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Abstract
Diabetes mellitus (DM) is the most prevailing disease with progressive incidence worldwide. Despite contemporary treatment type one DM and type two DM are frequently associated with long-term major microvascular and macrovascular complications. Currently restoration of failing β-cell function, regulation of metabolic processes with stem cell transplantation is discussed as complements to contemporary DM therapy regimens. The present review is considered paradigm of the regenerative care and the possibly effects of cell therapy in DM. Reprogramming stem cells, bone marrow-derived mononuclear cells; lineage-specified progenitor cells are considered for regenerative strategy in DM. Finally, perspective component of stem cell replacement in DM is discussed.
© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Modern approaches to stem cell therapy are discussed a promising component of treatment program in diabetes mellitus. It is important to emphasize that the new technology that is associated with reprogramming of stem cells has a couple of disputes in accordance with the ethical considerations and practical issues. However, the extremely high cost of novel methods toward preventing immune rejection of graft tissue and the high risk of oncogenesis retain their value as major constraints to the implementation into routine clinical practice. The purpose of the review was to summarize and analyze data for existing knowledge and prospects for future researches in the field of regenerative therapy in patients with diabetes mellitus.
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INTRODUCTION
Diabetes mellitus (DM) is the most common endocrine disease, which is considered one of the most important causes of morbidity and mortality worldwide[1]. Type I DM (T1DM) and type 2 DM (T2DM) have different origins, which significantly impact on the ability to achieve adequate glycemic control. Type I DM is an autoimmune disease, which is based on absolute deficiency of insulin secretion due to inflammation, necrosis or apoptosis of β cells[2]. In opposite to type 1 DM, T2DM is defined as predominantly age-related metabolic disease associated with insulin resistance and forming β cell dysfunction that leads to glycemia and different types of metabolic disorders[3]. Although modern treatment of DM1 and DM2 are usually effective and may sufficiently improve clinical status in short-term perspective, it often associates with vascular complications in the long term period that is discussed as a main cause of ischemic lesions of tissues and target-organs damages. All these mediate manifestation of endothelial dysfunction, retinopathy, nephropathy and cardiomyopathy[4]. The molecular mechanisms that are turned up in resulting of ischemic tissue injury and restoration of tissue perfusion lead to onset and progression of the atherosclerotic damage[5]. As a consequence, atherothrombosis and the exaggerated ischemic tissue injury leading to cardiovascular remodeling mediate increased morbidity and mortality. Overall, DM increases age-related mortality and atherothrombotic related death in two-fold time[6]. It is needed to take into consideration that not all complications of DM appear to be resulting of ischemic causes. As known there are several none-vascular factors associated with an increased risk of manifestation of DM complications, such as not adequate control for hyperglycemia, drug-induced and none-drug-induced hypoglycemia, as well as age-related metabolic comorbidity. It is well known, all they may contribute malignant evolution of DM and negatively relate with poor prognosis and tendency to low effectiveness of therapies. Currently guidelines for diabetic patient treatment focus an opinion of physicians on molecular targets that affects insulin secretion, glucose regulator peptides, hormone regulators, enzymes and transporters. However, it is predisposed that treatment approaches would also mediate improving of hypoglycemia associated with suppression of advanced glycation end products accumulation, decreasing of reactive oxygen species overproduction, improving dyslipidemia and endothelial dysfunction, prevention of atherosclerosis, modification of coexisting cardiovascular risk factors and achieving of adequate control for metabolic comorbidities[7]. 
Therefore, taking into consideration of particularities of pathogenesis of DM, there are several alternative approaches toward improving of efficacy of contemporary therapy. They are directed to reparation and restoration of β-cell function, improving of metabolic processes by specific way, such as stem cell transplantation[8]. Indeed, therapeutic potency of pluripotent stem cells (PSCs), including embryonic stem cells (ESCs) and induced PCSs in diabetes cure is very promised[9,10]. According novel investigations, several ESCs and induced PSCs lines have to be great differential capacities for DM patients. As expected, they are able to translate into all cell types that have a high ability to differentiate into insulin-secreting β cells with low risk of rejection[10]. However, the data on regenerative DM care obtained several investigators are controversial[11]. Currently we have profound discrepancies in this field between results obtained in animal studies and clinical investigations. On the one hand, unexpected inconsistencies might be related with several strategies of recruitment and maturation of stem cells and using of different types of stem cells. On the other hand, DM patient populations are not uniform that negatively associates with results of stem cells transplantation[12,13]. The purpose of the review was to summarize and analyse data for knowledge and prospects for future researches in the field of regenerative therapy in DM patients.
PARADIGM OF THE REGENERATIVE CARE
The main paradigm of regenerative care bases on new knowledge in DM pathogenesis and several molecular repair mechanisms[14]. Conceived to halt or reverse disease progression, stem cell therapies are applied essentially as adjuvants to standard of care with the goal of furthering an otherwise limited self-renewal capacity of the disease[15].
EFFECTS OF CELL THERAPY
The possibly effects of regenerative therapy might have a many faces and they affect different sides of pathophysiological mechanisms of DM evolution (Figure 1). 

