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ZUSAMMENFASSUNG 

Hintergrund: Mesenchymale stromale Zellen (MSZ) haben kardial regenerative, 

antifibrotische und entzündungshemmende Eigenschaften und wurden zur Behandlung 

des Diabetes Mellitus (DM) und der experimentellen diabetischen Kardiomyopathie mit 

vielversprechenden Ergebnissen eingesetzt. Jedoch wurde der Einfluss von CD362+-

selektierten MSZ bei der experimentellen diabetischen Kardiomyopathie bisher noch 

nicht untersucht. Ziel dieser Studie war es daher, die potenzielle Wirkung von CD362+-

MSZ gegenüber von CD362--MSZ und Wildtyp (WT)-MSZ auf die diabetische 

Kardiomyopathie, im Modell des Streptozotocin (STZ)-induzierten Typ 1 DM, zu 

untersuchen. 

Methoden: C57BL6/J Mäuse (Charles River, männlich, 8 Wochen) wurden randomisiert 

den Kontroll-, STZ-, STZ WT-, STZ CD362- und STZ CD362+ Gruppen zugeordnet. 

Durch die Gabe von STZ (50mg/kg) an 5 aufeinanderfolgenden Tagen wurde der DM in 

den Tieren induziert. Vier Wochen nach der STZ-Applikation wurden jeweils 1x106 

Knochenmarks-abgeleitete CD362+-MSZ, CD362--MSZ oder WT-MSZ intravenös in den 

drei Interventionsgruppen verabreicht. Vier Wochen nach der Intervention wurden die 

Mäuse einer hämodynamischen Messung unterzogen und anschließend geopfert. Es 

wurden Blut und Organe zur Bestimmung der Blutglukose (BG) und dem glykosylierten 

Hämoglobin A1c (HbA1c), sowie für immunhistologische Untersuchungen und 

Genexpressionsanalysen entnommen. 

Ergebnisse: Vier Wochen nach MSZ-Applikation waren weder die BG- und die HbA1c-

Spiegel, noch die dysregulierte LV-Funktion in den behandelten STZ-Mäusen positiv 

beeinflusst. Es handelte sich hierbei um ein Modell mit gering ausgeprägter 

Entzündung, charakterisiert durch eine unveränderte kardiale VCAM-1, TNF-α und 

IL-1ß Genexpression und einer gleichbleibenden Anzahl an CD68+, CD4+ und CD8+ 

Zellen im Herzen. Im Gegensatz dazu, waren die TGF-ß, ICAM-1 und S100A9 mRNA-

Expression um das 1,4-fache (p <0,01), 1,4-fache (p <0,05) bzw. 2,6-fache (p <0,05) im 

LV erhört, wohingegen keine Myokardfibrose induzierte wurde. Keine der drei MSZ-

Typen verringerte die gesteigerte TGF-ß, ICAM-1 und S100A9 Expression. Des 

Weiteren, konnte eine 2,2-fach (p <0,05) höhere Anzahl an TGF-ß-exprimierende 

CD68+ Zellen in der Milz von STZ-Tieren gegenüber den Kontrollmäusen detektiert 
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werden, was mit einem 1,5-fach (p <0,05) höherem profibrotischem Potential assoziiert 

war. WT-MSZ und CD362+-MSZ verringerten die Zahl an TGF-ß-exprimierende CD68+ 

Zellen um das 6,0-fache (p=0,0001) bzw. 4,5-fache (p<0,001), was sich jedoch nicht in 

einer Reduktion des profibrotischem Potentials der Splenozyten aus STZ-Mäusen 

wiederspiegelte. 

Schlussfolgerung: In diesem Modell mit gering gradiger Entzündung, keiner 

ausgeprägten Myokardfibrose und keiner kompensatorischen Herzfunktionsstörung, 

verringert keiner der applizierten MSZ die BG und HbA1c-Spiegel, das profibrotische 

Potenzial der Splenozyten oder die Herzfunktion. Jedoch reduzierten WT-MSZ CD362+-

MSZ den prozentualen Anteil an TGF-ß-exprimierende CD68+ Zellen in der Milz. 
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ABSTRACT 

Background: Mesenchymal stromal cells (MSCs) have cardiac regenerative, anti-

fibrotic, and anti-inflammatory properties and have been used for the treatment of 

diabetes mellitus (DM) and experimental diabetic cardiomyopathy with promising 

results. The impact of CD362+ selected MSCs on experimental diabetic cardiomyopathy 

has not been studied before. Therefore, this study was aimed to explore the potential 

impact of CD362+ versus CD362- and wild type (WT) MSCs on diabetic cardiomyopathy 

in a streptozotocin (STZ)-induced type 1 DM mouse model.  

Methods: C57BL/6J mice (Charles River, male, 8-week-old mice) were randomly 

assigned to control, STZ, STZ WT, STZ CD362- and STZ CD362+ groups. DM was 

induced via STZ administration (50 mg/kg) for consecutive 5 days. Four weeks after 

STZ administration, 1x106 bone marrow-derived CD362+, CD362- and WT MSCs were 

intravenously administered in the three intervention groups. Four weeks after MSCs 

administration, mice were hemodynamically characterized before sacrifice and organs 

were harvested for subsequent blood glucose (BG), glycated hemoglobin A1c (HbA1c), 

immunohistological and gene expression analysis. 

Results: Four weeks after MSCs application, none of the MSCs decreased BG or 

HbA1c levels in STZ mice, nor did they alter the dysregulated LV function. In this model 

of low-level inflammation with unchanged LV vascular cell adhesion molecule 1, TNF-α, 

IL-1ß mRNA expression and unaltered CD68, CD4 and CD8 presence, LV TGF-ß, 

ICAM-1 and S100A9 mRNA expression was increased 1.4-fold (p<0.01 ), 1.4-fold 

(p<0.05), and 2.6-fold (p<0.05), respectively, whereas cardiac fibrosis was not induced. 

None of the MSCs decreased the upregulated TGF-ß, ICAM-1 or S100A9 expression. 

Splenic TGF-ß-expressing CD68 cells were 2.2-fold (p<0.05), higher in STZ versus 

control mice, which was translated into a 1.5-fold (p<0.05) higher pro-fibrotic potential. 

WT MSCs and CD362+ cells decreased TGF-ß-expressing CD68 cells by 6.0-fold 

(p=0.0001) and 4.5-fold (p<0.001), respectively, but none of the MSCs decreased the 

profibrotic potential of the splenocytes in STZ mice. 

Conclusions: In this model of low-level inflammation, no pronounced cardiac fibrosis 

and compensatory cardiac dysfunction, none of the MSCs decreased BG, HbA1c levels, 
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the profibrotic potential of splenocytes and altered cardiac function, whereas WT MSCs 

and CD362+ cells reduced the percentage of TGF-ß-expressing CD68 cells. 
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1. INTRODUCTION 

1.1 Diabetes mellitus 

Diabetes mellitus (DM) is a life-long chronic disease, characterized by relative or 

absolute insulin deficiency caused by pancreatic β-cell dysfunction and insulin 

resistance in target organs. Type 1 DM is characterized by absolute insulin deficiency 

and type 2 DM by relative insulin deficiency. Type 1 DM is considered as an 

autoimmune disease with a progressing decline of insulin levels. According to data from 

the World Health Organisation, there were 422 million people aged over 18 years who 

suffered from DM globally in 2014. The number of DM has steadily risen over the past 

few decades. The prevalence among adults has substantially increased from 4.7% in 

1980 to 8.5% in 2014 worldwide, and 1.5 million deaths were worldwide directly caused 

by DM in 2012 [1]. In Europe, the incidence of type 1 DM increases by about 3.9% 

annually [2]. The most common complications of DM are microvascular and 

macrovascular complications, including coronary heart diseases (CHD), stroke, and 

renal dysfunction. Type 2 DM was the sixth leading cause of disability in 2015. 

Cardiovascular diseases are the greatest cause of morbidity and mortality associated 

with type 2 DM and needs intensive management of glucose and lipid concentrations as 

well as blood pressure to minimize the risk of complications and disease progression 

[3]. Compared to non-diabetes, type 2 DM patients have a 15% higher risk of all cause 

death [4]. A meta-analysis, covering nearly seventy-thousand people demonstrated that 

patients with DM had an increased risk of CHD, ischemic stroke, and other deaths 

related to vascular disease [5].  

1.2 Diabetic cardiomyopathy  

Diabetic cardiomyopathy was first described by Rubler et al. [6] and refers to abnormal 

changes in myocardial function or cardiac structure in the absence of coronary artery 

disease, hypertension and valvular diseases. The worst outcome of diabetic 

cardiomyopathy is heart failure (HF). About 40% of HF patients with reduced ejection 

fraction (EF) (HFrEF) have DM and hospitalized DM patients are associated with a 

worse prognosis compared to non-diabetic patients [7]. A retrospective study reported 

that in diabetic patients, the incidence of chronic HF was 2.5 times higher compared to 

that non-diabetic patients [8]. 
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The pathogenesis of diabetic cardiomyopathy is likely to be a multifactorial process. 

Insulin resistance and hyperglycemia are main factors in the pathophysiological 

progression of cardiomyopathy, which cause complex cellular and molecular changes 

that predispose to altered myocardial structure and function [9].  

1.2.1 Cardiac structural changes  

Interstitial and perivascular fibrosis, intramyocardial microangiopathy, interstitial 

inflammation, cardiac apoptosis, abnormal intracellular calcium (Ca2+)-handling, 

endothelial dysfunction, a defect in substrate metabolism and cardiac hypertrophy are 

characteristics of diabetic cardiomyopathy [10]. Left ventricle (LV) hypertrophy is 

predominant in diabetic cardiomyopathy. In the Framingham Heart study, diabetic 

women had 10% greater LV mass than non-diabetic patients [11]. An increase in LV 

mass accompanied by LV thickness is observed in both men and women who suffered 

from DM [12]. Cardiomyocyte hypertrophy is considered as an effect of hyperglycemia 

and insulin, which has been verified in animal models [13, 14].  

Histopathological changes of diabetic cardiomyopathy include interstitial and 

perivascular fibrosis in myocardial tissue [6] and increased deposition of intra-myocyte 

lipids. Interstitial fibrosis in patients with diabetic cardiomyopathy is usually 

accompanied by cardiomyocyte hypertrophy and microvascular abnormalities, such as 

thickening of the capillary basement membrane [15]. Myocardial fibrosis in diabetic 

cardiomyopathy is associated with increased deposition of both type I and III collagen 

and involves both ventricles [16].  

1.2.2 Cardiac functional changes   

Progressive diastolic and systolic dysfunctions are major characteristics of diabetic 

cardiomyopathy. Diastolic dysfunction is determined by a delayed and extended 

diastolic phase, with impaired early diastolic filling, prolongation of isovolumetric 

relaxation, increased atrial filling and increased myocardial stiffness, predominantly in 

the late diastole [17, 18]. Diastolic dysfunction of the LV has been observed in diabetic 

patients without clinical diabetic cardiomyopathy [19-21] with a prevalence from 40% to 

75% by echo measurement [22, 23]. Moreover, diastolic dysfunction is more common 

than systolic dysfunction in DM [24]. LV diastolic dysfunction in diabetic cardiomyopathy 

can also gradually progress to systolic dysfunction and may result in LV systolic 

�2



dysfunction with reduced LVEF in years [25]. Systolic dysfunction is characterized by 

the disability of the LV to sufficiently pump blood with oxygen to the body.  

1.2.3 Potential mechanism 

In the multifactorial pathogenesis of diabetic cardiomyopathy, hyperglycemia, 

hyperinsulinemia, dyslipidemia and advanced glycation end products trigger cellular 

signaling, leading to specific alterations in the heart. In type 1 DM, hyperglycemia is the 

main trigger of cardiac alterations, while in type 2 DM, mainly dyslipidemia plays a major 

role in the development of diabetic cardiomyopathy [25].  

1.3 Animal models of diabetes mellitus  

1.3.1 Animal models of type 1 diabetes mellitus   

The predominant characteristic of DM type 1 is the autoimmune damage of pancreatic β 

cells, resulting in insulin deficiency. According to the mechanisms of insulin deficiency 

induction, there are several rodent models of type 1 diabetes, including chemically-

induced, spontaneous autoimmune, genetically-induced, and virally-induced models. 

