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Abstract
BACKGROUND
Type 1 diabetes (T1D), a chronic metabolic and autoimmune disease, seriously endangers human health. In recent years, mesenchymal stem cell (MSC) transplantation has become an effective treatment for diabetes. Menstrual blood-derived endometrial stem cells (MenSC), a novel MSC type derived from the decidual endometrium during menstruation, are expected to become promising seeding cells for diabetes treatment because of their noninvasive collection procedure, high proliferation rate and high immunomodulation capacity.

AIM
To comprehensively compare the effects of MenSC and umbilical cord-derived MSC (UcMSC) transplantation on T1D treatment, to further explore the potential mechanism of MSC-based therapies in T1D, and to provide support for the clinical application of MSC in diabetes treatment.

METHODS
A conventional streptozotocin-induced T1D mouse model was established, and the effects of MenSC and UcMSC transplantation on their blood glucose and serum insulin levels were detected. The morphological and functional changes in the pancreas, liver, kidney, and spleen were analyzed by routine histological and immunohistochemical examinations. Changes in the serum cytokine levels in the model mice were assessed by protein arrays. The expression of target proteins related to pancreatic regeneration and apoptosis was examined by western blot.

RESULTS
MenSC and UcMSC transplantation significantly improved the blood glucose and serum insulin levels in T1D model mice. Immunofluorescence analysis revealed that the numbers of insulin+ and CD31+ cells in the pancreas were significantly increased in MSC-treated mice compared with control mice. Subsequent western blot analysis also showed that vascular endothelial growth factor (VEGF), Bcl2, Bcl-xL and Proliferating cell nuclear antigen in pancreatic tissue was significantly upregulated in MSC-treated mice compared with control mice. Additionally, protein arrays indicated that MenSC and UcMSC transplantation significantly downregulated the serum levels of interferon γ and tumor necrosis factor α and upregulated the serum levels of interleukin-6 and VEGF in the model mice. Additionally, histological and immunohistochemical analyses revealed that MSC transplantation systematically improved the morphologies and functions of the liver, kidney, and spleen in T1D model mice.

CONCLUSION
MenSC transplantation significantly improves the symptoms in T1D model mice and exerts protective effects on their main organs. Moreover, MSC-mediated angiogenesis, antiapoptotic effects and immunomodulation likely contribute to the above improvements. Thus, MenSC are expected to become promising seeding cells for clinical diabetes treatment due to their advantages mentioned above.
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Core Tip: Mesenchymal stem cell (MSC)-based therapies have resulted in promising improvements for patients with type 1 diabetes (T1D). Menstrual blood-derived endometrial stem cells (MenSC) transplantation has therapeutic effects equal to those of umbilical cord-derived MSC, which can significantly improve the symptoms of streptozotocin-induced T1D mice and exert protective effects on their main organs; MSC-induced angiogenesis, antiapoptotic effects and immunomodulation contribute to these protective effects. The results of this study showed that MenSC are expected to become a promising alternative for clinical diabetes treatment due to their advantages, including their regular and noninvasive collection protocol, abundant availability, and superior proliferative capacity.

