table 2. Evans Blue Content in Supernatant of Vital Organs (mean G SD, mg/mL, n = 8)

MiR-301a-3p negatively regulating hMSC-secreted IGF-1 reduces Evans blue content in supernatant of vital organs in severely burned rats (mean G SD, n = 8).

*p < 0.05 and **p < 0.01 compared with sham group, respectively. @p < 0.05 and @@p < 0.01 compared with burn group, respectively. #p < 0.05 and ##p < 0.01

compared with burn + mock group, respectively. &p < 0.05 and &&p < 0.01 compared with burn + miR-301a-3p-i group, respectively.
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Groups Parameter

Lung Function Liver Function Kidney Function Heart Function

Inspiratory

Resistance

(Ri, cm

H2O/mL.s)

Expiratory

Resistance

(Re, cm

H2O/mL.s)

Compliance

(Cl, mL/cm

H2O)

The Peak

Expiratory

Flow (PEF,

mL/min)

Maximal

Voluntary

Ventilation

(MVV, mL)

ALT

(U/L)

AST

(U/L)

Urea

(mmol/

L)

Crea

(mmol/

L)

Troponin

(pg/mL)

CK (U/L) CK-MB

(U/L)

LDH

(U/L)

HBDH

(U/L)

Sham 1.80 G

0.09

1.37 G

0.05

0.28 G

0.02

38.09 G

1.67

194.46 G

3.27

39.51 G

3.73

133.49 G

32.18

4.55 G

0.64

16.5 G

0.71

210.24 G

11.57

1,439.5 G

140.12

1,520.5 G

186.34

1,402 G

138.63

469.50 G

60.93

Burn 5.45 G

0.13

**

4.48 G

0.09

**

0.11 G

0.03

*

20.24 G

2.04

**

121.07 G

2.38

**

210.33 G

8.57

**

892.41 G

56.33

**

13.63 G

0.71

**

27.48 G

0.63

**

320.78 G

15.35

**

5,741.26 G

137.51

**

3,620.97 G

91.29

**

3,431.17 G

165.74

**

1,183.82 G

166.27

**

Burn +

hMSC

3.31 G

0.40

@@

2.70 G

0.38

@@

0.20 G

0.02

@

31.72 G

1.15

@@

163.96 G

1.85

@@

113.10 G

4.18

@@

542.39 G

20.05

@@

8.59 G

0.50

@@

22.18 G

0.77

@

259.39 G

8.70

@@

2,952.80 G

73.15

@@

2,490.38 G

56.64

@@

2,172.86 G

72.10

@@

721.95 G

38.17

@@

Burn +

mock

3.54 G

0.18

@@

2.99 G

0.17

@@

0.20 G

0.04

31.38 G

0.93

@@

163..81 G

2.04

@@

114.67 G

9.36

@@

544.85 G

34.41

@@

8.76 G

0.88

@@

22.96 G

0.49

@

261.46 G

9.98

@@

2,967.96 G

62.97

@@

2,518.10 G

90.01

@@

2,221.33 G

85.71

@@

742.92 G

41.24

@@

Burn +

IGF-o

2.19 G

0.17

#

1.84 G

0.56

#

0.26 G

0.02

36.49 G

0.68

#

182.75 G

3.66

##

68.72 G

6.35

##

357.33 G

28.80

##

5.94 G

0.27

##

18.01 G

0.36

#

229.32 G

10.27

#

2054.76 G

90.29

##

1903.48 G

103.4

##

1,696.57 G

68.84

##

585.71 G

18.48

##

Burn +

IGF-i

4.73 G

0.20

##

4.17 G

0.38

##

0.13 G

0.05

23.57 G

0.51

#

132.07 G

2.03

##

187.27 G

9.59

##

825.48 G

36.10

##

11.09 G

0.45

#

25.51 G

0.14

#

294.21 G

13.52

#

4,562.19 G

115.26

##

3,360.51 G

57.32

##

3,074.95 G

109.12

##

1,003.92 G

42.77

##

Burn +

miR-

301a-

3p-o

4.28 G

0.11

##

3.86 G

0.20

##

0.14 G

0.03

24.49 G

1.25

#

136.71 G

3.12

##

178.68 G

7.44

##

784.52 G

20.45

##

10.54 G

0.62

#

24.82 G

0.53

#

289.65 G

3.26

#

4,357.34 G

197.05

##

3,283.94 G

45.15

##

2,918.33 G

70.31

##

984 G

25.91

##

Burn +

miR-

301a-

3p-i

2.55 G

0.16

#

2.05 G

0.23

#

0.25 G

0.04

35.72 G

1.03

179.96 G

1.94

##

75.35 G

3.82

##

371.19 G

26.71

##

6.34 G

0.19

##

19.15 G

0.79

#

234.05 G

9.51

#

2,211.38 G

79.67

##

2075.37 G

42.71

##

1743.22 G

91.29

##

610.11 G

20.10

##

miR-

301a3p-i

+IGF-1-i

3.09 G

0.25

&

2.52 G

0.24

&

0.22 G

0.03

32.02 G

1.09

167.24 G

1.51

&

100.72 G

13.59

&&

481.48 G

29.28