(Table 1 [26]) 

Table 1. Type 1 Diabetes models for rodent  

Induction mechanism Model Main features

Chemically Induced High dose streptozotocin Simple model of hyperglycaemia

Alloxan Model of induced insulitis

Multiple low dose streptozotocin

Spontaneous autoimmune NOD mice β cell destruction due to an 
autoimmune process

BB rats

LEW.1AR1/-iddm rats

Genetically induced AKITA mice β cell destruction due to ER stress. Insulin 
dependent.

Virally-induced Coxsackie B virus β cell destruction induced by viral infection 
of B cells

Encephalomyocarditis virus

Kilham Rat Virus

Lymphocytic choriomeningitis virus under 
insulin promoter
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In chemically-induced  type 1 DM models, a high percentage of the endogenous β cells 

is destroyed, and therefore there is little endogenous insulin production, leading to 

hyperglycemia. Diabetes is usually induced around 5-7 days prior to the start of the 

experiment to ensure stable hyperglycemia. Two main compounds used in chemical-

induced diabetes models are streptozotocin (STZ) and alloxan. 

1.3.1.1 Streptozotocin-induced diabetes model  

STZ (2-deoxy-2-({[methyl(nitroso)aminutes o]carbonyl}aminutes o)-β-D-glucopyranose) 

was first isolated from the soil microorganism Streptomyces  acromogenes [27]. It has 

been widely used for the induction of diabetes in experimental animals and in preclinical 

studies. Among several available chemicals used to induce diabetes, STZ is mostly 

preferred to model human diabetes in animals, because it has a structure similar to 

glucose (Figure 1) and it enters β cells in a similar way as glucose [28]. STZ-induced 

diabetes is characterized by profound hyperglycaemia, modest hypertriglyceridaemia, 

ketosis, and markedly reduced plasma insulin levels. As such, the model is particularly 

useful in examining the effects of hyperglycaemia in the absence of hyperinsulinaemia. 

Structural, functional and biochemical alterations observed in STZ-induced diabetes 

resemble or are comparable to those in human diabetes [29]. STZ-induced diabetes 

models have been extensively used to investigate the complications of type 1 DM. In 

mouse models, after administration, STZ enters the pancreatic β cell through the Glut-2 

transporter and causes alkylation of the deoxyribonucleic acid (DNA), induces β cell 

toxicity and death, and triggers a T cell-mediated immune response, similar to human 

insulin-dependent diabetes [30]. In both mice and rats, depending on the dose, STZ-

induced diabetes is associated with interstitial myocardial fibrosis, accompanied by 

cardiomyocyte hypertrophy, induction of pro-fibrotic and hypertrophy-associated genes, 

and microvascular rarefaction [31, 32]. STZ is usually administrated as a single high 

dose (100 to 200 mg/kg) or multiple low doses (20 to 40 mg/kg per day). The dose 

range depends on the species and strain. Single high-dose administration destroys β 

cells and produces hyperglycemia rapidly. Multiple low dose-administration induces 

insulitis in mice and the development of diabetes is dependent on cytokine production. 

After STZ administration, there is an initial hyperglycemic phase with decreased insulin 

levels, a second hypoglycemic phase due to a massive release of insulin from ruptured 
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β cells, and finally a steady hyperglycemic phase involving a rise in blood glucose levels 

up to 350-400 mg/dL (Figure 2)[28]. 

1.3.1.2 Alloxan-induced diabetes model 

Alloxan (2,4,5,6-tetraoxypyrimidine; 5,6-dioxyuracil) is a hydrophilic unstable compound 

with a structure similar to glucose. These alloxan properties are essential for the 

Figure 1. Chemical structures of glucose and streptozotocin [28].

!

Figure 2. Changes of blood glucose and insulin levels post streptozotocin injection [28].

�
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development of diabetes. It induces diabetes mainly by the formation of free radicals 

after rapid uptake of alloxan by the β cells [33] and oxidation of essential-SH groups 

and disturbances in intracellular Ca2+ homeostasis [34]. Doses in mice range from 50 to 

200 mg/kg and in rats from 40 to 200 mg/kg, depending on the strain and the route of 

administration. Moreover, alloxan has a narrow diabetogenic dose, and a slight 

overdose could cause general toxicity, especially to the kidney [35]. 

1.3.2 Animal models of type 2 diabetes mellitus   

Insulin resistance and the inability of the β cell to sufficiently produce insulin are the 

main characteristics of type 2 DM. Therefore, most animal models of type 2 DM are 

models of insulin resistance and/or models of β cell failure (Table 2) [26]. Two 

commonly used models are the db/db and leptin ob/ob mice. Db/db mice express no 

leptin receptor and are resistant to the central effects of leptin and develop severe 

obesity at the age of 1 to 2 months, associated with overt diabetes, hyperinsulinemia 

and hyperglycemia. Both histochemical staining techniques and biochemical assays 

have consistently found cardiac fibrosis in db/db mice at the age of 4 to 6 months [36], 

accompanied by cardiomyocyte hypertrophy and diastolic dysfunction [37]. The most 

commonly used background is the C57BLKS/J, and they develop ketosis after a few 

months of age and have a relative short survival period. In 1949, a spontaneous 

mutation of Leptin in an outbred colony was discovered at the Jackson Laboratory. 

C57BL/6 mice bred into leptin mutation are the leptin ob/ob mice. Those mice develop 

obesity,  hyperinsulinaemia and hyperglycaemia early. Blood glucose (BG) peaks at 3 to 

5 months, after which it falls as the mouse gets older [38]. Other models of type 2 DM 

are outlined in Table 2 [26]. 

Table 2. Type 2 Diabetes models for rodent  

Induction mechanism Model Main features

Obese models (monogenic) Lepob/ob mice Obesity-induced hyperglycaemia

Leprdb/db mice

ZDF Rats

Obese models (polygenic) KK mice Obesity-induced hyperglycaemia

OLETF rat

NZO mice

TallyHo/Jng mice
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1.4 Treatment  

1.4.1 Traditional treatment 

Generally, DM treatment includes insulin supplementation, diet control, exercise and 

non-insulin medications [39]. The aim of the treatment is to control glucose level, 

decrease complications and improve life quality. Currently, treatment of diabetic 

cardiomyopathy is based mostly on DM treatment combined with HF treatment, 

including angiotensin-converting enzyme inhibitors, angiotensin II receptor blocker, β-

blockers, aldosterone antagonists, and resynchronization therapy [40], while most of 

these treatment measures have not been fully assessed in diabetic cardiomyopathy 

patients.  

1.4.2 Cell-based therapy   

Cell-based therapies or stem cell-based therapies have a huge potential to treat 

cardiovascular diseases because of their regenerative properties and safety. Until 2013, 

approximately 2,000 patients have been enrolled in clinical trials around the world to 

evaluate different kinds of stem cell therapies showing promising results [41]. 

1.4.2.1 Stem cells 

Stem cells are a group of cells, which have the potential capacity to differentiate to 

different tissue and adult organs, regenerate throughout life and self renew [42]. Stem 

cells can be broadly categorized into adult stem cells or embryonic/pluripotent stem 

cells. Stem cell therapy has been investigated in preclinical regenerative studies, 

including adult stem cells [10] and pluripotent stem cells [43]. Main stem cells already 

used in cardiac regeneration and repair are listed in Table3 [44].  

NoncNZO10/LtJ mice

Induced obesity High fat feeding 
(mice or rats)

Obesity-induced hyperglycaemia

Desert gerbil

Nile grass rat

Non-obese models GK rat Hyperglycaemia induced by insufficient β cell function/mass

Genetically induced models of β 
cell dysfunction

hIAPP mice Amyloid deposition in islets

AKITA mice β cell destruction due to ER stress
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Table 3. Stem cells in cardiac regeneration and repair 

1.4.2.2 Adult stem cells 

Adult stem cells are multipotent cells that have been identified in many fully developed 

organs. These include populations from extra-cardiac sources (bone marrow(BM)-

derived mononuclear cells, BM-derived mesenchymal stem cells, adipose-derived 

mesenchymal stem cells and endothelial progenitor cells). Adult stem cells are 

considered multi-potent and have some limited ability to form various differentiated cell 

types. In vitro, adult stem cells can differentiate into multiple cell types, including 

cardiomyocytes. Adult stem cells have shown encouraging results of repair of the 

injured heart [41] mostly through paracrine actions [45], and modulation of the 

extracellular matrix [46]. 

1.4.2.3 Mesenchymal stromal cells 

1.4.2.3.1 Characteristics  

Mesenchymal stromal cells (MSCs) are multipotent stem cells and comprise a 

heterogeneous population of cells. MSCs have been first isolated from BM [47], where 

MSCs represent a rare population and are 10-fold less abundant than hematopoietic 

stem cells [48]. MSCs can be easily grown and expanded in culture. In 2006, the 

International Society for Cellular Therapy unified the minimal criteria of MSCs. MSCs 

should 1) adhere to plastic in standard culture conditions, 2) express CD105, CD90, 

CD73, and CD44, without expression of CD45, CD34, CD14 or CD11b, CD79 or CD19 

and human leukocyte antigen-DR; 3) be able to differentiate into osteoblasts, 

Type Source Advantages Disadvantages 

Embryonic stem cells Inner cell mass of 
preimplantation blastocyst Pluripotent, self-renewal capacity 

Graft versus host disease, 
ethical debate, and 
tumorgenesis 

Mesenchymal stromal cells Bone marrow, adipose 
tissue

Multipotent, easy to isolate and 
expand, lack of immunogenicity Heterogeneity 

Endothelial progenitor cells Bone marrow, peripheral 
blood 

Movement from bone marrow or 
peripheral blood, important in 
neovascularization 

Need for expansion, 
Heterogeneity 

Skeletal Myoblasts Skeletal muscle 
High scalability, resistance to 
ischemia, multipotent, no 
teratoma formation 

Electrophysiologically 
incompatible, lack of gap 
junction 

Cardiac stem cells Heart 

Resident cells, robust 
cardiovascular differentiation 
potential, reduced tumor 
formation 

short survival, and limited 
supply 
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adipocytes and chondroblasts in vitro [49]. Markers to sort MSCs such as STRO-1 [50], 

antinerve growth factor receptor CD271 [51], or cell adhesion molecule CD146 [52], 

transforming growth factor-β (TGF-β) receptor complex CD105 [53], cell surface protein 

CD106 [54], membrane glycoprotein CD146 [55], cell surface tyrosine kinase receptor 

CD140a [56] and CD140b [57], intermediate filament protein nestin [58], and alpha-

chemokine receptor CXCR-4 [59] describe the heterogeneity and clonogenic capacity of 

these cells. By either local or systemic route administration, the myocardial homing 

capacity of MSCs is weak [60-62]. However, MSCs are attracted to the injured organs 

through a chemotaxis process in which MSCs recognize over-expressed molecules 

(stromal cell-derived factor-1, monocyte chemoattractant protein-1, and chemokine 

receptor type 2 surface receptors etc.) in injured tissues [63], resulting in a selective 

homing after systemic administration. MSCs are considered as hypoimmunogenic cells, 

since they are not rejected by the recipient’s immune system, even if they come from 

non-histocompatible individuals [64], that because they lack expression of major 

histocompatibility II [65] and the costimulatory molecules CD80, CD86 or CD40 [66]. 

Thus, MSCs will not lead to proliferation of allogeneic and autoreactive lymphocytes, 

which is an important advantage for allogeneic transplantation therapies. 

1.4.2.3.2 Cardiac effects of mesenchymal stromal cells 

MSCs are self-renewal cells with the possibility to differentiate into other kind of cells. It 

has been demonstrated that MSCs are able to differentiate into cardiomyocytes, 

endothelial cells, and smooth muscle cells [67]. Moreover, MSCs can express specific 

cardiomyocyte markers (for example, connexin 43 and N-cadherin) [68, 69]. MSCs 

secrete paracrine factors involved in regenerative and cardiac remodeling, such as 

insulin-like growth factor, hepatocyte growth factor, endothelin-1, basic fibroblast growth 

factor (with proliferative and anti-apoptotic properties), vascular endothelial growth 

factor and platelet-derived growth factor (with angiogenic properties), and matrix 

metallopeptidase-9 [70, 71]. Also, MSCs have anti-inflammatory properties through the 

activation, suppression, migration, or differentiation of specific immune system cells, 

including B cells, T cells, natural killer cells, macrophages, dendritic cells, and 

neutrophils, by the secretion of several immune regulators, including TGF-β, IL-4, IL-6, 

IL-10, PGE2, and indoleamine 2,3-dioxygenase [72]. Moreover, MSCs decrease 

elevated tissue oxidative stress by modifying the redox microenvironment and reduce 
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reactive oxygen species-induced apoptosis [73]. Besides these anti-inflammatory, anti-

oxidative, anti-fibrotic, anti-apoptotic, and pro-angiogenic effects. MSCs activate cardiac 

progenitor cell proliferation and differentiation [74]. 

