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Introduction: Diabetic nephropathy (DN), a chronic kidney disease, is a major cause of end-stage kidney disease worldwide. Mesenchymal stem cells (MSCs) have become a promising option to mitigate several diabetic complications.
Methods: In this study, we evaluated the therapeutic potential of bone marrow-derived mesenchymal stem cells (BM-MSCs) in a rat model of STZ-induced DN. After the confirmation of diabetes, rats were treated with BM-MSCs and sacrificed at week 12 after treatment.
Results: Our results showed that STZ-induced DN rats had extensive histopathological changes, significant upregulation in mRNA expression of renal apoptotic markers, ER stress markers, inflammatory markers, fibronectin, and intermediate filament proteins, and reduction of positive immunostaining of PCNA and elevated P53 in kidney tissue compared to the control group. BM-MSC therapy significantly improved renal histopathological changes, reduced renal apoptosis, ER stress, inflammation, and intermediate filament proteins, as well as increased positive immunostaining of PCNA and reduced P53 in renal tissue compared to the STZ-induced DN group.
Conclusion: In conclusion, our study indicates that BM-MSCs may have therapeutic potential for the treatment of DN and provide important insights into their potential use as a novel therapeutic approach for DN.
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1 INTRODUCTION
Diabetic nephropathy (DN) is a frequent diabetic consequence and a primary cause of end-stage renal failure. The pathogenesis of DN is complex and includes several pathways/mechanisms, such as hyperglycemia, oxidative stress, apoptosis, inflammation, endoplasmic reticulum (ER) stress, and fibrosis (Zhuang et al., 2019). DN causes progressive kidney impairment, proteinuria, and reduced renal function, eventually leading to end-stage renal disease (ESRD). DN is accompanied by damage to podocytes that are involved in cellular hypertrophy, podocytopenia, and glomerulosclerosis (Liu and Tang, 2016). Unlike other types of cells, podocytes have a limited renewal capability once damaged, and the glomerular filtration barrier becomes leaky, resulting in proteinuria and worsening podocyte destruction (Mathieson, 2012). Oxidative stress becomes apparent when there is an imbalance between the generation of reactive oxygen species (ROS) and body’s ability to neutralize them with antioxidants. Hyperglycemia, advanced glycation end products (AGEs), and dyslipidemia all contribute to oxidative stress in DN. Previous studies (Lee et al., 2003; Xu et al., 2017; Amaral et al., 2018; Gong et al., 2019) reported that hyperglycemia-induced renal oxidative stress via decreasing mitochondrial membrane potential increases the generation of ROS and RNS that caused micro- and macrovascular alteration ended with DNA damage, the overexpression of extracellular matrix protein precipitation, mesangial expansion, glomerular fibrosis, and glomerular atrophy (Kashihara et al., 2010). Oxidative stress can also cause the release of proinflammatory cytokines and chemokines, which can lead to inflammation and additional kidney damage. Furthermore, oxidative stress can induce apoptosis and autophagy, resulting in renal cellular death.
The ER is a cellular organelle that regulates protein folding and quality. ER stress occurs when the ER capacity to fold and process proteins is exceeded, resulting in a buildup of misfolded or unfolded proteins. Hyperglycemia-induced oxidative stress decreases sarco/endoplasmic reticulum Ca +2 ATPase, which in turn decreases ER Ca +2 content needed for proper protein folding, which leads to the propagation of unfolded and misfolded proteins, translocation of ER chaperone glucose-regulated protein 78 (GRP78) and GRP96 to the cytoplasmic membrane, induced ER-mediated cytokine secretions, and apoptosis (Clark and Urano, 2016). On the same line, other studies reported that diabetic nephropathy significantly upregulated the endoplasmic reticulum stress markers: ATF3, ATF6, ATF4, JNK, CHOP, BIP, and XBP1(Wang Z et al., 2017; Xu et al., 2017; Yang and Wu, 2018; Shibusawa et al., 2019). In addition, renal ER stress activation may be attributed to hyperglycemia, free fatty acids (FFA), and AGE, which led to ER Ca+2 depletion, which exacerbated ER stress and apoptosis, activating exogenous chaperones (Morse et al., 2010; Cao et al., 2014) to reestablish cellular homeostasis. However, current therapeutic strategies that target hyperglycemia (via glucose-lowering agents) and hypertension (via renin–angiotensin–aldosterone system (RAAS) inhibitors) do not provide adequate control or reversal of diabetic nephropathy (Ahmad, 2015). Although those strategies aim to control hyperglycemia and target hemodynamic changes to slow down the progression of kidney injury, it does not include any therapeutic intervention to treat the damaged renal cells (Ahmad, 2015).
Stem cells (SCs), characterized by self-renewal and plasticity (Wagers and Weissman, 2004), can be classified into embryonic stem cells (ESCs) and adult stem cells (ASCs) (Bissels et al., 2016). ASCs are multipotent cells with immunomodulatory and regenerative characteristics that can develop into various cell types. ASCs of various kinds, including mesenchymal stem cells (MSCs), olfactory, endothelial stem cells (ESCs), neural stem cells, and hematopoietic stem cells (HSCs) (Bongso and Lee, 2005), can be used in cell-based treatment for liver cirrhosis (Mu et al., 2018), spinal cord injury (Hakim et al., 2019), and peripheral vascular disease (Yan et al., 2013). ASCs’ effective homing and differentiability may restrict their therapeutic and clinical uses (Stonesifer et al., 2017). MSCs are an excellent therapeutic option due to their anti-inflammatory (Kim et al., 2015), immunomodulatory (Kassis et al., 2008), and antiapoptotic (Wang et al., 2017) properties. MSCs might also reduce oxidative stress (Francois et al., 2013; Sherif et al., 2018) and release trophic factors including hepatocyte growth factor (HGF) and vascular endothelial growth factor (VEGF) (Kaingade et al., 2016). Each of the types of MSCs has distinct characteristics to consider when used in cell-based therapy. Bone marrow-derived MSCs (BM-MSCs) are the most frequently utilized form of MSCs. BM-MSCs may self-renew and differentiate into a variety of cell types. It is crucial to highlight that stem cell-based therapy is still a developing field, and more research is needed to better understand the mechanisms of action of stem cells in disease models such as DN and to maximize their therapeutic potential. As a result, the current work was aimed at investigating into the potential regenerative properties of BM-MSCs in a diabetic nephropathy rat model.
2 MATERIALS AND METHODS
2.1 Experimental design
Forty-five mature male Sprague Dawley (SD) rats were divided into three groups of 15 rats in each group: G1, the control group; G2; and G3. The G2 diabetic group received a single intraperitoneal injection of STZ 65 mg/kg (Furman, 2015; Khamis et al., 2020; Khamis et al., 2021). G3 diabetic group rats were administered intraperitoneally once with BM-MSCs 2 × 107 4 weeks after diabetes was induced. After the 4th and 12th weeks of treatment, rats were placed in individual metabolic cages for 24 h to collect urine samples using sterile containers. Urine samples were centrifuged for 15 min at 1,000 g to remove any particulates and stored at -20°C until analysis. Glomerular filtration was assessed by creatinine clearance based on serum and urine creatinine levels, with values expressed in mL/min, computed with the following formula: Clcr = urine creatinine (mg/dL) × urine flow (mL/min)/serum creatinine (mg/dL). Urine flow was calculated dividing 24 h of urine volume by 1,440, which corresponds to the number of minutes in 24 h (60 min × 24 h = 1,440): urine flow (mL/min) = value of urine volume (24 h)/1,440.
Twelve weeks after STZ injection, two blood samples were collected from each rat via medial eye canthus: one sample with sodium fluoride for measuring blood glucose levels and another sample without anticoagulants for serum hormonal assays. The volume of withdrawn blood was variable, and on average, 1 mL was collected at week 4, while 3 mL were collected at week 12. Rats were euthanized, and tissue samples were obtained. The serum was collected and maintained at −80°C for later study. The kidney tissues were quickly removed and split into two portions, the first of which was preserved on neutral buffered formalin (NBF-10%) for histological and immunohistochemical study, and the second was 50 mg collected using 1 mL QIAzol (QIAGEN, Germany) for total RNA extraction and stored at -80°C for further use.
2.2 MSC isolation, identification, and administration of BM-MSCs
