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Background and Aims: Diabetic kidney disease (DKD) is a prevalent and intractable microvascular complication of diabetes 
mellitus (DM), the process of which is closely related to abnormal expression of angiogenesis-regulating factors (ARFs). Stem cell 
transplantation might be a novel strategy for treating DKD. This study aims to explore the effect of transplantation of human amniotic 
mesenchymal stem cells (hAMSCs) on renal microangiopathy in a type 1 DKD rat model (T1DRM).
Methods: Seventy-two rats were randomly divided into three groups, including normal control group, DKD group, and hAMSCs 
transplantation group. T1DRM was established using a rat tail vein injection of streptozotocin (STZ) (55 mg/kg). hAMSCs were 
obtained from placental amniotic membranes during cesarean delivery and transplanted at 3 and 4 weeks through penile veins. At 6, 8, 
and 12 weeks following transplantation, blood glucose levels, renal function, pathological kidney alterations, and the expressions of 
ARFs’ mRNA and protein were analyzed.
Results: In T1DRM, transplanted hAMSCs that were homed at the injured site of kidneys increased ARFs’ expression and decreased 
blood glucose levels. Compared to the DKD group, the levels of 24-h urinary protein, serum creatinine, urea, and kidney injury 
molecule-1 (KIM-1) were reduced in hAMSCs transplantation group. In terms of renal pathology such as the degree of basement 
membrane thickening, hAMSCs transplantation was also less severe than the DKD group, thereby alleviating kidney injury.
Conclusion: hAMSCs transplantation might ameliorate STZ-induced chronic kidney injury through increasing ARFs’ expression in 
kidneys and lowering blood glucose levels.
Keywords: DKD, hAMSCs, renal microangiopathy, angiogenesis-regulating factors

Introduction
Diabetic kidney disease (DKD), as a microvascular complication of diabetes mellitus (DM), has become a worldwide 
public health concern.1 Approximately 40% of patients are at risk for developing DKD.2 DM is the second leading cause 
of end-stage renal disease (ESRD) in China, with rising prevalence and mortality.3 The onset and progression of DKD are 
closely associated with vascular endothelial cell dysfunction, structural anomalies, and dysregulated expression of 
various angiogenesis-regulating factors (ARFs).4,5 Recent studies found that ameliorating the aberrant expression of 
ARFs, which play a crucial role in the evolution of DKD, may slow the disease’s progression.6,7 Therefore, it is essential 
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to evaluate the potential of anti-angiogenic treatment for DKD is crucial.8 Moreover, a recent animal study suggested that 
angiogenesis is a potential therapeutic target for early-stage DKD.5

Stem cell therapy has recently emerged as a research hotspot in treating many chronic diseases, with promising results 
in diabetic microangiopathy and other aspects involving stem cell migration, direct differentiation, and paracrine and 
immune regulation. The high glucose environment of diabetic nephropathy makes it possible for stem cells to migrate to 
damaged tissues and perform their repair functions. Simultaneously, oxidative stress may affect the paracrine effects of 
mesenchymal stem cells (MSCs) under hypoxia.9 According to previous studies, transplanting bone marrow mesench
ymal stem cells (BM-MSCs) into diabetic mice inhibited DKD inflammation and fibrosis while improving glomerular 
sclerosis,10 and umbilical cord mesenchymal stem cells (UC-MSCs) exert therapeutic effects on DKD animal models, 
manifested by diminished chronic inflammation contributing to DKD progression.11 BM-MSCs engraftment accelerates 
angiogenesis in wound healing by secreting vascular endothelial growth factor (VEGF) and platelet-derived growth 
factor (PDGF) as discovered by An et al12 to summarize, stem cell transplantation might ameliorate DKD through 
secreting ARFs. However, the effect of stem cells and ARFs secreted by them on renal microangiopathy in DM is rarely 
reported.