INTRODUCTION
Diabetes is a common metabolic disease characterized by hyperglycemia, and diabetic patients are prone to chronic damage or dysfunction of their eyes, kidneys, heart, blood vessels, and nerves, as well as other complications, severely affecting their quality of life[1,2]. The loss of functional β-cell mass is the key pathogenesis leading to both type 1 diabetes (T1D) and T2D. T1D is a chronic autoimmune disease resulting from a complete insulin deficiency caused by the attack and destruction of pancreatic islet β cells by the autoimmune system. On the other hand, T2D manifests as the progressive loss of β-cell insulin secretion and frequently occurs in the background of insulin resistance[3,4]. Generally, exogenous insulin supplementation, which serves as the main treatment for diabetes, can control blood glucose and delay the occurrence of diabetic complications. However, the long-term use of exogenous insulin leads to insulin resistance and an increased risk of severe hypoglycemia and does not fundamentally inhibit the pathological development of diabetes or potential diabetic complications. Therefore, to improve the symptoms of diabetes and prevent the occurrence and deterioration of diabetes complications, novel effective treatments for diabetes are required. Mesenchymal stem cell (MSC), which have self-renewal and multilineage differentiation abilities as well as low immunogenicity, have exhibited promising therapeutic potential for various diseases in the clinic, and previous studies have also demonstrated that MSC transplantation is safe and effective in diabetes treatment[5-8].
Umbilical cord-derived MSC (UcMSC), as the main source of MSC for diabetes treatment in the clinic, not only enhance the antiapoptotic capacity of islet β cells and stimulate their regeneration but also differentiate into islet β cells to compensate for insufficient insulin secretion[9-11]. Generally, UcMSC are transplanted into the body through intravenous injection, intrapancreatic artery injection or both, and the improvements after UcMSC transplantation have been extensively confirmed in clinical practice. After 1 year of UcMSC therapy, the mean HbA1c% values were consistently decreased in diabetic patients compared with the baseline levels; the mean C-peptide levels were consistently elevated, and the daily insulin requirement was uniformly decreased compared with their respective baseline[12-14]. In addition to the extensive application of UcMSC in diabetes treatment, menstrual blood-derived endometrial stem cells (MenSC), harvested from the menstrual blood of women of reproductive age, have recently attracted increased attention in the field of regenerative medicine. MenSC can be collected continuously every month, and the noninvasive collection method (menstrual cup) does not impose physiological or psychological burdens on the donor. Furthermore, regarding the richness of stem cells, primary MenSC account for approximately 3%-5% of all karyocytes in menstrual blood samples, quantitatively supporting their extensive application in the clinic[15]. Therefore, guaranteeing the quantity of MenSC satisfies the requirement for not only autologous transplantation but also for the family members of patients. Additionally, nude mice exhibited no tumorigenicity after MenSC transplantation, and no obvious adverse effects were observed after MenSC transplantation in clinical trials on multiple sclerosis[16], congestive heart failure[17], and lower limb ischemia[18]. These results guarantee the safety of MenSC in clinical applications[19]. Additionally, in 2014, Wu et al[20] preliminarily demonstrated the positive effect of MenSC transplantation on streptozotocin (STZ)-induced T1D mice, suggesting that MenSC are promising for clinical diabetes treatment[20].
Therefore, in this study, T1D animal models were generated by the injection of STZ, a strategy that effectively and specifically damages pancreatic β cells and inhibits insulin secretion, resulting in elevated blood glucose levels and the induction of T1D symptoms[21]. This study aimed to evaluate the therapeutic effects of MenSC and UcMSC transplantation on STZ-induced T1D mice, focusing on the improvements in T1D-related symptoms and the underlying mechanism, as well as the influences on the main organs of model mice. We believe that both the therapeutic effect and mechanistic studies of MenSC in T1D will provide support for and accelerate the clinical application of these cells in diabetes treatment strategies.

MATERIALS AND METHODS
Cells and animals
Both the MenSC and UcMSC used in this study were provided by the Zhongyuan Stem Cell Research Institute of Xinxiang High-tech Zone, and informed consent was provided by all donors who agreed to use their UcMSC and MenSC in scientific research. All the experimental procedures in this study were approved by the Ethics Committee of Xinxiang Medical University and were performed in accordance with the approved guidelines. Male C57BL/6N mice (18-25 g) aged 6 to 8 wk were purchased from Vital River Laboratories [Beijing, China; license no. SCXK (Beijing) 2012-0001]. The mice were randomly grouped in separate cages and housed in a specific pathogen-free environment maintained at a temperature of 25 ℃, a humidity of 50 ± 5% and a 12-h light-dark cycle. The mouse handling and laboratory procedures were performed in accordance with the guidelines of the Animal Health Committee of Xinxiang Medical University.

Establishment of the T1D model and MSC transplantation
C57BL/6N mice (n = 50) were adaptively fed for one week and randomly divided into 2 groups: The normal group (n = 10) and the STZ-induced group (n = 40). The mice in the STZ-induced group were intraperitoneally injected with STZ (Sigma, United States; 45 mg/kg/d in citric acid buffer at pH 4.3) each day after fasting overnight for 5 consecutive days. The mice in the control group received equal amounts of citric acid buffer (pH 4.3). The first day of STZ injection was labeled as day-13; after the last STZ injection (day-9), the physiological statuses of the model mice were observed for 1 wk. After that, the model mice with fasting blood glucose (FBG) levels greater than 16 mmol/L were diagnosed with diabetes and randomly divided into 3 groups (n = 10): The PBS, UcMSC group, and MenSC treatment groups. The mice in the MSC treatment group were injected with 1 × 106 cells (suspended in 200 μL of saline) via their tail vein on days 0, day 7, and day 14. The mice in the PBS treatment group received an equal amount of saline. The mice were weighed, and their FBG levels and food intake were monitored every week during the experimental period. At the end of the experiment (day 63), all the mice were sacrificed, and their sera, pancreases, livers, spleens, and kidneys were harvested for further examination.