According to the protocol of Smajilagić et al. (2013), 12-week-old rats were sacrificed, and their femur and tibia were aseptically extracted following the sacrifice procedure. The cancellous bone was extracted from the femur and tibia specimens and subjected to 3–5 washes using 1x phosphate-buffered saline (PBS) obtained from Lonza Bioscience. Subsequently, the bone marrows were rinsed using Dulbecco’s modified Eagle medium (DMEM) culture media (Lonza Bioscience) containing 10% (V/V) FBS (Lonza Bioscience) and 50 IU L-1 penicillin, 2 mM L-glutamine, and 50 µg mL-1 streptomycin (Lonza Bioscience). The released cells were collected and placed in a culture flask with a surface area of 75 cm2. The flask contained 15 mL of DMEM culture media from Lonza Bioscience. The cell cultures were incubated at 37°C in a controlled environment with a humidity level of 95% air and 5% carbon dioxide. The cells were left to adhere for 3 days. Following this, the non-adherent cell population was eliminated, and the culture medium was substituted with new culture DMEM supplemented with 10% (V/V) fetal bovine serum (FBS), 50 IU L-1 penicillin, 2 mM L-glutamine, and 50 µg mL-1 streptomycin (Lonza Bioscience). The culture media underwent biweekly changes. Following the initial passage, the adhering cells were dissociated using a solution of 0.25% trypsin-EDTA (Lonza Bioscience) and subsequently cultivated for three consecutive passages. After the third passage, the cells were identified by flow cytometrical analysis of CD45, CD34, CD90, CD73, CD44, CD14, and CD105 (Becton Dickinson, San Diego, CA, United States) (Khamis et al., 2020). Before BM-MSC transplantation, cells were labeled with the PKH-26 cell linker (Sigma, Aldrich) to track the homing of the transplanted cells in the renal tissues following the supplier guidelines.
2.3 Blood and urine biochemical analysis
The fasting blood glucose was monitored every 2 weeks (Khamis et al., 2021). Rat albumin and microalbumin were measured according to Oraby et al. (2019). Urine and blood urea were determined according to the method previously described (Pöge and Kothe, 1983). Urine and serum creatinine were measured according to the method previously described (Young and Friedman, 2001).
2.4 qRT-PCR analysis
Total RNA was extracted from 30 mg of kidney tissue using QIAzol (QIAGEN, Germany), and cDNA was synthesized using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, United States) (Khamis et al., 2020; Khamis et al., 2021). Real-time RT-PCR was carried out using a Rotor-Gene Q 2 plex real-time PCR system (QIAGEN, Germany) using TOPrealTM qPCR 2X PreMIX (Enzynomics, Korea) and primers listed in Supplementary Table S1. The target gene results were normalized by the mRNA expression of GAPDH and expressed as fold changes relative to the control group using the 2−ΔΔCT method (Livak and Schmittgen, 2001).
2.5 Histopathological examination
The paraffin wax blocks containing the collected renal tissue were cut into 5 μm-thick sections that were stained using hematoxylin and eosin (H&E) or Masson’s trichrome (MTC) (Layton and Suvarna, 2013).
2.6 Immunohistochemical analysis
The avidin–biotin–peroxidase complex technique for the immunohistochemical staining of P53 and PCNA in the kidney was used. In brief, formalin-fixed sections were heated for 20 min in a 10 mM citrate buffer (pH 6.0), cooled for 20 min, and then, subjected at 4°C to primary antibodies overnight. PBS was used for 2X washing of the stained section with the primary antibody for 5 min; then, sections were successively treated for 15 min with peroxidase-conjugated streptavidin (1:3,000 in PBS) and the appropriate secondary antibody. Visualization of immunolabeling was performed using 0.02% 3,3- diaminobenzidine tetrahydrochloride. The counterstained hematoxylin slices were dried using gradient ethanol and mounted in Canada balsam. For the morphometric study, ImageJ (National Institutes of Health, United States) was used.
2.7 Statistical analysis
Mean ± standard error mean (SEM) was used to describe continuous variables. In homogeneous data, one-way analysis of variance (ANOVA) was used, followed by post-hoc Tukey’s test for multiple group comparison using SPSS (Chicago, IL, United States); a p-value lower than 0.05 was considered statistically significant (Stehlik-Barry and Babinec, 2017).
3 RESULTS
3.1 BM-MSC isolation, identification, and renal homing
On the third day of culture, isolated MSCs from rat bone marrow were able to adhere to the bottom of the culture flask (Figures 1A, B). These isolated cells’ nuclei were either elongated or rounded (Figure 1A). The isolated cells had a characteristic fibroblastic appearance after 7 days of culture (Figure 1B). Flow cytometric analysis showed that the separated cell populations were CD105, CD90, CD73, and CD44 positive (Figures 1C, F). It was also negative for the hematopoietic stem cell markers CD45, CD34, and CD14 (Figures 1G, I). The findings revealed that the isolated cells often exhibit the features of MSCs. Meanwhile, fluorescence microscopic examination of the BM-MSC-treated diabetic rats revealed a red fluorescent color of PKH-26-positive BM-MSCs dispersed with the renal tissue (Figure 1J).
[image: Figure 1]FIGURE 1 | Identification and homing of BM-MSCs in diabetic rat renal tissue (A–J). (A) BM-MSC isolation on the third day of culture; (B) BM-MSC isolation on the seventh day of culture (C–I). Flow cytometric detection of BM-MSCs: (C) BM-MSC cell populations were +ve for CD105; (D) BM-MSCS cell populations were +ve for CD90; (E) BM-MSC cell populations were +ve for CD73; (F) BM-MSC cell populations were +ve for CD44; (G) BM-MSC cell populations were -ve for CD45; and (H) BM-MSC cell populations were -ve for CD34. (I) BM-MSC cell populations were -ve for CD14, and (J) PKH26 was used to identify BM-MSC homing in renal tissue.
3.2 Effect of BM-MSC transplantation on renal function tests
Type 1 diabetes induction caused a significant increase in the mean urine volume, serum urea level, serum creatinine level, urine microalbumin, 24 h creatinine clearance, and albumin excretion and a significant decrease in urine urea excretion and creatinine excretion at the 12th week as well as 4th week after diabetes induction in diabetic rats compared with control rats (Figures 2A-J). However, intraperitoneal BM-MSC administration elicited a significant decrease in the mean value of urine volume, serum urea level, serum creatinine level, urine microalbumin, 24 h creatinine clearance, and albumin excretion and a significant increase in urine urea excretion and creatinine excretion at the 12th week as well as 4th week after diabetes induction in diabetic rats compared with control group rats (Figures 2A-I).
[image: Figure 2]FIGURE 2 | Effect of BM-MSC administration on renal function tests at the 4thand 12th weeks after STZ induction of diabetes (A–H). (A) Serum urea level mg/dL, (B) serum creatinine level mg/dL, (C) mean value of FBG level mg/dL, (D) urine microalbumin excretion mg/24 h, (E) urine albumin excretion mg/24 h, (F) urine urea excretion gm/24 h, (G) urine volume/mL per 24 h, (H) urine creatinine excretion mg/24 h, and (I) 24 h creatinine clearance mg/dL. Values represent the mean ± SEM of 10 rats per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
3.3 Effect of BM-MSC transplantation on the expression of renal intermediate filament proteins
Type 1 diabetes induced a significant upregulation in the mean fold change of relative mRNA expression of the renal cytoskeleton (stress indicators): desmin, vimentin, nestin, fibronectin-1, Coli-1, and α-SMA (Figures 3A–F). On the contrary, BM-MSC administration significantly downregulated the mean fold change of the relative mRNA expression of the renal cytoskeleton (stress indicators): desmin, vimentin, nestin, fibronectin-1, Coli-1, and α-SMA (Figures 3A–F).
[image: Figure 3]FIGURE 3 | Effect of BM-MSC administration on the mRNA expression of renal intermediate filament protein genes (A–F): (A) renal desmin, (B) renal vimentin, (C) renal nestin, (D) renal fibronectin-1, (E) renal Coli-1, and (F) renalalpha-smooth muscle actin (α-SMA). Values represent the mean ± SEM of 10 rats per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
3.4 Effects of BM-MSC transplantation on the expression of renal inflammatory markers
Type 1 diabetes caused a significant increase in the mean fold change in the relative mRNA expression of the renal proinflammatory markers such as nuclear factor-κB NFKβ, tumor necrosis factor (TNFα), interleukin-1β (IL-1β), and interleukin-6 (IL-6) compared with the control group (Figures 4A–D). On the contrary, BM-MSC administration significantly downregulated the mean fold change of the relative mRNA expression of the renal proinflammatory markers such as NFKβ, IL1β, TNFα, and IL6 compared to the diabetic group (Figures 3A–D).
[image: Figure 4]FIGURE 4 | Effect of BM-MSC administration on the mRNA expression of renal proinflammatory markers (A–D): (A) renal IL-1β, (B) renal IL-6, (C) renal NFKβ, and (D) renal TNFα. Values represent the mean ± SEM of 10 rats per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
3.5 Effect of BM-MSC transplantation on the mRNA expression of renal ER stress