Previous studies have demonstrated that MSCs could migrate, proliferate, and differentiate into mature endothelial 
cells, as well as generate a variety of cytokines and growth factors, inducing angiogenesis and wound healing.12,13 

Specifically, Zhang et al14 found that the transplantation of uMSC-Exos could induce angiogenesis and bone healing, and 
its mechanism might involve upregulation of hypoxia-inducible factor-1α (HIF-1α) and VEGF. hAMSCs, which can be 
extracted from the human placenta, are promising stem cells due to their accessibility, high plasticity, low immunogeni
city, and potent multi-directional differentiation ability. They are especially without ethical concern.15 However, 
hAMSCs play role in how to improve the outcome of diabetic kidney microangiopathy, which remains unclear. 
Therefore, this experiment was designed to explore the effect of hAMSCs transplantation on renal microangiopathy in 
a type 1 DKD rat model (T1DRM), and whether or not it was related to the expression of ARFs in kidneys or blood 
glucose levels.

Materials and Methods
Isolation, Culture, and Morphological Observation of hAMSCs
All experiments were approved by the Ethics and Research Committee of Zunyi Medical University (Approval no.: 
2017–112). Informed consent was obtained from amniotic membrane donors. Full-term placentas from pregnant women 
were collected. They tested negative for serum hepatitis A, hepatitis B, human immunodeficiency virus (HIV), and 
Treponema pallidum. Amniotic membranes were stripped under sterile conditions and placed in sterile bottles containing 
D-Hanks. hAMSCs were isolated and cultured as described previously.16,17 Related cell surface markers, such as CD44, 
CD90, CD73, CD105, CD34, CD11 b, CD19, CD45, and human leukocyte antigen DR (HLA-DR)(BioLegend, USA), 
were detected using flow cytometry to identify the phenotype of hAMSCs. Fat, calcium nodules, and cartilage 
differentiation were observed using Oil Red O, alizarin red, and toluidine blue staining. Vimentin expression was 
detected in hAMSCs using immunohistochemical staining.

Rat Models and hAMSCs Transplantation
Healthy Sprague–Dawley (SD) male rats aged 3–4 months and weighing 200 ± 20 g (Specific pathogen-free grade, 
license number-SCXK, Chongqing; 2012–0005) were provided by the Daping Hospital of Third Military Medical 
University. All animal experiments were approved by Zunyi Medical College’s Animal Experiment Ethics Committee 
(No.: 81260118). Rats were housed in cages at 20–25°C and 40–70% relative humidity. All rats were fed normally, with 
free access to water and food. As described, T1DRM induced by STZ (American Sigma, 55 mg/kg) was used.18,19 After 
72 h, blood was collected from the caudal vein on three consecutive days to measure blood glucose levels. A blood 
glucose level of ≥16.65 mmol/L, urine protein excretion rate of ≥30 mg/24 h, urine output >150% of the previous one, 
and positive urine glucose for three consecutive days were used as modeling criteria. A total of 72 rats were randomly 
allocated to (1) NC group (n = 24), and the same dose of citric acid-sodium citrate was injected intraperitoneally, and the 
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same quantity of PBS was transplanted to replace hAMSCs; (2) DKD group (n = 24): the same quantity of PBS was 
transplanted to replace hAMSCs after modeling; and (3) MSC group (n = 24): PBS-hAMSCs transplantation was 
performed at 3 and 4 weeks after modeling, and 0.2 mL cell suspension (1×107/mL) was collected using a microsyringe. 
PBS-hAMSCs were injected slowly through the penile vein (2.0×106 cells/each). Each group was divided into three sub- 
groups: 6-, 8-, and 12-week (at least six rats in each group). The Western blot analysis was supplemented, and the rats 
were modeled twice in the eighth week. Blood, urine samples, and kidney tissues were collected for further analysis after 
hAMSC treatment at each time point. All rats were anesthetized with 7% chloral hydrate and euthanized. All animal 
experiments were completely randomized and blinded.

