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SUMMARY 
 

Background. Diabetes is a complex disease which currently affects 425 

million people worldwide and type 2 diabetes (T2D) accounts for 80-90% 

of all cases. Development and progression of T2D is caused by insulin 

resistance (IR) and pancreatic β-cell failure, the latter due to dysfunction 

or destruction of β-cells. Nevertheless, the most prevalent cause of 

mortality in T2D patients is represented by cardiovascular (CV) disease 

which occurs with two-three times higher rate in these subjects than in 

adults without diabetes. Sodium-glucose cotransporter 2 inhibitors 

(SGLT2-I) – in particular empagliflozin, dapagliflozin and canagliflozin – 

belong to a recently introduced class of anti-diabetic drugs capable to 

improve both hyperglycemia and CV risk. The mechanisms underlying 

SGLT2-I-mediated CV protection are still unclear but, among other 

hypotheses, it has been proposed the inhibition of the sodium/H+ 

exchanger (NHE) as putative non-canonical mediator of SGLT2-I-

mediated effects. 

A key phenomenon in the pathogenesis of both IR, β-cell dysfunction and 

CV risk, is represented by lipotoxicity, which consists in the deleterious 

effects caused by elevated free fatty acid (FFA) levels. 

The present study focuses on the possible effects of lipotoxicity on two 

cell types directly involved in (1) vascular complication, with specific focus 

on impaired reparatory mechanisms, and (2) progression of β-cell 

dysfunction. As a cell population with a pivotal role in endothelial repair, 

lipotoxicity has been studied on myeloid angiogenic cells (MACs), which 

are a subset of cells with pro-angiogenic function. Importantly, a reduction 

in MAC number and function is associated with both T2D and increased 

CV morbidity and mortality.  
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Aims. (1) to investigate the effects of lipotoxicity – specifically mediated 

by physiological concentrations of the saturated stearic acid (SA) – on 

MAC viability and function and the capacity of novel anti-diabetic drugs to 

curb SA-induced lipotoxicity in MACs and (2) to improve the in vitro 

protocol of differentiation of iPSCs into functional β-cells to create novel 

cell models to study β-cell lipotoxicity. 

Results. (1) SA induces lipo-apoptosis in MACs in a dose- and time-

dependent manner. Moreover, SA triggers pro-inflammatory cytokines 

and chemokines and endoplasmic reticulum (ER) and oxidative stress 

marker gene expression at physiological concentration (100 μM) in MACs. 

Interestingly, JNK activation has been found to mediate pro-inflammatory 

response, whilst pro-apoptotic response seems to be mediated by PERK 

signaling in ER stress response. Of note, SA exposure affects angiogenic 

function in MACs (Spigoni V, Fantuzzi F, et al, Atherosclerosis, 2017).  

At the maximum concentration tested (100 μM), both empagliflozin and 
dapagliflozin curb SA-induced expression of pro-inflammatory and 

oxidative stress markers, restoring baseline values. NHE isoform 1-6 and 

9, but not SGLT2, have been detected in MACs. Amiloride (an aspecific 

NHE inhibitor), and only partially cariporide (NHE1 specific inhibitor), 

mimic SGLT2-I mediated anti-inflammatory effects on SA-treated MAC, 

supporting the hypothesis of an involvement of NHE blocking, 

independent of SGLT2 inhibition, in SGLT2-I-mediated anti-lipotoxic 

action (Spigoni V, Fantuzzi F, et al, unpublished data).  

(2) To date, findings on lipotoxicity in β-cells have been hampered by the 

difficulty to study the disease tissue, i.e. limited availability and high 

variability of islet preparations. An alternative solution to human 

pancreatic islets is represented by the human β-cell line EndoC-βH1. In 

our experience, pilot experiments show that EndoC-βH1 cells are only 

moderately susceptible to lipoapoptosis induced by physiological 

concentration of SA and palmitic acid (PA), although higher concentration 
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(500 μM) succeeds to be pro-apoptotic. However, in other experiments - 

led by our collaborator Prof Scharfamann (Paris) - EndoC-βH1 cells are 

rather resistant to similar concentration of SA and PA and such protection 

seems to be mediated by the high expression of stearoyl-CoA desaturase 

(SCD), a key enzyme involved in the synthesis of unsaturated from 

saturated FFAs (Oshima M. …, Fantuzzi, F. et al, Diabetologia, accepted 

for publication). 

Given our contrasting data and considering that EndoC-βH1 are 

transformed pseudodiploid cells in continuous expansion and, as a 

consequence, they should not be considered as a direct equivalent of 

primary β-cells, we can conclude that EndoC-βH1 cells might not 

represent the best model to study β-cell lipotoxicity. 

In the present project, β-cells differentiated from human induced 

pluripotent stem cells (iPSCs) have been identified as the optimal tool to 

study β-cell lipotoxicity. Using a 7-stage protocol which mimics the 

embryonic development of the endocrine pancreas, iPSCs have been 

differentiated into β-cells. At the end of the process, the yield of insulin-

positive E-cells is comparable to that of human islets. In iPSC-derived β-

cells at stage 7, high glucose stimulation slight increases insulin release, 

which is further augmented in response to high glucose plus forskolin (that 

acts by raising intracellular cAMP levels). Next, iPSC-derived β-cell 

transplantation, under the kidney capsule of NOD-SCID mice, further 

boosts their functional maturation. Mice transplanted with iPSC-derived β-

cells show an increase in human C-peptide in response to glucose 

injection and succeed in maintain normoglycaemia after streptozotocin 

injection, compensating the rodent β-cells ablation. Their dynamic 

responsiveness has also been confirmed by in situ kidney perfusion assay 

(Toivonen S. and Fantuzzi F. et al, unpublished data).  

Among the advantages of iPSC-derived β-cells, it should be recognized 

that iPSCs are a patient-relevant cell model, as they are directly 
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reprogrammed from patient’s cells. In this regard, iPSCs derived from 

fibroblasts of a patient affected by Friedreich ataxia – which is an 

autosomal recessive neurodegenerative disease caused by an intronic 

repeat expansions in FXN gene, characterized by reduced expression of 

the frataxin protein and with a high prevalence of diabetes – have been 

differentiated in β-cell by using the protocol described above. The 

differentiation has been highly efficient, resulting in 58% insulin-positive 

β-cells and slight glucose-responsive cells. Frataxin levels in these iPSC-

derived β-cells result lower than those of healthy control cell lines. Then, 

this patient-relevant model of β-cells has been exploited to evaluate the 

effect of an incretin analog, which was found to mildly increase frataxin 

expression (Igoillo-Esteve M., …. Fantuzzi F. et al, unpublished data). 

This study demonstrates the feasibility and the advantages of differentiate 

iPSCs into functional iPSCs and suggests their exploitation for 

investigating β-cell dysfunction.  

Conclusion. This project points to a critical role of lipotoxicity, specifically 

induced by SA, in driving the development of T2D and of its major 

complication, i.e. CVD. 
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CAP  Cbl-Associated 

Protein 
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Differentiation 
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Protein 

 

 

 

 

CPA1  Carboxypeptidase A1 

CRISPR Clustered Regularly 

Interspaced Short 

Palindromic Repeats 

CS  Carnegie Stages 

CV  Cardiovascular 

CVD Cardiovascular 

Disease 

DALYs Disability-Adjusted 
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DAPA  Dapagliflozin 

DM  Diabetes Mellitus 

DMEM  Dulbecco's Modified 

Eagle Medium 

DNMT  DNA 

methyltransferase 

DPP4-I  Dipeptidyl-Peptidase 

4 Inhibitors 

EASD European 

Association for the 

Study of Diabetes 

EDTA  Ethylenediamine-

tetraacetic Acid 

EGF  Epidermal Growth 

Factor  

EGM-2 Endothelial cell 

Growth Medium-2 

eIF2α  eukaryotic Initiation 

Factor 2α  

EMPA  Empagliflozin 

eNOS  endothelial Nitric 

Oxide Synthase 
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(trifluoromethoxy) 
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FDA  Food and Drug 

Administration 
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FGF Fibroblast Growth 

Factor 
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GSiXX  γ-Secretase inhibitor 
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Haemoglobin 
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Vein Endothelial 
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Tolerance 

IL  Interleukin 

INSR  Insulin Receptor 

iPSC  induced Pluripotent 

Stem Cells 
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IR  Insulin Resistance 

IRE  Inositol-Requiring 

Enzyme 

IRS  Insulin Receptor 

Substrate 

JNK c-Jun N-terminal 

Kinase 

KATP ATP-sensitive 

Potassium channel 

KDR  Kinase insert Domain 

Receptor 

KGF  Keratinocyte Growth 

Factor  

KLF  Krüppel-Like Factor  

LDL  Low-Density 

Lipoprotein 

MAC Myeloid Angiogenic 

Cells 

MCP-1 Monocyte 

Chemoattractant 

Protein-1 

miRNAs  microRNAs 
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Diabetes of the 

Young 

mRNA   RNA messenger 

mTORC mammalian Target Of 

Rapamycin Complex 

NAC   N-Acetyl-Cysteine 

NADPH  Nicotinamide 

Adenine Dinucleotide 

Phosphate 

NEFA Non-Esterified Fatty 

Acids 

NEUROD  Neurogenic 

Differentiation 

NF  Nuclear Factor 

NGN3  Neurogenin 3 

NHE   Na+/H+ Exchanger  

NNT  Number Needed to 

Treat  

NO  Nitric Oxide 

OCT  Optimum Cutting 

Temperature 

OCT4 Octamer-Binding 

Transcription Factor 

4  

P-MACE Points Major Adverse 

CV Event 

PA  Palmitic Acid 

PAX  Paired box Protein 

PBS  Phosphate-Buffered 

Saline 

PCSK9-I  Proprotein 

Convertase 

Subtilisin/Kexin type-

9 Inhibitor 

PDK1 Phosphoinositide-

Dependent Kinase 1 

PDX Pancreatic and 

Duodenal homeobox  

PEPCK  Phosphoenolpyruvate 

Carboxykinase 

PERK  Protein kinase R 
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PKB  Protein Kinase B 

PKC  Protein Kinase C 

PPAR Peroxisome 

Proliferator-Activated 

Receptor 

PSC   Pluripotent Stem Cell 

PTP Protein Tyrosine 

Phosphatase 

qPCR  quantitative 

Polymerase Chain 

Reaction 

RIDD  Regulated IRE-1-

Dependent Decay of 

mRNA 

RNase   Ribonuclease 

RNS  Reactive Nitrogen 

Species 

ROS  Reactive Oxygen 

Species 

S  Stage 

SA  Stearic Acid 

SCD  Stearoyl CoA 

Desaturase 

SDF Stromal cell-Derived 

Factor 

SeV  Sendai Viruses 

SFA   Saturated FFA 

SGLT2-I Sodium/Glucose co-

Transporter-2 

Inhibitors 

SH Src homology 

SHH  Sonic Hedgehog 

SOD  Superoxide 

Dismutase 

SOS  Son of Sevenless  

SOX Sex-determining 

region-box 

SSEA  Stage Specific 

Embryonic Antigen 

STZ   Streptozotocin 

sXBP-1  spliced XBP-1 

T1D  Type 1 Diabetes 

T2D  Type 2 Diabetes 

TBP  α-amyloid precursor 

protein modulator  

TGF-β  Transforming Growth 

Factor β 

TLR   Toll-Like Receptor 

TNF  Tumor Necrosis 

Factor 

TXN  Thioredoxin 

UPR  Unfolded Protein 

Response 

VEGF  Vascular Endothelial 

Growth Factor 

XBP  X-box Binding Protein 
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INTRODUCTION 
Diabetes mellitus (DM) is a complex metabolic chronic disease –

characterized by hyperglycemia – which involves disorders in 

carbohydrate, protein and fat metabolism, occurring when blood glucose 

concentration raises because of an inadequate secretion and/or action of 

the hormone insulin 1. 

There are three major types of diabetes, type 1 diabetes (T1D), type 2 

diabetes (T2D) and gestational diabetes 2. T1D, whose onset is common 

during childhood or adolescence, results from β-cell destruction, mostly 

immune-mediated, and characterized by broad insulin deficiency. T2D 

shows various degrees of β-cells dysfunction and of insulin resistance and 

a significant higher prevalence of obesity than subjects without diabetes. 

Gestational diabetes is a peculiar condition in which hyperglycemia is first 

detected during pregnancy. 