Type 1 diabetes induced a significant upregulation in the mean fold change of the relative mRNA expression of renal endoplasmic reticulum stress markers such as activating transcription factor 4 (ATF4), ATF6, ATF3, C/EBP homologous protein (CHOP), c-Jun amino-terminal kinases (JNK), X-box binding protein (XBP1), and immunoglobulin-binding protein (BIP) compared with the control group Figures 5A–G. Meanwhile, BM-MSC administration not only significantly downregulated the mean fold change of the relative mRNA expression of renal endoplasmic reticulum stress markers, ATF4, ATF6, CHOP, JNK, XBP1, and BIP, but also significantly upregulated the mean fold change of the relative mRNA expression of renal ATF3 compared with the diabetic group (27) Fig (26; A–G.).
[image: Figure 5]FIGURE 5 | Effect of BM-MSC administration on the mRNA expression of renal ER stress markers (A–G): (A) renal ATF3, (B) renal ATF4, (C) renal ATF6, (D) renal CHOP, (E) renal BIP, (F) renal XBP1, and (G) renal JNK. Values represent the mean ± SEM of 10 rats per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
3.6 Effect of BM-MSC transplantation on the mRNA expression of renal proapoptotic and antiapoptotic markers
Type 1 diabetes induced a significant upregulation in the mean fold change of the relative mRNA expression of renal proapoptotic markers Fas, FasL, P53, caspase-3, BAX, and BAX/BCL2 and a significant downregulation in the antiapoptotic marker BCL2 compared with the control group (Figures 6A–G). BM-MSC administration significantly downregulated the mean fold change of the relative mRNA expression of renal proapoptotic markers Fas, FasL, P53, caspase-3, BAX, and BAX/BCL2 and significantly upregulated the antiapoptotic marker BCL2 compared with the diabetic group (Figures 6A–G).
[image: Figure 6]FIGURE 6 | Effect of BM-MSC administration on the mRNA expression levels of renal proapoptotic and antiapoptotic markers (A–G): (A) renal FAS, (B) renal FASL, (C) renal caspase-3, (D) renal BAX, (E) renal BCL2, (F) BAX/BCL2 ratio, and (G) renal P53. Values represent the mean ± SEM of 10 rats per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
3.7 Effect of BM-MSC transplantation on renal histopathological finding and immunohistochemical analysis
The histopathological examination of control rat kidney sections showed a normal histological picture of the renal glomeruli, and tubules (Figure 7A). However, the examination of the H&E-stained diabetic rat kidney revealed collapsed and necrotic glomeruli with a widening of ‘Bowman’s space (Figure 7B). On the other hand, the kidney of BM-MSC diabetic-treated rats showed an almost normal histological picture of the renal glomeruli and tubules (Figure 7C). Moreover, the result of the present investigation indicated a significant p < 0.001 downregulation in the positive immunostaining of the PCNA protein expression of the diabetic group compared to the control, which reverted with BM-MSC transplantation (Figures 7D–G) On the other hand, the findings of the current investigation revealed a significant p < 0.001 upregulation in the positive immunostaining of P53 of the diabetic rats compared with the control one; however, BM-MSC-treated groups showed significant downregulation in the positive immunostaining of P53 protein expression compared with the diabetic group (Figures 7H–J).
[image: Figure 7]FIGURE 7 | Effect of BM-MSC administration on renal histological characteristics (H&E-stained sections) and the immunohistochemical staining of PCNA and P53, as indicated by a +ve immune reaction (A–K). (A) Photomicrograph of a renal cross-section stained by H&E (×400) shows a normal pattern of renal tissue in the control group, (B) photomicrograph of a renal cross-section stained by H&E (×400) shows collapsed and necrotic glomeruli with a widening of ‘Bowman’s space in the diabetic group, (C) photomicrograph of a renal cross-section stained by H&E (×400) shows a structured renal architecture in the BM-MSC-treated group compared to the normal control group, (D) photomicrograph of a renal cross-section immunostained with PCNA in the control group, (E) photomicrograph of a renal cross-section immunostained with PCNA in the diabetic group, (F) photomicrograph of a renal cross-section immunostained with PCNA in the BM-MSC-treated group, (G) PCNA immunostaining intensity (percent area), (H) photomicrograph of a renal cross-section immunostained with P53 in the control group, (I) photomicrograph of a renal cross-section immunostained with P53 in the diabetic group, (J) photomicrograph of a renal cross-section immunostained with P53 in the BM-MSC-treated group, and (K) P53 immunostaining intensity (percent area). Values represent mean ± SEM of 10 rats per group. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
4 DISCUSSION
Diabetic nephropathy is a diabetic complication affecting 40% of diabetic patients. DN is caused by several molecular processes including oxidative stress, ER stress, and inflammatory and apoptotic pathways (Zhuang et al., 2019). The current study’s findings validated the onset of diabetic nephropathy that was observed via an increase in serum urea, and creatinine levels, urine volume, urinary microalbumin, and albumin excretion and a decrease in urinary excretion of urea and creatinine. These results were consistent with the results previously obtained by Nobrega et al. (2004), Li et al. (2018), Zhao et al. (2018), Li et al. (2019), and Oraby et al. (2019). The aforementioned results can be attributed to the fact that hyperglycemia affected the function and vitality of both podocytes and tubular cells, as reported by Liu and Tang (2016), who found that hyperglycemia-induced apoptosis of podocytes was considered the key regulator for solute transportation from the tubulointerstitial compartment of the nephron; moreover, damaged podocytes were associated with proteinuria, renal fibrosis, and irreversible renal damage (Wolf et al., 2005). DN was accompanied by damage to podocytes that involved cellular hypertrophy, podocytopenia, and glomerulosclerosis (Liu and Tang, 2016). In addition, hyperglycemia damaged the proximal tubular epithelial cells (PTECs) accompanied by proteinuria, decreased renal function, tubulointerstitial fibrosis, and inflammation (Gilbert and Cooper, 1999).
On the contrary, BM-MSC administration showed that BM-MSCs can come to the injured renal tissue that is detected by tracking cells that were labeled with PKH-26 cell linker and decreasing serum levels of urea, creatinine, 24 h urine volume, and both urinary albumin and microalbumin excretion as well as increasing urinary urea and creatinine excretion. These findings were consistent with the following previously obtained results by Zhang et al. (2013), Lv et al. (2014), Li et al. (2018), Bai et al. (2019), and Wang et al. (2019). These results could be attributed to the regenerative capacity of BM-MSCs via secreting many growth factors (Kaingade et al., 2016) that stimulate the internal repairing mechanism via stimulating resident stem cells and soluble factors (Chen et al., 2007) that initiate a local anti-inflammatory microenvironment and prevent further destruction of both podocytes and proximal tubular epithelial cells reducing proteinuria, tubulointerstitial fibrosis, and glomerulosclerosis.
Furthermore, the current study’s findings showed a marked upregulation in the mRNA expression of desmin, vimentin, and nestin which were obtained by Zou et al. (2006), Sakairi et al. (2007), Su et al. (2007), and Liu et al. (2013). The aforementioned findings can be attributed to hyperglycemia-induced ER stress-induced inflammatory and oxidative stress, which is exacerbated by inflammatory cell infiltration and higher secretion of proinflammatory cytokines, which potentiate the precipitation of cytoskeleton protein and mesangial matrix protein (Lai et al., 2007). Interestingly, intraperitoneal administration of BM-MSCs significantly downregulated the expression of cytoskeleton proteins desmin, vimentin, and nestin, which was the same as that obtained by Liu and Tang (2016) and Kholia et al. (2018). Moreover, it was previously reported that the overexpression of desmin, vimentin, and nestin enhanced the migration of BM-MSCs to injured kidneys enhancing renal cellular regeneration (Wen et al., 2012). The aforementioned results could be attributed to the immunomodulatory function of BM-MSCs that downregulates proinflammatory cytokines, decreases renal infiltration with inflammatory cell, and interferes with inflammatory cell proliferation (Jiang et al., 2005; Krampera et al., 2006; Chen et al., 2007), which is considered the main cause for upregulating the expression of cytoskeleton proteins (Lai et al., 2007).