The possible approaches for care are: (1) Regeneration of β cell mass and restoring of functional properties of β cell with human stem cells; (2) Stimulation of the endogenous repair mechanisms; and (3) Modulation of metabolic processes in stem cells transplanted through use of appropriate cytokines and growth factors that might be induced direction for further differentiation of stem cells.
However, the innate intimae molecular mechanisms leaded to realize the favorable effects of stem cell transplantation are different (Figure 2).
Regeneration of β cell mass and restoring of functional properties of β cell with human stem cells
The progressive loss of functional pancreatic β cells and insufficient insulin secretion by β cells due to endogenous stimuli are suitable for all forms of DM[8]. As a variant of achieving of increased desired pancreatic β cell mass is allogenic pancreatic islet transplantation. This method is currently considered a most efficient approach for DM treatment in routine clinical practice[16]. However, there are many distinguished strategies to be restoring desired β cell mass from stem cell pools. One of it is strategies is directed to increasing of islet precursor cells from embryonic stem cells under influence of relevant transcription factors (Pdx1, Ngn3, Isl-1, etc.), as well as with the use of several extracellular factors. Once a high enough proportion of islet precursors have been obtained there is a need for cell-lineage selection in order to purify the desired cell pools[17]. More detail cellular mechanisms for stem cell reprogramming aimed regeneration of pancreatic β-cell mass are described in excellent review represented by Pandian et al[18]. It has emphasis that there is transplantation of exogenous pancreas/islets or artificial islets, enhanced proliferation and maturation of endogenous β cells, prevention of β-cell loss, or fortified renewal of β-like-cell populations from stem cell pools and non-β-cell sources[19,20]. Results of recently performed investigations have been revealed that there are serious limitations regarding efficacy and safety of various types of cell replacement therapies aimed restoration of functional β-cell sources[21]. However, when several strategies were compared each other the restoring of functional β cell mass from human stem cells for cure in T1DM appears to be most promising approach[22]. One of explanation of this phenomenon was use of specific methods and techniques for generating of stem cells from different source [23].

As known there are at least two practically important sources for human pluripotent stem cells: (1) Deriving of ESCs from blastocysts that were created in vitro; and (2) Induced PSCs generated from different cell lineages of somatic cells using reprogram methods[17-19]. 