Histological Analysis, Immunohistochemistry, and Immunofluorescence Staining
Kidney tissue specimens were fixed with 10% formaldehyde and 4% paraformaldehyde for 16 h and then submitted to 
the Pathology Department for paraffin embedding and sectioning. Hematoxylin–eosin (H&E) and periodic acid-Schiff 
(PAS) staining were performed to observe morphological changes in the kidney tissues under a light microscope. 
Following conventional dewaxing and hydration, the sections were soaked in citrate buffer repair solution (0.01 M, 
pH 6.0) for immunohistochemistry staining. Goat serum was added to each section for 30 min. Primary antibodies 
against Thrombospondin-1 (TSP-1) (Rabbit, 1:300, 18304-1-AP, Proteintech, USA), VEGF (Rabbit, 1:200, ab32152, 
Abcam, UK), Tyrosine kinase receptor-2 (Tie-2) (Rabbit, 1:100, bs-1300R, Beijing Bioss), and Angiopoietin-1 (Ang-1) 
(Rabbit, 1:200, 23302-1-AP, Proteintech, USA) were added and refrigerated overnight under 4°C. Thereafter, the goat 
anti-mouse/rabbit IgG secondary antibody (ZB-2301, ZSGB-Bio, Beijing) was added and incubated in a constant 
temperature box. After developing, dehydration, and drying, neutral balsam was used for mounting. The images were 
taken under a microscope, and the integrated optical density (IOD) was measured using Image-Pro Plus 6.0. After routine 
deparaffinization and hydration, goat serum was added to each section for immunofluorescence staining. Fluorescently 
labeled primary antibodies against TSP-1 (Rabbit, 1:300, 18304-1-AP, Proteintech, USA), VEGF (Rabbit, 1:200, 
ab32152, Abcam, UK), Tie-2 (Rabbit, 1:100, bs-1300R, Beijing Bioss), Ang-1 (Rabbit, 1:200, 23302-1-AP, 
Proteintech, US), and Anti-human cell nuclei (MAB1281) (Mouse, 1:100, Merck Millipore, USA) were added and 
placed in the refrigerator at 4°C overnight. A fluorescent secondary antibody (1:800, ZF-0314, ZSGB-Bio, Beijing) was 
added. After mounting with glycerol, the slides were immediately observed and photographed under a fluorescence 
microscope (Eclipse Ci-e, Nikon, Japan).

Quantitative Real-Time PCR
TRIzol reagent (Solarbio, Beijing) was used for RNA extraction from kidneys, and Nanodrop 1000 (Nanodrop, USA) was used 
to test RNA purity and concentration. RT-qPCR was performed according to the instructions (Takara Bio, Dalian). The following 
primer pairs were used: VEGF forward 5’-CGGAGAGCAACGTCACTATG-3’, reverse 5’-GGTCTGCATTCACATCTGCT 
-3’; Ang-1 forward 5’-CCATGCTGGAGATAGGAACC-3’, reverse 5’-TGGATTTCAAGACGGGATGT-3’; Ang-2 forward 
5’-TCAACTCTGGCTCAGGA-3’, reverse 5’-GGCCTCTTCTCTTCATCATGC-3’; TSP-1 forward 5’-AACAAGAACG 
CCAAGTGCAA-3’, reverse 5’-CAGCCGTCAAGGTCTGTGTC-3’; Tie-2 forward 5’-GGCTGGCCGCTACCTACTAA-3’, 
reverse 5’-TCCGGTGGATGGTGAATATG-3’; β-actin forward 5’- GACCTGACCGACTACCTCATG-3’, and reverse 5’- 
TCTCCTTGATGTCCCGCAC-3’. The qPCR was performed, and 2−ΔΔCT relative quantification method was used to analyze 
the results.

Western Blot
After extracting protein from the kidney tissue, protein concentration was measured using a BCA protein assay kit 
(Thermo Fisher Scientific). Based on the concentration determination results, the samples were loaded and analyzed 
using protein blotting. The following primary antibodies were used: Ang-1 (rabbit, 1:1000, Proteintech, Wuhan China, 
23302-1-AP), VEGF (mouse, 1:3000, Proteintech, Wuhan China, 66828-1-lg), TSP-1 (mouse, 1:3000, Proteintech, 
Wuhan China, 67241-1-lg), β-actin (mouse, 1:5000, ABclonal, AC004), and tubulin (mouse, 1:50,000, Proteintech, 
Wuhan China, 66031-1-lg). After washing, goat anti-mouse (1:5000, Thermo Fisher Scientific, 31,430) and goat anti- 
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rabbit (1:5000, Thermo Fisher Scientific, 31,460) secondary antibodies were added. The signals were detected using a gel 
imaging system, and the gray values of the protein bands were analyzed using ImageJ software.