&&

7.94 G

0.52

&

21.95 G

0.54

&

250.29 G

4.03

&

2,708.84 G

35.44

&&

2,326.95 G

76.74

&

2075.02 G

79.63

&&

697.73 G

26.38

&

Table 3. Function Parameters of Vital Organs (mean G SD, n = 8)

MiR-301a-3p negatively regulating hMSC-secreted IGF-1 improves function parameters of vital organs in severely burned rats (mean G SD, n = 8). ALT, alanine transaminase; AST, aspartate transaminase,

Crea, creatinine; CK, creatine kinase; CK-MB, MB isoform of CK; LDH, lactate dehydrogenase; HBDH, a-hydroxybutyrate dehydrogenase. *p < 0.05 and **p < 0.01 compared with sham group, respectively.
@p < 0.05 and @p < 0.01 compared with burn group, respectively. #p < 0.05 and #p < 0.01 compared with burn +mock group, respectively. &p < 0.05 and &&p < 0.01 compared with burn +miR-301a-3p-i group,

respectively.
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2007). In rats with myocardial infarction, human cardiac stem cells with IGF-1 overexpression enhanced

myocardial repair by improving the long-term survival of transplanted cells and the surrounding myocar-

dium (Jackson et al., 2015). Therefore, based on this, IGF-1 secreted by the transplanted hMSC not only

protects against apoptosis of the vascular endothelial and dysfunction of endothelial barrier but also exerts

a self-protection function in the organic microenvironment post severe burn.

Increasing evidences have reported that MSC exerts their beneficial influences on repair and regeneration

of injured organs through miRNA-mediated bioactive factors production and secretion (Lakshmipathy and

Hart, 2008; Wen et al., 2012). We herein attempted to profile the microRNAs induced by burn to regulate

hMSC-secreted IGF-1. We found that severe burn induced the down-regulation of miR-301a-3p. IGF-1 was

a direct target for miR-301a-3p. In fact, miR-301a-3p negatively regulated IGF-1 protein translation and

secretion in hMSC. Inhibition of miR-301a-3p in hMSC reduced the apoptosis of HUVECs in vitro as well

as the apoptosis of vascular endothelial cells in vivo, thereby promoting the endothelial barrier perme-

ability of lung, liver, kidney, and heart and eventually improving the function parameters of these organs

in severely burned rats. Therefore, this study provided strong evidences supporting that miR-301a-3p

directly regulated the production of IGF-1 from hMSC, which functions as a key upstream repair mechanism

of hMSC’s therapeutic effect on stabilizing endothelial barrier function. Antagonizing miR-301a-3p is a

promising strategy to enhance IGF-1 release, which may be a helpful therapy for dysfunction of endothelial

barrier and multiple organs. Meanwhile, our team profiled the dysregulated miRNAs after severe burn and

its relationship with the biological characteristics of hMSC, which could augment the opportunities to safely

pursue better therapeutic modalities during MSC-based therapy in severely burned patients who develop

multiple organ dysfunction, even failure.

Figure 6. Effects of IGF-1 and hMSC Transfected with IGF-1/miR-301a-3p Overexpression and Knockdown on

PI3K/Akt/FOXO3a Signaling of Endothelial Cells in Severely Burned Serum Culture System

(A) Severe burn impaired activation of PI3K/Akt and its downstream effector FOXO3a, and IGF-1 activated PI3K/Akt/

FOXO3a in a dose-dependent manner. The quantitative analysis was reported in the corresponding histogram.