Biochemical assays
The isolated serum samples were sent to Xinxiang Assegai Medical Laboratory Center (Xinxiang, China) within 4 h. Routine liver and kidney functional indexes, including alanine transaminase (ALT), aspartic acid transaminase (AST) and alkaline phosphatase (ALP), albumin (ALB), globulin (GLB), total protein (TP), UREA, uric acid (UA), and creatinine (CRE), were assayed using a Chemray240 automated biochemical analyzer (Rayto, Shenzhen, China). The serum insulin levels in the mice were determined using an ELISA Kit (D721159; Sangon Biotech) according to the manufacturer's instructions.

Protein array assays
The isolated serum samples were kept on dry ice and sent to RayBiotech (Guangzhou, China). A protein array (AAH-CUST-G1; Norcross, GA, United States) was used according to the manufacturer’s instructions to measure the expression levels of 20 cytokines in the samples (Figure 1A). Positive signals were captured on glass chips using a laser scanner (InnoScan 300 Microarray Scanner; Innopsys, Carbonne, France), and the observed fluorescence intensities were normalized to those of the internal positive controls.

Hematoxylin and eosin staining
The pancreas, kidney, liver, and spleen samples were routinely fixed with 4% phosphate-buffered paraformaldehyde, embedded in paraffin, and sliced into 5-μm-thick sections for conventional hematoxylin and eosin (HE) staining. Next, the morphologies of the targeted organs were observed and imaged under a microscope (DMi8; Leica, Wetzlar, Germany).

Glycogen staining (PAS)
Dewaxed liver sections were successively immersed in 95% and 75% ethanol solutions for 10 min and then rinsed with water for 10 min. After removing the excess water in a fume hood, the samples were stained with a sodium periodate solution for 10 min and rinsed with running water for 10 min. Next, the sections were incubated with Schiff solution at 37 ℃ in the dark for 15-25 min. After removing the excessive Schiff's solution, the sections were washed with sodium sulfite solution for 5 min and then with running water for another 10 min. The sections were soaked in 95% ethanol and xylene for 1-2 min and conventionally sealed after air drying in a fume hood. Finally, the sections were observed and imaged under a microscope.

Immunofluorescence
Dewaxed pancreatic tissue sections were immersed in antigenic repair solution at 90 ℃-100 ℃, incubated in water at 100 ℃ for 20 min, cooled naturally to room temperature, and washed with PBS three times. Subsequently, the sections were permeabilized with 0.5% Triton X-100 at room temperature for 25 min and washed with PBS three times. After blocking with 10% goat serum for 2 h, the samples were incubated with mouse anti-mouse insulin (GB13121; Servicebio) and goat anti-mouse CD31 (GB13063; Servicebio) primary antibodies at 4 ℃ overnight in a wet box. The sections were incubated with FITC-labeled goat anti-mouse IgG and CY3-labeled donkey anti-goat IgG secondary antibodies at 37 ℃ for 1 h, and nuclei were stained with DAPI. Finally, the sections were observed and imaged under a fluorescence microscope (Leica, Germany), and the percentages of insulin+ (green fluorescence) and CD31+ (red fluorescence) cells from at least 10 areas per slide were quantified using IPP software (Image-Pro Plus 6.0 Software).