Several other types of diabetes have been identified, among which 

monogenic form of diabetes, triggered by specific gene mutations which 

cause defects in insulin action or β-cell function, and drug- or chemical-

induced or infection-related diabetes. Finally, diabetes can occur 

concomitantly with other genetic syndromes, e.g. Friedrich’s ataxia 3, 

Down syndrome 4 or Turner syndrome 5, or in various conditions that could 

affect pancreas, e.g pancreatitis or trauma.  

According to the European Association for the Study of Diabetes (EASD) 

and the American Diabetes Association (ADA), updated diagnostic criteria 

for diabetes include plasma glucose concentration above 1) 7.0 mmol/L 

(126 mg/dl) in fasting condition or 2) 11.1 mmol/L (200 mg/dl) after 2-hours 

post-75 g oral glucose load or 3) 11.1 mmol/L (200 mg/ dl) when randomly 

tested or 4) the index glycated haemoglobin (HbA1c), which reflects the 

average blood glucose concentration over the previous 3-month period, 

above 6.5% (48mmol/mol) 6, 7. 
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1. Epidemiology of type 2 diabetes  
DM has been identified as the 7th prominent cause of death in 2016 by 

The World Health Organization 8. Moreover, the Global Burden of Disease 

Study 2017 identified high fasting plasma glucose (FPG) as the 3rd leading 

risk factor for disability-adjusted life years (DALYs), a measure of disease 

burden expressed as numbers of years lost due to illness 9. Globally, the 

number of adults (age range, 20-79 years) with diabetes worldwide has 

increased from 108 million in 1980 to 422 million in 2014, mainly due to 

the rise in prevalence (28.5%) and to population growth and ageing 

(39.7%) 10. Interestingly, half of individuals with DM lives in five countries: 

China, India, US, Brazil and Indonesia. Currently, DM affects 425 million 

adults worldwide and it is estimated to rise up to 629 million people by 

2045, with an increase of the global prevalence from 8.8% to 9.9%, in 

absence of any change in the present trend 11. In particular, the largest 

expansion will occur in regions whose economies are shifting from low-to-

middle income levels, whereas a 20% increase in the number of patients 

with diabetes is predicted in developed countries 12. For example, the 

International Diabetes Federation estimates that the number of people 

with diabetes in India will pass from 114.4 million in 2017 to 134.3 million 

in 2045.  Broadening the age range to 20-99 years, the current number of 

DM patients increases to 451 million people. T2D accounts for 

approximately 87-91% of all diabetes cases, whereas 7-12% are 

estimated to be T1D and the remaining 1-3% other types of diabetes. 

 

2. Pathophysiology of type 2 diabetes and major risk 

factors  
The main drivers of the global epidemic of T2D are identified as obesity, 

sedentary lifestyle, high dietary energy intake and nutrient overload and 

population ageing. Genetic predisposition, epigenetics and gene-
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environment interaction are other factors that can affect insulin secretion 

and action 13. 

Briefly, in healthy condition, pancreatic β-cells secrete insulin in response 

to high glucose levels and the hormone exerts its effect on insulin-

sensitive organs, i.e.  in the liver by reducing glucose production and in 

adipose tissue and skeletal muscle by inhibiting lipolysis and increasing 

glucose uptake, respectively. When β-cells fail in secreting insulin or 

tissues develop insulin-resistance, these processes are impaired and 

hyperglycaemia occurs, leading to a disproportionate amount of glucose 

circulating in the blood (figure 1).  

 

 
 
Figure 1. Processes involved in development of hyperglycaemia.  
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In the pathogenesis of T2D, deficit both in the secretion and action of 

insulin are involved and, for the disease to become manifest, both events 

are required. Indeed, initially β-cells are able to adapt and compensate 

the loss in tissues’ insulin-sensitivity (insulin resistance, IR) by increasing 

the release of insulin. Thus, in this phase, characterized by impaired 

glucose tolerance (IGT) and metabolism, β-cells succeed in maintaining 

normoglycaemia. Later, if β-cells undergo to impaired function (β-cell 

dysfunction and demise), the secretion is impaired and glycemia rises 

(figure 2) 14.  

 

Figure 2. Insulin sensitivity and secretion function (in percentage) in 
development of type 2 diabetes.  
IGT, impaired glucose tolerance. Adapted from “Leslie RDG, ed. Molecular 

Pathogenesis of Diabetes Mellitus. Karger, 1997, 22: 131-156”  

 

2.1 Insulin resistance 
IR is a condition in which cells fail to biologically respond to insulin as they 

are supposed to. This phenomenon can be discerned as decreased 

sensitivity to the hormone or as decreased responsiveness, i.e. a reduced 

action of insulin. Indeed, in a classical dose-response curve, the latter is 
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represented by a curve with a similar curve design as compared to normal 

response, but with a decreased maximal response. Otherwise, the 

amplitude of the response is the same but the curve is shifted to the right 

(figure 3) 15. Alterations that may affect insulin interaction with its receptor 

are more likely to produce a reduced sensitivity, whereas alterations 

against the intracellular signaling triggered by insulin binding are more 

likely to produce diminished responsiveness. 

 
Figure 3. Insulin dose-response curve.  
Adapted from “Kahn CR., Insulin resistance, insulin insensitivity, and insulin 

unresponsiveness: a necessary distinction. Metabolism. 1978 Dec;27”. 

  

Insulin receptor (INSR) consists in two domains, an intracellular domain 

with tyrosine kinase intrinsic activity (two β subunits) and an extracellular 

ligand binding domain (two α subunits), linked by disulphide bonds 16, 17. 

The binding of insulin to the α subunits induces a conformational change 

which activates the kinase activity of the intracellular portion and causes 

normal

reduced
responsiveness

reduced
sensitivity

reduced sensitivity
and responsiveness
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the auto-phosphorylation of specific tyrosine aminoacid (Tyr1158, Tyr1162, 

Tyr1163) 18. These phosphotyrosine residues are targets for two major 

scaffold proteins, the insulin receptor substrate (IRS) proteins and the 

growth factor receptor-bound protein 2 (Grb2), which mediate the 

activation of the two main branches of the insulin-activated pathway, 

respectively.  

In particular, in the extracellular signal-regulated kinases (ERK) branch, 

Grb2 binds the IRS phosphorylated residues by its Src homology (SH)-2 

domain and, by involving Son of Sevenless (SOS) complex, triggers the 

activation of the downstream kinase cascade (Ras-Raf-MEK1), leading to 

the phosphorylation and activation of the MAP kinases ERK1 and ERK2, 

which translocate into the nucleus and catalyze the phosphorylation of 

transcription factors that promote cell growth. Otherwise, in the protein 

kinase B (PKB/Akt) branch, the phosphorylated tyrosine residues of IRS 

proteins are bound by the SH2 domain of the p85 regulatory subunit of the 

phosphatidylinositol (PI)-3 kinase 19, which leads the activation of its 

catalytic subunit p110 and the phosphorylation of phosphatidyl-inositol-

4,5-bisphosphate (PIP2) to generate phosphatidyl-inositol-3,4,5-

trisphosphate (PIP3) 20. These 3’-phosphoinositides bind the 

phosphoinositide-dependent kinase 1 (PDK1), whose substrate is Akt. 

Once activated, phospho-Akt phosphorylates and inactivates the 

glycogen synthase kinase 3 (GSK3), promoting glucose storage as 

glycogen, and the forkhead transcription factor box A (FOXA) proteins 21, 

which regulate gene expression of key enzymes of gluconeogenesis and 

glycogenolysis in the liver and kidney, including glucose-6-phosphatase 

(G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK). A further 

consequence of the Akt branch is the promotion of the glucose transporter 

GLUT translocation from intracellular to plasma membrane. A second, 

INSR-dependent mechanism for GLUT translocation involves a cascade 
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including Casitas B-lineage lymphoma (Cbl) and the adaptor protein Cbl-

associated protein (CAP) (figure 4). 

 
Figure 4. Scheme of the insulin signaling pathway in insulin-sensitive cells. 

CAP, Cbl-Associated Protein; Cbl, Casitas B-lineage Lymphoma; FOX, Forkhead 

box protein; Grb2, Growth factor Receptor-Bound protein 2; GSK3, Glycogen 

Synthase Kinase 3; IRS, Insulin Receptor Substrate; mTORC, mammalian Target 

Of Rapamycin Complex; PDK1, Phosphoinositide-Dependent Kinase 1; PI, 

Phosphatidylinositol; PIP2, Phosphatidyl-Inositol-3,4-bisphosphate; PIP3, 

Phosphatidyl-Inositol-3,4,5-trisphosphate; SH2, Src homology2; SOS, Son of 

Sevenless. 

 

A few insulin resistant subjects with reduced or absent INSR expression 

have been reported, mainly because of point mutations in INSR 22, or 

because of defects in the transcription of INSR RNA messenger (mRNA) 

23. Although structural INSR gene defects, due to mutation in its gene, or 

in its promoter region, can lead to IR and T2D 24, 25 , 26, they are not a 

common cause of the disease. In most cases, IR is driven by cellular 

perturbations, e.g. glucotoxicity and lipotoxicity – conditions characterized 
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by high glucose and free fatty acid (FFA) levels, respectively –, which are 

related to inflammation, endoplasmic reticulum (ER) stress and 

mitochondrial dysfunction 27 and affect insulin signaling by dysregulating 

and modifying specific genes and proteins. Defects mainly include 

abnormalities in INSR tyrosine kinase activity 28, in IRS phosphorylation 29 

and in the association of the PI-3 kinase subunits, p85 and p110 30.  

 

2.2 β-cell dysfunction  
β-cells failure has a pivotal role in the development/progression of T2D 

and can be acknowledged both in terms of quantity, because of a 

progressive loss in β-cell mass (up to 50% reduction in T2D condition 

compared to healthy individuals 31, 32), and quality, because of a 

progressive impairment in secretory function. 

Although over 120 gene variants, identified by genome-wide association 

study (GWAS), have been associated with T2D 33,  these findings explain 

only a minor proportion of total genetic risk and heritability of T2D 34. 

In addition, epigenetic mechanisms, which lead to genomic changes 

without a direct alteration in nucleotide sequence, or microRNAs 

(miRNAs), which are a class of small noncoding RNA molecules that 

target specific mRNAs to prevent their translation or promote their 

degradation, can alter gene expression and contribute to T2D onset. 

Global epigenomic analysis of primary human islets from non-diabetic and 

T2D patients have been performed to identify specific alterations which 

may affect β-cell function and provide susceptibility to T2D 35, 36. Histone 

modifications have also been found to contribute to β-to-α cell trans-

differentiation in human islets 37 and histone deacetylases inhibition 

protects from cytokine-mediated β-cell demise in murine models38, 39. On 

the other hand, it is known that specific miRNAs are critical to β-cell 

development and function. Indeed, specific miRNAs influence pathways 
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of β-cell differentiation 40 and insulin synthesis and secretion 41. Thus, an 

alteration at this level, mediated by environmental stressors, may 

considerably affect β-cell function. 

Glucose enters the β-cell via the GLUT2 transporter localized at the cell 

surface, and it is subsequently rapidly metabolized leading to a net 

increase in adenosine triphosphate (ATP)/ adenosine diphosphate (ADP) 

ratio which results in the closure of ATP-sensitive potassium channel 

(KATP) and in consequent membrane depolarization. This event induces 

the opening of the voltage-dependent calcium channels. Intracellular Ca2+ 

levels augment and trigger the fusion of the secretory granules and insulin 

release. A schematic summary of events involved in glucose-stimulated 

insulin secretion is represented in figure 5. 

 
Figure 5. Events involved in glucose-stimulated insulin secretion. 
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As mentioned above, whereas β-cells initially improve the insulin secretion 

to compensate the decrease in tissues’ insulin sensitivity, eventually they 

undergo to β-cell dysfunction and, ultimately, to β-cell death. 

Among the mechanisms leading to pancreatic dysfunction, β-cells are 

particularly susceptible to ER stress because of their high rate of protein 

synthesis.  

Moreover, about 20% of proinsulin – the prohormone precursor to insulin 

– is misfolded already in a healthy β-cell and, under pathological 

conditions, the total amount of misfolded proinsulin increases 42. ER stress 

response, named unfolded protein response (UPR), is triggered by the 

accumulation of unfolded proteins as a cellular attempt to restore ER 

function. However, in case of prolonged ER stress condition, apoptotic 

processes are induced, mainly by C/EBP homologous protein (CHOP) 

activation. At T2D onset, β-cells show high ER stress markers expression 

43 and samples from T2D patients show an increase in both ER volume 

and β-cell apoptosis compared to those from healthy donors 44. 