(B) MiR-301a-3p negatively regulated hMSC-secreted IGF-1 inhibited PI3K/Akt/FOXO3a signaling of endothelial cells in

the severely burned serum culture system; three samples in each group were applied for analysis. The quantitative

analysis was reported in the corresponding histogram.
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Finally, we clarified the anti-apoptosis mechanism of IGF-1 secreted by hMSC, which is the downstream

signaling of hMSC on protecting against vascular endothelial apoptosis and endothelial barrier dysfunc-

tion. PI3K/Akt/FoxO3a signaling participates in regulating cell survival after severe burns. We also showed

that severe burn impaired PI3K/Akt activation and increased total FOXO3a protein and cleaved caspase 3

levels, subsequently resulting in apoptosis of vascular endothelial cells. IGF-1 activated PI3K/Akt signaling,

increased p-FOXO3a/FOXO3a level, and decreased cleaved Caspase 3/Caspase 3 level. Furthermore, we

found that hMSC with IGF-1 overexpression andmiR-301a-3p inhibitors remarkably increased PI3K and Akt

phosphorylation and the ratio of p-FOXO3a to FOXO3a and decreased the ratio of cleaved Caspase 3 to

Caspase 3. On the contrary, hMSC with IGF-1 siRNA and miR-301a-3p mimics could remarkably decrease

PI3K and Akt phosphorylation and the ratio of p-FOXO3a/FOXO3a and increase the ratio of cleaved Cas-

pase 3 to Caspase 3. These data confirmed miR-301a-3p negatively regulating hMSC-secreted IGF-1

reduced severe burn-induced vascular endothelial apoptosis via activating PI3K/Akt/FOXO3a signaling.

And studies showed that phosphorylation of FOXOs by Akt inhibited transcriptional functions of FOXOs

and contributed to cell survival, growth, and proliferation, thereby protecting against injured tissue or or-

gan function (Zhang et al., 2011, 2019; Tucka et al., 2014). In addition, FOXO3 was also considered an evolu-

tionarily conserved longevity factor, and FOXO3-activated vascular cells exhibited delayed aging and

increased resistance to injury, even FOXO3-enhanced vascular cells could promote vascular regeneration

in a mouse model of ischemic injury (Flachsbart et al., 2017; Martins et al., 2016; Yan et al., 2019).

Conclusion

In summary, these comprehensive data suggested that down-regulation of miR-301a-3p directly regulated

hMSC-secreted IGF-1 to reduce severe burn-induced vascular endothelial apoptosis and protected

against dysfunction of endothelial barrier and multiple organs via activating PI3K/Akt/FOXO3a signaling.

Moreover, our results not only confirmed the potential mechanism involved in the therapeutic effect of

hMSC on the endothelial apoptosis and dysfunctions of endothelial barrier at the early stage post severe

burn but also might provide the theoretical foundation for further clinical applications of hMSC application

into burn areas.

Limitations of the Study

Our study demonstrated the functional role of miR-301a-3p that directly regulated hMSC-secreted IGF-1 to

protect against dysfunction of multiple organs in vivo and in vitro. Although we found the therapeutic effect

of hMSC through downregulation of miR-301a-3p expression, the precise role of PI3K/Akt/FOXO3a

signaling in mediating the therapeutic effect of hMSC needs further study.
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TRANSPARTENT METHODS 

Cell culture 

The human umbilical cord MSC (hMSC) was obtained according to the protocols as 

described previously (Liu et al., 2013). The human umbilical cord MSC were maintained in 

Mesenchymal Stem Cell Medium (MSCM, ScienCell, USA) and humidified at 37oC with 

5% CO2. 

First-passage human umbilical vascular endothelial cell（HUVEC）was purchased from 

ScienCell Research Laboratories (ScienCell, USA). HUVEC was cultured in Endothelial 

Cell Medium (ECM, ScienCell, USA), and humidified at 37oC with 5% CO2. HUVEC of 

passages 2-5 were used for the following experiments. 

MicroRNA array analysis of severe burn induced-hMSC  

The severe burn serum culture system in vitro was used to mimic organic 

microenvironment of the severe burn. Total RNAs was extracted from the hMSC, which 

were incubated in culture system of severe burn serum and sham serum (control) for 24h, 

using TRIzol (Invitrogen, USA), following the manufacturers' protocols. A miRNA array 

(GeneChip miRNA Array; Affymetrix Inc., Santa Clara, CA, USA), which contains 6153 

probe sets, was used to detect the miRNA expression. miRNAs of intensities ≥30 were 

chosen for calculation. Unsupervised hierarchical clustering was analyzed by the Multi 

Experiment Viewer software, version 4.6 (The Institute for Genomic Research, Rockville, 

MD, USA). Dysregulated miRNAs were analyzed based on the following criteria: the fold 

change>2 and Q<0.05. 