1.4.2.3.3 CD362 and CD362+ selected mesenchymal stromal cells  

CD362, also called syndecan-2 and fibroglycan, is one of the major heparan sulfate 

proteoglycan-containing cell surface proteins [75]. CD362 is expressed in mesenchymal 

cells, including the mesenchymal cells layer surrounding the axial blood vessels in 

zebrafish and in cells [76] of mesenchymal origin in the kidney, lung, stomach, cartilage 

and bone in the mouse [77]. CD362 has been shown to play a role in cell adhesion, cell 

migration, cell signaling [78], and angiogenesis inhibition [79].  Syndecan-1 is thought to 

play an important role in myocardial infarct healing, cardiac fibrosis [80] and systolic HF 

[81], while syndecan-4 has been shown to regulate cardiac fibrosis and decelerate 

cardiac hypertrophy in HF [82]. Both syndecan-4 and syndecan-1 are up-regulated in 

diabetic rats with diastolic cardiac dysfunction [83]. Until now, the role of CD362 in 

cardiovascular diseases, especially cardiomyopathy and HF, is not yet clear.    

The current criteria of the European Union focusing on MSC sterility and toxicology for 

defining an MSC-based Advanced Therapy Medicinal Products are limited. Meanwhile, 

both the European Union and the British Standard Institute highlight the BM-plating 

method of purifying MSCs as inadequate for defining or purifying MSC for clinical use, 

since only 1:100,000 BM-derived MNCs plated are MSCs. CD362 has been chosen as 

a maker for selecting MSCs from the mixture of BM cells by Orbsen Therapeutics Ltd 

(Galway, Ireland), making it possible to collect a clearly defined population of MSCs 

from human BM. An anti-CD362 antibody is used to select MSCs from BM at a higher 

MSC/MNC purity ratio of 1:13, a ratio obtained with a mixture of other antibodies. Based 

on the superior selecting ability of MSCs with a clearly defined population, the “Repair of 

Diabetic Damage by Stromal Cell Administration” (REDDSTAR) Consortium of the 

European Commission 7th Framework aimed to evaluate the efficacy of CD362+, versus 

CD362- and unselected BM-MSCs in alleviating diabetic cardiomyopathy, diabetic 

nephropathy, diabetic neuropathy, diabetic retinopathy and wound ulceration.  
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2. RATIONALE 

Although optimal traditional treatment of type 1 DM can effectively achieve a near 

normal glycemic level and delay pathological progression of disease, it is still unlikely to 

avoid diabetes-related end-organ damage and complications such as diabetic 

cardiomyopathy. Given these limitations, it remains an ongoing task to identify the ideal 

method of treating these diabetic complications. Considering the cardiac regenerative, 

cardiac remodeling, and anti-inflammatory effects of MSCs on the one hand, and the 

necessity to evaluate the potential of CD362+ selected MSCs on the other hand, the 

project of my thesis aimed to investigate the potential impact of CD362+ versus CD362- 

and wild type BM-MSCs on diabetic cardiomyopathy in an STZ-induced type 1 DM 

mouse model.  
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3. MATERIALS AND METHODS  

3.1 Materials and equipment 

3.1.1 Materials  

Table 4. Consumption materials  

Article Description Company

96-well Multiply®-PCR plate Sarstedt, Nürnbrecht, Germany

Cell Strainer 70 µm BD Biosciences, New Jersey, USA

Coverslips 21 x 26 mm R. Langenbrinck, Emmendingen, 

Germany

Cryotubes 1.5 ml Carl Roth, Karlsruhe, Germany

Falcon tubes 15 ml, 50 ml Corning, New York , USA

Folded filter MN615 1/4·¢240 mm Macherey-Nagel, Düren, Germany

Gloves Sempercare, Northamptoshire, Germany

Masks Charite, Berlin, Germany

MicroAmp®Optial  
384-well plate

Reaction plate with Barcode Thermo Fisher Scientific, Waltham, 
Massachusetts, USA

Microtome blades A35 type Feather, Köln, Germany

PCR-tubes 0.2 ml, conical lid Biozym, Hess. Oldendorf, Germany

Pipette tips 10 µl, 100 µl, 1000 µl Biozym, Hess. Oldendorf, Germany 

Pipettes Corning, New York , USA

Plastic cannulas 18G und 20G B.Braun, Melsungen, Germany

Plunger 2.5 ml syringe TERUMO, Tokyo, Japan

Reaction Tubes Safe-Lock or RNAse free Sarstedt, Nürnbrecht, Germany

Scalpels Feather, Köln, Germany

Slides Super Frost Plus R.Langenbrinck, Emmendingen, 
Germany
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3.1.2 Equipment 

Table 5. Laboratory equipment 

3.1.3 Buffer and reagent  

Table 6. Buffer reagent and kits 

Equipment Description/Type Company

Conductance catheter 1.2 French Scisense Inc., Ontario, Canada

Cryostat Microm, Minutes nestota, USA

Homogenizer Pellet Pestle Motor Sigma, Taufkirchen, Germany

Horizontal shaker SM-25 Edmund Bühler, Tübingen, Germany

Ice maker AF-10 Scotsman, Vernon Hills, USA

Incubator Function Line Heraeus, Osterode, Germany

Microscope DM2000 LED Leica, Bensheim, Germany

MACSQuant Tyto Miltenyi Biotec, Bergisch Gladbach, 
Germany

pH meter Knick Digital 646 Beyer, Düsseldorf, Germany

Pipettes Eppendorf, Wesseling-Berzdorf, Germany

P-V Amplifier System MPVS 300/400 Millar Instruments, Houston, USA

Spectrophotometer NanoDrop Thermo Scientific PEQLAB, Erlangen, 
Germany

Photometer SPECTRA max 340PC384 Molecular Devices, Biberach an der Riß, 
Germany

Tabletop centrifuge Centrifuge 5415 C Eppendorf, Wesseling-Berzdorf, Germany

Thermocycler Mastercycler gradient Eppendorf, Wesseling-Berzdorf, Germany

Thermomixer Comfort Eppendorf, Wesseling-Berzdorf, Germany

Ventilator Minutes i-Vent Harvard Apparatus, Massachusetts,USA

Vortexer VF2 IKA-Labortechnik, Staufen, Germany

Article Company

1% ß-mercaptoethanol Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

3-aminutes o-9-ethylcarbazole (AEC) Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Acetic acid VWR International GmbH, Darmstadt, Germany
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Acetone VWR International GmbH, Darmstadt, Germany

Avidin-Biotin-Blocking(ABC)-Kit Vector Labs, Burlingame, USA

Bovine serum albuminutes  (BSA) Carl Roth, Karlsruhe, Germany 

Calcium chloride VWR International GmbH, Darmstadt, Germany

Dianova (secondary antibody) Dianova, Hamburg, Germany

Di-Sodium hydrogen phosphate dihydrate VWR International GmbH, Darmstadt, Germany

Distilled water Alleman Pharma GmbH, Rimbach, Germany

DNAse I Qiagen, Hilden; Germany

EDTA VWR International GmbH, Darmstadt, Germany

EnVision K4003 Dako, Hamburg, Germany

Ethanol Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Fetal Bovine Serum (FBS) Biochrom, Berlin, Germany

Fixation/Permeabilization kit BD Biosciences, New Jersey, USA

Formalin Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

GLYCO-Tek Affinity Column Kit Helena Laboratories, Texas, USA

Hemalum VWR International GmbH, Darmstadt, Germany

High Capacity cDNA Reverse Transcription Kit Applied Biosystems, Darmstadt, Germany

Hydrogen peroxide solution Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Isopropanol Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Kaiser's glycerol gelatin Carl Roth, Karlsruhe, Germany

Magnesium chloride VWR International GmbH, Darmstadt, Germany

N, N-dimethylformamide Carl Roth, Karlsruhe, Germany

Optical 96-well Reaction Plate Applied Biosystems, Darmstadt, Germany

Optical Adhesive film Applied Biosystems, Darmstadt, Germany

Potassium chloride VWR International GmbH, Darmstadt, Germany

Potassium dihydrogen phosphate VWR International GmbH, Darmstadt, Germany

RNase-free water Thermo Fisher Scientific, Waltham, Massachusetts, USA

RNeasy Minutes i Kit Qiagen, Hilden; Germany

Sodium acetate VWR International GmbH, Darmstadt, Germany
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3.1.4 Primers 

Table 7. Primers for Real-time polymerase chain reaction

3.1.5 Antibodies  

Table 8. Antibodies used for the immunohistochemistry 

Sodium chloride VWR International GmbH, Darmstadt, Germany

Sodium hydrogen phosphate VWR International GmbH, Darmstadt, Germany

TaqMan®Gene Expression Master Mix (2×) Thermo Fisher Scientific, Waltham, Massachusetts, USA

Tissue Tek Sakura, Zoeterwoude, Netherlands

Tris-Base Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany

Tris-HCl VWR International GmbH, Darmstadt, Germany

TRIzol Reagent Thermo Fisher Scientific, Waltham, Massachusetts, USA

Universal PCR Master Mix Applied Biosystems, Darmstadt, Germany

Murine primers Ordering number Company, ID

α-SMA Mm00725412_s1 Applied Biosystems, Darmstadt, Germany

Col1a1 Mm01302043_g1 Applied Biosystems, Darmstadt, Germany

Col3a1 Mm00802331_m1 Applied Biosystems, Darmstadt, Germany

IL-10 Mm00439616_m1 Applied Biosystems, Darmstadt, Germany

IL-1ß Mm00434228_m1 Applied Biosystems, Darmstadt, Germany

L32 RT-SN2X-03 Applied Biosystems, Darmstadt, Germany

S100A8 Mm00496696_g1 Applied Biosystems, Darmstadt, Germany

S100A9 Mm00656925_m1 Applied Biosystems, Darmstadt, Germany

TGF-ß Mm00441724_m1 Applied Biosystems, Darmstadt, Germany

TNF-α Mm00443258_m1 Applied Biosystems, Darmstadt, Germany

Antibody Company

Anti-α-SMA Abcam, Cambridge, UK

Anti-CD4 BD Bioscience, Heidelberg, Germany
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Table 9. Antibodies for flow cytometry 

3.1.6 Software 

Table 10. Software 

Anti-CD68 Abcam, Cambridge, Germany

Anti-CD8a BioLegend, Koblenz, Germany

Anti-Collagen I Merck Millipore, Darmstadt, Germany

Anti-Collagen III Merck Millipore, Darmstadt, Germany

Antigen Antibody Company Cat.Nr.

Annexin V Anti-Annexin V-V450 BD Bioscience 560506

CD4 Anti-CD4 FITC Miltenyi Biotec 130-094-164

CD8 Anti-CD8a VioBlue Miltenyi Biotec 130-102-431

CD25 Anti-CD25 PE Miltenyi Biotec 130-094-164

CD68 Anti-CD68 VioBlue Miltenyi Biotec 130-102-448

FoxP3 Anti-APC Miltenyi Biotec 130-094-164

TGF-α Anti-TGF-α APC BioLegend 506306

TGF-β Anti-TGF-β APC BioLegend 141406

Software Company 

FlowJo 8.7. software Tree Star, Ashland, OR, USA

GraphPad Prism 7.0 GraphPad Software, Inc., La Jolla, USA

Zotero Zotero is a production of the Center for History and 
New Media at George Mason

Leica Application Suite version 4.4.0 Leica, wetzlar,Germany
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3.2 Methods 

3.2.1 Study design   

In this experiment, 8 weeks old male C57BL6/J mice provided by Charles River 

(Sulzfeld, Germany) were used. Mice were randomly divided into the following groups: 

control (n=9), STZ (n=10), STZ WT (n=11), STZ CD362- (n=9), and STZ CD362+ (n=11). 

After acclimatization, mice received either STZ (SIGMA-Aldrich,  Munich Germany) or 

PBS (control animals) via intraperitoneal (i.p.) injection for five consecutive days. Four 

weeks post STZ, MSCs or PBS were applied via intravenous (i.v.) tail vein injection. 