As we can see, ESC deriving is an attractive area of scrutinizes. Now there are at least two clinical trials that were recently finished and the results obtained have let to approve the performing technique for further clinical practice. However, the closely discussion with various specialists are required to be understand whether will the results have serious clinical value or not[24]. Overall, it is not exactly known whether will different cell lineages of embryonic or adult stem cells have high potency to differentiation into β-like cells or not. Moreover, we cannot say that only isolated restoring of the original insulin secretory activity of the transferred cells is expected. It is needed to take also into consideration that immunomodulatory effect of cells transferred affected other tissue cells may be possible and that this phenomenon may lead to autoimmune destruction of previously transplanted cells and other tissue cells[21]. 
Because human induced PSCs appear to be highly similar to human ESCs, novel technology based on reprogramming of various originated PSCs is discussed as one of the most promising technique[25]. Now it is known that PSCs may be successfully derived from various human somatic cells, such as dermal fibroblasts and keratinocytes[26]. Therefore, autologous pancreatic islets may be differentiated from induced PSCs that derived from DM subjects using integrating retroviral vectors that integrate into the host genome and after then it may replace to donor[27-29]. Importantly, that use embryonic cells in this case is not required. Based on the results of the contemporary investigations, it is possibility emphases that induced PSCs that have been derived from DM subjects with helping of various trans-differentiation techniques are not similar on their biological safety[27-30]. There are needing for continuously investigations of more representative technologies that may let us sufficiently improve of biological hazardless around strategy based on induced PSC transfer. However, before clinical implementation of induced PSCs transplantation there is required to perform fundamental investigations related the specificity, efficiency, kinetics, and biological safety of novel methods of cell reprogramming. Despite results of controlled studies in this field are limited, novel approaches regarding improve and change the induced PSC process promise to be more successful than previous[31]. Currently there are some transcription factors (molecular factors, vectors, various small molecules) that might be useful for improving functionality of induced PSCs before replacement. All these may increase an attractive of trans-differentiation technique to derive one somatic cell type to another patient-specific cell through step associated with induced PSCs obtained[29]. Results of the recently studies have been found that using transcription factors for trans-differentiation of induced PSC into patient-specific cells may open a new era of regenerative medicine. The use of different types of somatic cells with trans-differentiation technology is consider an important approach for improving plastic of induced PSC reprogramming and as serious extend of possibilities for increasing efficacy and biological safety of regenerative medicine[29,31]. Finally, irrespective several limitation of clinically-based evidences of implementation of trans-differentiation on routine clinical practice, it is required to accumulate efforts toward summarize of knowledge about novel method of induced PSC transcription.
The contemporary investigations regarding clinical using of insulin-producing surrogate cells derived from ESCs have been revealed controversial results. This would be related with uniformness in transcription factors use and in the sufficiently differentiation affected techniques of ESC deriving. However, there is no consensus on common standard protocols regarding clinical approaches mentioned above[32,33]. Despite the contemporary statements are required improvement, they present requirement about uniform technology regarding differentiation methods of deriving pancreatic progenitor cells from pluripotent cells[25]. Therefore, another source of deriving of autologic insulin-producing β-cells is tested. Indeed, human bone marrow mesenchymal stem cells (hBM-MSCs) might be considered a source for restoring functionally capacity of β-cell and also probably islet-like clusters that leads to β-cell mass increasing[20]. It is expected that microenvironmental of hBM-MSCs may improve trans- differentiation this type of cell into insulin-produced β-cells. There are data that platelet-rich plasma might be useful for increasing of differentiation capacity of the hBM-MSCs[34]. Moreover, it has been postulated that hBM-MSCs probably would be considered more optimal candidates for further clinical implementation when compared with induced PSC, while this predisposition is required strong and continuous investigations.
Stimulation of the endogenous reparation processes

There are evidences that circulating precursor cells (CPC) and endothelial progenitor (also known as precursor) cells (EPC) are reduced in DM with advanced complications such as critical limb ischemia, peripheral neuropathy and neuropathic diabetic foot. It is expected that EPC labeled CD34+KDR+ and CD31+CD133+ could have not only a sufficient prognostic value, but and therapeutic significance in DM patients with neuropathic and ischemic lesions[35]. The expected effect of EPC associates with stimulation of the endogenous repair process in the field of the endothelium that may lead to improving of clinical evolution of DM. It is needed to emphases the signaling pathways that lets EPC to differentiate into functional β-cells and mature endothelial cells are still poorly understood and their clinically potency is being be currently unresolved[36].
The strategy of regulation of metabolic processes with stem cells
Some alternative approaches for replacing β-cells include follow principal ways toward to enhance the replication of β-cells, stimulation of neogenesis of the tissues affected DM-related injury, and reprogramming of autologic pancreatic exocrine cells to patient-specific insulin-producing cells. The contemporary approaches based on various type stem-cell deriving might also be useful for effective modulation of the immune system response in T1DM patients. It is also possible the problems of obesity and insulin resistance appearance in T2DM could resolve with immune system response modulation through patient-specific insulin-producing cells transfer[19]. It is predisposed that such approaches may lead to increased efficacy regeneration of pancreatic β-cell mass and functional activity of restoring β-cells[17,18]. Another potential factor could be mediated the effects of stem cells are cytokine and growth factor, but their clinically importance in DM patients is not still understood. 
RESULTS OF PRE-CLINICAL STUDIES OF STEM CELL-BASED THERAPY 
Early experience in the treatment of diabetes employs stem cells in their native state, as well as unfractionated or enriched in progenitor subpopulation cells, but next generation of cell delivery such as reprogramming stem cells, bone marrow-derived mononuclear cells; lineage-specified progenitor cells are considered more perspective (Table 1).
Reprogramming stem cells