Another fundamental type of stress affecting β-cells during diabetes onset, 

is oxidative stress, which results from an imbalanced condition between 

excessive reactive oxygen species (ROS) or reactive nitrogen species 

(RNS) production and inadequate antioxidant defense system. Persistent 

nutrient overload, including FFA and glucose 45, 46 enhances oxidative 

stress in β-cells, disturbing both the secretory function and cell viability 47.  

Indeed, a major source of ROS derives from the mitochondrial respiratory 

chain, whose activity increases to induce β-cell insulin release 48, 49. 

Thereby, it is likely that the chronic stimulation of insulin secretion, as in 

IR, ultimately may lead to β-cells failure. 

Chronic inflammation also has a key role in β-cell dysfunction and in the 

pathogenesis of T2D. Pancreatic islets from T2D patients show islets-

associated pro-inflammatory macrophage infiltration 50, 51  and elevated 

expression of interleukin (IL)-1β 52, whose levels augment after chronic 
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exposure to high glucose 53 or FFA 54 or leptin 55– a hormone mainly 

produced by adipose cells.   

Finally, loss of β-cell identity i.e. the loss of the expression of mature β-

cell markers, is another described mechanism which contribute to β-cell 

failure without involving cell death. Indeed, nutrient overload may induce 

β-cell de-differentiation, by reversing the phenotype to a fetal state, or 

reprogramming the cells to express hormones typical of other islet cell 

type, as glucagon-expressing α-cells or somatostatin-expressing δ-cells 

56. In fact, inactivation of key transcription factors in β-cells, as pancreatic 

and duodenal homeobox (Pdx)1, Nkx6.1, MafA, paired box protein (Pax)6 

and forkhead box protein O (Foxo)1, has been reported in hyperglycemic 

conditions 57, 58, 59, 60. 

A schematic summary of stressors involved in T2D diabetes pathogenesis 

is represented in figure 6. 
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Figure 6. β-cells stressors in type 2 diabetes pathogenesis.  
Adapted from “Halban PA, et al., β-cell failure in type 2 diabetes: postulated 

mechanisms and prospects for prevention and treatment. J Clin Endocrinol 

Metab. 2014 Jun;99(6):1983-92”. 

 

3. Human pancreatic islets 
To further unravel the biology of pancreas and to increase knowledge in 

preventing and treating diabetes, research on human pancreatic islets is 

crucial.  

Human pancreas consists of endocrine and exocrine tissues. The latter 

includes acinar cells that secrete digestive fluid and the ductal cells which 

drain this fluid reach the intestine. On the other side, the endocrine portion 

is made of islets of Langerhans (human islets, HI), which embrace five 

subtypes of endocrine cells: glucagon-secreting α-cells, insulin-secreting 

β cells, somatostatin-secreting δ-cells, ghrelin-secreting ε-cells and 

pancreatic polypeptide-secreting γ-cells. About 1 million islets are present 

in healthy adult pancreas, representing the 1-2% of the total organ mass. 

β-cells are the most represented cells in islets, up to 70%, whilst α-cells 

and δ-cells account for 20 and 10%, respectively.  

 

3.1 Human pancreas morphogenesis 
Human embryogenesis lasts approximately 8 weeks, from the fertilization 

to the moment in which the embryo is indicated as fetus, and it is classified 

into 23 sequential Carnegie Stages (CS) 61. 

The site for pancreas specification occurs at the border between foregut 

and midgut (which along with the hindgut form the primitive gut tube) and 

it is shaped when the anterior endoderm invaginates to form the anterior 

intestinal portal (AIP) at CS10 62,63. The notochord, which is the structure 

defining the chordates, is placed next to the foregut endoderm and 
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induces the progression of the foregut into the dorsal pancreatic bud, by 

secreting the sonic hedgehog (SHH) protein, and allowing the expression 

of PDX1, a key pancreatic transcription factor, at CS12 64. At CS13, dorsal 

and ventral pancreatic buds are clearly evident and show high expression 

of PDX1, the transcription factors SRY (sex-determining region Y)-box 9 

(SOX9) and GATA4, all of which have a fundamental role in pancreas 

development 65,66,67.  

Within CS14 and CS18, pancreatic progenitor cells proliferate and, by 

CS19, they differentiate in “tip” progenitor cells – which are 

SOX9+/GATA4+/NKX6.1+ cells – and “trunk” progenitor cells, which 

gradually lose GATA4 expression. Subsequently, pro-acinar “tip” cells will 

stop to express NKX6.1 and will became mature acinar cells, 

characterized by the expression of GATA2, carboxypeptidase A1 (CPA1) 

and amylase. “Trunk” progenitor cells develop in duct cells – expressing 

SOX9, FOXA2 and, weakly, also PDX1 – or endocrine cells, in which 

SOX9 expression is absent 68. 

For endocrine commitment, neurogenin 3 (NGN3) transient expression 

plays a key role 69. Indeed, it increases quickly soon after embryonic 

period, at the end of the first pregnancy trimester and it is not detected 

anymore after 26-28 weeks post-conception 70. SOX9 expression is 

undetected in NGN3+ cells and it is not expressed neither later in maturing 

endocrine cells. Fetal β-cells are the first cell-type shown during 

development and the most predominant one. 

Figure 7 shows the network of transcription factors involved in human 

pancreas development. 
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Figure 7. Human pancreas development and involved transcription markers 
network.  
Adapted from “Jennings RE, Berry AA, Strutt JP, Gerrard DT, Hanley NA. Human 

pancreas development. Development. 2015 Sep 15;142(18):3126-37”. 
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3.2 Human pluripotent stem cells 
Stem cells have the defining characteristics of self-renewal and a 

differentiation potential and their classification is based on the degree of 

potency. Indeed, totipotency, which is peculiar of zygotes and 

blastomeres, refers to the potential ability of initiate all body’s tissues, both 

embryonic and extra-embryonic. Pluripotency is the characteristic of 

specific stem cell types to progress into cells of the three embryonic germ 

layer, mesoderm, endoderm and ectoderm. Multipotency and 

oligopotency - typical of progenitor cells - are two sequential degrees of 

potency that refer to the capacity of generating just the cell types of their 

original tissue. Finally, unipotent stem cells still retain the ability of self-

renewal, but show a very limited differentiation potential since they give 

rise to only one cell type 71.  

Human pluripotent stem cell (PSCs) can be isolated from the inner cell 

mass of blastocysts (embryonic stem cells, ESCs) 72 or generated as 

induced pluripotent stem cells (iPSCs) by the reprogramming of mature 

cells 73. The latter have been obtained for the first time in 2006, when the 

researchers Yamanaka and Takahashi identified four master transcription 

factors – octamer-binding transcription factor 4 (Oct4), SRY (sex 

determining region Y)-box 2 (Sox2), Krüppel-like factor 4 (Klf4) and C-Myc 

– whose forced expression was sufficient to reprogram fibroblasts into 

ESCs-like cells. Since then, several methods for reprogramming mature 

cells into iPSCs have been developed based on the vector type. The first 

developed method was based on retroviral 74, 75 and lentiviral 76, 77 

systems, which were highly efficient but requiring an additional step of 

reprogramming factor silencing because of the integration in the host 

genome. However, this system could escape the silencing and lead to 

following issues. Excisable lentivirus 78 represents an alternative to 

genome permanent integration but it requires extensive subcloning 
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procedures and intensive screening to confirm the removal of the 

transgenes. Non-integrating vectors include episomal DNA plasmids 79 – 

which have a lower efficiency than retroviral or lentiviral systems and 

occasionally can integrate in the host DNA –, adenoviral system 80 and 

negative sense RNA virus, as Sendai Viruses (SeV) 81. This last method 

has higher reprogramming efficiency compared to DNA plasmids and 

does not integrate in host genome since it is lost during clonal expansion. 

Finally, others DNA free vectors which have been utilized are proteins 82, 

modified mRNA 83 and miRNA 84. 

The reprogramming process starts with the binding of key reprogramming 

factors to regulatory elements of many target genes to affect their 

expression.  

It has been shown that during fibroblast reprogramming, the ectopic 

expression of OCT4, SOX2, c-MYC and KLF4 is required for about ten 

days, after which cells undergo to a self-sustaining pluripotent state.  

Upregulation of stage specific embryonic antigen (SSEA)-1 is an early 

event, whilst reactivation of endogenous OCT4 and SOX2, telomerase 

and the silenced X chromosome occur later in the process 85. 

Initially, the epigenetic landscape is resistant to the changing of the cell 

state to pluripotency, but, eventually, it is slowly modified by the prolonged 

expression of the reprogramming factors to resemble those of ESCs and 

allows the transcription of those genes that sustain pluripotency 86. 

However, a broaden investigation about epigenetic state of iPSCs is still 

ongoing.  

Routine quality controls of the reprogramming process include 

assessment of a correct iPSCs colonies’ morphology – which show clear 

borders and cells with large nucleus and scarce cytoplasm – and absence 

of chromosome mutations, by karyotype analysis. Moreover, to identify 

properly-reprogrammed iPSCs, pluripotency markers gene expression 

and interrupted exogenous reprogramming factors expression have to be 



Introduction 

33 

assessed. Indeed, fully reprogrammed cells are independent from 

reprogramming factors and express several endogenous pluripotency 

genes, as OCT4, SOX2 and NANOG, similarly to ESCs. Ohers embryonic 

antigens, whose expression is good practice to test in order to confirm 

iPSCs reprogramming efficiency are: SSEA3, TRA-1-81, TRA-1-60, DNA 

methyltransferase (DNMT)-3β and REX1 87.   

Finally, the differentiation potential is a key feature for pluripotent state 

and, thus, iPSCs’ ability to form the three germ layers is assessed. These 

tests can be performed both in vitro – by allowing the spontaneous 

formation of embryoid bodies, 3D aggregates structures which include 

cells positive for markers of mesoderm, endoderm or ectoderm – or in 

vivo, e.g, through teratoma formation assay, which verifies the 

spontaneous generation of tissue from the three gem layers after injection 

of PSCs in immune-compromised mice.  

iPSCs broad developmental potential offers the opportunity to study 

different cell types at different developmental stages otherwise often 

unavailable or inaccessible. In addition, iPSCs technology provides an 

experimental system which allows the study of specific disease 

pathogenesis and related therapeutic strategies, when iPSCs come from 

a patient carrying a genetic mutation responsible for the disease. 

Otherwise, specific gene mutations can be introduced (or corrected) by 

genome editing tools – e.g. clustered regularly interspaced short 

palindromic repeats (CRISPR)/Cas9 technology which operate a double 

strand break in the target DNA sequence in order to introduce the desire 

mutation during the repair phase – generating isogenic cell lines which 

differ only for the mutation of concern. Genome editing in iPSCs offers a 

solution to the variability due to the donor’s specific genetic background 

or to efficiency in reprogramming. 
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3.3 PSC-derived β-cells 
PSC differentiation into β-cells resembles the sequential developmental 

stages observed in animal models. To allow the activation or inhibition of 

the involved signaling pathway, several cocktails of key growth factors and 

small molecules have to be provided during the entire process, until the 

achievement of PSC-derived β cells. 

In order to reach the stage of definitive endoderm, Activin A – component 

of the transforming growth factor beta (TGF-β) family – and Wnt3a are 

required 88, 89.  

The following step, which provides for PDX1 expression in order to 

achieve the primitive foregut stage, requires activation of retinoic acid and 

fibroblast growth factor (FGF) signaling along with inhibition of SHH 

signaling 90. Specific domains of the gut tube give rise to all endoderm-

derived organs: lungs, liver, thymus, small and large intestine and 

pancreas. A boost towards pancreatic specification and blockade of 

hepatic differentiation is provided by the inhibition of BMP signaling and, 

to further increase this effect, inhibition of TGFβ signaling 91. Following, 

downregulation of Notch signaling by γ-secretase inhibitors in a precise 

timeframe of the differentiation process allows a transient induction of 

NGN3 expression, which, as mention above, is fundamental for endocrine 

commitment. 