Statistical Analysis
Statistical analyses were performed using Statistics 18.0 software. All data are presented as mean ± standard deviation (x 
± s). One-way analysis of variance was used to compare multiple groups. The least significant difference (LSD) was used 
when the variance was homogeneous. Dunnett’s T-test was used for correction when the variance was heterogeneous. 
A Pearson’s correlation analysis was performed. Statistical significance was set at α=0.05, ΔP<0.05, and *P<0.01 were 
considered statistically significant.

Results
Characteristics and Identification of hAMSCs
We observed that hAMSCs were adherent multi-shaped cells. Concurrently, hAMSCs expressed vimentin, 
a mesenchymal cell marker (Figure 1A). Further research revealed that hAMSCs could differentiate into osteoblasts, 
chondroblasts, and adipocytes (Figure 1B). The flow cytometry analysis exhibited that third-generation hAMSCs highly 
expressed CD44, CD73, CD90, and CD105 but not CD34, CD11b, CD19, CD45, and HLA-DR (Figure 1C).

Evaluation of the Homing Ability of hAMSCs in Kidneys
MAB1281 was used as a tracer to explore the homing ability of hAMSCs. Immunofluorescence staining revealed positive 
labeling at 2, 4, and 8 weeks after the hAMSCs were injected into veins (6, 8, and 12 weeks after establishing the diabetic 
model). In addition, positive MAB1281 expression was observed in kidney tissue. However, MAB1281 expression 
(Figure 2) was absent in the DKD and NC groups. This result indicates that hAMSCs could be homed in DKD rat 
kidneys.

Figure 1 Morphological, phenotypic characteristics, and various inducing differentiation capabilities of hAMSCs. (A) hAMSCs were fusiform, polygonal, and star-shaped. 
Immunocytochemical staining revealed that hAMSCs expressed vimentin, a mesenchymal cell marker. (B) The staining results; 21 days after differentiation of hAMSCs into 
osteoblasts, chondroblasts, and adipocytes. 
Notes: (a): osteocytes on Day 21 after Alizarin Red staining (100×); (b): chondrocytes on Day 21 after Toluidine Blue staining (100×); (c): lipocytes on Day 21 after Oil Red 
O staining (200×). (C) The FCM analysis has shown that third-generation hAMSCs highly expressed CD44, CD73, CD90, and CD105 but did not express CD34, CD11b, 
CD19, CD45, and HLA-DR.
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hAMSCs Transplantation Improved the Renal Function of STZ-Induced 
T1DRM
An STZ-induced T1DRM was established to explore the effect of hAMSCs transplantation on DKD. After 6, 8, and 12 weeks of 
transplantation, the animals were sacrificed, and specimens were collected for further analysis (Figure 3A). The results revealed 
that the hAMSCs transplantation group had significantly higher blood glucose levels than the NC group but lower levels than the 
model group (Figure 3B). In addition, the 24-h urine protein level in the transplantation group was higher than that in the 
NC group but lower than that in the model group (Table 1 and Figure 3C). The changes in serum creatinine (SCr) and cystatin 
C (Cys-c) levels in the transplantation group were insignificant compared to those in the NC and DKD groups (Figures 3D and 
F). However, the urea level was higher in the hAMSCs treatment group than that in the NC group but significantly lower than that 
in the DKD group (P<0.05) (Table 2 and Table 3, Figure 3E). Moreover, the transplantation group had a higher KIM-1 level than 
the NC group but a lower KIM-1 level than the DKD group (P<0.05), except for the 12-week group (Table 2 and Table 3, 
Figure 3G). These results indicate that transplantation of hAMSCs alleviates kidney injury in DM rats.