Western blotting
TP was extracted from pancreatic tissue using RIPA buffer and a protease inhibitor (Beyotime, China), and the protein concentration was determined by the BCA method. The protein samples were denatured in a metal bath at 95 ℃, separated by SDS-PAGE and transferred onto PVDF membranes. The samples were subsequently blocked with 5% nonfat milk in PBS for 1 h and then incubated with the following primary antibodies overnight at 4 ℃: Rabbit-derived Bcl2 (ab182858; Abcam), Bcl-xL (ab32370; Abcam), proliferating cell nuclear antigen (PCNA) (ab92552; Abcam), and vascular endothelial growth factor (VEGF) (ab32152; Abcam). The membranes were then incubated with goat anti-rabbit HRP-conjugated secondary antibodies at room temperature for 2 h. GAPDH was used as the internal control. Immunoreactions were detected using enhanced an chemiluminescence reagent and an Amersham Imager 600 system (GE Healthcare Life Sciences), and the grayscale values of the bands representing the targeted proteins were quantitated using ImageJ software.

Statistical analysis
The results are presented as the mean ± SD and were analyzed using Statistical Package for GraphPad Prism 8.0. The nonparametric Mann-Whitney U test was used for comparisons between two independent samples, and one-way ANOVA followed by Dunnett’s test was used for comparisons among ≥ 3 groups. P < 0.05 was considered to be statistically significant.

RESULTS
MenSC transplantation significantly improves diabetic symptoms in T1D mice
The characteristics of the MenSC and UcMSC used in this study were consistent with the typical characteristics of MSC, which express CD73, CD90, and CD105 but not CD34 and CD29. After MSC transplantation, the FBG levels in MSC-treated mice were significantly decreased starting on day 42 (Figure 2A; P < 0.05), and the body weights of UcMSC-treated mice showed a significantly increasing trend starting on day 28 (Figure 2B; P < 0.05), which was positively related to food consumption (Figure 2C). Subsequently, both the area of islets and the number of insulin+ cells in the pancreas were significantly increased after MSC transplantation (Figure 2D-F). Consistent with the above findings, the serum insulin levels were also upregulated (Figure 2G), but the levels were not significantly different between MenSC- and UcMSC-treated mice. Additionally, the number of CD31+ cells in the pancreas was significantly increased in MSC-treated mice compared with PBS-treated mice (Figure 2E and H), and the expression of VEGF in the pancreas was upregulated (Figure 1B and C). Additionally, the final WB results confirmed that the antiapoptotic markers (Bcl2 and Bcl-xL) and PCNA in the pancreas were significantly upregulated in MSC-treated mice compared with PBS-treated mice (Figure 1B and C).

MenSC transplantation effectively improves inflammation and angiogenesis in T1D mice
A protein array was used to detect the expression levels of 20 cytokines in the sera of STZ-treated mice treated with or without MSC. The serum expression levels of interferon (IFN) γ and tumor necrosis factor (TNF) α were significantly downregulated in MSC-treated mice compared with PBS-treated mice (Figure 1A and D-G; P < 0.05), suggesting that the inflammatory response was relieved in vivo. Simultaneously, the serum expression levels of IL-6 and VEGF in the MSC-treated mice were significantly upregulated (P < 0.05).

MenSC transplantation significantly improves the liver micromorphology and glycogen synthesis in T1D mice
The liver is the main target organ of insulin and is highly likely to be damaged by diabetes-induced chronic complications[22]. After treatment with MenSC and UcMSC, liver lobule destruction and pseudolobule formation were improved, and liver injury was relieved (Figure 3). MenSC and UcMSC transplantation increased the liver weights and liver indexes of T1D mice, but these parameters were not significantly different from those of the PBS-treated mice (Figure 3B and C). Subsequent PAS staining showed that the rose-red plaque areas in the liver tissues of MSC-treated mice were significantly increased (Figure 3A), suggesting that both MenSC and UcMSC transplantation improved the ability of T1D mice to synthesize glycogen in their livers. Additionally, the liver functional indexes of mice treated with MSC were similar to those of the control mice, and no significant differences were observed between the two groups (Figure 3D-K).

MenSC transplantation partially improves the renal biochemical indexes in T1D mice
The kidney is another organ commonly affected by diabetes, and early diagnosis and prevention can delay the onset and development of diabetic nephropathy, which is critical for improving the survival rate and quality of life of patients[23]. No marked morphological differences were observed in the kidneys of normal mice and STZ-induced T1D mice treated with or without MSC (Figure 4). Although the kidney weight of MSC-treated mice was slightly increased compared with that of PBS-treated mice, the difference was not significant (Figure 4B and C). Additionally, subsequent biochemical assays showed that the UREA and UA levels in MSC-treated mice were significantly downregulated (Figure 4D and E).