hMSC cotransfection with IGF-1 and miR-301a-3p 

The hMSC (50000 cells/well) was seeded in 6-well plates with 3 mL antibiotics-free 

MSCM-sf. 1 day later, the cells were transfected with lentivirus-mediated overexpression 

vector  and siRNA (negative control and IGF-1) or mimics and inhibitors (negative control 

and miR-301a-3p), which were synthesized by GeneChem (Shanghai, China), according to 

the corresponding protocol provided by manufacturers. In the first part, hMSC was divided 

into negative control group (un-transfected), mock group (Lenti-control transfected), IGF-

1-o group (Lenti-IGF-1 transfected), mock group (Lenti-control-siRNA transfected), IGF-



1-i group (Lenti-IGF-1-siRNA transfected). In the second part, hMSC was divided to 

negative control group (un-transfected), mock group (Lenti-control-mimic transfected), 

miR-301a-3p-o group (Lenti-miR-301a-3p-mimic transfected), miR-301a-3p-o+IGF-1-o 

(Lenti-miR-301a-3p mimic and Lenti-IGF-1 co-transfected), mock group (Lenti-control-

inhibitor transfected), miR-301a-3p-i group (Lenti-miR-301a-3p-inhibitor transfected), 

miR-301a-3p-i+IGF-1-i (Lenti-miR-301a-3p-inhibitor and Lenti-IGF-1-siRNA co-

transfected). 12 hours later, the medium was replaced by antibiotics-free MSCM-sf. After 

culturing for 3-4 days, these cells were used for analysis and detection. To confirm the 

transfection efficiency, inverted fluorescence microscope (Leica, Germany) and flow 

cytometry analysis were used to detect GFP fluorescence intensity.  

Dual-luciferase reporter gene assay 

The binding sites of miR-301a-3p in IGF-1 was analyzed using Targetscan 

(www.targetscan.org) and miRanda (www.microrna.org). The wild-type (WT) and mutant 

(MUT) 3'-UTR of IGF-1 was coloned into luciferase expressing pMIR-REPORT vector 

(Ambion; Thermo Fisher Scientific, Inc.). In brief, Luciferase reporter vectors were 

co-transfected with mimics, antisense and corresponding mutant sequences of miR-301a-

3p by Lipofectamine 2000 into 293 T cells. Luciferase activity was detected using the kit 

(cat. no: RG027; Beyotime Institute of Biotechnology), following the manufacturer's 

protocols. 

Real time-PCR analysis 

Total RNA was isolated from hMSC using TRIzol (Invitrogen). 2 μg of total RNA was 

reversely transcribed into cDNA using moloney murine leukemia virus reverse transcriptase 

(Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Real 

time-PCR was performed with SYBR Green Supermix (Bio-Rad Laboratories, Inc., 

Hercules, CA, USA) on the Applied Biosystems 7300 Real-Time PCR System (Thermo 

Fisher Scientific, Inc.). Relative level of mRNA and miRNAs was calculated using the 

2-ΔΔCq method (Livak and Schmittgen, 2001) and normalized to GAPDH and U6, 

respectively. The primer sequences were as following: IGF-1: Forward 

5'-ACACTCCAGCTGGGAAAAGCTG GGTTGAGA-3' and reverse 



5'-ACACTCCAGCTGGGTCGCCCTC-3'; GAPDH: Forward 

5'-TATCGGACGCCTGGTTAC-3' and reverse 5'-CGTTCAAGTTGCCGTGTC-3'. 

miR‑301a‑3p: Forward 5'‑ACACTCCAGCTGGGCAGTGCAATAGTATTGTC‑3' and 

reverse 5'‑CTCAACTGGTGTCGTGGA‑3'; U6: Forward 

5'‑CTCGCTTCGGCAGCACA‑3' and reverse 5'‑AACGCTTCACGAATTTGCGT‑3'. 

Western blotting analysis 

Total proteins were extracted using RIPA buffer, supplied with Halt protease and 

phosphatase inhibitor cocktail (Servicebio, Wuhan, China). Proteins were separated on 

SDS-PAGE gel and transferred onto PVDF membranes. Then the membranes were blocked 

with 5% skim milk and incubated with primary antibodies at 4oC overnight. After incubated 

with secondary antibodies at room temperature for 3 hours and washed by PBST for three 

time, the protein signal on the membranes was detected using ECL-Plus kit. Primary 

antibodies against IGF-1, p-PI3K, PI3K, p-Akt, Akt, p-FOXO3a, FOXO3, Cleaved Caspase 

3, Caspase 3 (1:1000) and β-actin (1:20,000) were from R&D Systems (Minneapolis, MN). 