hAMSCs Transplantation Reduced the Pathological Changes of Kidneys in 
Renal Tissues
The comparison between hAMSCs transplantation and DKD groups exhibited a significant reduction in kidney weight index 
(Figure 4A). H&E and PAS staining demonstrated no obvious abnormalities in the glomeruli, renal tubules, and interstitium in 
the NC group. However, pathological changes, such as tubular hypertrophy, increased tubulointerstitial inflammatory cell 
infiltration, tubular basement membrane thickening, and increased mesangial matrix, were observed in two diabetic model 
groups, whereas pathological changes were relatively reduced in the DKD + hAMSCs group (Table 4, Figures 4B and C).

The Effect of hAMSCs Intervention on the Expressions of Renal ARFs mRNA and 
Protein in Each Group
As shown in Figures 5–7, hAMSCs transplantation promoted vascular growth factor expression. TSP-1, VEGF, Ang-1, Ang-2, 
and Tie-2 mRNA expression levels in kidney tissues of DKD and MSC groups were upregulated to different degrees compared to 

Figure 2 Image of hAMSCs homing in kidney tissue (×40 Green: MAB1281, blue: nucleus).
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the control group at each time point. Compared to the DKD group, the MSC group had a significantly upregulated Ang-1 
expression level at 12 weeks but downregulated TSP-1 and VEGF expression levels at 8 and 12 weeks, respectively. However, 
VEGF and Ang-1 mRNA levels were increased in the MSC group, whereas Ang-2 and Tie-2 mRNA expressions were not 

Figure 3 Timetable and flowchart of rat treatment, as well as changes in blood and urine biochemical indicators after hAMSCs transplantation. (A) The flowchart of rat treatment 
from Day 0 to Week 12. (B–G) The histogram of blood glucose and 24-hour urine protein levels, and urea levels, Cys-c, and urine KIM-1 levels among three rat groups. 
Note: Compared to NC group, ΔP<0.05; Compared to DKD group, ○P<0.05.

Table 1 Comparison of Blood Glucose and 24-h Urine Protein Levels Among Three Rat Groups

Group Blood Glucose (mmol/L) 24-Hour Urine Protein (mg/24 h)

6W 8W 12W 6W 8W 12W

NC 7.66 ± 0.23 7.39 ± 0.39 10.56 ± 0.23 10.14 ± 3.24 5.24 ± 0.61 6.20 ± 1.43

DKD 47.89 ± 4.46Δ 43.39 ± 3.45Δ 35.79 ± 0.90Δ 67.60 ± 17.90Δ 32.69 ± 6.32Δ 59.73 ± 7.96Δ

MSC 42.75 ± 5.96Δ 38.81 ± 3.70Δ 28.64 ± 0.49Δ○ 53.85 ± 14.60Δ 28.47 ± 4.00Δ 33.23 ± 2.48Δ○

Note: (�x± s, n = 6); Compared to NC group, ΔP <0.05; Compared to DKD group, ○P <0.05.

Table 2 Comparison of SCr and Urea Levels Among Three Rat Groups

Group SCr (μmol/L) Urea (mmol/L)

6W 8W 12W 6W 8W 12W

NC 24.00 ± 2.00 19.33 ± 5.50 23.67 ± 3.79 8.00 ± 1.30 6.26 ± 0.24 6.50 ± 0.97

DKD 31.20 ± 3.96Δ 21.75 ± 2.06 31.75 ± 4.35 14.47 ± 4.91Δ 13.84 ± 2.85Δ 37.29 ± 3.79Δ

MSC 28.60 ± 5.32 28.50 ± 4.43Δ 25.75 ± 6.45 9.62 ± 1.05○ 11.13 ± 1.98Δ 12.11 ± 1.07Δ○

Note: (�x ± s, n = 6); Compared to NC group, ΔP <0.05; Compared to DKD group, ○P <0.05.
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significantly changed, compared to the DKD group (Figure 5). Immunohistochemistry and fluorescence showed that TSP-1, 
VEGF, Ang-1, and Tie-2 expressions were significantly elevated in kidney tissue of DKD and MSC groups compared to the NC 
group (P<0.05). TSP-1 expression was lower in the MSC group than in the DKD group (P<0.05). VEGF and Ang-1 protein 
expressions were higher in the DKD group at the same time point. A significant difference in VEGF expression was observed 
only at the sixth and eighth weeks (P<0.05). Ang-1 expression was statistically obvious only at 8 weeks (P<0.05). However, Tie- 
2 expression was higher in the DKD group at 6 and 8 weeks but lower in the DKD group at 12 weeks (P<0.05; Figure 6). VEGF, 