Following these major guidelines and optimizing the growth factor 

cocktails across the differentiation process, it is possible to achieve 

insulin-expressing cells in vitro 92. Nevertheless, often these cells display 

polyhormonal expression and do not show insulin release in response to 

glucose stimulus. Rezania and Melton’s research groups were the first two 

groups which independently reached a better degree of maturation in 

2014 93, 94.  
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Reziana and collegues described a seven-stage protocol which gives rise 

to in vitro differentiated cells displaying key characteristic of more mature 

β-cells, a modest glucose-stimulated insulin secretion in vitro and in vivo 

93. They introduced ascorbic acid at early stage of differentiation to 

increase production of pancreatic progenitor cells co-expressing 

PDX1+/NKX6.1+. To upregulate NGN3 and stimulate the co-expression of 

PDX1, NKX6.1, neurogenic differentiation (NEUROD)1 and NKX2.2, they 

utilized a combination of molecules, including ALK5 and bone 

morphogenetic proteins (BMP) receptor inhibitors and thyroid hormone 

(T3) at stage 5. At stage 6 inhibition of Notch signaling was added in order 

to obtain a population PDX1+/NKX6.1+/NEUROD1+ but glucagon- or 

somatostatin-negative. Importantly, after transplantation in mice, such 

differentiated cells displayed the capacity to reverse diabetes induced by 

treatment with streptozotocin, a drug that ablate selectively murine β-cells 

93. 

Analogously, Melton’s research group reported similar results using a 3D 

culture system, a stepwise protocol of 4-5 weeks length and cocktails of 

factors affecting sequentially numerous pathways 94. They extended the 

supply of FGF7, SANT1 (inhibitor of SHH) and low concentration of 

retinoic acid in order to obtain pancreatic progenitor cells PDX1+/NKX6.1+. 

Similar to Rezania’s research group, they found to be crucial the 

modulation of WNT3, activin, SHH, EGF, TGFβ, thyroid hormone, retinoic 

acid and Notch signaling pathways to obtain cells displaying β-cells 

markers, ultrastructure and function both in vitro and in in vivo 94. 

Even if these progresses have been more than remarkable, such β-cell 

still lack complete mature phenotype (e.g. proper MafA expression) and 

in vitro glucose-stimulated insulin secretion is modest in comparison with 

isolated human islets, stressing their functional immaturity. 

Recently, Velazco-Cruz and collogues reported an interesting study 

regarding the importance of timing for TGFβ signaling modulation by ALK5 



Introduction 

36 

inhibitor II. Indeed, its inhibition is necessary during stage 5 of 

differentiation to achieve β-cell phenotype, but subsequent interruption of 

ALK5 inhibitor II exposure results in glucose-responsive differentiated 

cells 95. 

Moreover, in vivo environment seems to boost their functional maturation, 

but which signals are involved is still unknown. Interestingly, it has been 

shown that both direct interaction with endothelial cells 96 or estrogen 

receptor signaling 97 may play an important role in maturation.  

In 2014, ViaCyte, a private regenerative medicine company, initiated a 

clinical trial (phase I/II) to test safety and efficiency of their VC-01TM, an 

Encaptra® immunoprotected device including ESCs-derived pancreatic 

progenitor cells 98. This study is aimed at assessing whether this device 

can be safely implanted in T1D patients for two years and at measuring 

changing in C-peptide levels. The estimated study completion will be 

January 2021. 

Recently, studies of single-cell RNA sequencing have been performed to 

increase our knowledge about β-cell differentiation 99. Such kind of studies 

have been accomplished in human islets too, revealing different 

subpopulations within α- and β-cell population and highlighting 

heterogeneity in the regulation of genes related to functional maturation 

100, 101. 

PSC-derived β-cells represent the optimum option for studying β-cell 

biology. Indeed, so far, studies on primary β-cells are limited by scarce 

availability - few donor organ transplantation centers worldwide provide 

human islets –, high islet preparation variability and difficulties in in vitro 

islets maintenance and in genome editing. As an additional alternative, 

human β-cell lines have been developed 102, 103, 104, 105. Nevertheless, 

these are pseudodiploid, immortalized proliferative cells, and even if they 

represent a useful tool, they cannot be considered equivalent of primary 

β-cells and they cannot be used to study developmental intermediates.  
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iPSC-derived β-cell system allows us to broaden our knowledge about 

pathogenic mechanisms underlying β-cell dysfunction, to explore islets 

function directly on patient-derived cells, as well as to screen and develop 

more efficient and specific drugs for the treatment of the different form of 

diabetes. Once optimized, this technology would also allow efficient β-cell 

replacement as clinical therapeutic application. 

Finally, specific mutations of interest (e.g. a mutation responsible for 

monogenic forms of diabetes) may be corrected in patient-derived iPSCs 

prior to differentiation in β-cells 106. Otherwise, the same mutation may be 

introduced in a control (healthy) cell lines, resulting in the generation of 

isogenic cell lines by CRISPR/Cas9 107. This specific application permits 

to further investigate the mutation-induced effects, excluding confounding 

factors, i.e the different genetic background in cell lines from different 

individuals. Otherwise, this tool for genome editing can be used to create 

novel human β-cell models that have been knocked out for a gene of 

interested, e.g. related to β-cell dysfunction, or to analyse many risk alleles 

associated with common form of diabetes 108.  

A schematic summary of PSC-derived β cell application is showed in 

figure 8. 
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Figure 8. iPSCs-derived β-cell potential applications for disease modeling, 
drug discovery and β-cell replacement. 
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4. Cardiovascular complications of type 2 diabetes 
The complications of DM are traditionally classified in microvascular –
diabetic nephropathy, neuropathy and retinopathy – and macrovascular 

complications. The latter includes cardiovascular disease (CVD), a class 

of disease involving, among others, coronary artery disease, peripheral 

vascular disease and cerebrovascular disease.  

T2D patients have been estimated to develop more severe CVD 14.6 

years younger than non-diabetic subjects 109. Moreover, they are more 

prone to develop CVD (2-3 times higher) than individuals without T2D, 

independently of classical risk factors as body mass index (BMI), age, 

smoking, and blood pressure 110, 111.  

Globally, CVD represents a major cause of mortality in T2D condition, 

accounting for about 50% of all deaths 112. 

 

4.1 Cardiovascular disease risk factors 
CVD risks factors are identified as behaviors or condition that increase the 

risk of developing CVD and they can be divided in non-modifiable or 

modifiable. The first include those factors that cannot be changed, as age, 

gender, ethnicity and family history. For instance, both older people and 

south Asiatic, sub-Saharan African or Caribbean subjects have a greater 

risk than youngers and other ethnic descendants respectively. Women 

tend to develop CVD later in age than man, indeed their risk is delayed by 

about 10 years. Finally, a family episode of premature CVD in first-degree 

relatives (younger than 55 and 65 years of age in men and women, 

respectively) increases the risk of CVD 113. 

Instead, modifiable CVD risks factors may be reduced or controlled by a 

focused intervention. They include high cholesterol, hypertension, 

smoking, diabetes, obesity, physical inactivity and diet enriched in fat, salt 

and sugars. 
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4.2 Atherogenesis and endothelial 

dysfunction 
The pivotal mechanism leading to macrovascular disease is the 

atherosclerotic process, namely atherogenesis, which leads to narrowing 

of vessel walls because of the growth/complication of the atheromatous 

plaque.  

Atherogenesis is the result of a chronic inflammatory condition and 

involves the adhesion of lymphomonocytes to the surface of endothelial 

cells and the differentiation of monocytes into macrophages in the 

subendothelial space 114, 115. Here, macrophages include low-density 

lipoprotein (LDL) or oxidated-LDL, leading to the formation of foam cells. 

These cells, along with T lymphocytes generate the fatty streaks, the first 

evident atherosclerotic lesion, precursor of the plaque, but still reversible.  

Anatomically, vessels are composed by three layers: the tunica externa, 

which is the outmost and which is composed mainly by collagen fibers and 

elastic tissues, the tunica media, which is characterized by the presence 

of vascular smooth muscle cells, and the tunica intima, which is composed 

by one layer of endothelial cells and the one in direct contact with the 

blood flow. Migration (from the media to the intima) and proliferation 

(mediated by the platelet-derived growth factor) of vascular smooth 

muscle cells cooperate to the establishment of the atherosclerotic plaques 

by promoting the formation of the fibrous cap, a layer of fibrous connective 

tissue around the atherosclerotic lesion, in case of persistent pro-

inflammatory environment. 

A healthy endothelium exerts a strict control on vascular tone by releasing 

several vasodilators – e.g nitric oxide (NO) – and vasoconstrictors, such 

as endothelin and angiotensin II. On the other hand, endothelial 

dysfunction is characterised by decreased NO bioavailability, increased 

production of endothelin and activation of the signaling pathway of nuclear 
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factor (NF)-kB, which is highly involved in pro-inflammatory responses. 

This unbalanced condition, which describes a functional alteration, 

represents a very early step in atherosclerotic process. In case the pro-

inflammatory stimuli persist, it evolves in a morphological alteration, due 

to a stable presence of the atherosclerotic plaque. This scenario is 

described as “the response to injury” hypothesis by Russel Ross 116.  

When the plaque is well established, the major complication is 

represented by its disruption, which is cause of myocardial infarction and 

strokes. 

 

4.3 Cardiovascular outcome trials in type 2 

diabetes 
Since 2008, dedicated cardiovascular (CV) outcome trials have been 

conducted to test CV safety for every new antidiabetic drug, because of a 

“Guidance for industry” released by the U.S Food and Drug Administration 

(FDA) 117. Considered the high CVD prevalence in T2D patients, the 

guidance aimed at preventing a further increase in CV risk.  

In these clinical trials, enrolled subjects with high risk for CV events are 

randomized to receive the under-investigation drug – in addition to the 

standard care – or the placebo (or a comparative drug) in addition to 

standard of care in order to evaluate the CV safety of the new treatment. 

These trials are usually conducted at glucose equipoise. The primary 

outcome is a combined CV endpoint, including CV death, non-fatal 

myocardial infarction and non-fatal stroke (3-points major adverse CV 

event, 3P-MACE). Some trials also include an additional primary outcome, 

as the hospitalization rate for unstable angina pectoris (4P-MACE). 

Secondary CV outcomes often include all-cause mortality, heart failure, 

death from CV causes. According to the guidance, the antidiabetic drug 

must result non-inferior to the standard of care with hazard ratio < 1.8. 
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So far, every completed trial demonstrated the non-inferiority of the tested 

drug and, surprisingly, some more recent therapeutic agents show 

beneficial effects on CVD beyond glucose control. 

In particular, three main class of molecules have been tested:  

1. dipeptidyl-peptidase 4 inhibitors (DPP4-I, SAVOR-TIMI 53, testing 

saxagliptin 118; EXAMINE, testing alogliptin 119; TECOS, testing 

sitagliptin 120);  

2. glucagon-like peptide 1 (GLP1) receptor agonists (GLP1RA, 

ELIXA, testing lixisenatide 121; LEADER, testing liraglutide 122; 

SUSTAIN-6, testing semaglutide 123; EXSCEL, testing exenatide 

124; Harmony Outcomes, testing albiglutide 125; REWIND, testing 

dulaglutide 126; PIONEER-6, testing oral semaglutide 127);  

3. sodium/glucose co-transporter-2 inhibitors (SGLT2-I, EMPA-REG 

OUTCOME, testing empagliflozin 128; CANVAS Program, testing 

canagliflozin 129; DECLARE-TIMI 58, testing dapagliflozin 130).  

Whilst CV outcome trials on DPP4-I demonstrated CV safety (3P-MACE), 

but not CV benefit, members of GLPR1 receptor agonists and SGLT2-I 

demonstrate to reduce risk of CV outcome. 