MenSC transplantation partially ameliorates morphological spleen injuries in T1D mice
Dysfunction of the spleen, an important immune organ, is closely related to T1D[24]. In the present study, the spleen weights and spleen indexes of STZ-induced T1D mice were significantly reduced compared with those of control mice, and MSC treatment increased the mouse spleen weight; however, the spleen weights were not significantly different between the two groups (P > 0.05; Figure 5A and B). Subsequent HE staining (Figure 5C) indicated that the white pulp of the spleen in normal mice was well developed, the splenic corpuscles were round or oval, the germinal center was obvious, the periarterial lymphatic sheath was located beside the splenic corpuscle, the proportion of white pulp and red pulp was reasonable, and the boundary was clear. However, the area of white pulp in the spleens of STZ-induced T1D mice was significantly reduced and had a disordered structure, and the lymphatic follicles were atrophied. Although the spleen weights and spleen indexes of the STZ-induced T1D mice were not significantly increased after MSC treatment, the degree of lymphatic follicle atrophy in MSC-treated mice was improved, and the white pulp area was increased.

DISCUSSION
Diabetes, a common metabolic disease, is characterized by long-term high blood sugar levels and hormone disruption, which can cause severe complications in the eyes, liver, kidneys, and immune system. Currently, approximately 451 million patients have diabetes worldwide, and that number is estimated to reach 693 million by 2045[25]; diabetes causes at least five million deaths and costs at least $850 billion in health care costs annually. Additionally, MSC transplantation is considered to be an effective treatment for improving diabetes-derived symptoms and complications when considering the limitations of conventional diabetes treatments, and the efficacy and safety of MSC transplantation to improve diabetic symptoms have been confirmed by many preclinical and clinical studies[15,18,26-28]. In addition to the frequently used UcMSC, MenSC have attracted notable attention as a promising alternative stem cell-based therapy for various diseases based on their wide-ranging advantages, such as their regular and noninvasive collection method, abundant availability, superior proliferative capacity and autologous transplantation potential. Furthermore, published clinical trials on MenSC-based therapies have reported no adverse events for any of the enrolled patients. Medistem Inc. launched a phase II clinical trial on MenSC treatment for patients with congestive heart failure, and the follow-up results revealed no adverse events associated with 17 patients who received MenSC stem cell transplantation[17]. A subsequent clinical report also confirmed the therapeutic effect and safety of autologous MenSC transplantation for patients with Asherman’s syndrome[29]. Additionally, six clinical studies on MenSC-based therapies have been officially approved by the National Health Commission of the People's Republic of China due to the superior biological characteristics of MenSC.
Based on published reports, the therapeutic mechanism of MSC in patients with diabetes is mainly focused on angiogenesis promotion, immunomodulation, islet β cell regeneration and islet β cell apoptosis inhibition[30-32]. Consistent with published results, MenSC treatment exerted similar positive effects on STZ-induced T1D mice and significantly reduced their FBG levels. Subsequent histological examinations revealed that MSC transplantation significantly increased the number of insulin+ islet β cells in the T1D mouse pancreas, and the enhancement of angiogenesis, antiapoptotic effects and regeneration likely contributed to these effects. Furthermore, subsequent protein assays confirmed the presence of systemically reduced inflammation (downregulation of IL-1β and TNFα) and enhanced angiogenesis potential (upregulation of VEGF) in MSC-treated mice. Additionally, MSC treatment was shown to upregulate the expression of IL-6 in the sera of T1D mice, and a low dose of IL-6 counteracted the cytotoxicity of IL-1β on islet β cells and stimulated insulin secretion by islet β cells[33,34].
Furthermore, because of the severe diabetes-derived complications in other organs, attention should be paid to not only the improvement of pancreatic function but also the therapeutic effects of MSC on these other organs. Additionally, the prevention of diabetes-derived complications could effectively increase the survival and improve the quality of life of patients with diabetes. Our previous studies revealed that MenSC resided in the livers and kidneys of mice after injection via the tail vein, providing direct evidence of the MSC-mediated improvement in the functions of these organs. Therefore, the morphologies and functions of the livers and kidneys (highly subject to diabetic complications) of STZ-induced T1D mice were examined after MSC transplantation. As expected, MenSC treatment partially improved the functions of the liver and kidney, and no visible morphological abnormalities were observed in these organs. Additionally, spleen dysfunction plays a role in the onset and development of T1D, and a reasonable ratio of white pulp to red pulp in the spleen plays a critical role in the maintenance of immune homeostasis. Our results indicated that MSC treatment did not significantly increase the spleen weight in STZ-induced T1D mice but did improve the degree of lymphatic follicle atrophy and the ratio of white pulp to red pulp, which contribute to re-establishing immune homeostasis.