Ang-1, and TSP-1 protein expression levels were analyzed at 8 weeks by Western blot, indicating the same results (P<0.01) 
(Figure 7). These results show that hAMSCs transplantation can regulate angiogenic factor levels in T1DRM.

Correlation Analysis
Correlation analysis was performed based on the immunohistochemical staining findings of each index. The results revealed 
positive correlations were observed between TSP-1 and 24-h urine protein, 24-h urine protein and KIM-1, TSP-1 and KIM-1, 
KIM-1 and urea, VEGF and Ang-1, Tie-2 and Ang-1, and VEGF and Tie-2 (P<0.05). Additionally, negative correlations 
between Ang-1 and 24-h urine protein, Tie-2 and 24-h urine protein, VEGF and 24-h urine protein, Tie-2 and KIM-1, Tie-2 and 

Table 3 Comparison of Serum Cys-c and Urine KIM-1 Levels Among Three Rat Groups

Group Cys-c (mg/L) KIM-1 (ng/L)

6W 8W 12W 6W 8W 12W

NC 1.06 ± 0.49 1.84 ± 0.96 1.25 ± 0.18 71.03 ± 2.35 76.96 ± 4.64 98.07 ± 1.73

DKD 2.54 ± 0.45Δ 1.97 ± 0.52 1.96 ± 0.41Δ 97.49 ± 5.72Δ 114.79 ± 7.16Δ 107.24 ± 6.59
MSC 1.87 ± 0.60Δ 2.18 ± 0.42 1.46 ± 0.47 85.46 ± 6.63Δ○ 86.02 ± 8.72○ 122.98 ± 6.80Δ○

Note: (�x ± s, n = 6); Compared to NC group, ΔP <0.05; Compared to DKD group, ○P <0.05.

Figure 4 The effect of hAMSCs transplantation intervention on STZ-induced kidney pathological changes in rats. (A) Kidney/body weight: the DKD and MSC groups had 
a higher kidney/body weight ratio than the NC group at each time point (P <0.05). The MSC group had a lower kidney/body weight ratio than the DKD group. However, 
statistical significance was observed at 6 and 12 weeks (P <0.05). (B) Renal tissue stained with H&E among three rat groups (×400): light blue arrow: inflammatory cell 
infiltration; dark blue arrow: renal tubule hypertrophy. (C) Renal tissue stained with PAS among three rat groups (×400): black arrow: increased mesangial matrix; red arrow: 
thickened tubular basement membrane. 
Note: Compared to group NC, ΔP<0.05; Compared to group DKD, ○P<0.05.

Table 4 Comparison of Kidney/Body Weight Among Three Rat Groups

Group 6W 8W 12W

NC 3.32 ± 0.45 3.60 ± 0.44 2.88 ± 0.30

DKD 5.14 ± 0.19Δ 5.16 ± 0.78Δ 6.88 ± 0.72Δ

MSC 4.67 ± 0.28Δ○ 4.85 ± 0.16Δ 5.92 ± 0.37Δ○

Note: (mg/g, �x ± s, n = 6); Compared to NC group, ΔP <0.05; Compared to DKD group, ○P <0.05.

Diabetes, Metabolic Syndrome and Obesity 2023:16                                                                          https://doi.org/10.2147/DMSO.S371752                                                                                                                                                                                                                       

DovePress                                                                                                                         
337

Dovepress                                                                                                                                                                Ni et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 5 hAMSCs transplantation improved mRNA expressions of angiogenic factors in rat kidneys. TSP-1, VEGF, Tie-2, Ang-1, and Ang-2 mRNA expression levels in the 
NC, DKD, and MSC groups at each time point. 
Note: Compared to group NC, ΔP<0.05; Compared to group DKD, ○P<0.05.