Regarding the oxidative stress caused by hyperglycemia in the kidney, the current investigation found a substantial increase in lipid peroxidation markers and a decrease in antioxidant capacity, which is consistent with the prior findings by Lee et al. (2003), Xu et al. (2017), Amaral et al. (2018), and Gong et al. (2019). The hyperglycemic state experienced with type 1 diabetes that leads to decreased mitochondrial membrane potential and increased generation of ROS and RNS that caused micro- and macrovascular alteration ended with DNA damage, the overexpression of extracellular matrix protein precipitation, mesangial expansion, glomerular fibrosis, and glomerular atrophy (Kashihara et al., 2010). However, BM-MSC administration ameliorated hyperglycemia-induced renal oxidative stress, decreasing lipid peroxidation markers and increasing ROS scavenging enzymes that go hand in hand with those previously obtained by Valle-Prieto and Conget (2010), Lv et al. (2014), Al-Rasheed et al. (2018), and Bai et al. (2019). It could be attributed to the lowering FBG effect of BM-MSCs illustrated in the current study’s findings that balanced the generation of ROS and oxidant scavenging system which ameliorated the micro/macrorenal vascular alteration that reduced the onset of glomerular sclerosis, atrophy, and mesangial expansion (Valle-Prieto and Conget, 2010) altogether secreting several growth (Kaingade et al., 2016) and soluble factors (Lai et al., 2007) that induced internal repair via stimulating resident stem cells and/or control BM-MSC transdifferentiation in tubular cells and podocytes (Khalilpourfarshbafi et al., 2017).
The current study’s findings confirmed the aforementioned events, as they showed that the ER stress markers ATF6, ATF4, ATF3, CHOP, JNK, BIP, and XBP1 were significantly upregulated, and these results followed the previously obtained results by Wang et al. (2017); Fan et al. (2017); Xu et al. (2017); Yum et al. (2017); Yang and Wu (2018); and Shibusawa et al. (2019). Furthermore, renal ER stress activation may be due to hyperglycemia, advanced glycation end products (AGE), and free fatty acids (FFAs), which contribute to ER Ca+2 depletion that induced ER stress and apoptosis that is ameliorated with an exogenous chaperone (Morse et al., 2010; Cao et al., 2014).
Moreover, in the activation of the three pathways of ER, the first pathway was (PERK/eIF2α/ATF4/CHOP) responsible for the stimulation of eukaryotic translation initiation factor 2 alpha (eIF2α) that block the translation of secretory protein to decrease ER protein load and stimulate translation of activating factor 4 that stimulated the transcription of (Chaperone) BIP to bind with the ER sensors if the cause of ER stress was solved; if not, chaperone translocates to the cytoplasmic membrane that activated inflammation; in this case, the increase in the expression of C/EBP homologous protein (CHOP) induced podocyte and tubular cell apoptosis and increased amino acid metabolism (Harding et al., 2000). The result of the present study reflected the activation of the PERK pathway with the marked upregulation in mRNA of CHOP, ATF4, and BIP. The second pathway is the so-called IRE1α/XBP1/JNK pathway. This pathway was responsible for shutting down and splicing of the mRNA that encodes secretory proteins in a process called regulated IRE1 α-dependent decay (RIDD) to decrease ER protein load and spliced mRNA of X box-binding protein 1 (XBP1) that activated the transcription of ER hemostatic factors as chaperone and endoplasmic reticulum-associated degradation (ERAD) components that degraded unfolded and misfolded proteins in an attempt to resolve endoplasmic reticulum stress; if this stress was unresolved, XBP1 upregulated the expression of c-Jun N-terminal kinase (JNK) that activated podocytes, tubular apoptosis, and inflammation (Hollien and Weissman, 2006; Oikawa et al., 2009). The result of the present investigation indicated the activation of the aforementioned pathway, which was reflected by the marked upregulation in the mRNA expression of chaperone BIP, XBP1, and JNK.
The third pathway was the ATF6 pathway. When activating transcription factor 6 (ATF6), sensed UPR became unbounded from BIP and translocated to the Golgi apparatus to be spliced into two transcriptional factors that immediately move to the nucleus to upregulate the expression of the ERAD component that degraded mRNA, misfolded and unfolded protein, and chaperone to inhibit ER stress sensors (PERK, IREα, and ATF6) if the causes of ER stress were resolved, as well as XBP1 to increase the expression of ER hemostatic factors and ERAD components (Haze et al., 1999). Interestingly, the current study’s findings showed typical activation of the ATF 6 pathway that was illustrated by sharp upregulation in the mRNA expression of ATF6, ATF3, and BIP. However, BM-MSC administration reverted the condition of ER stress to the normal physiological tone with marked downregulation for all ER stress except ATF3, which is consistent with the previously obtained results by Okasha et al. (2017), Li et al. (2019), and Liao et al. (2019). Meanwhile, this elevation in ATF3 is considered interesting; ATF3 has been previously reported to play a beneficial role in high-fat diet (HFD)-induced diabetes and pancreatic ß-cell dysfunction (Zmuda et al., 2010). Oxidative stress and hyperglycemia considered the main inducers for ER stress (Cunard, 2015), secretion of several growth factors (Kaingade et al., 2016). Renal inflammation is considered one of the most important pathways that increase renal damage associated with type 1 diabetes (Cunard, 2015). ATF-3 upregulation displayed a cardio-protective effect via downregulating the expression of proapoptotic protein P53 and its related pathways, which was validated in a previous study which reported that the transfection of rat cardiomyocytes with ATF-3-loaded adenovirus exerted a protective effect against doxorubicin-induced cardiac apoptosis (Nobori et al., 2002). This study strongly confirmed our findings, as the BM-MSC-treated diabetic rats elicited a significant upregulation in the renal expression of ATF-3, which was associated with the overexpression of the proapoptotic proteins. However, the protective effect of the upregulated ATF-3 in the diabetic group might be overwhelmed by renal oxidative stress and overexpressed CHOP and JNK that potentially initiated renal cell injury and apoptosis (Cunard, 2015). The current study’s findings showed that type 1 diabetes elicited a marked renal inflammatory condition manifested by sharp upregulation in proinflammatory cytokines NFKβ, TNFα, IL1β, IL6, and IL8; these results were consistent with the previously obtained results by Sha et al. (2017), Al Hroob et al. (2018), and Xu and Ren (2019). The renal inflammatory condition could be discussed as the induction of ER stress-mediated oxidative stress, hyperglycemia, FFA, and AGE that manifested by increasing the cellular load of unfolded and misfolded proteins that were recognized by the immune cells as foreign protein, increasing inflammatory cell infiltration and inflammatory cytokine secretion, depletion of ER ca+2 reserve, and increasing cytosolic calcium content leading to the dislocation of ER chaperone from the ER membrane to the cytoplasmic membrane that is considered a regulatory protein presented to immune cells inducing inflammatory response (Cunard, 2015; Delong et al., 2016). In addition, the reaction between these proteins and immune cells leads to the formation of a complex that activates the expression of damage-associated molecular patterns (DAMPs); the expression of these patterns is considered an indicator of podocytes and tubular cell death (Panaretakis et al., 2008; Zhang et al., 2010).
On the other hand, several studies supported that ER stress activated the expression of NFKβ (Hu et al., 2006). In addition, IRE1α/XBP1 is considered the main inducer of inflammation (Kamimura and Bevan, 2008; Osorio et al., 2014); on the other side, ER stress eventually upregulated IL6, IL8, NFKβ, TNFα, and MCP1 (Fougeray et al., 2011). Interestingly, BM-MSCs ameliorated renal inflammatory conditions that illustrated a sharp downregulation in proinflammatory cytokines NFKβ, TNFα, IL1β, IL6, and IL8 following the work of Abdel Aziz et al. (2014), Li Y. et al. (2018), Bai et al. (2019), and Lee et al. (2019). This could be attributed to the immunomodulatory function of BM-MSCs (Hashemian et al., 2015).
Regarding the apoptosis of podocytes and tubular cells, the current study’s findings showed that type 1 diabetes significantly upregulated the mRNA expression of proapoptotic markers FAS, FAS l, P53, BAX, and caspase-3 and downregulation in the antiapoptotic marker BCL2 that were in the same line with the previously obtained findings by Kumar et al. (2004), Sha et al. (2017), Gong et al. (2019), Ju et al. (2019), and Xu and Ren )2019).