CONCLUSION
In conclusion, the therapeutic effects of MenSC transplantation are equal to those of UcMSC and can significantly improve the symptoms of T1D mice and exert protective effects on their main organs. Moreover, MSC-induced angiogenesis, antiapoptotic effects and immunomodulation contribute to these protective effects. Additionally, MenSC are expected to become a promising alternative for diabetes treatment in the clinic due to their advantages, including their regular and noninvasive collection method, abundant availability, and superior proliferative capacity.

ARTICLE HIGHLIGHTS
Research background
Type 1 diabetes (T1D), a chronic metabolic disease that lacks an effective cure, seriously endangers human health. In recent years, mesenchymal stem cell (MSC) transplantation has become an effective treatment for diabetes. Menstrual blood-derived endometrial stem cells (MenSC), a novel MSC type derived from the decidual endometrium during menstruation, are expected to become promising seeding cells for diabetes treatment due to their therapeutic effects on many diseases.

Research motivation
T1D is a highly prevalent disease and lacks an effective treatment. MenSC are expected to become promising seeding cells for diabetes treatment in the clinic.

Research objectives
The objective of our study was to evaluate the therapeutic effects of MenSC on a T1D mouse model.

Research methods
Streptozotocin (STZ) was used to induce the T1D mouse model. Then, improvements in the blood glucose levels and biochemical indexes of the mice were detected after the injection of MenSC via their tail vein. Moreover, the morphological and functional improvements in the livers, spleens and kidneys of MenSC-treated T1D model mice were examined.

Research results
In the STZ-induced T1D model, MenSC transplantation significantly improved the symptoms of T1D mice. Immunofluorescence and western blot analyses revealed that the numbers of insulin+ cells and CD31+ cells in the pancreas were significantly increased in MenSC-treated mice compared with control mice and inhibited the apoptosis of pancreatic cells. Additionally, protein arrays showed that MenSC transplantation significantly downregulated the serum levels of interferon γ and tumor necrosis factor α and upregulated the serum levels of interleukin-6 and vascular endothelial growth factor in the model mice. Subsequent histological and immunohistochemical analyses demonstrated that MSC transplantation systematically improved the morphologies and functions of the liver, kidneys, and spleen in the T1D model mice and effectively alleviated the complications of T1D.

Research conclusions
The therapeutic effects of MenSC transplantation are equal to those of umbilical cord-derived MSC and can significantly improve the symptoms of T1D mice and exert protective effects on their main organs. MenSC are expected to become promising seeding cells for the treatment of T1D.