Figure 6 hAMSCs transplantation improved the protein expressions of angiogenic factors in rat kidneys. (A–C) The TSP-1, VEGF, Tie-2, and Ang-1 protein expression levels 
in the NC, DKD, and MSC groups at each time point. 
Note: Compared to group NC, ΔP<0.05; Compared to group DKD, ○P<0.05.
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Figure 7 hAMSCs transplantation improved protein expressions of VEGF, Ang-1, and TSP-1 in T1DRM at 8 weeks (as determined by WB analysis) (A–D). Note: Compared 
with the NC group, ΔP < 0.05; Compared to group DKD, *P < 0.01.

Figure 8 Correlation analysis results of various indicators. (A) Linear chart of correlation analysis between 24-hour urine protein and TSP-1, VEGF, Tie-2, and Ang-1. (B) 
Linear chart of correlation analysis between KIM-1 and 24-hour urine protein, TSP-1, Urea, and Tie-2. (C and D) Linear correlation analysis between TSP-1, Tie-2, and VEGF. 
(E and F) Linear correlation analysis between Ang-1, TSP-1, and VEGF. (G and H) Linear correlation analysis between Tie-2, Ang-1, and VEGF.
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TSP-1, VEGF and TSP-1, and Ang-1 and TSP-1 were revealed (P<0.05) (Figures 8A–H). These results suggested both positive 
and negative associations between diabetic kidney AFs. Furthermore, hAMSCs modulated the expressions of AFs, ultimately 
improving DKD.

Discussion
With the development of regenerative medicine, stem cell therapy for kidney disease has become a new research hotspot. 
hAMSCs will be a viable and novel therapy in the future because they have low immunogenicity and multi-lineage 
differentiation potential, and they are easier to obtain than other stem cells and without any social or ethical constraints in 
particular. However, little is known about the effect of hAMSCs on ARFs in DKD. In the present study, an STZ-induced 
T1DRM was constructed, in which hAMSCs transplantation was performed to explore its efficacy and potential 
mechanism in reducing diabetic kidney injury. This study indicated that hAMSCs could be homed to the kidneys of 
T1DRM, effectively reduce the levels of blood glucose, 24-h urine protein, KIM-1, and urea, ameliorating renal 
pathological injury and alleviating microangiopathy. Its potential mechanism might be relevant with regulating the 
expression of ARFs and blood glucose in DKD rats.

Numerous studies have shown that MSCs can reduce organ tissues lesions through homing to damaged organ tissues.11,20 In 
this study, the homing ability of hAMSCs in kidneys was proved by using a tracer named MAB1281 shown in Figure 2. It was 
also observed that the homing of hAMSCs could ameliorate renal injury and change the expression of ARFs in T1DRM.

Kidney angiogenesis is an adaptive response to ischemia, in which many ARFs such as angiogenin (Angs), VEGF, 
Tie-2, and thrombospondin-1 (TSP-1) are involved. Numerous studies also have shown that Ang-1, Ang-2, Tie-2, VEGF, 
HIF-1α, stromal-derived factor-1 (SDF-1), TSP-1, pigment epithelium-derived factor (PEDF), and other ARFs are 
abnormally expressed in the kidneys of DM rat.4–8 Previous experiments conducted by the research group indicated 
that administration of Ang-1 adenovirus vector and L-mimosine (HIF-1α degradation inhibitor) improved the expression 
of abnormal angiogenic factors in diabetic kidneys.21 In the present study, hAMSCs upregulated the expressions of Ang- 
1/Ang-2/Tie-2 and VEGF, while down-regulated the expression of TSP-1, suggesting that hAMSCs transplantation could 
regulate the abnormal expressions of angiogenic factors in DKD to a certain extent.