Type 1 diabetes-induced renal cell apoptosis could be attributed to oxidative stress (Sha et al., 2017), endoplasmic reticulum stress (Erekat et al., 2019), and cytokine-mediated renal apoptosis (Sha et al., 2017) that activated the phosphorylation of P53 which increases the expression of BAX and decreases the expression of antiapoptotic factor BCL2; then, BAX-activated cytochrome C that activates cleavage of pro-caspase 9 into active caspase 9 and activated caspase 3 ended with the propagation of the apoptotic pathway (Tomita, 2017). So, it could be supposed that type 1 diabetic induced renal apoptosis in a pathway of (insulin-/hyperglycemia+/redox+/ER stress+/inflammatory cytokines+/FAS+/FAS L +/BAX +/caspase-3+/P53+/BCL2-). Surprisingly, BM-MSC administration ameliorated renal apoptosis noticed with a marked upregulation in antiapoptotic marker BCL 2 mRNA expression and downregulation in proapoptotic marker (FAS/FAS L/BAX/caspase-3/P53) mRNA expression, and these results were inconsistent with the results obtained by Abdel Aziz et al. (2014) and Ni et al. (2015) who reported that MSC administration ameliorated podocyte and tubular epithelium apoptosis. These findings can be attributed to BM-MSCs’ potential to ameliorate apoptosis inducers, either hyperglycemia or oxidative stress or beta-cell inflammatory environment or ER stress according to the result of the present work that reduced further renal tissue damage and apoptosis (Bugliani et al., 2019). In addition, these findings could be reverted to the elevated expression of activated transcription factor 3 (ATF3) that inhibits apoptosis via downregulating the expression of proapoptotic factor P21 (Hao et al., 2014) on the other hand. Altogether, BM-MSCs could ameliorate beta cell apoptosis in a molecular pathway (ATF3+/P21-/FAS-/FAS L -/BAX -/caspase-3-/P53-/BCL2+) or (insulin+/hyperglycemia-/redox-/ER stress-/inflammatory cytokines-/FAS-/FAS L -/BAX -/caspase-3-/P53-/BCL2+).
5 CONCLUSION
STZ-induced DN is a complex and multifactorial disease that involves various molecular mechanisms. Collectively, type 1 diabetes induces renal injury via inducing oxidative stress, ER stress, inflammatory condition, and apoptosis which could be reverted with the intraperitoneal administration of BM-MSCs. Such results provide important insights into the potential use of BM-MSCs as a novel therapeutic approach for DN. While MSCs hold great promise in the field of regenerative medicine, it is important to be aware of potential adverse effects that may arise from their use. Further studies are needed to confirm these findings and assess the long-term safety and efficacy of BM-MSC treatment in DN patients.
DATA AVAILABILITY STATEMENT
All contributions are available in the article/Supplementary Material.
ETHICS STATEMENT
The animal study was approved by the Institutional Animal Care and Use Committee of Badr University in Cairo (No. BUC-IACUC/VET/128/A/2022). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
TK: conceptualization, data curation, formal analysis, funding acquisition, investigation, methodology, project administration, resources, software, supervision, validation, visualization, writing–original draft, and writing–review and editing. AdA: supervision and writing–review and editing. HA: supervision and writing–review and editing. ND: investigation and writing–review and editing. AhS: investigation and writing–review and editing. RA: investigation and writing–review and editing. KW: investigation and writing–review and editing. RoE: investigation and writing–review and editing. RaE: investigation and writing–review and editing. HM: investigation and writing–review and editing. ES: investigation and writing–review and editing. MH: investigation and writing–review and editing. TR: investigation and writing–review and editing. AK: investigation, writing–review and editing. JW: investigation and writing–review and editing. ES: investigation and writing–review and editing. LS: investigation and writing–review and editing. MR: investigation and writing–review and editing. SE: investigation and writing–review and editing. AM: investigation and writing–review and editing. AbS: investigation and writing–review and editing. AK: investigation and writing–review and editing. YS: investigation and Writing–review and editing. HY: investigation and writing–review and editing. AsA: Writing–review and editing, Data curation, Methodology, Investigation, Visualization. MA: Writing–review and editing, Data curation, Methodology, Investigation, Visualization. ET: investigation and writing–review and editing, funding acquisition, methodology, and project administration. IB: investigation, writing–review and editing, formal Analysis, funding acquisition, methodology, project administration, resources, and validation. AHA: conceptualization, data curation, formal analysis, funding acquisition, investigation, methodology, project administration, resources, software, supervision, validation, visualization, writing–original draft, and writing–review and editing.
FUNDING
The authors declare financial support was received for the research, authorship, and/or publication of this article. This research received no external funding, and the APC was funded by the project 6PFE of the University of Life Sciences “King Mihai I” from Timisoara and the Research Institute for Biosecurity and Bioengineering from Timisoara, Romania.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1265230/full#supplementary-material
REFERENCES
 Abdel Aziz, M. T., Wassef, M. a.A., Ahmed, H. H., Rashed, L., Mahfouz, S., Aly, M. I., et al. (2014). The role of bone marrow derived-mesenchymal stem cells in attenuation of kidney function in rats with diabetic nephropathy. Diabetology Metabolic Syndrome 6, 34. doi:10.1186/1758-5996-6-34
 Ahmad, J. (2015). Management of diabetic nephropathy: recent progress and future perspective. Diabetes and Metabolic Syndrome Clin. Res. Rev. 9, 343–358. doi:10.1016/j.dsx.2015.02.008
 Al Hroob, A. M., Abukhalil, M. H., Alghonmeen, R. D., and Mahmoud, A. M. (2018). Ginger alleviates hyperglycemia-induced oxidative stress, inflammation and apoptosis and protects rats against diabetic nephropathy. Biomed. Pharmacother. 106, 381–389. doi:10.1016/j.biopha.2018.06.148
 Al-Rasheed, N. M., Al-Rasheed, N. M., Bassiouni, Y. A., Hasan, I. H., Al-Amin, M. A., Al-Ajmi, H. N., et al. (2018). Simvastatin ameliorates diabetic nephropathy by attenuating oxidative stress and apoptosis in a rat model of streptozotocin-induced type 1 diabetes. Biomed. Pharmacother. 105, 290–298. doi:10.1016/j.biopha.2018.05.130
 Amaral, L. S. D. B., Souza, C. S., Volpini, R. A., Shimizu, M. H. M., De Bragança, A. C., Canale, D., et al. (2018). Previous exercise training reduces markers of renal oxidative stress and inflammation in streptozotocin-induced diabetic female rats. J. Diabetes Res. 2018, 6170352–6170359. doi:10.1155/2018/6170352
 Bai, Y., Wang, J., He, Z., Yang, M., Li, L., and Jiang, H. (2019). Mesenchymal stem cells Reverse diabetic nephropathy disease via lipoxin A4 by targeting transforming growth factor β (TGF-β)/smad pathway and pro-inflammatory cytokines. Med. Sci. Monit. 25, 3069–3076. doi:10.12659/MSM.914860
 Bissels, U., Diener, Y., Eckardt, D., and Bosio, A. (2016). Characterization and classification of stem cells. Regen. Med. , 155–176. doi:10.1007/978-94-007-5690-8_6
 Bongso, A., and Lee, E. H. (2005). Stem cells: their definition, classification and sources. Stem Cells , 1–13. doi:10.1142/9789812569370_0001
 Bugliani, M., Mossuto, S., Grano, F., Suleiman, M., Marselli, L., Boggi, U., et al. (2019). Modulation of autophagy influences the function and survival of human pancreatic beta cells under endoplasmic reticulum stress conditions and in type 2 diabetes. Front. Endocrinol. 10, 52. doi:10.3389/fendo.2019.00052
 Cao, Y., Hao, Y., Li, H., Liu, Q., Gao, F., Liu, W. E. I., et al. (2014). Role of endoplasmic reticulum stress in apoptosis of differentiated mouse podocytes induced by high glucose. Int. J. Mol. Med. 33, 809–816. doi:10.3892/ijmm.2014.1642
 Chen, L., Zhang, W., Yue, H., Han, Q., Chen, B., Shi, M., et al. (2007). Effects of human mesenchymal stem cells on the differentiation of dendritic cells from CD34+Cells. Stem Cells Dev. 16, 719–731. doi:10.1089/scd.2007.0065
 Clark, A. L., and Urano, F. (2016). Endoplasmic reticulum stress in beta cells and autoimmune diabetes. Curr. Opin. Immunol. 43, 60–66. doi:10.1016/j.coi.2016.09.006
 Cunard, R. (2015). Endoplasmic reticulum stress in the diabetic kidney, the good, the bad and the ugly. J. Clin. Med. 4, 715–740. doi:10.3390/jcm4040715
 Delong, T., Wiles, T. A., Baker, R. L., Bradley, B., Barbour, G., Reisdorph, R., et al. (2016). Pathogenic CD4 T cells in type 1 diabetes recognize epitopes formed by peptide fusion. Science 351, 711–714. doi:10.1126/science.aad2791
 Erekat, N., Rababa'h, R., and Al-Jarrah, M. (2019). Overexpression of renal proapoptotic factors is attenuated subsequent to endurance exercise in Type I diabetes: an immunohistochemistry study. J. Nat. Sci. Biol. Med. 10, 24. doi:10.4103/jnsbm.jnsbm_60_18
 Fan, Y., Lee, K., Wang, N., and He, J. C. (2017). The role of endoplasmic reticulum stress in diabetic nephropathy. Curr. Diabetes Rep. 17, 17. doi:10.1007/s11892-017-0842-y
 Fougeray, S., Bouvier, N., Beaune, P., Legendre, C., Anglicheau, D., Thervet, E., et al. (2011). Metabolic stress promotes renal tubular inflammation by triggering the unfolded protein response. Cell Death Dis. 2, e143. doi:10.1038/cddis.2011.26
 Francois, S., Mouiseddine, M., Allenet-Lepage, B., Voswinkel, J., Douay, L., Benderitter, M., et al. (2013). Human mesenchymal stem cells provide protection against radiation-induced liver injury by antioxidative process, vasculature protection, hepatocyte differentiation, and trophic effects. BioMed Res. Int. 2013, 151679–151714. doi:10.1155/2013/151679
 Furman, B. L. (2015). Streptozotocin-induced diabetic models in mice and rats. Curr. Protoc. Pharmacol. 70, 41–45. doi:10.1002/0471141755.ph0547s70