In addition, two CV outcome trials on insulin (ORIGIN, testing insulin 

Glargine 131; DEVOTE, testing insulin Degludec 132) and two CV safety 

study on a proprotein convertase subtilisin/kexin type-9 inhibitor (PCSK9-

I, FOURIER, testing evolocumab, in which diabetes was established in 

37% of the study population 133; ODYSSEY OUTCOME, testing 

alirocumab in which diabetes was established in 29% of the study 

population 134) have been published. Both the CV outcome trials testing 

PCSK9-I showed a significant decreased CV outcome (4P-MACE). 
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4.3.1 GLP1 receptor agonists 
Incretins are a group of hormones secreted by enteroendocrine cells 

following nutrients intake which stimulate insulin secretion in response to 

variation in glucose levels. The two main incretins are represented by 

glucose-dependent insulinotropic polypeptide (GIP) and GLP-1. The latter 

is produced by enteroendocrine L-cells from the ileum and colon, whilst 

GIP is secreted by duodenal K-cells. Both hormones are processed and 

undergo to post-translational modification before their release. GLP1 and 

GIP have a very short half-life in circulation – 1.5 and 7 minutes, 

respectively 135, 136 – because of the peptidase DPP4 which is responsible 

of their early degradation. GLP-1 and GIP receptors are expressed on 

pancreatic β-cells, as well as in brown fat, heart, kidney, brain and 

endothelium and the binding of their ligand trigger the downstream 

beneficial effect. GLP1RAs, such as exenatide and liraglutide, are able to 

bind the GLP1R receptor but they show resistance to the DPP4 action 

(resulting in a prolonged half-life), thereby they have been developed and 

proposed for T2D patients’ treatment. As GLP1, GLP1RA decrease 

glycaemia by stimulating glucose-induced insulin synthesis and release 

(by stimulating cAMP generation) and by reducing glucagon secretion 137. 

Effects on pancreatic β-cells also include apoptosis prevention 138, 139. In 

addition, GLP1RA-mediated effects include slowing of gastric emptying 

and of appetite onset 140, 141. GLP1RA treatment in T2D patients also 

results in modest decrease in lipids level measurements, blood pressure 

and body weight. The risk of hypoglycaemic events following GLP1RA 

administration is very low because of their glucose-dependent action.  

T2D patients show a strongly decreased incretin effect mediated by GLP1, 

although GIP responses were just slightly reduced 142. 

In six CV outcome trials (LEADER, SUSTAIN-6, EXSCEL, Harmony 

outcomes, REWIND, PIONEER-6) the primary outcome is the 3P-MACE, 
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whilst in ELIXA the primary outcome includes hospital admission for 

unstable angina (4P-MACE). Except for the ELIXA (lixisenatide) and 

EXCSCEL (exenatide), all the CV outcome trials show superiority to 

placebo for CV protection. Of note, in the EXSCEL, a higher proportion of 

patients without established CVD has been enrolled and this criterium may 

have affected the results, driving the lack of a clear reduction in the 

primary outcome. In addition, lixisenatide and exenatide are structurally 

based on Exendin-4 (a hormone, sequentially similar to human GLP1, 

derived from the lizard Gila monster’s saliva), whilst albiglutide, 

dulaglutide, liraglutide and semaglutide are structurally closer to native 

GLP1 143. 

In the pooled analysis, treatment of T2D patients with one of the GLP1RA 

reduces both the relative risk of 3-P MACE (HR 0.88, 95% CI 0.82–0.94; 

p<0.0001) and all-cause mortality (HR 0.88, 95% CI 0.83–0.95; p=0.001), 

as well as the hospitalization for heart failure. The number needed to treat 

(NNT) is 75 (50-150) to prevent 1 MACE event and 108 (77-260) to 

prevent 1 death for any cause, over an estimated median follow-up of 3.2 

years 144. 

Generally, GLP1RAs show cardioprotective outcomes, probably mediated 

by mainly anti-atherothrombotic effects. There are numerous studies 

which point out GLP1RA actions on endothelial function, by promoting 

vasodilation 145, on curbing inflammation in endothelial cells 146 and on 

plaque stability 147.   

However, underlying mechanisms on GLP1RA beneficial effects on heart 

failure are not well clarified yet. 
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4.3.2 SGLT2 inhibitors 
SGLT2-I, including empagliflozin, canagliflozin and dapagliflozin, are a 

recently introduced class of glucose-lowering drugs for the treatment of 

T2D. These molecules aim at reducing the glucose burden by promoting 

glucose excretion into urine and preventing renal reabsorption. Thus, 

SGLT2-I treatment lead to glycosuria, improvement in glucose control, 

weight reduction and decrease in blood pressure. 

The original molecular target of SGLT2-I is the Na/glucose co-transporter 

2, which is expressed in the early proximal tubule and is responsible for 

above 95% of the total amount of renal glucose reabsorption. As a 

consequence of their mechanisms of action, the risk of hypoglycaemic 

events associated with treatment with SGLT2-I is very low. 

CV outcome trials have been conducted with empagliflozin (EMPA-REG 

OUTCOME), dapagliflozin (DECLARE-TIMI 58) and canagliflozin 

(CANVAS Program). The first results have been shown from the EMPA-

REG OUTCOME study and this has been the first CV outcome trial to 

point out not only CV safety, but even CV protection for an antidiabetic 

treatment.  

Overall, SGLT2-I treatments have a beneficial CV effect, which happens 

earlier than CV protection mediated by GLP1RA, and they reduce the risk 

of major adverse CV events, in patients with multiple risk factors with a 

class effect.  

Indeed, in pooled analysis, treatment of T2D patients with SGLT2-I 

reduces the risk of a major adverse cardiac event by 11% (HR 0.89 [95% 

CI 0.83–0.96], p=0·0014) 148, In addition, SGLT2-I reduce the risk of 

myocardial infarction by 11%, of CV mortality by 16% and of 

hospitalisation for heart failure by 31% – which represents the highest and 

most consistent SGLT2-I-mediated effect –, whilst no significant effects 

on stroke have been shown. Finally, pooling the result from trials with 
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SGLT2-I shows that SGLT2-I significantly reduce the risk for all-cause 

mortality by 15% (HR 0.85 [95% CI 0.78–0.93) and the NNT to prevent 1 

death for any cause is 101 (69-216). 

Although these findings provide striking evidence of SGLT2i-mediated CV 

protection beyond glucose control, the exact underlying mechanisms are 

still unclear and several hypotheses have been proposed. 

As consequence of SGLT2-I-induced natriuresis and glycosuria, and 

following osmotic diuresis, and reduction in blood pressure and as wells 

as in vascular function 149, 150, 151 may results in an overall improvement in 

ventricular loading conditions. 

Another hypothesis is the improvement in cardiac metabolism and 

bioenergetics as the driving force for overall beneficial CV effects, 

although a definitive evidence linking myocardial energetics to SGLT2-I-

mediated positive effect is still lacking. However, as a support to this 

theory, also known as “Thrifty Substrate Hypothesis” 152, SGLT2-I slightly 

increases the production of β-hydroxybutyrate, a ketone body, which can 

be more efficiently oxidized by the heart in spite of fatty acids or glucose 

153, 154. Moreover, SGLT2-I-mediated increase in β-hydroxybutyrate levels 

may inhibit histone deacetylases and prevent the activation of pro-

hypertrophic signaling pathway 155. SGLT2-I may also promote branched-

chain amino acid degradation, which represents an impaired mechanism 

in heart failure 156. 

It has also been proposed that SGLT2-I may have an effect directly on 

cardiac fibroblast phenotype and function 157, 158or alter adipokines and 

cytokines production 159, 160. 

Finally, SGLT2-I-mediated effects may be driven by alternative still un-

recognized targets. In this regard, recently Baartscheer and colleagues 

reported that SGLT2-I may act by inhibiting the Na+/H+ exchanger (NHE) 

in cardiomyocytes. Docking studies have shown that the hydrophilic 

glucosyl portion of SGLT2-I molecules may fit the hydrophilic Na+-binding 
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site of NHE, after which the precise binding affinity is specified by the 

SGLT2-I aglycone part 161. SGLT2-I-mediated (empagliflozin) NHE 

inhibition leads to reduced intracellular Na+ and Ca++ levels and 

augmented mitochondrial Ca++ levels in cardiomyocytes 162, thereby 

restoring an altered scenario characteristic of heart failure. 

Nevertheless, the question regarding the mechanisms underlying SGLT2-

I-mediated beneficial effects on MACE in T2D patients with atherosclerotic 

CVD remain still open. 

 

5. Myeloid angiogenic cells 
Vascular endothelium shows a variety of key function, such as the active 

regulation of macromolecules, nutrients and hormones passage into the 

surrounding tissues and the maintenance of vessel health by sustaining a 

dynamic equilibrium between damage and repair. This delicate 

equilibrium is influenced by a number of cues and noxae. 

Endothelium self-repair feature is critical for vascular health and it is 

mediated by a specific subset of cells, firstly isolated by Asahara and 

colleagues in 1997 163. Indeed, they found a circulating cell population, 

namely “putative” endothelial progenitor cells (EPC), able to differentiate 

in mature endothelial cells and to cooperate to the formation of new blood 

vessels. Recruitment of EPCs into ischemic tissue requires a step-wise 

process, including mobilization – which is promoted by vascular 

endothelial growth factor (VEGF), stromal cell-derived factor (SDF)1α, 

erythropoietin and granulocyte-colony stimulating factor, but also by 

statins, estrogen, exercise and peroxisome proliferator-activated receptor 

(PPAR)γ –, chemotaxis – mediated by the binding of SDF1α to the 

receptor C-X-C chemokine receptor type (CXCR)4 and of VEGF to kinase 

insert domain receptor (KDR) –, adhesion – mainly mediated by integrins 

–, tissue invasion and finally differentiation 164, 165, 166, 167. 
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EPCs arise from bone marrow myeloid stem cells and express stem 

markers cluster of differentiation (CD)34 and CD133. Across 

differentiation they acquire endothelial markers, such as vascular 

endothelial growth factor receptor-2 (VEGFR-2, or KDR), platelet cell 

adhesion molecule-1 (CD31), vascular endothelial (VE)-cadherin and von 

Willebrand factor (vWF), after which they start to express endothelial nitric 

oxide synthase (eNOS), CD146 and E-selectin 167. 

Two different approaches can be used to study EPCs 168. The first involves 

the use of flow cytometry which allows the assessment of EPCs number 

based on their antigen expression profile (CD34+/CD133+/KDR+). 

The other approach, used to study EPC function ex vivo, allows the 

discrimination of two different population, based on their time of 

appearance in culture, starting from peripheral blood lymphomonocytes 

169. These two cell subtypes, previously named “early” and “late” EPCs, 

have different phenotypes, hematopoietic and endothelial, respectively 170. 

Early EPCs have been defined as circulating angiogenic cells and, lately, 

as myeloid angiogenic cells (MAC), whilst late EPCs have also been 

referred as endothelial outgrowth cells or as endothelial colony forming 

cells 168. 

The latter cell population shows specific angiogenic capacity, by 

contributing to vascular repair of injured endothelium and new blood 

vessel formation 171.  

Morphologically, late outgrowth EPCs form colonies of cells with a 

cobblestone-like shape 172 and structurally, they display endothelial 

markers together with CD34, whereas markers of monocyte antigen 

CD14, CD45 and CD68 are not expressed. They also show both Ac-LDL 

uptake and lectin binding capacities and express eNOS enzyme 173. 

On the other hand, MACs are cultured cells derived from peripheral blood 

myeloid cells displaying a molecular phenotype similar to that of 

monocytes. They display a spindle-like morphology and a range of 
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endothelial markers – as KDR, CD31 – as wells as leukocyte cell-surface 

markers – such as CD45 and CD14 – 173. MACs are negative for CD34 

and do not differentiate into endothelial cells, but they have a role in 

endothelial repair, mainly by paracrine secretion of pro-angiogenic factors 

174. The technical-feasibility of MAC culture procedure and their relatively 

large number in the circulation point to MACs as the ideal cell population 

to be exploited for the study of the biology of cells with intrinsic pro-

angiogenic functions in both healthy or diseased subjects. 

 

5.1 Myeloid angiogenic cells and diabetes 
MACs are negatively influenced in number and function by IR, CV risk 

factors and CVD, thus providing clinical information on the atherosclerotic 

burden and CV risk. Indeed, MAC number not only is inversely associated 

to CV events, but it predicts such events 175, 176, 177, 178. Among CV risk 

factors, smoking 179, 180, hypertension 181, hypercholesterolemia 182, obesity 

183 and T1D and T2D 184, 185  have all been correlated to a reduced 

number/function in MACs/EPCs. Affected mechanisms may occur at 

different steps, such as a decrease in survival during mobilization in the 

bone marrow, trafficking, homing or differentiation 186, 187.  

Recently, Chambers and colleagues demonstrated that high glucose 

environment affects MAC proangiogenic function which is associated to a 

significant augment in IL1β expression, both at mRNA and protein level. 

IL1β has also been found upregulated in MACs isolated from T1D patient 

with microvascular complication in comparison with IL1β expression in 

MACs isolated from T1D patients without microvascular complication or 

non-diabetic subjects 188.  