Four weeks after MSCs or PBS application, all surviving mice were sacrificed after 

hemodynamic measurements. Next, blood was collected and organs were isolated. 

In this experiment, blood glucose (BG) was measured weekly after 4 hour’s fasting. 

Isolated organs, such as, heart and spleen were frozen in liquid nitrogen. All 

investigations were performed in accordance with the European legislation of the Care 

and Use of Laboratory Animals and were approved by the local authority (LaGeSo, 

Berlin, Germany; Registration code: G0254/13).     

3.2.2 Streptozotocin-induced diabetes model establishment 

3.2.2.1  Mouse strains and animal care   

In this experiment, C57BL/6J mice were housed in the Forschungseinrichtung für 

Experimentelle Medizin (FEM; Berlin) of Charité-Universitätsklinikum Berlin with a 12-

hour light/dark cycle at 19-21℃, 50-70% humidity and free access to food and water.  

3.2.2.2 Streptozotocin preparation 

STZ is a hydrophilic compound soluble in water, alcohol and ketone and stable at an 

acidic pH of 4.5. Therefore, 0.1 M citrate buffer (pH 4.5) was used to prepare a stable 

STZ solution. STZ in this experiment was provided by SIGMA-Aldrich CHEMIE GmbH, 

Steinheim, Germany.  

3.2.2.3 Streptozotocin injection  

After 4 hours of fasting, mice in STZ groups were i.p. injected with STZ solution at a 

dose of 50 mg/kg for five consecutive days (five days ahead of week 1). Control mice 

were injected with an equivalent volume of PBS instead. 
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3.2.2.4 Blood glucose monitoring and HbA1c measurement   

After the initial STZ solution injections, BG levels were monitored weekly using the 

Accu-Chek Aviva® (Roche Diabetes Care Deutschland GmbH, Mannheim, Germany). 

Mice with hyperglycemia (fasting BG level ≥ 250 mg/mL) were defined as diabetic and 

used for the following experiments [84, 85]. Glycated hemoglobin fraction (HbA1c) was 

defined as the proportion of glycated hemoglobin in non-glycated hemoglobin, which 

was measured on the 9th week in all groups by the Helena GLYCO-Tek kit (Helena 

Laboratories, Texas, USA).  

3.2.3 Bone marrow-derived mesenchymal stromal cell intervention  

In this experiment, wild type (WT), CD362-, and CD362+ BM-MSCs from the same 

donor were provided by Orbsen Therapeutics Ltd. Four weeks after STZ application, 

WT, CD362-, and CD362+ MSCs at passage 4 with a concentration of 1x106 / mouse in 

200 µl PBS were i.v. injected in mice in STZ WT, STZ CD362-, and STZ CD362+ groups, 

respectively. Mice in the control and STZ groups were injected with an equivalent 

volume of PBS instead. 

3.2.4 Catheter-based hemodynamic measurements 

3.2.4.1 Measurement Procedure  

Four weeks after MSCs or PBS application, all mice received a pressure-volume 

conductance catheter measurement under general anesthesia through apical stab 

according to Pacher et al. [86]. The main procedure steps are shown in Figure 3. A 

combination of buprenorphine and urethane was used for anesthesia by i.p. injection at 

a dose of 0.05mg/kg and 0.8-1.2g/kg, respectively. Anesthesia depth was checked by 

pain stimulus. For intubation, a 22G cannula was used, which was connected to the 

ventilator (Min-Vent, Harvard Apparatus, Massachusetts, USA). 

The pressure-volume (PV) data of the LV were recorded in real time with conductance 

catheter (Figure 4), by which it is possible to determine both volume-dependent and -

independent parameters that describe the heart function [86]. In the procedure, a 1.2  

French catheter (Scisense Inc., Ontario, Canada) was placed into LV, which was 

connected to a pressure-volume-amplifier system (MPVS 300/400, Millar Instruments, 

Houston, USA). Data were collected using the software program "IOX", 1.8.9 (EMKA 

Technologies, Falls Church, USA) and then analyzed using the program "Circlab 
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2004" (Paul Steendijk, GTX Medical Software, Belgium). According to the flow chart, 

baseline PV loops were recorded, followed by volume calibration with hypertonic saline 

(10%) injection [87]. All data were acquired without ventilation for 5 seconds to avoid 

lung motion artifacts. The mean value of three continuous measurements of 

hemodynamic parameters was used in final statistical analysis. Common hemodynamic 

parameters assessed in PV measurement are listed in Table 11.  

Table 11. Hemodynamic parameters  

Parameter Definition 

dP/dtmax (mmHg/s) The maximal rate of rise of LV pressure 

dP/dtmin  (mmHg/s) The maximal rate of decrease of LV pressure 

EF (%) Ejection fraction, the fraction of blood volume pumped out of the LV in each 
cardiac cycle

LVESV (µl) The volume of the LV at the end of systole

LVEDV (µl) The volume of the LV at the end of diastole

LVESP (mmHg) The pressure in the LV at the end of systole

LVEDP (mmHg) The pressure in the LV at the end of diastole

SV (µl) Stroke volume, the blood volume pumped from the LV into the aorta with each 
beat

Figure 4. Mouse pressure-volume catheters (A) and representative examples of mouse baseline 
pressure-volume loops (B) [86]. 

�

�20



3.2.4.2 Tissue collection  

After the hemodynamic measurement, mice were sacrificed and hearts and spleens 

were harvested for molecular and histological analyses. All tissue was immediately 

frozen in liquid nitrogen. Serum samples were kept frozen at -80°C.  

3.2.5 Immunohistochemical analysis 

Immunohistochemical analysis [88] was carried out on 5-µm-thick cryosections using 

antibodies listed in Table 12. Analysis of stained sections was made in a blinded fashion 

by digital image analysis on a Leica DM2000 LED microscope (Leica Microsystems, 

Wetzlar, Germany) at a 100x magnification. 

Table 12. Antibodies used in the Immunohistochemical analysis  

3.2.5.1 Cryosections  

All tissue specimens were stored at -80 °C. Before cutting, tissues were directly aligned 

on the stamp of the cryostat and embedded with Tissue-Tek optimum cutting 

temperature compound (Sakura, Zoeterwoude, The NetherLands). The frozen sections 

were cut on a cryostat (Microm, Minnesota, USA), and the average thickness was 5 µm. 

The sections were mounted on adhesive slides, dried at room temperature (RT) and 

subsequently stored at -20 °C. 

3.2.5.2 Immunohistochemical staining 

Based on antigen-antibody reactions, immunohistochemical stainings aims to detect 

histological antigens on sections. The antigen-specific antibody is bound to a secondary 

Primary Ab Species Dilution Second Ab Species Dilution Method

α-SMA Rabbit 1:200 EnVision Anti-Rabbit — EnVision

CD4+ Rat 1:50 Dianova Anti-Rat 1:250 ABC

CD68+ Rabbit 1:150 EnVision Anti-Rabbit — EnVision

CD8a+ Rat 1:50 Dianova Anti-Rat 1:250 ABC

Collagen I Rabbit 1:500 EnVision Anti-Rabbit — EnVision

Collagen III Rabbit 1:200 EnVision Anti-Rabbit — EnVision
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antibody with a coupled enzyme. Further, the distribution and localization of biomarkers 

or differentially expressed proteins in different parts of tissue is subsequently visualized 

by an appropriate substrate. In this study, the Avidin-biotin complex (ABC) staining and 

the EnVision staining methods were used. 

3.2.5.2.1 Avidin-biotin complex staining  

The ABC staining is termed an immunoperoxidase method, which is based on the 

binding of an antibody to a suitable target antigen. The extraordinary affinity of avidin for 

biotin allows specific binding between biotin-containing molecules in the complex 

mixture and avidin. This combination of biochemistry has a stable, almost irreversible 

character. In this study, it was used to determine the cardiac infiltration of inflammatory 

cells such as CD4+, CD8a+ and CD68+. 

3.2.5.2.2 EnVision staining  

EnVision staining is a two-step staining in which the application of the primary antibody 

is followed by a polymeric conjugate consisting of a large number of secondary 

antibodies (goat anti-mouse or goat anti-rabbit) bound directly to a dextran backbone 

containing horseradish peroxidase. One such conjugate contains up to 100 horseradish 

peroxidase  molecules and up to 15 antibodies. Therefore, it is suitable for a variety of 

antibodies. EnVision has the advantage of eliminating endogenous biotin-induced 

nonspecific staining, with fewer steps than ABC staining. In this study, it was used to 

demonstrate the expression of collagen I and III, and alpha-SMA in cardiac tissue.  

3.2.5.3 Digital image analysis 

All tissue sections were analyzed with the color-coded digital image analysis technique 

through light microscopy (Leica DM2000 LED). Twenty view fields from each specimen 

were evaluated in a 100x magnification and digitized by a video camera. With this 

evaluation method, the selected fields in light microscope can be independently and 

accurately evaluated. The digital image processing was performed with the digital 

software (Leica Application Suite version 4.4.0) for which a self-programmed macro, 

one for areal and one for cell calculation has been developed. All microscopic images 

obtained for detecting the stained antigens were measured with a 100-fold microscope 

magnification. Quantification of collagen I, collagen III and α-SMA was expressed as 
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area fraction (AF) in %. The infiltration of immune cells (CD4+, CD8a+, CD68+) was 

expressed in the form of positive cells/mm2. 

3.2.6 Gene expression analysis  

3.2.6.1 RNA extraction 

The TRIzol™ reagent (Invitrogen, Heidelberg, Germany) was used to isolate ribonucleic 

acid (RNA) from the LV. Frozen tissue samples in a FACS tube containing 1 ml TRIzol™ 

reagent were homogenized for 30 seconds, shaken for 15 seconds after adding 200 µl 

chloroform, and then incubated at RT for 2 minutes. Then, they were centrifuged at an 

accelerated speed of 10,000 rpm for 15 minutes at 4 °C and a colorless upper phase, 

containing the RNA, was collected. For RNA precipitation, 500µl of 100% isopropanol 

was added, incubated at RT for 15 minutes, and centrifuged at 10,000 rpm at 4 °C for 

10 minutes. The supernatant was removed and 500 µl ethanol (70%) was added and 

vortexed, followed by centrifugation for 10 minutes  at 4 °C and at an acceleration of 

7,500 rpm. The remaining RNA pellets were dissolved in 100 µl RNase-free water and 

purified with the NucleoSpin® RNA mini kit (Macherey-Nagel GmbH, Düren, Germany). 

Samples were supplemented with 300 µl RA1 buffer and 300 µl ethanol (96%) and 

centrifuged at 12,000 rpm for 30 seconds followed by adding 350 µl membrane 

desalting buffer and a repeated centrifugation at 12,000 rpm for 1 minute. Next, 10 µl 

reconstituted rDNase was mixed with 90 µl reaction buffer and samples were incubated 

at RT for 15 minutes. Membranes were washed 3 times with 200 µl RA2, 600 µl RA3, 

and 250 µl RA3, respectively, and then centrifuged for 2 minutes. Finally, 50 µl RNase-

free water was used to elute the RNA and centrifuged for 1 minute. The 

spectrophotometer (NanoDrop 1000, Thermo Scientific, Erlangen, Germany) was used 

to examine the concentration of RNA with absorbance at 260 nm. 

3.2.6.2 Reverse Transcription 

Reverse transcription from isolated RNA to complementary DNA (cDNA) was performed 

by the high Capacity cDNA Reverse Transcription Kit from Applied Biosystems 

(Darmstadt, Germany). 1 µg RNA was completed to a total volume of 11 µl RNase-free 

water. Random primers and template RNA were heated for 5 minutes  at 70 °C in a 

thermocycler. Meanwhile, a master-mix was prepared by mixing the following 

components in one tube: 2 µl buffer + 3.2 µl RNase-free water + 1 µl reverse 
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transcriptase. The reaction tubes were directly put on ice and  6.2 µl of the master-mix 

was added. Then, the reverse transcription was performed in a thermocycler according 

to the following program: 10 minutes at 25 °C, 2 hours at 37 °C, followed by additionally 

5 minutes at 85 °C and cool down to 4 °C. Finally, 30 µl RNase-free water was added to 

each sample to a final volume of 50 µl. 