The quantitative densitometric image analysis of the western blot images were performed 

using Image J software. 

Co-cultured system 

Transwell co-cultured system was used to investigate the paracrine effect of hMSC on 

severe burn-induced HUVEC apoptosis. The HUVEC in ECM were seeded to the upper 

chamber (0.4 μm pore size polyester membrane from Corning, Inc.) in six-well plates 

(Corning, NY). The hMSC in MSCM were seeded to the lower chamber in other six-well 

plates (Corning, NY). They were cultured for 1 to 3 days to form a confluent monolayer. 

Next, the HUVEC on the upper chamber were placed to the hMSC on the lower chamber. 

They were simultaneously treated with DMEM-high glucose containing 20% severely 

burned rat serum for 24h. Finally, the hMSC and HUVEC were collected for apoptosis 

analysis. 

Flow Cytometry assay  

Apoptosis of HUVEC was analyzed using Annexin V-FITC/PI Apoptosis Detection 

kit I (BD, Biosciences). HUVEC and hMSC were seeded to the upper and lower chambers 

of co-culture system as described above. HUVEC were washed twice with PBS and 



resuspended in 1×binding buffer. 1×105 cells in 100 uL 1×binding buffer were added with 

5 uL Annexin V-FITC and 5uL propidium iodide. Flow cytometry (Becton Dikinson, USA) 

was used to assess the apoptotic cells.  

Severely burned rat injected with hMSC that cotransfected with IGF-1and miR-301a-

3p  

Six-week-old male Wistar rats (180–220g) were purchased from SPF (Beijing) 

Biotechnology Co., Ltd. The animals were hosted under 22 °C, 55% humidity and 12-hour 

light-dark cycle, fed with standard food and water ad libitum. All experimental protocols 

were in according with the International Guiding Principles for Biomedical Research 

Involving Animals issued by the Council for the International Organizations of Medical 

Sciences (CIOMS.), and approved by the Institutional Animal Care and Use Committee at 

the Fourth Medical Center Affiliated to PLA General Hospital.  

Wistar rats (n=216) were divided into 9 groups, including Sham, Burn, Burn+hMSC, 

Burn+mock, Burn+IGF-1-o, Burn+IGF-1-i, Burn+miR-301a-3p-o, Burn+miR-301a-3p-i 

and miR-301a-3p-i+IGF-1-i. Each group was divided equally into three subgroups of 8 rats 

at 12h, 24h, 48h after severe burn. Rats were anesthetized by intraperitoneal injection of 

300 mg/kg Avertin (20 mg/ml) (2,2,2-tribromoethanol, Sigma, USA). Both whole backside 

and abdomen were placed in hot water (94°C) for 12s and 6s, respectively, which caused 

50% TBSA with a full-thickness burn. Intraperitoneal injections of balanced salt solution 

(40 ml/kg) were immediately administered to prevent shock.  

The rats in the Burn+mock, Burn+IGF-1-o, Burn+IGF-1-i, Burn+miR-301a-3p-o, 

Burn+miR-301a-3p-i and miR-301a-3p-i+IGF-1-i groups immediately received a tail vein 

injection of 5×106 hMSC, which were transfected with Lenti-GFP-vehicle, Lenti-IGF-1-

overexpression, Lenti-IGF-1-siRNA, Lenti-miR-301a-3p mimic, Lenti-miR-301a-3p 

inhibitor and Lenti-miR-301a-3p-i inhibitor combined Lenti-IGF-1-i-siRNA. The rats in the 

Burn+hMSC group immediately received 5×106 hMSC by tail vein injection. And the rats 

in sham and burn groups received PBS by tail vein injection. The burn wound was treated 

with 1% tincture of iodine and kept dry to avoid infection.  

Pulmonary function test (PFT) 



Pulmonary function test (PFT) can provide a simple noninvasive method of assessing 

airway compromise. At 24h after severe burn, pulmonary function was measured by 

AniRes2005 animals lung funtion detector, then data were assayed using AniRes2005 

software (Beijing Bestlab High-Tech Co.,Ltd, China). 