A new era in reprogramming of stem cells is related with techniques of therapeutic cloning. Recently it has been reported to have a high potency in DM treatment[37]. Now there are essential requirements of a material designed as stem cells differenced origin recruited for further reprogramming process[38]. These include ESCs and multipotent adult stem/progenitor cells derived from a wide range of tissues (pancreas, intestine, liver, bone marrow, brain etc.)[39]. There are various evidence for using of recombinant proteins or pharmacologic drugs to induce and mediate the reprogramming process[40,41]. The strategic approaches include follow important direction affected development of generating methods and technologies that associates with non-integrating, non-viral, and non-genetic techniques toward induced PSCs deriving[41]. There are some basic conditions for pluripotency determination that have been identified in vitro, and aimed at specific types of somatic cells[42]. The high quality review presented by Hindley et al[43] that is devoted current understanding of possible interrelationship between the core cell cycle machinery and the maintenance of pluripotency in ESCs and induced PSCs. However, there are advantages of therapeutic cloning affected the potential of cells originated from non-β-cell and related with avoiding of the autoimmune response after transplantation[44]. Despite there is a high similarity of different types of ESCs, effectiveness of reprogramming methods is low and successful result of stem cell culturing appears in 0.01%-0.1% cases[26]. These facts are considered a cause for design of stem cell bank in short-term perspective [45]. Although tremendous clinical effects of stem cell transfer are related with induced PSC transplantation, majority experts have been believed that differentiation of self-renew autologic somatic cells into specific patient-related cells are more desirable approach then ESCs and induced PSC transplantation[46]. However, fully pluripotency is remained available capacity for various lines of human induced PSC[37]. Little known whether these advances for new treatment care in DM patients will preserve[47,48]. Currently new lines of PSC might be powerful for mediation of the molecular mechanism regulation affected the reprogramming process of stem cells different origin[49].
Bone marrow derived mesenchymal stem cells transplantation
Although there is significant progress in the development of safety in turn of clinical implementation of the first derivation of ESCs and induced PSCs, transgene-free induced PSC methods of reprogramming technology have to be attractive as the best technique for culturing of pluripotent stem cells[50]. Cell therapy based on mesenchymal stem cell (MSC) transplantation is considered an effective in the treatment of DM with higher level of safety and tolerability when compared with ESCs. Bone marrow mesenchymal stem cells (BMSCs) have individual particularities that appear to be self-renewing capacity. Therefore, BMSCs represent multipotent activity and may migrate to appropriate pathological sites for realizing their therapeutic potency. The successful BMSC transplantation was presented in animal model of T2DM and it was associated with significantly improving of the fasting glucose and decreased atherogenic circulating lipids in blood. Other biological markers of cardiovascular and metabolic risk were modulated also after transfer of BMSCs. Indeed, circulating C-peptide levels were significantly increased in resulting of BMSCs transplantation[51]. El-Tantawy et al[52] reported that autologous BMSCs appear a significantly potency to prevention of tissue alterations in animals with DM. This effect was probably associated with attenuation of the alloxan-induced oxidative stress. Authors have believed that BMSCs demonstrate rigorous ability for differentiation into functional insulin-producing β-cells and that therapeutic effect of BMSCs may allow achieving an adequate control for hyperglycemia, improve hyperlipidemia, and suppress oxidative stress. All these mentioned above may be helpful in the global strategy toward prevention of DM-related complications. 
Tang et al[53] investigated the effect of transplantation of autologous BMSCs in streptozotocin-induced DM pigs. The results obtained in the animal model have been showed that transplantation of autologous BMSCs may help to reverse a streptozotocin-induced DM. Moreover, after transplantation the autologous BMSCs leaded to restoring of blood glucose levels, improving of glucose tolerance test and pancreatic microcirculation, increasing of circulating insulin and C-peptide, as well as the number of islets was significantly increased. Obviously these data suggested that autologous BMSCs implantation might be useful as alternative strategy of DM. Overall, majority investigators have been concluded that the transplantation of BMSCs aimed alternative treatment of DM added to conventional strategy is safe and effective[52,53].
Limitation of the cell therapy in DM