Nevertheless, MAC/EPC bioavailability and function can be improved by 

focused intervention on lifestyle or pharmaceutical therapies. Changes in 



Introduction 

50 

lifestyle include both physical exercise, polyunsaturated fatty acids and 

vegetables-enriched diet and smoking cessation. 

Treatment with statins 189, angiotensin converting enzyme inhibitors 190, 

estrogens 191, PPARγ agonists 173, insulin 192 and DPP4-I  193 in T2D 

patients have all been associated with an improvement in MAC/EPC 

biology. 

A single trial has been conducted to test SGLT2-I-mediated (dapagliflozin) 

effect on EPC number in T2D patients and it claims to exclude a 

significantly increase of EPCs, suggesting that CV protection exerted by 

SGLT2-I may not directly involve this particular mechanism 194. 

Nevertheless, another clinical trial (NCT02964585) aimed at exploring the 

role of SGLT2-I canagliflozin CD34+ EPC levels in T2D patients, is 

ongoing. 

These data suggest that both availability and function of MACs are 

fundamental in modulating CVD in diabetic condition, thus representing a 

potential therapeutic target. 

 

6. Lipotoxicity 
Lipotoxicity describes the deleterious effects caused by elevated FFA 

levels. If initially, these detrimental effects referred specifically to 

impairment in glucose metabolism, later the term gained a broaden 

meaning. Indeed, lipotoxicity is a condition characterized by elevated non-

esterified fatty acids (NEFA), lipid accumulation in non-adipose tissues, 

altered fat topography and adiposopathy, globally leading to cellular 

dysfunction and cell death, mainly by the activation of pro-inflammatory, 

ER and oxidative stress responses 195. 

When energy intake exceeds the expenditure, the balance is positive and 

adipocytes store the surplus lipids as triglycerides, leading to adipocytes 

hypertrophy and hyperplasia and resulting in expansion of subcutaneous 
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adipose tissue. According to the “expandability hypothesis”, in case of 

prolonged energy positive balance, this capacity of growing in size 

reaches its limit and additional lipids cannot be safely stored, contributing 

to elevation in circulating FFA which are collected from non-adipocyte 

cells and stored in non-adipose tissues “ectopic fat” 196.  

In the presence of insulin resistance, because of the altered anti-lipolytic 

action of insulin, higher levels of FFA can leave the adipocytes to enter 

the circulation and they might be uptaken by other organs. Moreover, the 

increased inflammatory state further increases IR and lipolysis. 

Dysfunctional adipose tissue leads to adiposopathy (adipose tissue 

conversion from healthy to “sick” resulting in altered adipokines release 

profile). Moreover, it is characterized by macrophage infiltration and 

chronic inflammatory state 197.  

Both infiltrated macrophages and adipocytes secrete pro-inflammatory 

and pro-thrombotic (adipo/cyto)kines, such as tumor necrosis factor 

(TNF)α, resistin, IL-6, plasminogen activator inhibitor 1 and 

angiotensinogen, overall contributing to atherogenesis and IR onset 198, 

199, 200, 201, 202. In this context, there is also a significant decrease in 

adiponectin levels – an insulin-sensitizing and anti-atherogenic adipokine 

203. 

This chronic metabolic inflammation, namely metaflammation, is typical of 

metabolic diseases, such as obesity and diabetes, and it occurs in several 

tissues, including adipose tissue, liver, muscle, brain and vascular system 

204. 

In particular, saturated FFA (SFA) are recognized to cause greater 

deleterious effects than the counterparty unsaturated FFA, which are 

instead considered “healthy fats”. High concentration of SFA directly 

exerts detrimental effects in several organs, e.g. SFA lead to IR in skeletal 

muscle 205, promote β-cell dysfunction and death in endocrine pancreas 

and lipid accumulation in liver 206 and myocytes 207.  Along with 
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glucotoxicity, lipotoxicity has a pivotal role in T2D pathogenesis. 

Moreover, in addition to their initial role in atherogenesis 208, high 

concentration of SFA induce apoptosis in endothelial cells, thereby 

contributing to plaque instability 209. 

Palmitic (PA) and stearic (SA) acids are the most predominant circulating 

long-chain SFA. In the European Prospective Investigation into Cancer 

and Nutrition Study (EPIC)-InterAct case-cohort study, including 27296 

participants, researchers investigate the association between SFA and 

incidence of T2D. In this study, SFA account for 46% of total plasma 

phospholipid fatty acids fraction and PA represents the major contributor 

(30.1%), followed by SA, which account for the 14.1% 210. 

In EPIC-InterAct case-cohort study, even-chain SFA and odd-chain SFA 

(pentadecanoic acid, 15:0; heptadecanoic acid, 17:0) levels resulted 

positively and inversely associated with incident T2D, respectively. Similar 

to odd-chain SFA, longer-chain SFA also are inversely associated with 

incident T2D 210.  

Even-chain SFA are positively associated with dietary consumption of 

alcohol, soft drinks and butter-like products, such as margarine, whilst 

they are negatively correlated with fruit, vegetables and vegetable oils. In 

the other hand, odd-chain SFA generally show positive associations with 

dairy products, nuts and seeds and baked food products, but negative 

associations with red meat, soft drinks, alcohol, and margarine. 

Pentadecanoic and heptadecanoic acids are mainly derived from dietary 

consumption, while intracellular SA and PA pools may not only be 

sustained by circulating (e.g. triglycerides, FFA) and intracellular lipids, 

but may also derive from de novo lipogenesis (from carbohydrates or 

alcohol) processes in the liver or adipose tissue 211, 212 (figure 9). In 

particular, PA can directly origin from de novo synthesis, driven by acetyl-

CoA carboxylase (ACC), which is a key enzyme responsible for the 

reaction rate-limiting step – i.e. the production of malonyl-CoA from acetyl-
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CoA–, and by fatty acids synthase (FAS). On the other hand, SA de novo 

synthesis origins from PA elongation, specifically mediated by the enzyme 

elongation of very long chain fatty acids protein (ELOVL)6, which 

catalyzes the generation of a SA precursor, 3-Oxostearoyl-CoA, from 

palmitoyl-CoA and malonyl-CoA. PA may also be processed by stearoyl 

CoA desaturase (SCD), into the monounsaturated palmitoleate (16:1) with 

the introduction of a single double bond between the carbons 9 and 10. 

Similarly, SA may be desaturated by SCD, which converts SA into oleate 

(18:1). The role of SCD in the conversion of SFA into the non-deleterious 

unsaturated counterpart suggests a protective role of this enzyme in 

lipotoxicity, which, in turn, may result from an impaired balance between 

SFA production (dietary intake and PA de-novo lipogenesis or elongation 

in SA) and SFA desaturation. 

Figure 9 shows the sources that feed the intracellular FFA pools. 
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Figure 9. Sources and fates of PA and SA intracellular pools. 
Intracellular sources and fates of SFA (red arrows) and unsaturated fatty acids 

(green arrows) pools. ACC, acetyl-CoA carboxylase; ELOVL6, elongation of very 

long chain fatty acids protein 6; FAS, fatty acid synthase; SCD, stearoyl CoA 

desaturase. 

 

6.1 Lipotoxicity and insulin resistance 
Obesity is strongly associated with IR and T2D and it is mainly driven by 

chronic tissue inflammation 213. 

Pro-inflammatory mechanisms triggered by SFA are usually mediated by 

the activation of toll-like receptor (TLR)-4, and/or TLR-2, which results in 
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stimulation of the pro-inflammatory key mediators NF-kB and c-Jun N-

terminal kinase (JNK) 214. Nevertheless, pro-inflammatory pathways may 

be also activated through TLR-independent circuits. Indeed, SFAs lead to 

increase in ROS levels which may result in IL1β maturation and release 

mediated the activation of the inflammasome machinery 215. IL1β is known 

to affect insulin signaling in insulin-sensitive cells, supporting IR 

establishment 216, 217.  

In addition, SFAs are precursors of other lipid products, such as 

diacylglycerol – whose levels are increased in IR condition and which 

interfere with IRS1 signaling by protein kinase C (PKC) activation – or 

ceramides, leading to Akt de-phosphorilation by phosphatase 2A 218,219, 

220, 221, 222. Thereby, both products result in decreased insulin signaling.  

SFA-induced ER stress is also involved in progression of IR and T2D.  

Three transmembrane proteins, inositol-requiring enzyme (IRE)1, protein 

kinase R (PKR)-like ER kinase (PERK) and Activating transcription factor 

(ATF)6, drive the three pathways in UPR. In normal conditions, these 

three proteins are associated and maintained inactive by the heat shock 

chaperone protein, binding immunoglobulin protein (BiP) – also known as 

78-kDa glucose-regulated protein (GRP78). As misfolded proteins in ER 

increase, they recruit BiP and lead to the release of the three UPR-

mediators. IRE1α has both kinase and ribonuclease (RNase) activity. 

Under stress conditions, it cuts the X-box binding protein 1 (XBP-1) 

mRNA, generating the transcription factor spliced XBP-1 (sXBP-1), whose 

activity supports the transcription of genes involved in the UPR, 

adipogenesis, lipid metabolism and inflammation. In addition, IRE1α can 

promote either adaptive or pro-apoptotic responses via regulated IRE-1-

dependent decay of mRNA (RIDD). The second pathway involves ATF6 

which, after being processed in the Golgi, regulates the transcription of 

XBP-1 and of genes involved in endoplasmic-reticulum-associated protein 

degradation (ERAD) process and in protein folding, maturation and 
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secretion. One of ATF6 downstream chaperones target is BiP expression. 

Ultimately, activated PERK phosphorylates eukaryotic initiation factor 

(eIF2α) leads to reduced translation initiation. A downstream protein in 

PERK signaling is ATF4, which triggers apoptosis by increasing C/EBP 

homologous protein (CHOP) transcription. CHOP recruitment is engaged 

also in ATF6 pathway. 

Circulating FFAs may trigger ER stress via a PERK-dependent 

mechanism, which leads to increase in the expression of cytokines, such 

as TNFα and IL-6 223, 224. In addition, it has been shown that PA may 

induce IR in myotubes by altered IRS phosphorylation via IRE1/JNK 

pathway. Moreover, protein tyrosine phosphatase (PTP)1B – which acts 

as a negative regulator of the insulin pathway by targeting the 

phosphorylated INSR and IRS1 and whose levels are increased by high 

fat diet – is activated by ER stress and promote ER stress-mediated IR in 

skeletal muscle 225. 

Finally, excessive FFA oxidation generates mitochondrial ROS 

overproduction 226. It is known that chronic oxidative stress, due to 

impaired balance in production/clearance of ROS and RNS, as in obese 

condition 227, leads to chronic inflammation and IR 228. Ultimately, 

excessive FFA oxidation triggers the activation of several downstream 

signaling pathway, such as JNK and NF-kB, resulting in altered IRS 

phosphorylation and consequent onset of IR. In addition, diacylglycerol-

activated PKC triggers nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase activity, which is involved in FFA-mediated ROS 

generation 229. In the endothelium, SFA-mediated increase in ROS 

reduces NO availability, promoting vascular IR and endothelial 

dysfunction 230.  
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6.2 Lipotoxicity and β-cell dysfunction 
Although representing an important source of energy, chronic high FFA 

levels are associated with impaired function in β-cells, i.e reduced 

glucose-stimulated insulin secretion and cell death 231, 232, 233.  

Several mechanisms mediating the deleterious FFA effects in β-cells, 

such as ER and oxidative stress, inflammation, increased intracellular 

triglycerides and synthesis of ceramides 234, 235, 236, 237 have been 

investigated. 

In particular, FFA-mediated impairment in ER functions and in the 

consequent ER stress response, contribute to β-cell toxicity.  

UPR signaling molecules, such as BiP, sXBP-1, ATF6, eIF2α, ATF4 

(downstream of PERK pathway) and CHOP, are all induced by FFA 

exposure in β-cells leading to β-cell dysfunction and death 238, 239.  SFA 

can also disrupt protein trafficking from ER to Golgi, overloading ER and 

contributing to UPR activation 240.  

Nutrients overload, including FFA and glucose, results in enhanced 

oxidative stress and ROS levels, which lead to β-cell injury. In addition, as 

mention above, β-cells work to maintain euglycaemia in the setting of IR, 

but intracellular Ca2+ concentration oscillations, which are included in the 

glucose-stimulated insulin secretion machinery, can fuel mitochondrial 

generation of ROS 241. Ca2+ can also activate PKC and enhance the 

resulting NADPH oxidase-dependent production of ROS 242, 243. The 

following generation of H2O2 can culminate in inhibition in insulin secretion 

244. Increased oxidative insult in β-cells cooperates to further immune cell 

infiltration and cytokine production, worsening the inflammatory burden 

and damage 245.  