3.2.6.3 Real-time polymerase chain reaction  

Real-time polymerase chain reaction (PCR) was performed by using a mixture of 5 µl 

PCR master-mix, 0.5 µl gene reporter assay, and 3.5 µl water.  

The reporter assays obtained (Life Technologies GmbH, Darmstadt, Germany) included 

forward and reverse primers as well as the fluorescently 5’ 6’FAM-labelled probe, with  a 

3’ non-fluorescent Quencher NFQ-MGB). All primers used in this experiment are listed 

in Table 7. The 7900HT real-time system (Applied Biosystems, Darmstadt, Germany) 

was used to amplify the sample according to the following steps:  

First, Prevention of carry-over contamination by addition of Uracil-DNA N-Glycosylase 

(UNG) for 2 minutes at 50°C. Second, denaturation and activation of the amplification-

Taq DNA polymerase for a period of 10 minutes at a temperature of 95°C, and second 

denaturation for 15 seconds at a temperature of 95°C. Third, annealing and elongation 

over 1 minute at a temperature of 60°C. Depending on the target gene, second 

denaturation, annealing and elongation were repeated 40 or 45 times. Analysis of the 

collected data was performed using the SDS program 2.2.2 (Applied Biosystems, 

Darmstadt, Germany). 

3.2.6.4 Housekeeping gene 

Housekeeping genes are typically constitutive genes required to maintain essential cell 

functions and are expressed in all cells of the organism under normal and 

pathophysiological conditions [89]. In this experiment, L32 was chosen as the 

housekeeping gene and used for normalization of the target gene (Figure 5). Data were 

further normalized against L32, which served as an endogenous control using the 2^-

ΔΔCt formula. To evaluate the n-fold change, mRNA levels in other groups were 

compared to the control group. 
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3.2.7 Flow cytometry analysis 

3.2.7.1 Immunomodulatory effects of MSCs  

Flow cytometry was used to analyze the potential immunomodulatory effects of MSCs in 

STZ-induced diabetic mice. Spleens from all groups in this experiment were collected 

and a single cell suspension was prepared. In detail, the collected spleens were 

positioned in a petridish containing RMPI media and mashed through a 70 µm cell 

strainer using the plunger of a 2.5 ml syringe. The cell strainer was then flushed with 15 

ml PBS containing 1% FBS. Afterwards, the solution was centrifuged for 5 minutes  at 

3500 rpm and RT. The supernatant was carefully aspirated and the remaining pellet was 

resuspended in 6 ml ACK lysis buffer. Lysis of the erythrocytes was stopped with 40 ml 

RPMI after incubating for 4 minutes. Finally, the cell suspension was passed through a 

40 µm cell strainer and centrifuged at RT and 3500 rpm for 5 minutes. Subsequently, 

the supernatant was aspirated, and the cell pellet was resuspended in FBS 

supplemented with 10% DMSO and stored at -80 °C for further analysis. 

Figure 5. Housekeeping gene L32 in streptozotocin-induced diabetic mice. Bar graphs 
represent Ct value of L32 among CO (n=9), STZ (n=10), STZ WT (n=11), STZ CD362-  (n=9) 
and STZ CD362+ (n=11) groups. Data are expressed as mean ± SEM, P value from Kruskal-
Wallis test. *p<0.05, **p<0.01. Abbreviations: ct= cycle threshold, STZ= streptozotocin, WT= 
wild type.   

(
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3.2.7.2 Splenic regulatory T cells  

The mouse Tregs detection kit (Miltenyi Biotec) was used to analyze splenic regulatory 

T cells (Tregs) in this experiment. Furthermore, Annexin V staining was performed to 

analyze apoptotic Tregs. In detail, 1x106 defrozen splenocytes were resuspended in 85 

µl binding buffer at a dilution of 1:10. The corresponding volumes of CD4, CD25 and 

Annexin V V450 (BD Bioscience, Heidelberg, Germany) AB were added to the solution 

and incubated for 20 minutes at 4℃ in darkness. After incubation, splenocytes were 

washed and centrifuged (all centrifuge at 3000 rpm for 5 minutes at 4℃). After 

aspiration of the supernatant, cells were resuspended in 1 ml of cold freshly prepared 

fixation/permeabilization solution and incubated 30 minutes at 4℃ in the dark. After 

washing, and additional centrifugation, the cell pellet was resuspended in 80 µl of cold 

permeabilization buffer and then incubated for 15 minutes and then transcription factor 

forkhead box protein P3 (FoxP3) AB was added for further 30 minutes at 4 °C. By 

adding 1 ml of cold permeabilization buffer, cells were washed and then centrifuged 

again. The cell pellet was resuspended in a suitable volume of PBS and measured on a 

MACSQuant Analyzer (Miltenyi Biotec) and the FlowJo software version 8.8.6. (Tree 

Star Inc., USA) was used for further analysis. 

3.2.7.3 Splenic cytokine production 

Defrozen splenocytes were plated at a density of 1x106 cells/well in 96-well U-bottom 

plates (n=5 wells per condition) in Iscove medium (Sigma) containing 10% FBS and 1% 

P/S. Cells were further stimulated with PMA/Ionomycin (BD Biosciences) at a final 

concentration of 50 ng/ml and 500 ng/ml in 6 ml Iscove medium. And then, 4 µl of BD 

GolgiStop™ (BD Biosciences) was added for every 6 ml of the stimulation media and 

cells were incubated overnight in the dark. The next day, cells were collected, 

centrifuged and washed with PBS containing 1% FBS. Afterwards, cells were incubated 

with 300 µl fixation/permeabilization solution (Invitrogen) for 20 minutes at 4°C. For 

washing the cells, 1ml BD Perm/Wash™ buffer (Invitrogen) was added and samples 

were centrifuged. By adding 42.5 µl BD Perm/Wash™ buffer supplemented with TGF-β 

AB and TNF-a AB, splenocytes were stained for 30 minutes at 4 °C in the dark. Finally 

after centrifugation, the cell pellet was resuspended in 200 µl PBS for flow cytometric 

analysis. 
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3.2.7.4 Splenocyte activation and proliferation 

After defreezing and labeling with CFSE (CellTrace™ CFSE Cell Proliferation Kit; 

lifetechnologies), 1x106 splenocytes were washed and centrifuged at 3000 rpm for 5 

minutes. Labeled cells were plated at a density of 1x106 cells/well in 96-well plates U-

bottom plates (n=5 wells per condition) in Iscove medium (Sigma) containing 10% FBS 

and 1% P/S. Subsequently, cells were stimulated overnight with PMA/Ionomycin at a 

final concentration of 50 ng/ml and 500 ng/ml in 6 ml Iscove medium. One day later, 

CD4 and CD8 staining was performed. After additional washing and centrifugation 

steps, the resulting cell pellet was resuspended in 200 µl PBS for subsequent flow 

cytometry analysis.  
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3.3 Statistical analysis  

Data are expressed as mean ± standard error of mean (SEM). Normality was checked 

by Shapiro-Wilk test. Multiple comparisons among groups were conducted by using 

one-way ANOVA (Bonferroni’s multiple comparisons test) for normally distributed data 

and Kruskal-Wallis test (Dunn’s multiple comparisons test) for skewed data. Analyses 

were performed by GraphPad Prism 7.0 (GraphPad Software, Inc., La Jolla, USA). A p 

value < 0.05 was considered statistically significant. 
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4. RESULTS  

4.1 Blood glucose and HbA1c levels 

BG and HbA1c levels through this experiment are listed in Table 13. HbA1c levels were 

only measured at the end of the experiment. 

Table 13. Blood glucose and HbA1c levels 

BG progression in mice of all experimental groups over 9 weeks from the start of the 

experiment followed by the STZ application and MSCs injection is shown in Figure 6. At 

the start, before the STZ injection, there was no significant difference in BG level 

between the control mice and the four other STZ intervention groups (all p>0.05). Four 

weeks after STZ injection, BG levels increased by 3.0-fold (p<0.0001), 2.7-fold 

(p<0.0001), 2.6-fold (p<0.0001), and 2.5-fold (p<0.0001) in the respective STZ, STZ 

WT, STZ CD362-, and STZ CD362+ groups, compared to control mice.  

Four weeks after MSCs administration, BG levels were 2.5-fold (p=0.0013), 2.4-fold 

(p<0.005), 2.7-fold (p<0.0001), and 2.2-fold (p<0.05) higher in STZ, STZ WT, STZ 

CD362-, and STZ CD362+ groups compared to the control group, respectively. There 

Parameters Control 
(n=9)

STZ 
(n=10)

STZ WT 
(n=11)

STZ CD362- 
(n=9)

STZ CD362+ 
(n=11)

BG (mg/dl)

Starting 149.3 ± 5.5 151.5 ± 8.4 153.7 ± 5.4 157.0 ± 6.4 151.5 ± 6.6

Week 1 161.8 ± 10.4 187.6 ± 7.5 180.5 ± 7.6 201.9 ± 16.3 177.1 ± 7.8

Week 2 151.7 ± 6.2 350.2 ± 26.5 313.1 ± 22.7 326.4 ± 24.9 301.2 ± 19.3

Week 3 136.7 ± 6.9 411.6 ± 17.7 321.9 ± 30.7 389.7 ± 28.7 352.6 ± 18.1

Week 4 147.8 ± 8.4 447.5 ± 21.8 386.7 ± 29.0 380.8 ± 38.19 376.5 ± 30.5

Week 5 150.4 ± 5.0 451.3 ± 26.6 401.8 ± 23.8 387.7 ± 36.8 368.5 ± 24.7

Week 6 144.7 ± 7.5 395.2 ± 23.6 362.2 ± 25.2 412.0 ± 22.9 364.5 ± 25.7

Week 7 138.3 ± 3.9 437.0 ± 27.2 375.9 ± 29.6 394.3 ± 37.1 361.2 ± 27.9

Week 8 146.2 ± 7.0 409.2 ± 15.6 381.8 ± 31.7 383.6 ± 28.7 334.0 ± 21.3

Week 9 183.6 ± 8.9 467.6 ± 20.0 439.6 ± 34.0 489.4 ± 30.5 398.3 ± 33.3

HbA1c (%) 5.4 ± 0.1 10.3 ± 0.2 9.5 ± 0.3 9.2 ± 0.5 8.9 ± 0.4

Abbreviations: BG= Blood glucose, HbA1c= Hemoglobin A1c. 
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was no significant difference between STZ and the STZ-MSCs groups. Not was there a 

difference in BG level between the MSCs intervention groups (Figure 7). 

Four weeks after MSCs administration, HbA1c levels were 1.9-fold (p<0.001), 1.8-fold 

(p<0.001), 1.7-fold (p<0.001), and 1.7-fold (p<0.001) higher in the STZ, STZ WT, STZ 

CD362-, and STZ CD362+ groups compared to the control group, respectively. There 

was no significant difference in HbA1c levels between STZ and the STZ-MSCs 

intervention groups, not between the STZ-MSCs intervention groups (Figure 7).  

Figure 6. Blood glucose progression from baseline followed by STZ application and BM-MSCs 
application 4 weeks after STZ application in streptozotocin-induced diabetic mice. 
Abbreviations: BM= bone marrow, Co=control group, MSCs= mesenchymal stromal cells, STZ= 
Streptozotocin, WT= wilde type.
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4.2 Cardiac function parameters 

The EF was 1.2-fold (p<0.05) higher in the STZ than in the control group. Four weeks 

after MSCs application, EF in the STZ WT, STZ CD362- and STZ CD362+ groups was 

also not significantly different from that of the STZ group. Finally, EF was 1.2-fold 

(p<0.05) higher in the STZ WT than in the STZ CD362+ group (Figure 8 A). 

Furthermore, the SV was not significantly different between the STZ and the control 

group. Four weeks after MSCs application, SV in the STZ CD362+ group was 1.3-fold 

(p<0.05) lower than in the STZ group. Finally, there was no difference in SV between 

the MSCs intervention groups (Figure 8 E). 

The LVESV was not significantly different between the STZ and the control group. Four 

weeks after MSCs application, LVESV in the STZ WT, and STZ CD362- groups was 

also not significantly different from the STZ group. Finally, LVESV was 1.5-fold (p<0.05) 

higher in the STZ CD362+ than in the STZ WT group (Figure 8 B).  