 Gilbert, R. E., and Cooper, M. E. (1999). The tubulointerstitium in progressive diabetic kidney disease: more than an aftermath of glomerular injury?Kidney Int. 56, 1627–1637. doi:10.1046/j.1523-1755.1999.00721.x
 Gong, D.-J., Wang, L., Yang, Y.-Y., Zhang, J.-J., and Liu, X.-H. (2019). Diabetes aggravates renal ischemia and reperfusion injury in rats by exacerbating oxidative stress, inflammation, and apoptosis. Ren. Fail. 41, 750–761. doi:10.1080/0886022X.2019.1643737
 Hakim, R., Covacu, R., Zachariadis, V., Frostell, A., Sankavaram, S. R., Brundin, L., et al. (2019). Mesenchymal stem cells transplanted into spinal cord injury adopt immune cell-like characteristics. Stem Cell Res. Ther. 10, 115. doi:10.1186/s13287-019-1218-9
 Hao, Z.-F., Su, Y.-M., Wang, C.-M., and Yang, R.-Y. (2014). Activating transcription factor 3 interferes with p21 activation in histone deacetylase inhibitor-induced growth inhibition of epidermoid carcinoma cells. Tumor Biol. 36, 1471–1476. doi:10.1007/s13277-014-2618-1
 Harding, H. P., Zhang, Y., Bertolotti, A., Zeng, H., and Ron, D. (2000). Perk is essential for translational regulation and cell survival during the unfolded protein response. Mol. Cell 5, 897–904. doi:10.1016/s1097-2765(00)80330-5
 Hashemian, S. J., Kouhnavard, M., and Nasli-Esfahani, E. (2015). Mesenchymal stem cells: rising concerns over their application in treatment of type one diabetes mellitus. J. Diabetes Res. 2015, 675103–675119. doi:10.1155/2015/675103
 Haze, K., Yoshida, H., Yanagi, H., Yura, T., and Mori, K. (1999). Mammalian transcription factor ATF6 is synthesized as a transmembrane protein and activated by proteolysis in response to endoplasmic reticulum stress. Mol. Biol. Cell 10, 3787–3799. doi:10.1091/mbc.10.11.3787
 Hollien, J., and Weissman, J. S. (2006). Decay of endoplasmic reticulum-localized mRNAs during the unfolded protein response. Science 313, 104–107. doi:10.1126/science.1129631
 Hu, P., Han, Z., Couvillon, A. D., Kaufman, R. J., and Exton, J. H. (2006). Autocrine tumor necrosis factor alpha links endoplasmic reticulum stress to the membrane death receptor pathway through IRE1alpha-mediated NF-kappaB activation and down-regulation of TRAF2 expression. Mol. Cell. Biol. 26, 3071–3084. doi:10.1128/MCB.26.8.3071-3084.2006
 Jiang, X.-X., Zhang, Y., Liu, B., Zhang, S.-X., Wu, Y., Yu, X.-D., et al. (2005). Human mesenchymal stem cells inhibit differentiation and function of monocyte-derived dendritic cells. Blood 105, 4120–4126. doi:10.1182/blood-2004-02-0586
 Ju, Y., Su, Y., Chen, Q., Ma, K., Ji, T., Wang, Z., et al. (2019). Protective effects of Astragaloside IV on endoplasmic reticulum stress-induced renal tubular epithelial cells apoptosis in type 2 diabetic nephropathy rats. Biomed. Pharmacother. 109, 84–92. doi:10.1016/j.biopha.2018.10.041
 Kaingade, P. M., Somasundaram, I., Nikam, A. B., Sarang, S. A., and Patel, J. S. (2016). Assessment of growth factors secreted by human breastmilk mesenchymal stem cells. Breastfeed. Med. 11, 26–31. doi:10.1089/bfm.2015.0124
 Kamimura, D., and Bevan, M. J. (2008). Endoplasmic reticulum stress regulator XBP-1 contributes to effector CD8+ T cell differentiation during acute infection. J. Immunol. 181, 5433–5441. doi:10.4049/jimmunol.181.8.5433
 Kashihara, N., Haruna, Y., Kondeti, K. V., and Kanwar, S. (2010). Oxidative stress in diabetic nephropathy. Curr. Med. Chem. 17, 4256–4269. doi:10.2174/092986710793348581
 Kassis, I., Grigoriadis, N., Gowda-Kurkalli, B., Mizrachi-Kol, R., Ben-Hur, T., Slavin, S., et al. (2008). Neuroprotection and immunomodulation with mesenchymal stem cells in chronic experimental autoimmune encephalomyelitis. Archives Neurology 65, 753–761. doi:10.1001/archneur.65.6.753
 Khalilpourfarshbafi, M., Hajiaghaalipour, F., Selvarajan, K. K., and Adam, A. (2017). Mesenchymal stem cell-based therapies against podocyte damage in diabetic nephropathy. Tissue Eng. Regen. Med. 14, 201–210. doi:10.1007/s13770-017-0026-5
 Khamis, T., Abdelalim, A. F., Abdallah, S. H., Saeed, A. A., Edress, N. M., and Arisha, A. H. (2020). Early intervention with breast milk mesenchymal stem cells attenuates the development of diabetic-induced testicular dysfunction via hypothalamic Kisspeptin/Kiss1r-GnRH/GnIH system in male rats. Biochimica Biophysica Acta (BBA)-Molecular Basis Dis. 1866, 165577. doi:10.1016/j.bbadis.2019.165577
 Khamis, T., Abdelalim, A. F., Saeed, A. A., Edress, N. M., Nafea, A., Ebian, H. F., et al. (2021). Breast milk MSCs upregulated β-cells PDX1, Ngn3, and PCNA expression via remodeling ER stress/inflammatory/apoptotic signaling pathways in type 1 diabetic rats. Eur. J. Pharmacol. 905, 174188. doi:10.1016/j.ejphar.2021.174188
 Kholia, S., Herrera Sanchez, M. B., Cedrino, M., Papadimitriou, E., Tapparo, M., Deregibus, M. C., et al. (2018). Human liver stem cell-derived extracellular vesicles prevent aristolochic acid-induced kidney fibrosis. Front. Immunol. 9, 1639. doi:10.3389/fimmu.2018.01639
 Kim, Y., Jo, S.-H., Kim, W. H., and Kweon, O.-K. (2015). Antioxidant and anti-inflammatory effects of intravenously injected adipose derived mesenchymal stem cells in dogs with acute spinal cord injury. Stem Cell Res. Ther. 6, 229. doi:10.1186/s13287-015-0236-5
 Krampera, M., Cosmi, L., Angeli, R., Pasini, A., Liotta, F., Andreini, A., et al. (2006). Role for interferon-γ in the immunomodulatory activity of human bone marrow mesenchymal stem cells. Stem cells 24, 386–398. doi:10.1634/stemcells.2005-0008
 Kumar, D., Zimpelmann, J., Robertson, S., and Burns, K. D. (2004). Tubular and interstitial cell apoptosis in the streptozotocin-diabetic rat kidney. Nephron Exp. Nephrol. 96, e77–e88. doi:10.1159/000076749
 Lai, K. N., Leung, J. C. K., Chan, L. Y. Y., Guo, H., and Tang, S. C. W. (2007). Interaction between proximal tubular epithelial cells and infiltrating monocytes/T cells in the proteinuric state. Kidney Int. 71, 526–538. doi:10.1038/sj.ki.5002091
 Layton, C., and Suvarna, K. (2013). Bancroft's theory and practise of histological techniques. 7th edition. Co-author. 
 Lee, H. B., Yu, M.-R., Yang, Y., Jiang, Z., and Ha, H. (2003). Reactive oxygen species-regulated signaling pathways in diabetic nephropathy. J. Am. Soc. Nephrol. 14, S241–S245. doi:10.1097/01.asn.0000077410.66390.0f
 Lee, S. E., Jang, J. E., Kim, H. S., Jung, M. K., Ko, M. S., Kim, M.-O., et al. (2019). Mesenchymal stem cells prevent the progression of diabetic nephropathy by improving mitochondrial function in tubular epithelial cells. Exp. Mol. Med. 51, 77–14. doi:10.1038/s12276-019-0268-5
 Li, B., Leung, J. C. K., Chan, L. Y. Y., Yiu, W. H., Li, Y., Lok, S. W. Y., et al. (2019a). Amelioration of endoplasmic reticulum stress by mesenchymal stem cells via hepatocyte growth factor/c-met signaling in obesity-associated kidney injury. Stem Cells Transl. Med. 8, 898–910. doi:10.1002/sctm.18-0265
 Li, J., Yan, Y., Li, D., Li, X., Lin, X., Liu, Z., et al. (2018a). Nephroprotective effects of diacylglycerol on diabetic nephropathy in type 2 diabetic rats. Exp. Ther. Med. 15, 1918–1926. doi:10.3892/etm.2017.5654
 Li, Y., Li, Q., Wang, C., Lou, Z., and Li, Q. (2019b). Trigonelline reduced diabetic nephropathy and insulin resistance in type-2 diabetic rats through peroxisome proliferator-activated receptor-γ. Exp. Ther. Med. 18, 1331–1337. doi:10.3892/etm.2019.7698
 Li, Y., Liu, J., Liao, G., Zhang, J., Chen, Y., Li, L., et al. (2018b). Early intervention with mesenchymal stem cells prevents nephropathy in diabetic rats by ameliorating the inflammatory microenvironment. Int. J. Mol. Med. 41, 2629–2639. doi:10.3892/ijmm.2018.3501
 Liao, Z., Luo, R., Li, G., Song, Y., Zhan, S., Zhao, K., et al. (2019). Exosomes from mesenchymal stem cells modulate endoplasmic reticulum stress to protect against nucleus pulposus cell death and ameliorate intervertebral disc degeneration in vivo. Theranostics 9, 4084–4100. doi:10.7150/thno.33638
 Liu, W., Liu, S., Liu, Q., Hao, J., Shi, Y., Zhao, S., et al. (2013). The expression of intermediate filament protein nestin and its association with cyclin-dependent kinase 5 in the glomeruli of rats with diabetic nephropathy. Am. J. Med. Sci. 345, 470–477. doi:10.1097/MAJ.0b013e3182648459
 Liu, Y., and Tang, S. C. W. (2016). Recent progress in stem cell therapy for diabetic nephropathy. Kidney Dis. 2, 20–27. doi:10.1159/000441913
 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402–408. doi:10.1006/meth.2001.1262
 Lv, S., Cheng, J., Sun, A., Li, J., Wang, W., Guan, G., et al. (2014). Mesenchymal stem cells transplantation ameliorates glomerular injury in streptozotocin-induced diabetic nephropathy in rats via inhibiting oxidative stress. Diabetes Res. Clin. Pract. 104, 143–154. doi:10.1016/j.diabres.2014.01.011
 Mathieson, P. W. (2012). The podocyte as a target for therapies—new and old. Nat. Rev. Nephrol. 8, 52–56. doi:10.1038/nrneph.2011.171
 Morse, E., Schroth, J., You, Y.-H., Pizzo, D. P., Okada, S., Ramachandrarao, S., et al. (2010). TRB3 is stimulated in diabetic kidneys, regulated by the ER stress marker CHOP, and is a suppressor of podocyte MCP-1. Am. J. Physiology-Renal Physiology 299, F965–F972. doi:10.1152/ajprenal.00236.2010