There is wide spectrum of serious limitations for transplantation of the stem cell. The main obstacles affected success of the strategy in T1DM is autoimmune-mediated destruction of the transplanted β-cells and pancreatic islets[54]. One of the possible causes leaded to low efficacy of stem cell transplantation is cellular damage during the isolation process and donor shortages[55]. All these stimulate efforts for creating of novel techniques for increase transplantation efficacy by co-culturing single primary islet cells with adipose-derived stem cells (ADSCs). Now it has suggested that ADSCs may have a sufficient potency to islet cell protection from damage during culturing. Despite this expectation, no significant evidences that the ADSC use improve survival of islet cells and their functionality prior to transplantation procedure. In this context many investigators point that culturing technique is crucial for efficacy of xenotransplantation procedure. Indeed, in vivo experiments with involving xenotransplantation of microfiber-encapsulated spheroids into a mouse model of DM have found that co-culture-transplanted mice lead to higher glucose metabolism modulation when compared with mono-culture-transplanted mice. The novel method for culturing islet spheroids were tested by Jun et al[55]. Investigators concluded that new technique is potentially over helmed the traditional technologies in turn of cell shortages. Moreover, islet spheroids culturing may probably consider a biological artificial pancreas. Currently, both cell source, ESC and induced PSC, allow achieving a high levels of insulin-produced β-cell differentiation, but due to ethical issues and the potential malignancy risk after transplantation clinical use of these approaches are limited Next alternative strategy to be overcome the such seriously obstacles mentioned above is attempts to use pancreatic epithelial cells that may also represent capacities for differentiation into patient-specific insulin-produced β-cells. However, there are major reasons for limitation in clinical implementation of pancreatic epithelial cells due to their high immunogenency.  Finally, induced PSCs, ADSCs, and BMSCs are currently discussed the great promise for regenerative medicine in DM field. 
EXPECTANCIES OF STEM CELL-BASED THERAPY IN DIABETIC PATIENT POPULATIONS
The expectations that cell therapy may appear new strategy approach for restoring of β-cell mass and their functionality is based on the results of recent investigations. They have been indicated that full glycemic control may be achieve after replacement of autological β-cells and induced PSCs[56]. The pre-clinical studies in support of regenerative paradigms in DM have been tested in different clinical settings with using of various stem cell culturing[57]. It is traditional techniques for human ESCs culturing are incompatible with the generation of genetically diverse, patient- or disease-specific stem cells[58]. The basic data among stem cell-based therapy in diabetic patient population are presented in Table 2. However, the overall efficiency of the conversional nuclear transfer is very low and the safety issue remains a major concern for induced PSCs implementation in various DM patient populations[59]. Overall, the results of the recent studies are controversial due to lack uniformity of design and protocols related techniques of the cell isolation and delivery methods[33]. Moreover, accordingly opinion Soejitno et al[26], the implementation of the stem cell in the routine clinical setting is limited due to risk of malignancy, autoimmune response and rejection of the transplanted cells. Indeed, the allogeneic immune rejection of human ESC-derived cells is considered the main cause of efficacy limitation in recipients[23]. This important problem might be attenuate by implementation of the novel technology affected nuclear reprogramming of induced PSCs in DM patients. However, despite many significant advances novel technological approaches recent clinical studies did not shown superiority new treatment when compared with traditionally methods based on induced PSCs therapy[23]. Finally it is required novel clinical investigations with greater statistical power to be resolving of the situation around efficacy of various methods of the cell therapy in DM[60]. 
FUTURE PERSPECTIVES OF REGENERATIVE THERAPY
The ability to interconvert terminally differentiated cells could serve as a powerful tool for cell-based treatment of DM. Using wide spectrum of reprogramming factors investigators could activate de novo conversion of intestinal epithelial cells into insulin-produced β-like cells[61]. Authors concluded that the intestine is an accessible and abundant source of functional insulin-producing cells. This fact is intriguing and may have a serious clinically significant value. 
The other way is the transplantation several types of stem cells derived from adult cells of pancreas, bone morrow, liver, and cells various originated is under consideration[57]. The lack of transplantable pancreatic islets is a serious problem that affects the treatment of patients with T1DM. The new strategy of regenerative medicine suggests that these obstacles are potentially to be overcame and that the aim of this approach is transformation of any somatic cells into insulin-produced patient-specific β-cells[57]. Contemporary biological and analytical techniques help us to predict the transcription factors that are needed for β-cell regeneration and restoring of the β-cell mass[62]. The transcription factors mediate β-cell renewing with diverse culturing methods[63]. In this context novel cellular strategies toward reprogramming may have better clinical prospects[64,65]. In has been expected that small molecules might be successful to be inducing pancreatic β-cell modification. Recently, a synthetic DNA-based small molecule triggered targeted transcriptional activation of pancreas-related genes to suggest the possibility of achieving desired cellular phenotype in a precise model[66]. Besides providing new β-cells, cell therapy also has to address the question on how to protect the transplanted cells from destruction by the immune system via either allo- or autoimmunity[66,67].
In conclusion, stem cell replacement as a perspective component of therapy for DM has received much attention. Importantly, novel technologies for reprogramming of stem cells, such as somatic cell nuclear transfer, meet several ethical and practical concerns. Other significant obstacles remain high cost, methods to prevent immune rejection of grafted tissues, and suppression of the risks of tumorigenesis. For overcoming these obstacles probably more scientific discussions around ethical principles, methods of culturing of stem cells, routine clinical procedures and protocol evaluation, as well as more clinical investigations in this field are required.
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Table 1 Summary preclinical data among stem cell transplantation in diabetic animals
	Type of cell replaced
	Positive effect expected 
	Negative effect expected