Another above-mentioned mechanism of β-cell failure is the loss of β-cell 

identity.  A recent study identifies some pro-inflammatory cytokines, in 
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particular IL-1β, IL-6 and TNFα, as responsible for β-cell dedifferentiation 

and pinpoints IL1-β as the most effective in this process 246. 

Finally, PA metabolism can generate ceramides, whose signaling 

pathway leads to apoptosis, both by inhibiting PI-3 kinase/Akt-pro-survival 

pathway and by promoting ROS-induced cell death 247, 248. 

The recent introduction of human β-cell lines and of iPSCs-derived β-cell 

technology represents an important step ahead in the modeling of 

pancreatic β-cell pathophysiology. So far, findings on lipotoxicity in human 

β-cells were hampered by the difficulty to study the disease tissue. Indeed, 

the majority of findings on FFA-mediated deleterious effects on β-cells 

come from rodent models, primary islets or β-cell lines 249, 250, 251, 252. 
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AIMS 
 

Lipotoxicity represents a key phenomenon in the pathogenesis of both 

T2D and related CVD. 

 

1. We hypothesize that free fatty acids may not only induce a direct 

damage on the vessel wall, but also alter endogenous repair processes 

through a direct effect on MACs. Moreover, we hypothesized that also the 

observed beneficial effects of SGLT2-I on CV outcomes – whose 

underlying mechanisms have not yet fully clarified – might be mediated by 

a direct effect on MACs; 

 

2. Given the need to confirm in humans the findings so far obtained about 

FFA-mediated lipotoxic effects on animal β-cells, we plan to study 

lipotoxicity in induced pluripotent stem cells (iPSCs) from human subjects  

 

Thereby, the aims of this study are: 

 

1. To investigate the effects of lipotoxicity - specifically mediated by 

physiological concentrations of stearic acid - on cell viability and 

function in MACs and the capacity of the novel anti-diabetic drugs, 

SGLT2 inhibitors to curb stearic acid-induced lipotoxicity in MACs 

 

2. To improve the protocol of iPSCs differentiation into β-cells in 

order to create novel in vitro model of β-cell lipotoxicity 
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MATERIALS AND METHODS 

 

1. Ethics Statement 
The local Institutional Review Board - Comitato Etico Unico della Provincia 

di Parma - approved the study protocol, which was conducted in 

accordance with the Declaration of Helsinki. Blood donor material was 

fully anonymized and no informed consent was required.  

Skin fibroblasts for human iPSC studies were collected after informed 

consent obtainment. The study protocol was approved by the Ethics 

Committees of the Helsinki, Finland, and the Ethical committee of the 

Erasmus Hospital, Brussels, Belgium. 

 

2. Cell culture 
2.1 Myeloid angiogenic cells  

Isolation and culture of myeloid angiogenic cells (MAC) have been 

performed accordingly to literature, in the laboratories of the Department 

of Medicine and Surgery, Endocrinology and Metabolic Diseases Unit at 

the University of Parma, Italy 173. Specifically, peripheral blood 

mononuclear cells (PBMCs) have been isolated from healthy donor buffy-

coats by Lymphoprep™ (Euroclone) density gradient centrifugation. 

PBMC have been collected, seeded into six-well culture plates coated with 

fibronectin (10 Pg/ml) at a density of 1x107 cells/well and cultured in 

endothelial cell growth medium-2 (EGM-2) (Lonza) at 37°C and 5% CO2. 

EGM-2 was enriched with supplements and growth factors 

(hydrocortisone, human fibroblast growth factor E, VEGF, R3 insulin like 

growth factor-1, human epidermal growth factor, ascorbic acid, 

gentamycin A/amphotericin A, heparin) required for culturing endothelial 

cells and 2% fetal bovine serum. Medium has been refreshed at days 4 
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and 7. On day 7, adherent cells have been considered MACs 

(CD45+/CD14+/CD64+/CD31+/KDR+/CD34- phenotype 173 and showed an 

elongated spindle-shaped morphology. All the experiments have been 

performed at day 7. 

 

2.2 EndoC-βH1 cells 

Human clonal EndoC-βH1 cells have been kindly provided by Prof. 

Raphael Scharfmann, from the Université Paris-Descartes, France 102, 

and cultured as described in literature 253 in the laboratories of the ULB 

Center for diabetes research at the Universitè Libre de Bruxelles, Belgium. 

Specifically, cells have been seeded into ninety-six- or twenty-four-well 

culture plates coated with fibronectin (2 Pg/ml) and extracellular matrix 

(ECM, 2%) at a density of 1.2x105-1.5x105 cells/ml. EndoC-βH1 have 

been cultured in Dulbecco's Modified Eagle Medium (DMEM, 

ThermoScientific) containing 5.6 mM glucose, 2% bovine serum albumin 

fraction V, 50 μM 2-mercaptoethanol (Sigma-Aldrich, Poole, UK), 10 mM 

nicotinamide (Calbiochem), 5.5 μg/ml human transferrin (Sigma-Aldrich), 

6.7 ng/ml soudium selenite (Sigma-Aldrich), 50 units/ml penicillin and 50 

μg/ml streptomicin (Lonza). Cells have been passaged once per week. 

For FFA treatment EndoC-βH1 have been cultured in DMEM-F12 

(ThermoScientific) supplemented with 5.5 μg/ml human transferrin 

(Sigma-Aldrich), 6.7 ng/ml sodium selenite (Sigma-Aldrich), 10mM 

nicotinamide (Calbiochem), 50 μM 2-mercaptoethanol and 100 U/ml 

penicillin/streptomycin (Lonza). 

 

2.3 Human islets 

Human islets from non-diabetic organ donors have been isolated in the 

laboratories of the Department of Clinical and Experimental Medicine, at 

the University of Pisa, Italy 254. Islets have been sent to Brussels, Belgium, 



Materials and methods 

62 

within 1–5 days from isolation and they have been cultured in Ham’s F-10 

medium containing 6.1 mM glucose, 2 mM GlutaMAX-I, 0.75% bovine 

serum albumin fraction V, 50 U/ml penicillin and 50 Pg/ml streptomycin. 

Donors have an average age of 66r10 years and an average body mass 

index of 27.4r3 kg/m2. β-cell purity of the human islet preparations, 

determined by insulin immunofluorescence, was 53r23%. 

 

2.4 Human induced pluripotent stem cells  

iPSC lines HEL115.6 and HEL135.2 have been derived from the 

reprogramming of fibroblasts by Cytotune iPSC (Life technologies), which 

uses vectors based on a modified, non-transmissible form of Sendai virus, 

in the laboratories of Molecular Neurology and Biomedicum Stem Cell 

Centre at the University of Helsinki, as described in literature 255 . 

Specifically, iPSC cell line HEL115.6 has been derived from umbilical cord 

fibroblasts obtained from a 31-weeks-old unborn male fetus, whilst iPSC 

cell line HEL135.2 has been derived from skin fibroblast obtained from a 

26-years-old male affected by Friedreich Ataxia disease. 

HEL115.6 pluripotency quality controls have been validated as described 

in literature 256 .  

iPSCs have been cultured in Matrigel (Corning BV, Life Sciences)-coated 

plates in Essential 8 (E8) medium (Life Technologies) as colonies. Cells 

have been passaged with 0.5 mM ethylenediaminetetraacetic acid (EDTA, 

Life Technologies) twice per week in the laboratories of the ULB Center 

for diabetes research at the Universitè Libre de Bruxelles, Belgium.  
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2.5 Human induced pluripotent stem cells 

differentiation into β-cells  

A stepwise protocol based on previous published protocols, which mimic 

the embryonic development of the endocrine pancreas 93, 94, 106 , has been 

used for β-cell differentiation in the laboratories of the ULB Center for 

diabetes research at the Universitè Libre de Bruxelles, Belgium 256. When 

cells reached 80% confluency, iPSC have been rinsed with 0.5 mM EDTA, 

detached by Accutase (Capricorn Scientific) treatment, seeded into six-

well Matrigel-coated culture plates at a density of 1x106 cells/ml and 

cultured in E8 medium containing 5 μM ROCK inhibitor (StemCell 

technologies).  

24 hours after plating, E8 medium has been refreshed without ROCK 

inhibitor supplement. The 7-stages differentiation protocol has been 

initiated when the cells reached full confluency. Cells have been 

differentiated in Matrigel-coated six-wells plates and medium refreshed 

daily until the end of Stage 4 (S4), after which cells were detached by 

using Accutase (Capricorn Scientific) to transfer them in 3D culture. Cells 

have been resuspended in culture stage 5 (S5) medium supplemented 

with 10 μM ROCK inhibitor and 2 Pg/ml Heparin (StemCell technologies) 

and plated either into rotating (100 rpm) suspension culture in ultra-low 

attachment 6-well plate (Sigma-Aldrich) or in static culture in microwells 

(AggreWell™400, StemCell technologies) at a density of 1-2x106 or 

0.45x106 cells/ml, respectively and unless otherwise indicated. Before 

seeding, microwells plates have been washed with anti-adherence rising 

solution (StemCell technologies), according to manufacturer’s 

instructions. 

Next, cells have been cultured in S5 medium without ROCK inhibitor and 

heparin for further 4 days and medium refreshed daily. From day 16 
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(beginning of stage 6, S6) until the end of the differentiation, medium has 

been refreshed every second day. 

MCDB131 (Thermo Scientific) has been used as basal medium and it has 

been differently supplemented during the differentiation as described in 

the table 1 and 2.  

 
BASAL 

1 

BASAL 

2 

BASAL 

3 

Glutmax (mM) 2 2 2 

NaHCO3 (g/L) 1.5 2.5 1.5 

BSA fV (%) 0.5 2 2 

Glucose (mM) 10 10 20 

Insulin-Transferrin-Selenium-

Ethanolamine (ITS -X; dilution) 
/ 1:200 1:200 

Heparin (Pg/ml) / / 10 

Zinc Sulfate (PM) / / 10 

Table 1. Basal media composition 

 

 d1 d2 S2 S3 S4 S5 S6 S7 

BASAL (n)  1 1 1 2 2 3 3 3 

Activin A (ng/ml) 100 
10

0 
100 / 10 / / / 

CHIR-99021 (PM) 5 0.5 / / / / / / 

Ascorbic acid 

(mM) 
/ / 0.25 0.25 0.25 / / / 

KGF (FGF-7, 

ng/ml) 
/ / 50 50 50 / / / 

SANT-1 (PM) / / / 0.25 0.25 0.25 / / 



Materials and methods 

65 

Retinoic acid (PM) / / / 1 0.1 0.05 / / 

LDN-193189 (nM) / / / 100 200 100 100 / 

α-amyloid 

precursor protein 

modulator (nM) 

/ / / 200 / / / / 

EGF (ng/ml) / / / / 100 / / / 

Nicotinamide 

(mM) 
/ / / / 10 / / / 

GC1 (PM) / / / / / 1 1 1 

γ-secretase 

inhibitor XX (nM) 
/ / / / / 100 100 / 

ALK5 inhibitor II 

(PM) 
/ / / / / 10 10 10 

Betacellulin 

(ng/ml) 
/ / / / / 20 / / 

Trolox (PM) / / / / / / / 10 

SP600125 (PM) / / / / / / / 20 

Rasveratrol (PM) / / / / / / / 75 

R428 (PM) / / / / / / / 2 

N-acetyl-cysteine 

(mM) 
/ / / / / / / 1 

Penicillin/ 
Streptomycin 

(U/ml) 

/ / / / / 50 50 50 

Table 2. Supplemented media composition across the differentiation 
protocol. 
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All the compounds were dissolved following the manufacturer’s 

instructions. Specifically, retinoic acid (Sigma-Aldrich), R428 (BGB324, 

Selleckchem), α-amyloid precursor protein modulator (TBP, Santa Cruz 

Biotechnology), SANT-1 (Sigma-Aldrich), Trolox (Sigma-Aldrich), CHIR-

99021 (Axon Medchem), Alk5 inhibitor II (Enzo), GC-1 (Tocris 

Bioscience), LDN-193189 (Selleckchem), Rasveratrol (Sigma-Aldrich), γ-

secretase inhibitor XX (GSiXX, Merck-Millipore) and SP600125 (JNK 

inhibitor, Selleckchem) were dissolved in DMSO. Y27632 dihydrochloride 

(ROCK inhibitor, StemCell Technologies), L-ascorbic acid (Sigma-

Aldrich), N-acetyl-cysteine (NAC, Sigma-Aldrich), Activin A (PreproTech), 

recombinant human betacellulin (PreproTech), recombinant human 

epidermal growth factor (EGF, StemCell Technologies), Keratinocyte 

Growth Factor (KGF, or FGF-7, PreproTech) and Nicotinamide (Sigma-

Aldrich) were dissolved in H20. 