 Mu, K., Zhang, J., Gu, Y., Li, H., Han, Y., Cheng, N., et al. (2018). Cord-derived mesenchymal stem cells therapy for liver cirrhosis in children with refractory Henoch-Schonlein purpura: a case report. Medicine 97, e13287. doi:10.1097/MD.0000000000013287
 Ni, W., Fang, Y., Xie, L., Liu, X., Shan, W., Zeng, R., et al. (2015). Adipose-derived mesenchymal stem cells transplantation alleviates renal injury in streptozotocin-induced diabetic nephropathy. J. Histochem. Cytochem. 63, 842–853. doi:10.1369/0022155415599039
 Nobori, K., Ito, H., Tamamori-Adachi, M., Adachi, S., Ono, Y., Kawauchi, J., et al. (2002). ATF3 inhibits doxorubicin-induced apoptosis in cardiac myocytes: a novel cardioprotective role of ATF3. J. Mol. Cell Cardiol. 34, 1387–1397. doi:10.1006/jmcc.2002.2091
 Nobrega, M. A., Fleming, S., Roman, R. J., Shiozawa, M., Schlick, N., Lazar, J., et al. (2004). Initial characterization of a rat model of diabetic nephropathy. Diabetes 53, 735–742. doi:10.2337/diabetes.53.3.735
 Oikawa, D., Kimata, Y., Kohno, K., and Iwawaki, T. (2009). Activation of mammalian IRE1alpha upon ER stress depends on dissociation of BiP rather than on direct interaction with unfolded proteins. Exp. Cell Res. 315, 2496–2504. doi:10.1016/j.yexcr.2009.06.009
 Okasha, A., Gaballah, H., Zakaria, S., and Elmeligy, S. (2017). Role of autophagy and oxidative stress in experimental diabetes in rats. Tanta Med. J. 45, 122. doi:10.4103/tmj.tmj_2_17
 Oraby, M. A., El-Yamany, M. F., Safar, M. M., Assaf, N., and Ghoneim, H. A. (2019b). Dapagliflozin attenuates early markers of diabetic nephropathy in fructose-streptozotocin-induced diabetes in rats. Biomed. Pharmacother. 109, 910–920. doi:10.1016/j.biopha.2018.10.100
 Oraby, M., Mohammed, F., Safar, M., Assaf, N., and Ghoneim, H. (2019a). Amelioration of early markers of diabetic nephropathy by linagliptin in fructose-streptozotocin-induced type 2 diabetic rats. Nephron 141, 273–286. doi:10.1159/000495517
 Osorio, F., Tavernier, S. J., Hoffmann, E., Saeys, Y., Martens, L., Vetters, J., et al. (2014). The unfolded-protein-response sensor IRE-1α regulates the function of CD8α+ dendritic cells. Nat. Immunol. 15, 248–257. doi:10.1038/ni.2808
 Panaretakis, T., Joza, N., Modjtahedi, N., Tesniere, A., Vitale, I., Durchschlag, M., et al. (2008). The co-translocation of ERp57 and calreticulin determines the immunogenicity of cell death. Cell Death Differ. 15, 1499–1509. doi:10.1038/cdd.2008.67
 Pöge, A. W., and Kothe, W. (1983). Urea (HN) concentrations in serum and urine including determination variants. Z. fur Gesamte Inn. Med. Ihre Grenzgeb. 38, 371–374. 
 Sakairi, T., Hiromura, K., Yamashita, S., Takeuchi, S., Tomioka, M., Ideura, H., et al. (2007). Nestin expression in the kidney with an obstructed ureter. Kidney Int. 72, 307–318. doi:10.1038/sj.ki.5002277
 Sha, J., Sui, B., Su, X., Meng, Q., and Zhang, C. (2017). Alteration of oxidative stress and inflammatory cytokines induces apoptosis in diabetic nephropathy. Mol. Med. Rep. 16, 7715–7723. doi:10.3892/mmr.2017.7522
 Sherif, I. O., Sabry, D., Abdel-Aziz, A., and Sarhan, O. M. (2018). The role of mesenchymal stem cells in chemotherapy-induced gonadotoxicity. Stem Cell Res. Ther. 9, 196. doi:10.1186/s13287-018-0946-6
 Shibusawa, R., Yamada, E., Okada, S., Nakajima, Y., Bastie, C. C., Maeshima, A., et al. (2019). Dapagliflozin rescues endoplasmic reticulum stress-mediated cell death. Sci. Rep. 9, 9887. doi:10.1038/s41598-019-46402-6
 Smajilagić, A., Aljičević, M., Redžić, A., Filipović, S., and Lagumdžija, A. (2013). Rat bone marrow stem cells isolation and culture as a bone formative experimental system. Bosn. J. Basic Med. Sci. 13, 27–30. doi:10.17305/bjbms.2013.2409
 Stehlik-Barry, K., and Babinec, A. J. (2017). Data analysis with IBM SPSS statistics. Packt Publishing Ltd. 
 Stonesifer, C., Corey, S., Ghanekar, S., Diamandis, Z., Acosta, S. A., and Borlongan, C. V. (2017). Stem cell therapy for abrogating stroke-induced neuroinflammation and relevant secondary cell death mechanisms. Prog. Neurobiol. 158, 94–131. doi:10.1016/j.pneurobio.2017.07.004
 Su, W., Chen, J., Yang, H., You, L., Xu, L., Wang, X., et al. (2007). Expression of nestin in the podocytes of normal and diseased human kidneys. Am. J. Physiology-Regulatory, Integr. Comp. Physiology 292, R1761–R1767. doi:10.1152/ajpregu.00319.2006
 Tomita, T. (2017). Apoptosis of pancreatic β-cells in Type 1 diabetes. Bosnian J. Basic Med. Sci. 17, 183–193. doi:10.17305/bjbms.2017.1961
 Valle-Prieto, A., and Conget, P. A. (2010). Human mesenchymal stem cells efficiently manage oxidative stress. Stem Cells Dev. 19, 1885–1893. doi:10.1089/scd.2010.0093
 Wagers, A. J., and Weissman, I. L. (2004). Plasticity of adult stem cells. Cell 116, 639–648. doi:10.1016/s0092-8674(04)00208-9
 Wang, C., Chi, J., Che, K., Ma, X., Qiu, M., Wang, Z., et al. (2019). The combined effect of mesenchymal stem cells and resveratrol on type 1 diabetic neuropathy. Exp. Ther. Med. 17, 3555–3563. doi:10.3892/etm.2019.7383
 Wang, Y.-J., Yan, J., Zou, X.-L., Guo, K.-J., Zhao, Y., Meng, C.-Y., et al. (2017a). Bone marrow mesenchymal stem cells repair cadmium-induced rat testis injury by inhibiting mitochondrial apoptosis. Chemico-Biological Interact. 271, 39–47. doi:10.1016/j.cbi.2017.04.024
 Wang, Z., Do Carmo, J. M., Aberdein, N., Zhou, X., Williams, J. M., Da Silva, A. A., et al. (2017b). Synergistic interaction of hypertension and diabetes in promoting kidney injury and the role of endoplasmic reticulum stress. Hypertension 69, 879–891. doi:10.1161/HYPERTENSIONAHA.116.08560
 Wen, D., Ni, L., You, L., Zhang, L., Gu, Y., Hao, C.-M., et al. (2012). Upregulation of nestin in proximal tubules may participate in cell migration during renal repair. Am. J. Physiology-Renal Physiology 303, F1534–F1544. doi:10.1152/ajprenal.00083.2012
 Wolf, G., Chen, S., and Ziyadeh, F. N. (2005). From the periphery of the glomerular capillary wall toward the center of disease: podocyte injury comes of age in diabetic nephropathy. Diabetes 54, 1626–1634. doi:10.2337/diabetes.54.6.1626
 Xu, L., and Ren, Y. (2019). Sitagliptin inhibits cell apoptosis and inflammation of renal tissues in diabetic nephropathy model rats. Xi bao yu fen zi Mian yi xue za zhi= Chin. J. Cell. Mol. Immunol. 35, 217–222.
 Xu, Z., Zhao, Y., Zhong, P., Wang, J., Weng, Q., Qian, Y., et al. (2017). EGFR inhibition attenuates diabetic nephropathy through decreasing ROS and endoplasmic reticulum stress. Oncotarget 8, 32655–32667. doi:10.18632/oncotarget.15948
 Yan, J., Tie, G., Xu, T. Y., Cecchini, K., and Messina, L. M. (2013). Mesenchymal stem cells as a treatment for peripheral arterial disease: current status and potential impact of type II diabetes on their therapeutic efficacy. Stem Cell Rev. Rep. 9, 360–372. doi:10.1007/s12015-013-9433-8
 Yang, H., and Wu, S. (2018). Retracted Article: ligustrazine attenuates renal damage by inhibiting endoplasmic reticulum stress in diabetic nephropathy by inactivating MAPK pathways. RSC Adv. 8, 21816–21822. doi:10.1039/c8ra01674g
 Young, D. S., and Friedman, R. B. (2001). Effects of disease on clinical laboratory tests. Clin. Chem. 26, 1D–476D. 
 Yum, V., Carlisle, R. E., Lu, C., Brimble, E., Chahal, J., Upagupta, C., et al. (2017). Endoplasmic reticulum stress inhibition limits the progression of chronic kidney disease in the Dahl salt-sensitive rat. Am. J. Physiology-Renal Physiology 312, F230–F244. doi:10.1152/ajprenal.00119.2016
 Zhang, L., Li, K., Liu, X., Li, D., Luo, C., Fu, B., et al. (2013). Repeated systemic administration of human adipose-derived stem cells attenuates overt diabetic nephropathy in rats. Stem Cells Dev. 22, 3074–3086. doi:10.1089/scd.2013.0142
 Zhang, Y., Liu, R., Ni, M., Gill, P., and Lee, A. S. (2010). Cell surface relocalization of the endoplasmic reticulum chaperone and unfolded protein response regulator GRP78/BiP. J. Biol. Chem. 285, 15065–15075. doi:10.1074/jbc.M109.087445
 Zhao, Y., Huang, W., Wang, J., Chen, Y., Huang, W., and Zhu, Y. (2018). Taxifolin attenuates diabetic nephropathy in streptozotocin-induced diabetic rats. Am. J. Transl. Res. 10, 1205–1210.
 Zhuang, Q., Ma, R., Yin, Y., Lan, T., Yu, M., and Ming, Y. (2019). Mesenchymal stem cells in renal fibrosis: the flame of cytotherapy. Stem Cells Int. 2019, 8387350–8387418. doi:10.1155/2019/8387350
 Zmuda, E. J., Qi, L., Zhu, M. X., Mirmira, R. G., Montminy, M. R., and Hai, T. (2010). The roles of ATF3, an adaptive-response gene, in high-fat-diet-induced diabetes and pancreatic beta-cell dysfunction. Mol. Endocrinol. 24, 1423–1433. doi:10.1210/me.2009-0463
 Zou, J., Yaoita, E., Watanabe, Y., Yoshida, Y., Nameta, M., Li, H., et al. (2006). Upregulation of nestin, vimentin, and desmin in rat podocytes in response to injury. Virchows Arch. 448, 485–492. doi:10.1007/s00428-005-0134-9
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Khamis, Abdelkhalek, Abdellatif, Dwidar, Said, Ahmed, Wagdy, Elgarhy, Eltahan, Mohamed, Said Amer, Hanna, Ragab, Kishk, Wael, Sarhan, Saweres, Reda, Elkomy, Mohamed, Samy, Khafaga, Shaker, Yehia, Alanazi, Alassiri, Tîrziu, Bucur and Arisha. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1265230-g005.gif