	Embryonic stem cells
	Direct effect:

Differentiation into functional insulin-producing cells

Indirect effect:

Improving of the fasting blood glucose due to restore the function of islet β cells

Decreasing of blood lipid levels
Increasing of serum C-peptide level
Prevention of free-radical induced oxidative stress injury of beta-cells

Improving of pancreatic microcirculation.
	Ethical problems

Rejection

High frequency of autoimmune-mediated destruction of the β cells and other autoimmune reactions

High immunogenency

Malignancy

Potential tumor mediated effect

	Pluripotent stem cells
	Direct and indirect effects:

See mentioned above
	High frequency of rejection

High immunogenency 

Low frequency of autoimmune-mediated destruction of the β cells and other autoimmune reactions

Potential tumor mediated effect

	Bone marrow derived mesenchymal stem cells
	Direct and indirect effects:

See mentioned above
	Low frequency of autoimmune-mediated destruction of the β cells

Moderate immunogenency

Potential tumor mediated effect

Low frequency of rejection

	Adipose-derived stem cells
	Direct and indirect effects:

See mentioned above
	Extremely low incidences in comparison with bone marrow derived mesenchymal stem cells of rejection, potential tumor mediated effect and autoimmune-mediated destruction of the β cells


Table 2 The basic data among current and completed stem cell-based investigations in diabetic patient population 
	Title of the study/ ClinicalTrials.gov identifier
	Phase 
	n
	Gender
	Age group
	Cell type 
	Interventions
	Results

	Tissue distribution of F18-FDG labelled autologous bone marrow derived stem cells in patients with type 2 DM (NCT01694173)
	Phase 2 / 3
	28
	Both gender 
	Adult/senior
	Stem cell harvest
	Splenic artery transplantation vs placebo
	No data, current study

	Efficacy of autologous bone marrow derived stem cell transplantation in patients with type 2 diabetes mellitus (NCT00644241)
	Phase 2
	10
	Both gender 
	Adult/senior
	Stem cell harvest 
	Angiographic transplantation of stem cells
	No data, current study

	A pilot study on transplantation therapy using autologous bone marrow mononuclear cells and umbilical cord mesenchymal stem cells in patients with type 1 diabetes mellitus (NCT01143168)
	Phase 1
	24
	Both gender
	Adult
	Autologous bone marrow mononuclear cells and umbilical cord mesenchymal stem cells
	Angiographic transplantation of stem cells
	No data, current study