Ang/Tie-2 systems play an important role in regulating angiogenesis.22 Ang-1 has biological functions including stabiliz
ing blood vessels, promoting blood vessel maturation, reducing blood vessel leakage, and resisting endothelial cell apoptosis 
and inflammation,23 whereas Ang-2 is a natural competitive antagonist of Ang-1 and is a factor necessary for initiating blood 
vessel remodeling. It is primarily expressed in active or repaired vascular endothelial remodeling.22,24 Researchers found that 
the decrease of Ang-1/Ang-2 ratio, as well as the activation of Ang/Tie pathway, which is closely related to the pathological 
changes of DKD.25–27 In our study observed that urinary protein excretion decreased obviously; furthermore, the expression of 
Ang-1 and Ang-2 was up-regulated at each time point, the expression of Tie-2 was up-regulated at 6 and 8 weeks, and the ratio 
of Ang-1/Ang-2 increased after hAMSCs transplantation in T1DRM. A study revealed that insulin-like growth factor (IGF) 
and Ang-2 were highly expressed after transplanting BM-MSCs into diabetic mice wound, promoting endothelial cell 
proliferation and angiogenesis.28 This finding is consistent with our study; hAMSCs transplantation could increase the 
expression of Ang-2 in the MSC group. In addition, our study also confirmed that Ang-1 was negatively correlated with 
24-h urine protein, urine KIM-1, and blood urea, indicating that hAMSCs transplantation can partially correct abnormal Ang/ 
Tie-2 expression in DKD, and Ang-1 elevation can enhance new blood vessel maturation and stability.

Previous studies found that a high level of VEGF may result in aberrant blood vessel formation, macrophages activation, 
and even mesangial dilation. Its highly inhibited expression can reduce glomerular hypertrophy, basement membrane 
thickening, and proteinuria excretion.29 However, as the condition progresses, the level of VEGF may decrease resulting 
in endothelial cell death and capillary thinning.30 Ang-2 was proved to promote vascular atrophy in the absence of VEGF.31 

Moreover, VEGF could promote endothelial nitric oxide synthase (eNOS) phosphorylation through the PI3K/Akt signaling 
pathway, on the one hand, which could maintain the glomerular endothelial cell function through stimulating endothelial cells 
to release nitric oxide, on the other hand, which can concurrently increase vascular permeability and urinary protein 
excretion.32,33 Above all, the appropriate levels of VEGF might have positive results through promoting the maturation 
and stability of new blood vessels in a certain stage of diseases. Researchers transplanted exosomes derived from BM-MSCs 
into a rat model of renal ischemia-reperfusion injury and discovered that VEGF and CD31 expressions were upregulated in 
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the exosome group, and the density of renal blood vessels increased, promoting angiogenesis.34 This finding is consistent 
with the finding on the upregulation of VEGF in the MSC group in this study. However, VEGF mRNA expression was lower 
than in the DKD group, which may be due to abnormal expression of several growth factors and cytokines, including TGF-β1 

and HIF-1, as well as kidney gene and protein differential expressions.35

Thrombospondin −1 (TSP-1), first isolated from human platelets, was the first endogenous angiogenesis inhibitor to 
be identified. Some researchers have proposed that TSP-1 or its derivatives directly inhibit tumor angiogenesis.36 In this 
study, correspondingly, TSP-1 expression was lower in the MSC group than in the DKD group. Correlation analysis also 
revealed that a positive correlation between 24-h urine protein and TSP-1 and negative correlation with VEGF, Tie-2, and 
Ang-1. The negative correlation between TSP-1 and Tie-2, VEGF, and Ang-1. Positive correlations existed between Ang- 
1 and VEGF and Tie-2. In conclusion, these results suggested that ARFs in diabetic kidneys interact, resulting in renal 
dysfunction. In addition, alterations in ARFs following hAMSCs transplantation are associated with improved DKD.

Conclusions
This study demonstrated that hAMSCs transplantation therapy could ameliorate diabetic nephropathy in DM rats. The 
underlying mechanism might involve altered expressions of kidney-related angiogenic factors and decreased blood 
glucose levels. Consequently, our findings may provide new treatment strategies for delaying DKD progression.
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