OPS/images/fphar-14-1265230-g006.gif





OPS/images/fphar-14-1265230-g003.gif
« ool
+ dabeic
wested

[T e ——
@

; <]

Gosnuos v2)
pden L VNI UG sy
<






OPS/images/fphar-14-1265230-g004.gif
15
10

03 04)
updun/sAL VAW 9

(104103 o) ypdesy,
SPAGL VU DN L [0

(1013009 95)
b1 VA i

(011003 05) qpdsy;
SN VN AN 1





OPS/images/fphar-14-1265230-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		BM-MSCs alleviate diabetic nephropathy in male rats by regulating ER stress, oxidative stress, inflammation, and apoptotic pathways		1 Introduction

		2 Materials and methods		2.1 Experimental design

		2.2 MSC isolation, identification, and administration of BM-MSCs

		2.3 Blood and urine biochemical analysis

		2.4 qRT-PCR analysis

		2.5 Histopathological examination

		2.6 Immunohistochemical analysis

		2.7 Statistical analysis





		3 Results		3.1 BM-MSC isolation, identification, and renal homing

		3.2 Effect of BM-MSC transplantation on renal function tests

		3.3 Effect of BM-MSC transplantation on the expression of renal intermediate filament proteins

		3.4 Effects of BM-MSC transplantation on the expression of renal inflammatory markers

		3.5 Effect of BM-MSC transplantation on the mRNA expression of renal ER stress

		3.6 Effect of BM-MSC transplantation on the mRNA expression of renal proapoptotic and antiapoptotic markers

		3.7 Effect of BM-MSC transplantation on renal histopathological finding and immunohistochemical analysis





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

BM-MSCs alleviate diabetic
nephropathy in male rats by
regulating ER stress, oxidative
stress, inflammation, and
apoptotic pathways





OPS/images/fphar-14-1265230-g001.gif
. on wa
Carae o E ot}

PO T Y
5 3
2 o
I B

© W R,






OPS/images/fphar-14-1265230-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