	A open labeled and self controlled, safety/efficacy assessed pilot study on transplantation therapy using bone marrow mesenchymal stem cells for insulin resistance of type 2 diabetes mellitus (NCT01142050)
	Phase 1
	24
	Both gender
	Adult
	Mesenchymal stem cells
	Angiographic transplantation of stem cells
	No data, current study

	Autologous hematopoietic stem cell transplantation in type 1 diabetes mellitus (NCT01121029)
	Phase 1/2
	15
	Both gender
	2-35 yr
	Autologous hematopoietic stem cell 
	Transplantation
	Beta cell function was increased in all but 1 patient and induced prolonged insulin independence in the majority of the patients

	Autologous bone marrow mononuclear cell infusion with hyperbaric oxygen therapy in type 2 diabetes mellitus (NCT00767260)
	Phase 1/2
	82
	Both gender
	45-65 yr
	Autologous bone marrow mononuclear cell
	Autologous bone marrow mononuclear cell Infusion vs standard medical therapy
	No data, current study

	Phase 1 and 2 study of the use of human adipose derived mesenchymal stem cells as regenerative therapy in diabetic patients with critical limb ischemia (NCT01257776)
	Phase 1/2
	36
	Both gender
	18-85 yr
	Autologous adipose derived mesenchymal stem cells
	Intra-arterial administration through a selective cannulation of target common femoral artery vs no intervention
	No data, current study

	Efficacy of autologous bone marrow derived stem cell transplantation in patients with type 2 diabetes mellitus (NCT01065298)
	Phase 1/2
	30
	Both gender
	30-75 yr
	Autologous Bone marrow derived stem cell
	Injection into superior pancreatico duodenal artery vs standard combined medical therapy
	No data, current study

	Study on induced wound healing through application of expanded autologous bone marrow stem cells in diabetic patients with ischemia-induced chronic tissue ulcers affecting the lower limbs (NCT01065337)
	Phase  2
	30
	Both gender
	18-80 yr
	Bone marrow stem cells
	Intraarterial administration vs standard of care wound treatment according guideline of the American Diabetes Association
	No data, completed study

	Phase 2 study of autologous stem cell and hyperbaric oxygen therapy in type 2 diabetes mellitus (NCT01786707)
	Phase 1/2
	2
	Both gender
	45-65 yr
	Autologous stem cells
	Autologous stem cells and hyperbaric oxygen therapy vs No Intervention
	No data, completed study

	Reversal of type 1 diabetes in children by stem cell educator therapy (NCT01996228)
	Phase 1/2
	20
	Both gender
	6-14 yr
	Human Cord Blood-derived multipotent stem cells
	Apharesis and stem cell educator therapy
	No data, current study

	Phase 2 study of stem cell educator therapy in type 1 diabetes (NCT01350219)
	Phase 2
	100
	Both gender
	14-60 yr
	Human cord blood-derived multipotent stem cells
	Apharesis and stem cell educator therapy
	No data, current study

	A trial of high dose immunosuppression and autologous hematopoietic stem cell support vs intensive insulin therapy in adults with early onset type 1 diabetes mellitus (NCT01285934)
	Phase 1/2
	30
	Both gender
	16-35 yr
	Autologous hematopoietic stem cell
	Autologous hematopoietic stem cell transplantation vs intensive insulin therapy
	No data, current study

	Stem cell educator therapy in type 2 diabetes (NCT01415726)
	Phase 1/2
	25
	Both gender
	14-65 yr
	Human cord blood-derived multipotent stem cells
	Stem cell educator used for the isolation and purification of cord blood stem cells. No comparator
	No data, current study

	Safety and efficacy study of umbilical cord/placenta-derived mesenchymal stem cells to treat type 2 diabetes (NCT01413035)
	Phase 2
	30
	Both gender
	18-80 yr
	Human umbilical cord/placenta-derived mesenchymal stem cells
	Human umbilical cord/placenta-derived mesenchymal stem cells iv infusion + oral hypoglycemic drugs, insulins or their combination vs oral hypoglycemic drugs, insulins or their combination
	No data, current study