Specimen collection and detection 

The blood samples were collected from aortaventralis at 12h, 24h and 48h post burn 

injury or sham injury, and serum were used for the ELISA assay and blood biochemical 

detection, as well as serum at 24h post burn for building the severe burn serum culture 

system in vitro. Meanwhile, organs including lung, liver, kidney and heart samples were 

collected for immunofluorescence staining and permeability detection, and their tissues 

supernatant were used for the ELISA assay. The 24 hours urine volume in each group was 

collected using metabolic cage and recorded. The metabolic cages (Nalgene, Thermo Fisher) 

consist of a circular upper portion, which houses the rat; a wire-grid floor (diameter, 21.5 

cm; approximate surface area, 363 cm2; opening, 1×3.1 cm); and a lower collection chamber 

with a specialized funnel that separates fecal pellets and urine that fall through the grid floor 

for their collection into 2 separate tubes (diameter, 4 cm; Nalgene, Thermo Fisher). 

Blood biochemical detection 

The serum biochemical parameters, including alanine transaminase (ALT), aspartate 

transaminase (AST), urea (Urea) and creatinine (Crea), troponin, creatine kinase (CK), MB 

isoform of CK (CK-MB), lactate dehydrogenase (LDH), a-hydroxybutyrate dehydrogenase 

(HBDH)were measured at the Central Institute of Clinical Chemistry and Laboratory 

Medicine of the Fourth Medical Center Affiliated to PLA General Hospital. 

Dual immunofluorescence staining  

The lung, liver, kidney and heart samples were fixed with 4% paraformaldehyde and 

embedded in paraffin. 5 um sections were deparaffinized, rehydrated, and stained with 

immunofluorescence according to standard procedures. In brief, the sections were labeled 

with 1:50 monoclonal mouse against human MSC FITC-CD105 antibody (Abcam, USA) 

and monoclonal rabbit against rat endothelial CD31 antibody (Abcam, USA) at 4°C. Next, 

1:500 Alexa Fluor 594 AffiniPure Goat Anti-Rabbit IgG secondary antibody was used. In 



addition, other sections were stained by One Step TUNEL Apoptosis Assay Kit (Beyotime, 

China) and monoclonal rabbit against rat endothelial CD31 antibody (Abcam, USA), 

followed by incubation with the CD31 secondary antibody. Finally, 500μL 4,6-diamidino-

2-phenylindole (DAPI) was used for nuclear staining (green-TUNEL+red-CD31-

VEC+blue-DAPI-nuclear). Cover sheets were glued on the glass slides with anti-

fluorescence quenching sealant and observed with a laser scanning confocal 

microscope(Guo et al., 2018). 

Vascular permeability assay 
Evans blue (EB) was applied to detect the vascular permeability of tissues or organs. 

2% EB (2 ml/kg, Sigma, St. Louis, MO, USA) was intravenously administrated into the rats. 

1h later, the rats were anesthetized and transcardially perfused with 0.9% NaCl. The organs 

were removed and immersed in formamide (10 ml/kg, Sigma, St. Louis, MO, USA) at 60℃ 

for 24h. The organs were ground and centrifuged at 4℃. OD632 was measured on an 

automatic microplate reader (BioTek, USA). Organs were collected for wet weight (WW) 

and dry weight (DW) measurment. Water content ratio of vital organ tissues was calculated 

as (WW-DW)/WW×100% (Chai et al., 2013).  

Enzyme-linked immunosorbent assay (ELISA)  

The IGF-1 level in cultural supernatant of hMSC and in serum, organ tissues of 

severely burned rats was examined with a double-antibody sandwich ELISA kit 

(eBioscience, USA) following the manufacturer’s instructions. The OD value was detected 

on a multi-detection microplate reader. 

Statistical analysis 

The data shown as the mean ± SD (  ± s) were analyzed by SPSS 18.0 (SPSS Inc., 

Chicago, IL, USA). Statistical difference was analyzed using one-way ANOVA and multiple 

comparisons were performed using Student-Newman-Keuls tests. Statistical difference was 

considered significant when p<0.05. 
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Supplemental figures 
Data S1: Full unedited bolts for Fig1E, Fig 3E, Fig 6A and Fig 6B, each experiment 
was repeated for 3 times. 
 
Full unedited blots for Fig 1E 

        
 

 
 
Full unedited blots for Fig 3E 
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Full unedited blots for Fig 6A PI3K signal (1) 
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Full unedited blots for Fig 6A PI3K signal (2) 
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Full unedited blots for Fig 6A PI3K signal (3) 
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Full unedited blots for Fig 6B (1) 
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Full unedited blots for Figure 6B (2) 
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Full unedited blots for Figure 6B (3) 
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