Figure 7. Blood glucose and HbA1c levels 4 weeks after stromal cell application in 
streptozotocin-induced diabetic mice. Bar graphs represent A. BG levels among CO (n=9), STZ 
(n=10), STZ WT (n=11), STZ CD362-  (n=9) and STZ CD362+ (n=11) groups. B. HbA1c level among 

groups. Data are expressed as mean ± SEM, P values are from One-way ANOVA (BG) and Kruskal-
Wallis test (HbA1c). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Abbreviations: ANOVA= analysis of 
variance, BG= blood glucose, HbA1c= glycated hemoglobin, STZ= streptozotocin, WT= wild type.   

(
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The LVEDV was not significantly different between the STZ and the control group. Four 

weeks after MSCs application, LVEDV in the STZ WT and STZ CD362- groups was 1.2-

fold (p<0.05) and 1.2-fold (p<0.05) lower compared to the STZ group, respectively. 

Finally, there was no difference in LVEDV between MSCs intervention groups (Figure 8 
F). 

The LVESP was significantly 1.2-fold (p<0.05) higher in the STZ than in the control 

group. Four weeks after MSCs application, LVESP in the STZ WT, and STZ CD362- 

group was not significantly different from that of the STZ group. Finally, there was no 

difference in LVESP between the MSCs intervention groups (Figure 8 C). 

The LVEDP was 1.7-fold (p=0.0010) higher in the STZ than in the control group. Four 

weeks after MSCs application, LVEDP was 1.6-fold (p<0.01) and 1.4-fold (p<0.05) lower 

in the STZ WT, and STZ CD362- groups compared to the STZ group, respectively. 

Figure 9. Cardiac function parameters 4 weeks after stromal cell application in streptozotocin-
induced diabetic mice.  Bar graphs represent: A.EF, B.LVESV, C. LVESP, D. dP/dtmax , E. SV, F. 
LVEDV, G. LVEDP, H. dP/dtmin  in CO (n=9), STZ (n=10), STZ WT (n=11), STZ CD362- (n=9) and STZ 
CD362+ (n=11) groups. Data are expressed as mean ± SEM, p values are from One-way-ANOVA, 
*p<0.05, **p<0.01, ***p<0.001. Abbreviations: ANOVA= analysis of variance, CO= control group, dP/
dtmax = the maximum rate of the rise of LV pressure, dP/dtmin = the maximal rate of decrease of LV 
pressure, EF= ejection fraction, LVEDV= the volume of the left ventricle at the end of diastole, LVEDP= 
left ventricle pressure at the end of diastole, LVES＝ the pressure in the left ventricle at the end of 
systole, LVESV= the volume of the left ventricle at the end of systole, STZ= streptozotocin, SV= stroke 
volume, WT= wild type.
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Finally, there was no difference in LVEDP between MSCs intervention groups (Figure 8 

G). 

The dP/dtmax was 1.4-fold (p<0.05) higher in the STZ than in the control group. Four 

weeks after MSCs application, dP/dtmax in the STZ WT, and STZ CD362- groups was 

not significantly different from that of the STZ group. Finally, dP/dtmax was 1.3-fold 

(p<0.05) higher in the STZ CD362- than in the STZ CD362+ group (Figure 8 D). 

The dP/dtmin was not significantly different between the STZ and the control group. Four 

weeks after MSCs application, dP/dtmin in the STZ WT and STZ CD362- groups was not 

significantly different from that of the STZ group either. Finally, there was no difference 

in dP/dtmin between the MSCs intervention groups (Figure 8 H). 

4.3 Left ventricle fibrosis 

4.3.1 Gene expression 

LV collagen 1a1 (col1a1) mRNA expression was not increased in STZ compared to 

control mice. Four weeks after MSC application, LV col1a1 mRNA expression was not 

different in the STZ WT, STZ CD362- and STZ CD362+ groups compared to the STZ 

group either, nor was there a difference in col1a1 mRNA expression between the MSCs 

intervention groups (Figure 9 A). However, col1a1 mRNA expression was 1.6-fold 

(p<0.01), 1.6-fold (p<0.01) and 1.4-fold (p<0.05) increased in STZ WT, STZ CD362- and 

STZ CD362+ mice, respectively, compared to control mice. 

LV collagen 3a1 (col3a1) mRNA expression was not significantly different between the 

STZ and the control group. Four weeks after MSCs application, there was no difference 

in LV col3a1 mRNA expression in the STZ WT, STZ CD362- and STZ CD362+ groups 

compared to the STZ group, nor was there a difference in col3a1 between the MSCs 

intervention groups (Figure 9 B). 
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Also, LV α-SMA mRNA expression was not significantly different between STZ and 

control mice. Four weeks after MSC application, LV α-SMA mRNA expression was 1.4-

fold (p<0.05) and 1.3-fold (p=0.0587) lower in STZ WT and STZ CD362+ mice 

compared to STZ mice, respectively. Furthermore, LV α-SMA mRNA expression in STZ 

Figure 9. Collagen I, III, α-SMA and TGF-β mRNA expression in the left ventricle 4 weeks after 
stromal cell application in streptozotocin-induced diabetic mice.  Bar graphs represent: A. α-1 
collagen I, B. α-1 collagen III, C. α-SMA, D. TGF-β mRNA expression in CO (n=9), STZ (n=10), STZ 
WT (n=11), STZ CD362- (n=9) and STZ CD362+ (n=11) groups. Data are expressed as mean ± SEM, p 

values are from One-way-ANOVA (collagen I and TGF-β) and from Kruskal-Wallis test. (collagen III and  
α-SMA) *p<0.05, **p<0.01, ***p<0.001. Abbreviations: ANOVA= analysis of variance, α-SMA= Alpha-
smooth muscle actin, Col1a1= alpha-1 type I collagen, Col3a1= alpha-1 type 3 collagen, STZ= 

streptozotocin, TGF-β=transforming growth factor β, WT= wild type.   
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CD362- was 1.4-fold (p<0.05) and 1.3-fold (p<0.05) higher compared to STZ WT and 

STZ CD362+ groups, respectively (Figure 9 C). 

LV TGF-β mRNA expression was 1.4-fold (p<0.01) higher in STZ than in control mice. 

Four weeks after MSC application, there was neither a difference in LV TGF-β mRNA 

expression in the STZ WT, STZ CD362- and STZ CD362+ groups compared to the STZ 

group, nor was there a difference in TGF-β between the MSC intervention groups. 

However, TGF-β mRNA expression was 1.4-fold (p<0.01), 1.5-fold (p<0.001) and 1.3-

fold (p<0.05) higher in STZ WT, STZ CD362- and STZ CD362+ mice, respectively, 

compared to control mice (Figure 9 D). 

4.3.2 Immunohistological evidence 

4.3.2.1 Extracellular matrix protein collagen I expression 

The mean AF of extracellular matrix protein collagen I expression in the control, STZ, 

STZ WT, STZ CD362-, and STZ CD362+ groups was 9.2±1.1%, 9.3±1.8%, 7.0±0.6%, 

10.2±0.8% and 8.6±0.7% per mm2 heart area, respectively. 

In line with the LV col1a1 mRNA expression data, LV collagen I expression was not 

significantly different between the STZ and the control group. Four weeks after MSCs 

application, collagen I expression in the STZ WT, STZ CD362- and STZ CD362+ groups 

was also not significantly different from the STZ group. Finally, there was no difference 

in collagen I protein expression between the MSCs intervention groups (Figure 10). 
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4.3.2.2 Extracellular matrix protein collagen III expression 

The mean AF of extracellular matrix protein collagen III expression in the LV of control, 

STZ, STZ WT, STZ CD362-, and STZ CD362+ mice was 13.1±1.6%, 16.3±1.1%, 

19.6±1.1%, 23.8±0.8% and 21.7±1.5% per mm2 heart area, respectively.  

LV collagen III expression was not significantly different between the STZ and the 

control group. However, LV collagen III expression was 1.5-fold (p<0.01) and 1.3-fold in 

(p<0.05) higher in the STZ CD362- and STZ CD362+ groups versus the STZ group, 

respectively, There was no difference in LV collagen III protein expression between the 

MSCs intervention groups (Figure 11). 

Figure 10. Collagen I expression in the left ventricle 4 weeks after stromal cell application in 
streptozotocin-induced diabetic mice.  A. Representative collagen I expression in LV sections of CO 
(n=9), STZ (n=10), STZ WT (n=11), STZ CD362- (n=9) and STZ CD362+ (n=11) groups, at 100x 

magnification. B. Bar graphs represent AF of LV collagen I protein expression (area / HA mm2) among 
groups. Data are expressed as mean ± SEM, p values are from One-way-ANOVA. *p<0.05. 
Abbreviations: AF= area fraction, ANOVA= analysis of variance, HA= heart area, LV=left ventricle, 

STZ= streptozotocin, WT= wild type.   

Figure 11. Collagen III expression in the left ventricle 4 weeks after stromal cell application in 
streptozotocin-induced diabetic mice.  A. Representative collagen III expression in LV sections of 

CO (n=9), STZ (n=10), STZ WT (n=11), STZ CD362- (n=9) and STZ CD362+ (n=11) groups, at 100x 
magnification. B. Bar graphs represent AF of LV collagen III protein expression (area / HA mm2) among 
groups. Data are expressed as mean ± SEM, p values are from One-way-ANOVA. *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. Abbreviations: AF= area fraction, ANOVA= analysis of variance, HA= heart 
area, LV= left ventricular, STZ= streptozotocin, WT= wild type.    
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4.3.2.3 Alpha-smooth muscle actin protein expression 

The mean AF of α-SMA protein expression in the LV of control, STZ, STZ WT, STZ 

CD362-, and STZ CD362+ groups was 0.36±0.03%, 0.34±0.02%, 0.41±0.04%, 

0.34±0.03% and 0.37±0.03% per mm2 heart area, respectively.  

LV α-SMA expression was not significantly different between the STZ and the control 

group. Also, LV α-SMA expression in STZ WT, STZ CD362- and STZ CD362+ mice was 

not significantly different from the STZ group. There was no difference in LV α-SMA 

protein expression between the MSCs intervention groups (Figure 12). 

4.4 Left ventricle inflammation  

4.4.1 Gene expression 

LV IL-1β mRNA expression was not significantly different between the STZ and the 

control group. Four weeks after MSCs application, LV IL-1β mRNA expression in the 

STZ WT, STZ CD362- and STZ CD362+ groups was not significantly different from the 

Figure 12. α-SMA expression in the left ventricle 4 weeks after stromal cell application in 
streptozotocin-induced diabetic mice.  A. Representative α-SMA in LV sections of CO (n=9), STZ 
(n=10), STZ WT (n=11), STZ CD362-  (n=9) and STZ CD362+ (n=11) groups, at 100x magnification. B. 
Bar graphs represent mean AF of LV α-SMA protein expression (area / HA mm2) among groups. Data 

are expressed as mean ± SEM, p value from Kruskal-Wallis test. *p<0.05. Abbreviations: AF= area 
fraction, α-SMA= alpha-smooth muscle actin, HA= heart area, LV= left ventricle, STZ= streptozotocin, 
WT= wild type.     
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STZ group and there was no difference in LV IL-1β mRNA expression between the 

MSCs intervention groups (Figure 13 A). 

LV TNF-α mRNA expression was not significantly different between the STZ and the 

control groups (p=0.0506). Four weeks after MSCs administration, LV TNF-α mRNA 

expression in STZ CD362- mice was 1.3-fold (p=0.0551), 1.6-fold (p=0.0010), and 1.4-

fold (p<0.05) higher than in STZ, STZ WT  and STZ CD362+  mice, respectively, (Figure 

13 B). 
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LV S100 calcium-binding protein A8 (S100A8) mRNA expression was not significantly 

different between the STZ and the control group. Four weeks after MSCs 

administration, LV S100A8 mRNA expression in the STZ CD362- was 2.1-fold, 1.6-fold 

higher than the STZ (p<0.01), and the STZ WT (p=0.0699) groups (Figure 13 C). 

S100 calcium-binding protein A9 (S100A9) mRNA expression was 2.6-fold (p<0.05) 

higher in the STZ than in the control group. Four weeks after MSCs injection, LV 

S100A9 mRNA expression was not significantly different in the STZ WT, STZ CD362- 

and STZ CD362+ groups versus the STZ group. There was no difference in LV S100A9 

mRNA expression among the MSCs intervention groups (Figure 13 D). 