	Open study to evaluate the safety and efficacy of autologous mesenchymal stem cells in treatment of recently diagnosed patients with type 1 diabetes mellitus (NCT01068951)
	Phase 2
	20
	Both gender
	18-40 yr
	Autologous mesenchymal stem cells
	Autologous transplantation of the patients own mesenchymal stem cells (approximately 2 × 106 cells/kg body weight) intravenously.
	No data, completed study

	Umbilical cord mesenchymal stem cells and liraglutide in diabetes mellitus (NCT01954147)
	Phase 1/2
	100
	Both gender
	35-65 yr
	Umbilical cord mesenchymal stem cell
	Umbilical cord mesenchymal stem cell infusion combined with liraglutide vs liraglutide
	No data, current study

	Umbilical mesenchymal stem cells and mononuclear cells infusion in type 1 diabetes mellitus: a randomized controlled open-label study (NCT01374854)
	Phase 1/2
	44
	Both gender
	18-40 yr
	UC-MSCs
	1 × 106/kg UC-MSCs is infused through pancreatic artery along with mononuclear cells by interventional therapy and another same dose of UC-MSCs is administered one week post-intervention
	No data, current study

	Autologous transplantation of mesenchymal stem cells for treatment of patients with onset of type 1 diabetes (NCT01157403)
	Phase 2
	80
	Both gender
	10-40 yr
	Autologous bone marrow mesenchymal stem cells
	Autologous transplantation of bone marrow mesenchymal stem cells (approximately 2.5 × 106 cells/kg body weight) intravenously
	No data, current study

	A phase II, multicenter, randomized, double-blind, placebo-controlled study to evaluate the safety and efficacy of prochymal® (ex vivo cultured adult human mesenchymal stem cells) for the treatment of recently diagnosed T1DM (NCT00690066)
	Phase 2
	60
	Both gender
	12-35 yr
	Ex vivo cultured adult human mesenchymal stem cells
	Intravenous infusion of ex vivo cultured adult human mesenchymal stem cells
	No data, current study

	A randomized, controlled, parallel design, safety and efficacy study of granulocyte colony stimulating factor mobilized autologous peripheral blood mononuclear cell therapy in subjects with diabetic limb ischemia (NCT00922389)
	Phase 1/2
	36
	Both gender
	18-65 yr
	Peripheral blood derived mononuclear cells
	Implanting stem cells derived from peripheral blood after G-CSF mobilization
	No data, current study

	Phase 1/2 study: treatment of patients with diabetic foot complications with allogeneic bone marrow derived mesenchymal stromal cells (NCT01686139)
	Phase 1/2
	10
	Both gender
	18-81 yr
	Cultured Bone Marrow Mesenchymal Stromal Cells (BM-MSCs) from allogeneic donors or autologous BM-MSCs
	Multiple injections of ABMD-MSC cells (10-20 × 106 cells)
	No data, current study

	Autologous hematopoietic stem cell transplantation for the treatment of limb ischemia and diabetic neuropathy in patients with diabetes mellitus type 2: a randomized controlled trial. (NCT00730561)
	Phase 1/2
	20
	Both gender
	18-74 yr
	Hematopoietic stem cell (totipotential, hematopoietic or endothelial lineages)
	Intramuscular application of CD34+ hematopoietic stem cells (with a minimum of 2 million CD34+ cells/kg) into the gastrocnemius muscles after stimulation with subcutaneous filgrastim 600 micrograms/kilogram a day for 4 d
	No data, completed study


UC-MSCs: Umbilical mesenchymal stem cell.
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Figure 1 The possible approaches of cell therapy in diabetes patients.

[image: image2.png]Figure 2. The potent molecular mechanisms that lead to realize an effect of cell therapy in diabetes

Wide spectrum of replacing cells (allogenic P-cell islets, embryonic stem cells, induced pluripotent

Enhanced proliferation and
maturation of endogenous

B cells

stem cells with different origin, progenitor cells)

v

Restore functional capacity of p-cell

Renewal of p-like-cell populations

populations

Induce reparative potent of endoge-
nous progenitor cells aimed neovas-
cularization, prevention of pancreatic
lesion

Prevention of -cell loss

v

Restore endogenous insulin production




Figure 2 The potent molecular mechanisms that lead to realize an effect of cell therapy in diabetes.