Research perspectives
In the STZ-induced T1D mouse model, MenSC can effectively improve the symptoms and complications of T1D and lay a foundation for the clinical use of MenSC in the treatment of T1D.
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Figure 1 Mesenchymal stem cell transplantation promotes pancreatic regeneration and regulates immune homeostasis in streptozotocin-induced type 1 diabetes mice. A: The cytokines examined and representative array images are shown; B and C: The expression levels of vascular endothelial growth factor, Bcl2, BCL-xL, and proliferating cell nuclear antigen in the mouse pancreas were detected by WB, and the relative expression of targeted proteins was quantitated using ImageJ software; D-G: The concentrations of significantly changed cytokines were quantified based on the fluorescence intensities. aP < 0.05; bP < 0.01; cP < 0.001. MSC: Mesenchymal stem cell; UcMSC: Umbilical cord-derived MSC; MenSC: Menstrual blood-derived endometrial stem cells; IFN: Interferon; TNF: Tumor necrosis factor; IL: Interleukin; VEGF: Vascular endothelial growth factor; PCNA: Proliferating cell nuclear antigen.
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Figure 2 Menstrual blood-derived endometrial stem cells transplantation significantly improves the morphology and function of the pancreas in streptozotocin-induced type 1 diabetes mice. A: Both Menstrual blood-derived endometrial stem cells Menstrual blood-derived endometrial stem cells (MenSC) and Umbilical cord-derived mesenchymal stem cell (UcMSC) treatments significantly improved the fasting blood glucose levels. aP < 0.05 UcMSC treatment vs PBS treatment; eP < 0.05 MenSC treatment vs PBS treatment; B and C: UcMSC treatment significantly inhibited the body weight loss and increased the food intake in streptozotocin-induced type 1 diabetes mice. aP < 0.05 UcMSC treatment vs PBS treatment; eP < 0.05 UcMSC treatment vs MenSC treatment; D: Morphological changes in the pancreases of mice were examined by hematoxylin and eosin staining, and the islets are indicated by green arrows. The images in the left column provide a full view of the pancreas, and the images in the right column are locally magnified; E, F and H: Insulin+ (green fluorescence) and CD31+ (red fluorescence) cells in the mouse pancreas were detected by immunofluorescence and quantified by IPP software. The images in the top row provide a full view of the pancreases, and the images in the bottom row are locally magnified; G: The serum insulin levels in the mice were determined by ELISA. aP < 0.05; bP < 0.01; cP < 0.001. MSC: Mesenchymal stem cell; UcMSC: Umbilical cord-derived MSC; MenSC: Menstrual blood-derived endometrial stem cells.
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Figure 3 Morphological and functional improvements in the livers of streptozotocin-induced type 1 diabetes mice after mesenchymal stem cell transplantation. A: Morphological changes in the livers of mice were examined by hematoxylin and eosin staining (the images in the top row provide a full view of the livers, and the images in the middle row are locally magnified), and the capacity for glycogen synthesis and storage in the livers was determined by Periodic Acid-Schiff staining; B and C: Mesenchymal stem cell treatment had no obvious effect on the liver weights or liver indexes in streptozotocin-induced type 1 diabetes mice; D-K: The activities of alanine transaminase and aspartic acid transaminase in the mouse serum were examined, and the concentrations of albumin, globulin, total protein, and alkaline phosphatase in the serum were measured. aP < 0.05; bP < 0.01; cP < 0.001. MSC: Mesenchymal stem cell; UcMSC: Umbilical cord-derived MSC; MenSC: Menstrual blood-derived endometrial stem cells; UA: Uric acid; CRE: Creatinine; HE: Hematoxylin and eosin; PAS: Periodic Acid-Schiff; ALT: Alanine transaminase; AST: Aspartic acid transaminase; ALP: Alkaline phosphatase; ALB: Albumin; GLB: Globulin; TP: Total protein.


[image: D:\樊佳茹-工作文件\第二次定稿\稿件编辑加工\稿件\已编稿件\待排版\67752\67752-PDF\67752-Figures\67752-g004.png]Figure 4 Morphological and functional differences in the kidneys of streptozotocin-induced type 1 diabetes mice after mesenchymal stem cell transplantation. A: Morphological changes in the kidneys of mice were examined by hematoxylin and eosin staining. The images in the top row provide a full view of the kidneys, and the images in the bottom row are locally magnified; B and C: Mesenchymal stem cell treatment had no obvious effect on the kidney weights or kidney indexes of streptozotocin-induced type 1 diabetes mice; D-F: The serum concentrations of UREA, uric acid, and creatinine in the mice were measured. aP < 0.05; bP < 0.01; cP < 0.001. MSC: Mesenchymal stem cell; UcMSC: Umbilical cord-derived MSC; MenSC: Menstrual blood-derived endometrial stem cells; UA: Uric acid; CRE: Creatinine.
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Figure 5 Morphological differences in the spleens of streptozotocin-induced type 1 diabetes mice after mesenchymal stem cell transplantation. A and B: Mesenchymal stem cell treatment did not significantly increase the spleen weights or spleen indexes in streptozotocin-induced type 1 diabetes mice; C: Morphological changes in the spleens of mice were examined by hematoxylin and eosin staining. The images in the left column provide a full view of spleens, and the images in the right column are locally magnified. aP < 0.05; bP < 0.01; cP < 0.001. MSC: Mesenchymal stem cell; UcMSC: Umbilical cord-derived MSC; MenSC: Menstrual blood-derived endometrial stem cells.
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