Figure 13. Cytokine and S100A8/A9 mRNA expression in the left ventricle 4 weeks after stromal 
cell application in streptozotocin-induced diabetic mice. Bar graphs represent: A. IL-1β. B. TNF-α. 
C. S100A8. D. S100A9 mRNA expression in CO (n=9), STZ (n=10), STZ WT (n=11), STZ CD362- (n=9) 

and STZ CD362+ (n=11) groups. Data are expressed as mean ± SEM, p value from One-way-ANOVA 
(S100A8) Kruskal-Wallis test (IL-1β,TNF-α and S100A9). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
Abbreviations: ANOVA= analysis of variance, IL-1β= Interleukin-1β, S100A8= S100 calcium-binding 

protein A8, S100A9= S100 calcium-binding protein A9, STZ= streptozotocin, TNF-α = Tumor necrosis 
factor alpha, WT= wild type.     

!

�39



Intercellular adhesion molecule 1 (ICAM-1) mRNA expression in the LV was 1.4-fold 

(p<0.05) higher in the STZ than the control group. Four weeks after MSCs 

administration, LV ICAM-1 mRNA expression was not significantly different in the STZ 

WT, STZ CD362- and STZ CD362+ groups compared to the STZ group. Furthermore, 

there was no difference in LV ICAM-1 mRNA expression between the MSCs 

intervention groups (Figure 14 A). 

Vascular cell adhesion molecule 1 (VCAM-1) mRNA expression in the LV was not 

significantly different between the STZ and the control group. Four weeks after MSCs 

injection, LV VCAM-1 mRNA expression was 1.3-fold (p<0.05) and 1.4-fold (p<0.001) 

lower in the STZ WT and STZ CD362+ groups than the STZ group. There was no 

difference in VCAM-1 mRNA expression between the MSCs intervention groups (Figure 

14 B). 

4.4.2 Immunohistological evidence 

4.4.2.1 CD4+ T lymphocytes 

The mean count of CD4+ T lymphocytes in control, STZ, STZ WT, STZ CD362-, and 

STZ CD362+ groups was 0.9±0.2, 0.9±0.1, 1.2±0.15, 0.8±0.4 and 1.0±0.6 per mm2 

heart area, respectively.  

The count of CD4+ T lymphocytes was not significantly different between the STZ and 

the control group. Also, the count of CD4+ T cells in the STZ WT, STZ CD362- and STZ 

CD362+ groups was not significantly different from the STZ group. There was no 

difference in count of CD4+ T lymphocytes between the MSCs intervention groups 

(Figure 15). 

Figure 14. ICAM-1 and VCAM-1 mRNA expression in the left ventricle 4 weeks after stromal cell 
application in streptozotocin-induced diabetic mice. Bar graphs represent: A. ICAM-1. B. VCAM-1 
mRNA expression in CO (n=9), STZ (n=10), STZ WT (n=11), STZ CD362- (n=9) and STZ CD362+ 

(n=11) groups. Data are expressed as mean ± SEM, p value from One-way-ANOVA (VCAM-1) and 
Kruskal-Wallis test (ICAM-1). *p<0.05, ***p<0.001. Abbreviations: ANOVA= analysis of variance, 
ICAM-1 ＝intercellular adhesion molecule 1, STZ= streptozotocin, VCAM-1＝vascular cell adhesion 

molecule 1, WT= wild type.
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4.4.2.2 CD8a+ cytotoxic T lymphocytes 

The mean count of CD8a+ cytotoxic T lymphocytes in control, STZ, STZ WT, STZ 

CD362-, and STZ CD362+ groups was 0.27±0.04, 0.23±0.04, 0.41±0.06, 0.34±0.07 and 

0.26±0.02 per mm2 heart area, respectively.  

The count of CD8a+ cells was not significantly different between the STZ and the control 

group, whereas the count of CD8a+ cells in the STZ WT group was 1.8-fold (p<0.05) 

higher than in the STZ group. The count of CD8a+ cells in the STZ CD362+ group was 

1.6-fold (p<0.05) lower than in STZ WT group (Figure 16). 

Figure 15. CD4+ T lymphocytes in left ventricle 4 weeks after stromal cell application in 
streptozotocin-induced diabetic mice. A. Representative CD4+ cells in LV sections of CO (n=9), STZ 

(n=10), STZ WT (n=11), STZ CD362- (n=9) and STZ CD362+ (n=11) groups, at 100x magnification. B. 
Bar graphs represent the mean count of CD4+ cell (area / HA mm2) of the groups. Data are expressed 
as mean ± SEM, p values are from One-way-ANOVA. *p<0.05. Abbreviations: ANOVA= analysis of 

variance, HA= heart area, LV=left ventricle, STZ= streptozotocin, WT= wild type.     
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4.4.2.3 CD68+ monocytes/macrophages 

The mean account of CD68+ monocytes / macrophages in the LV of control, STZ, STZ 

WT, STZ CD362- and STZ CD362+ groups was 79.0±9.5, 74.2±10.4, 72.8±5.7, 

96.9±16.3 and 125.0±14.0 per mm2 heart area, respectively.  

The count of CD68+ cells was not significantly different between the STZ and the control 

group, whereas the amount of CD68+ cells in the STZ CD362+ group was 1.7-fold 

(p<0.01) higher than in the STZ group. The count of CD68+ cells in the STZ CD362+ 

group was 1.7-fold (p<0.05) higher than in STZ WT group (Figure 17). 

Figure 16. CD8a+ cytotoxic T lymphocytes in left ventricle 4 weeks after stromal cell application 
in streptozotocin-induced diabetic mice. A. Representative CD8a+ cells in LV sections of CO (n=9), 

STZ (n=10), STZ WT (n=11), STZ CD362- (n=9) and STZ CD362+(n=11) groups, at 100x magnification. 
B. Bar graphs represent the mean count of CD8a+ cell (area / HA mm2) of the groups. Data are 
expressed as mean ± SEM, p values are from One-way-ANOVA. *p<0.05 Abbreviations: ANOVA= 

analysis of variance, HA= heart area, LV=left ventricle, STZ= streptozotocin, WT= wild type.   
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4.5 Immune regulation of splenocytes 

The percentage of TNF-α-expressing CD68 cells in control, STZ, STZ WT, STZ CD362- 

and STZ CD362+ groups was 1.030±0.059, 1.464±0.109, 3.324±0.268, 2.558±0.108, 

2.142±0.382, respectively. The percentage of CD68+TNF- α+ cells was not significantly 

different between the control and STZ groups, whereas the percentage of CD68+TNF-α+ 

cells was 2.3-fold (p<0.0001) and 1.7-fold (p<0.05) higher in the STZ WT and STZ 

CD362- groups compared to the STZ group, respectively. Furthermore, the percentage 

of CD68+TNF-α+ cells was 1.6-fold (p<0.05) higher in the STZ WT than in the STZ 

CD362+ group, respectively (Figure 18 A). 

The percentage of TGF-ß-expressing CD68 cells in control, STZ, STZ WT, STZ CD362- 

and STZ CD362+ groups was 0.192±0.073, 0.418±0.029, 0.069±0.003, 0.828±0.058, 

and 0.092±0.020, respectively. The percentage of TGF-ß-expressing CD68 cells was 

2.2-fold (p<0.05) higher in the STZ than in the control group. Furthermore, the 

percentage of TGF-ß-expressing CD68 cells was 2.0-fold (p<0.0001) higher in the STZ 

CD362- group versus the STZ group, but 6.0-fold (p=0.0001) and 4.5-fold (p=0.0003)  

Figure 17. CD68+ monocytes/macrophages in left ventricle 4 weeks after stromal cell application 
in streptozotocin-induced diabetic mice. A. Representative CD68+ cells in LV sections of CO (n=9), 

STZ (n=10), STZ WT (n=11), STZ CD362- (n=9) and STZ CD362+ (n=11) groups, at 100x magnification. 
B. Bar graphs represent mean the mean count of CD68+ cell (area / HA mm2) of the groups. Data are 
expressed as mean ± SEM, p value from One-way-ANOVA. **p<0.01. Abbreviations: ANOVA= 

analysis of variance, HA= heart area, LV=left ventricle, STZ= streptozotocin, WT= wild type.    

�

�43



lower in the STZ WT and STZ CD362+  groups compared to the STZ group, respectively 

(Figure 18 B).  

The percentage of Tregs in control, STZ, STZ WT, STZ CD362- and STZ CD362+ 

groups was 0.148±0.016, 0.162±0.009, 0.156±0.009, 0.266±0.014, and 0.212±0.009, 

respectively. The percentage of Tregs was not significantly different between the STZ 

and the control group. From the different MSC STZ groups, the percentage of Tregs 

was significantly different only in the STZ CD362- versus the STZ group. Furthermore, 

the percentage of Tregs was 1.7-fold (p<0.0001) and 1.4-fold (p<0.05) higher in the STZ 

CD362- and STZ CD362+ mice than in the STZ WT mice, respectively, and the 

percentage of Tregs was 1.3-fold (p<0.05) higher in the STZ CD362- than in the STZ 

CD362+ group  (Figure 18 C).  

The percentage of apoptotic Tregs in control, STZ, STZ WT, STZ CD362- and STZ 

CD362+ groups was 37.84±3.901, 43.2±2.494, 45.08±3.166, 50.6±2.578, and 

46.96±2.305, respectively. The percentage of apoptotic Tregs was not significantly 

different between the STZ and control groups. The percentage of apoptotic Tregs was  

not significantly different in the STZ WT, STZ CD362- and STZ CD362+ groups 

compared to the STZ group either, not was there a difference in the percentage of 

apoptotic Tregs among the MSCs intervention groups (Figure 18 D). 
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Figure 18. Impact of stromal cells on the immune status of splenocytes isolated from 
streptozotocin-induced diabetic mice. Bar graphs represent the percentage of A. TNF-α-expressing 

CD68 cells are shown as % of CD68+TNF-α+ cells in CD68+ cells, B. TGF-ß-expressing CD68 cells are 
represented as % of CD68+TGF-ß+ cells in CD68+ cells, C. Tregs shown as % of CD4+CD25+FOXP3+ in 
CD4+ cells and D. Apoptotic Tregs represented as % of CD4+CD25+FOXP3+Annexin V+ in 

CD4+CD25+FOXP3+ cells, in CO (n=5), STZ (n=5), STZ WT (n=5), STZ CD362- (n=5) and STZ CD362+ 

(n=5) groups. Data are expressed as mean ± SEM, p value from One-way-ANOVA. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. Abbreviations: ANOVA= analysis of variance, apoptotic Tregs= annexin V+ 

CD4CD25FoxP3+ cells, STZ= streptozotocin, WT= wild type. TGF= transforming growth factor, Tregs= 
Foxp3-expressing CD4+ CD25+ cells. 
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4.6 The pro-fibrotic potential of splenocytes  

To assess the impact of MSCs application on the pro-fibrotic potential of splenocytes in 

STZ-induced diabetic mice, splenocytes from each experimental group were co-cultured 

with fibroblasts for one day and their impact on collagen production of fibroblasts via 

Sirius red staining was analyzed. 

Collagen production in monoculture fibroblasts, and fibroblasts co-cultured with 

splenocytes isolated from control, STZ, STZ WT, STZ CD362- and STZ CD362+ groups 

was 0.065±0.007,0.065±0.009, 0.092±0.007, 0.092±0.007, 0.090±0.005 and 

0.095±0.009, respectively. Collagen production was not significantly different between 

monocultured fibroblasts and fibroblasts co-cultured with splenocytes derived from 

control mice, whereas supplementation of splenocytes from STZ mice and STZ CD362+ 

mice led to a 1.5-fold (p<0.05) and 1.5-fold (p<0.05) higher collagen production 

compared to monocultured fibroblasts, respectively (Figure 19). 

Figure 19. Impact of stromal cells on the pro-fibrotic capacity of splenocytes isolated from 
streptozotocin-induced diabetic mice. Bar graphs represent the absorbance at 540 nm representing 
collagen production in monocultured murine fibroblasts (n=10) and fibroblasts co-cultured with 
splenocytes isolated from CO (n=5), STZ (n=5), STZ WT (n=6), STZ CD362- (n=6) and STZ CD362+ 

(n=6) groups, respectively. Data are expressed as mean ± SEM, p value from One-way-ANOVA. 
*p<0.05. Abbreviations: ANOVA= analysis of variance, CO= control, STZ= streptozotocin, WT= wild 
type.    
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5. DISCUSSION  

5.1 Main findings  

In this experiment, the main findings are as follows: BM-MSCs  

do not normalize BG and HbA1c levels in STZ-induced diabetic mice,   

do not affect cardiac fibrosis in STZ-induced diabetic mice,  

do not affect  LV cardiac function in STZ-induced diabetic mice,  

regulate immune cell infiltration and splenic immune cell activities in STZ-induced 

diabetic mice. 

5.2 Impact of BM-MSCs on blood glucose and HbA1c in streptozotocin-induced 

diabetic mice  

In vivo studies and clinical trials have demonstrated that MSCs are capable of reducing 

BG levels in animal models [90-93] and in humans with type 1 DM [94, 95] or type 2 DM 

[96-98]. Studies [92, 99] have shown that BM-MSCs can increase β cell proliferation 

and therefore decrease the BG level. It has also been reported that betatrophin 

overexpressing human adipose-derived MSCs could increase β cell proliferation and 

ameliorate hyperglycemia and weight loss [93]. Either in patients with type 2 or type 1 

DM, MSCs have been demonstrated to decrease BG and increase insulin level by 

which their protective efficacy depended on the dose used [100]. It is believed that the 

regenerative and paracrine factors [99] from MSCs play an important role in β cell 

regeneration and BG normalization by transforming the damaged ß cells to insulin-

producing glucose-responsive islet-like clusters in an extract of regenerative factors 

[101], inhibiting proliferation of pancreatic β-cell-specific T cells and then halting 

autoimmune destruction of the pancreas and stimulating the regeneration of damaged 

pancreatic β cells in type 1 DM [102]. In contrast, disappointingly, in this experiment 

(and in experiments of the other partners of the REDDSTAR consortium), we did not 

observe BG or HbA1c normalization after BM-MSCs application. This observation is 

consistent with our own recent findings of i.v. placenta-derived MSC injected in STZ 

mice, which also did not affect BG levels either [103]. A possible explanation for this 

discrepancy could be that, in this experiment, allogeneic human BM-MSCs were 

injected into immunocompetent mice. Whereas MSCs have low immunogenicity, 

allogeneic MSCs can still be recognized and removed by the receptor’s immune system 
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[102]. In fact, in studies where MSC decreased BG levels, human MSC were injected in 

severe combined immunodeficient mice [104] or murine MSC were injected in diabetic 

mice [105]. Another possible reason is that hyperglycemia or sustained high BG levels 

could affect the cellular metabolism of MSCs, thereby impeding cellular homeostasis 

which eventually induces senescence, apoptosis and ultimately cell death and finally 

affects the regenerative ability [106-109]. Especially in this experiment, mice with DM 

induced by STZ did not receive any other traditional anti-diabetic treatment except for 

MSCs injection.   

5.3 Impact of BM-MSCs on cardiac function in streptozotocin-induced diabetic 

mice 

Studies [110-114] have demonstrated that application of MSCs and other stem cells can 

improve the cardiac dysfunction in experimental diabetic cardiomyopathy. A recent study 

further showed that i.v. MSC application can improve diastolic performance in an STZ-

induced diabetic cardiomyopathy model with low-grade inflammation, no overt cardiac 

fibrosis, and with cardiomyocyte stiffness [103]. In the actual STZ model with low-grade 

inflammation and no cardiac fibrosis, parameters of LV function were not impaired [103, 

115]. In contrast, LV function parameters were compensationally increased. One 

explanation is that the relatively short duration of this experiment was not enough to 

observe apparent deterioration or amelioration of cardiac function, especially when the 

pathological process of HF was at an early stage with an adequate contractile reserve. 

This hypothesis is supported by findings in STZ-induced diabetes in CD1 mice found a 

gender difference in gender specific progression of diabetic cardiomyopathy. The onset 

of cardiac dysfunction was more rapid and severe in diabetic females (onset of cardiac 

diastolic and systolic dysfunction: 8 and 12 weeks after STZ injection, respectively) 

compared to males (onset of cardiac diastolic and systolic dysfunction: 12 and 20 

weeks after STZ injection, respectively) [116]. In STZ-induced diabetic mice [117], 

mitochondrial impairment has been detected in the absence of cardiac hypertrophy and 

of resting cardiac performance changes. Therefore, a further possible explanation could 

be that the cardiac function of the STZ mice could be maintained in a compensatory 

range with normal or increased hemodynamic parameters. Similarly, an increased EF, 

and dP/dtmax was also found in 12-week old diabetic db/db C57BL/J versus control 

C57BL/J mice [118]. It has been reported that hemodynamic stress in the form of 
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adrenalin application could unmask the HF phenotype in MlpW4R/+ and MlpW4R/W4R knock-

in animals, in which the ventricular performance is maintained at the expense of limited 

myocardial contractile reserve under baseline conditions [119]. In other animal models 

too, it has been demonstrated that a decline in LV diastolic function could be induced by 

isoproterenol [117, 120] administration, which leads to positive inotropic and lusitropic 

effects, like an increase in the contraction force and in the myocardium relaxation rate, 

respectively, similar to a cardiac work overload. 

Neither of the BM-MSCs affected LV function in the STZ mice. To evaluate a potential 

impact of BM-MSCs in this STZ model with early LV dysfunction, STZ mice should be 

stressed with isoproterenol or an α1-adrenergic receptor agonist like methoxamine. 

5.4 Impact of BM-MSCs on cardiac fibrosis in streptozotocin-induced diabetic 

mice  

Cardiac fibrosis is a characteristic of diabetic cardiomyopathy in type 1 DM [121-123]. 

Cardiac fibroblasts are responsible for remodeling and fibrosis after injury [124]. Hereby, 

a population of fibroblasts activated by cytokine and neurohumoral factors, often 

associated with inflammatory cell accumulation and cardiomyocyte death, rapidly 

proliferates and becomes activated to express α-SMA and collagen. A central cytokine 

involved in fibroblast activation is TGF-β [125]. MSCs are known to reduce cardiac 

fibrosis [110-112, 126] by attenuating the survival, differentiation, proliferation, and 

collagen synthesis of cardiac fibroblasts [46] as well as by decreasing the profibrotic 

potential of immune cells [103, 127]. At this stage of STZ-induced DM, cardiac fibrosis 

was not pronounced, as shown by no induction in LV collagen I, III, and α-SMA 

expression compared to control mice. Only LV mRNA expression of pro-fibrotic TGF-β 

was increased versus control mice. Neither of the different BM-MSCs decreased LV 

TGF-ß mRNA expression or other fibrosis markers. 

5.5 Impact of BM-MSCs on immune cell infiltration and splenic immune cell 

activities in streptozotocin-induced diabetic mice 

In parallel to the absence of cardiac fibrosis, this STZ model is associated with low-

grade inflammation, i.e. no pronounced inflammatory activation, typically associated 

with diabetes, obesity, aging, and other chronic inflammatory conditions [128]. This 

follows from the findings that neither LV mRNA expression of the cytokines TNF-α and 
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IL-1ß, not of the adhesion molecule VCAM-1 is upregulated, nor is the cardiac presence 

of CD68+ monocytes/macrophages, CD4+ and CD8+ cells increased. On the other hand, 

LV expression of the alarmin S100A9, ICAM-1, and the profibrotic factor TGF-ß, was 

upregulated in STZ compared to control mice. Furthermore, the percentage of splenic 

CD68 cells expressing TGF-ß was higher in STZ versus control mice, which was further 

reflected in the higher pro-fibrotic potential of the splenocytes from STZ compared to 

control mice. The latter observation is in agreement with Van Linthout et al. who 

demonstrated that splenocytes derived from STZ mice increased collagen deposition 

upon co-culture with fibroblasts compared to fibroblasts in monoculture [103]. This 

finding corroborates the crosstalk between immune cells and fibrosis [115] and the 

relevance of the cardiosplenic axis, i.e. the homing of immune cells towards the heart 

and their subsequent involvement in cardiac remodeling [129]. CD362+ and WT-MSCs 

decreased the STZ-induced percentage of CD68-expressing TGF-ß cells. However, this 

was not translated into a reduction of profibrotic potential of splenocytes, indicating that 

cells other than TGF-ß-expressing CD68 cells have a profibrotic potential, which have 

not been affected by CD362+ and WT-MSCs administration. Conform to the existence of 

a cardiosplenic axis and in agreement with the unaltered presence of CD68, CD4 and 

CD8 cells in the heart of STZ versus control mice, cardiac fibrosis was not yet 

pronounced at this stage of STZ-induced DM mice. In line with the finding that 

monocytes are a main cellular source of inflammatory cytokines (such as TNF-α, IL-1β) 

and monocytes were not increased in STZ versus control mice, LV TNF-α and IL-1β 

expression was not increased in STZ versus control mice. Both cytokines are known to 

play an important role in diabetic cardiomyopathy [130] and treatment with an 

interleukin-converting enzyme inhibitor could protect against myocardial inflammation 

under DM [131]. 

Expression of the pro-inflammatory adhesion molecules ICAM-1 and VCAM-1 on 

endothelial cells promotes leukocyte migration by direct binding to leukocyte cell surface 

receptors, firm adhesion and guidance of monocyte homing into the inflamed tissue 

[132]. The inflammatory response is dependent on the activation of adhesive 

interactions between endothelial cells and leukocytes. Persistently high levels of 

ICAM-1 and VCAM-1 are required for adhesion of leukocytes to the cardiac tissue and 

for orchestrating the various phases of heart repair. LV ICAM-1 mRNA expression, but 

not VCAM-1 mRNA expression was increased in STZ versus control mice. The 
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unchanged LV expression of VCAM-1 in STZ compared to control mice may underlie 

the unchanged presence of CD68, CD4 and CD8 cells in the LV of STZ versus control 

mice. 

The innate immunity member S100A8/S100A9 is involved in pro-inflammatory 

processes. This alarmin is abundantly expressed in neutrophils and monocytes and 

released from damaged and dying cells. This damage DAMP predominantly exists as a 

heterodimer S100A8/S100A9 and is a ligand of the pattern-recognition receptors, 

receptor for advanced glycation end products and toll like receptor 4 [133]. As in 

neutrophils, S100A8/A9 has both extracellular and intracellular effects in monocytes/

macrophages, and extracellular S100A8/A9 enhances the inflammatory cytokine 

production by human monocytes [134]. In mice with MI, S100A8/S100A9 is rapidly 

expressed and released after ischemia, primarily by inflammatory cells and fibroblasts, 

and induces leukocyte infiltration and cardiac dysfunction [135]. In our STZ model, LV 

S100A9 mRNA was significantly increased compared to control mice, whereas LV 

S100A8 was only minimally upregulated. This regulation might explain why downstream 

cytokine expression and the infiltration of monocytes was not yet pronounced at this 

stage of DM. Nevertheless, it indicates an initiated low-grade inflammatory response.  

The immunomodulatory properties of MSCs have been well-documented in DM. MSCs 

can inhibit T cell proliferation in autologous and allogeneic lymphocyte reactions and 

increase anti-inflammatory factors [136, 137], reduce the cytotoxicity of cytotoxic T 

lymphocytes [138] and enhance regulatory T cell (Tregs) proliferation, which can 

secrete IL-10 and TGF-β [138] and increase the number of Treg [139]. In line with these 

well-established immunomodulatory properties, CD362- BM-MSCs raised the % of 

Tregs, whereas none of the BM-MSCs reduced the number of apoptotic Tregs. 
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6. PERSPECTIVES 

To our knowledge, this is the first study evaluating the potential of CD362-selected BM-

MSCs on experimental STZ-induced diabetic cardiomyopathy. This experiment was an 

unsuccessful attempt to understand the potential benefits of MSC application and 

particularly of CD362-selected BM-MSCs to treat STZ-induced diabetic cardiomyopathy. 

There are several limitations, which should be addressed. First, the administration route 

of MSCs such as intramyocardial injection could be optimized, avoiding the “pulmonary 

first pass effect” by i.v. injection. Second, methods to improve the viability and homing 

abilities of MSCs in an hyperglycemic microenvironment should be further considered. 

Third, in this DM model with no profound cardiac fibrosis, the stiffness of 

cardiomyocytes and the impact of BM-MSC administration on cardiomyocyte stiffness 

should be evaluated. Fourth, in this STZ model with early LV dysfunction, the impact of 

BM-MSC administration on cardiac function under stress conditions needs to be 

investigated. 
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