 

3. Free fatty acid preparation 
Free fatty acid (FFA) stock solutions have been prepared by dissolving 

Palmitic (PA) and stearic acid (SA) (Sigma-Aldrich) at 72°C and 64°C, 

respectively until the solutions were clear. 

  

3.1 Myeloid angiogenic cells  
FFA used for experiments in MACs have been dissolved in 0.1 M NaOH 

and then 5 mM FFA has been complexed to 10% bovine serum albumin 

(BSA) (BSA/FFA molar ratio:1/3.3) as previously reported 257. 

 

3.2 EndoC β-H1 cells 

Free fatty acid stock solutions used for experiments in β-cells have been 

dissolved in pure Ethanol (Sigma-Aldrich) and then dried under N2 gas 

flux. 5 mM FFA has been complexed to 7.5% bovine serum albumin (BSA) 
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(BSA/FFA molar ratio:1/4.5), sonicated and warmed at 55°C until the 

solution was limpid again. 5 mM FFA working stock solutions have been 

conserved at -20°C and pre-wormed at 55°C prior diluting in treatment 

medium. 

 

4. Culture conditions  
4.1 Myeloid angiogenic cells  

At day +7, MACs have been incubated with FFA or vehicle (NaOH/BSA) 

as treated and control condition, respectively. In the pilot study, 1 and 2 

mM PA and 100 and 250 μM SA were incubated to assess their effects 

on caspase 3/7 activation after 16h and 24h from the stimuli.  

Subsequently, to evaluate the lipotoxic effects of SA, dose-response (40-

625 µM) and time-course (from 8 to 24 hours) experiments have been 

performed. 

A concentration of 100 µM SA has been used in all the following 

experiments in MACs. 

To investigate the role of JNK in pro-apoptotic and pro-inflammatory 

responses or the role of PERK in pro-apoptotic response, cells were pre-

treated with 20 µM SP600125 (Sigma Aldrich) –specific JNK inhibitor– or 

with 0.5 µM GSK2606414 (Sigma Aldrich) – specific PERK inhibitor – for 

60 minutes followed by stimulation with SA (from 3 to 16h). To assess the 

effect of SA on the endoplasmic reticulum (ER) stress-activated pathways, 

cells have been treated with 1 µM Thapsigargin (Sigma-Aldrich), a non-

competitive inhibitor of the sarco/endoplasmic reticulum Ca2+ ATPase, as 

a positive control. Thapsigargin, GSK2606414 and SP600125 stock 

solutions have all been dissolved in DMSO. 

To evaluate the potential beneficial effects of the sodium-glucose co-

transporter 2 inhibitors (SGLT2-i) in curbing SA-induced lipotoxicity, 

MACs have been incubated 16 hours with empagliflozin (EMPA, 
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Selleckchem) and dapagliflozin (DAPA, Selleckchem) over a wide 

concentration range (1 µM to 100 µM) prior to SA treatment. 

To study the effects of EMPA and DAPA in the reduction of SA-induced 

expression of oxidative stress markers, MACs have been pre-treated with 

the anti-oxidant molecule N-acetyl-cysteine (NAC, Sigma-Aldrich), used 

at the final concentration 4 mM, as positive control. 

Finally, to evaluate the potential involvement of the sodium-hydrogen 

exchanger (NHE), MACs have been treated with 100 µM amiloride and 10 

µM cariporide, which are an unselective and an isoform 1-specific inhibitor 

of NHE, respectively (both from Cayman Chemical). 

EMPA, DAPA, amiloride and cariporide have been dissolved in DMSO, 

NAC was dissolved in H2O.  

 

4.2 EndoC β-H1 cells 
Similarly, EndoC β-H1 have been incubated with FFA or vehicle 

(NaOH/BSA) as treated and control condition, respectively. To evaluate 

the lipotoxic effects of FFA on human β-cells, dose-response (100 to 500 

µM) experiments have been performed using PA and SA. 

 

4.3 hiPSCs-derived β-cells  

hiPSC-derived β-cells at stage 7 (S7), differentiated from the Friedreich 

Ataxia patient’s hiPSCs cell line HEL135.2, have been treated with 50 nM 

Exendin-4 in order to evaluate a possible drug-induced effect on frataxin 

expression and function in human β-cells. 

 

5. Viability assay 
5.1 Myeloid angiogenic cells  

Effects of SA on cell viability have been assessed by VisionBlue 

fluorescence cell viability assay kit (BioVision), following manufacturer's 
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instructions, as reported in literature 173. This kit measures metabolically 

active cells which transform the dye resazurin into a highly fluorescent 

product upon reduction. 

Specifically, MACs (2.5x105 cells/well) have been transferred in 96-well 

culture plates and exposed to vehicle condition or to increasing 

concentrations (40-100-250-625 µM) of SA for 8-12-16 and 24 hours. 

Cells have been then incubated 2 hours at 37°C - 5% CO2 supplemented 

with VisionBlue reagent (10% of medium volume), after which fluorescent 

signal has been measured (excitation, 540 nm) using Cary Eclipse 

spectrophotometer (Varian/Agilent). Data are expressed as fold decrease 

in viability compared to vehicle. 

 

6. Apoptosis assessment 
6.1 Myeloid angiogenic cells  

Pro-apoptotic effects of SA have been assessed by using Caspase-Glo 

3/7 assay (Promega Corporation) according to manufacturer’s 

instructions. Specifically, the assay contains a caspase-3/7 substrate, 

which, after cleavage, generates a luminescent signal proportional to the 

amount of caspase activity. MACs (2.5x105 cells/well) have been cultured 

in 96-well culture plates and exposed to vehicle condition or to increasing 

working concentrations (40-100-250-625 µM) of SA for 8-12-16 and 24 h. 

Cells have been then incubated 30 minutes at 37°C and 5% CO2 with 100 

μl of Caspase-Glo 3/7 reagent, after which luminescence has been 

measured by Cary Eclipse fluorescence spectrophotometer 

(Varian/Agilent). Data are expressed as fold increase in apoptosis 

compared to vehicle. 

Cell death induced by 100 µM SA in MACs has also been assessed by 

Multi-parameter Apoptosis Assay Kit (Cayman Chemical), according to 

manufacturer’s instructions.  
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This kit uses FITC-conjugated Annexin V which binds to the membrane of 

early apoptotic cells, TMRE as a probe for measuring the mitochondrial 

membrane potential and Hoechst Dye for nuclei detection. 

Specifically, MACs have been incubated with 100 µM SA or vehicle for 8h, 

then washed with Phosphate-Buffered Saline (PBS) (Euroclone) and 

detached by Trypsin-EDTA (Sigma-Aldrich). A total of 5x105 cells have 

been incubated 20 minutes at 37°C and 5% CO2 with TMRE/Hoechst dye 

solution, after which cells have been collected through centrifuge at 400 g 

for 5 minutes, stained with FITC-conjugated Annexin V solution and 

incubated in the dark at room temperature for 10 minutes. After washing, 

samples have been processed in a FACS CantoII cytometer (BD 

Biosciences) and analysed using FACSDiva software (BD Biosciences). 

Potential effects of SGLT2- and NHE-inhibitors on apoptosis have been 

assessed by using Caspase-Glo 3/7 assay, as described above. MACs 

have been pre-treated 16 hours with/without EMPA or DAPA or amiloride 

or cariporide before adding vehicle or 100 µM SA. After 24h of incubation, 

caspase 3/7 activity has been assessed. Data are expressed as fold 

increase in apoptosis compared to vehicle. 

 

6.2 EndoC β-H1 cells and hiPSCs-derived β-cells  

Apoptosis in EndoC β-H1 cells and hiPSCs-derived β-cells has been 

assessed by staining with the DNA binding dyes Hoechst-33342 (5 µg/ml, 

Sigma-Aldrich) and propidium iodide (5 µg/ml, Sigma-Aldrich) for 15 min 

at 37°C prior inverted fluorescence microscopy. Cell death has been 

determined in at least 600 cells by two independent trained operators, one 

of them uniformed of the experimental conditions. Data are expressed as 

percentage of apoptosis.  
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7. Tube formation assay 
7.1 Myeloid angiogenic cells  

The capacity to cooperate in in vasculogenesis represents one the one of 

the most important function of MACs. To evaluate the SA-mediated effects 

on MACs pro-angiogenic function, the tube formation assay has been 

performed, as previously reported in literature 173. 

Human umbilical vein endothelial cells (HUVECs) (BD Biosciences), 

which grow and form extensive tube networks, have been seeded 2x104 

cells/well and cultured in Matrigel (BD Bioscince)-coated 96-well plates in 

EGM-2.  

MACs have been incubated with or without 100 µM SA for 16 hours, then 

washed with PBS (Euroclone) and detached by Trypsin-EDTA (Sigma-

Aldrich). 3x103 cells/well were transferred in co-colture with HUVECs for 

16 hours, after which the number of closed circles and total tube length 

have been measured per field of view, in each well. 

The capacity of MACs to participate at formation of tube networks has 

been expressed as ratio of total tube length formed by HUVECs with 

treated or untreated MACs and the total tube length formed by HUVECs 

alone. The ratio of the total number of closed circles formed by HUVECs 

with treated or untreated MACs and the total number of closed circles 

formed by HUVECs alone has also been evaluated. 

  

8. Quantitative PCR (qPCR) for gene expression 

analysis 
8.1 Myeloid angiogenic cells - pro-inflammatory, 

ER stress and oxidative stress markers 

Pro-inflammatory, ER stress and oxidative stress marker gene expression 

has been assessed by quantitative PCR (qPCR) in time-course 

experiments (1.5-3-6-16 hours) in 100 μM SA-treated or vehicle-treated 
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MACs. To evaluate the potential beneficial action of drugs (EMPA or 

DAPA or amiloride or cariporide, as indicated above) in curbing SA-

mediated effects, pro-inflammatory and oxidative stress marker gene 

expression has also been assessed in SA-stimulated MACs (16 hours 

drug pre-incubation plus 3-6 hours of SA stimulus versus vehicle). 

Specifically, cells have been lysed with QIAzol lysis reagent (Qiagen) and, 

subsequently, total RNA extracted using miRNeasy Mini Kit (Qiagen) and 

quantified by NanoDrop (NanoDrop Technologies).  

cDNA has been obtained by the reverse transcription of 250 ng of total 

RNA, using the iScript Reverse Transcription Kit (Bio-Rad Laboratories). 

The pro-inflammatory profile has been assessed by the measurement of 

IL-1β, IL-6, IL-8, TNF-α, and monocyte chemoattractant protein-1 (MCP-

1) gene expression. The qPCR assay has been performed using the 

SsoAdvanced Universal Probes Supermix (Bio-Rad) with TaqMan primers 

and probes (Applied Biosystems) on a CFX Connect Real-Time (Bio-

Rad). Optimized thermal cycling conditions have been used: 98°C for 30 

sec, followed by 40 amplification cycles (95°C for 3 s; 60°C for 20 sec). 

The same protocol has been used to assess CHOP, ATF4, BiP, XBP-1, 

and sXBP-1 gene expression as a measure of ER stress and to assess 

superoxide dismutase (SOD)-2, thioredoxin (TXN) and heme oxygenase 

(HO)-1 gene expression as measure of oxidative stress. Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) has been selected as reference 

gene to be used in all the experiments. 

  

8.2 Myeloid angiogenic cells - SGLTs and NHEs 

The gene expression of the different isoforms of SGLTs and NHEs were 

assessed by qPCR in untreated MACs as indicated above. SGLT-1, 

SGLT-2, NHE-1, NHE-2, NHE-3, NHE-4, NHE-5, NHE-6, NHE-7, NHE-8, 

NHE-9 gene expression was assessed using SsoAdvanced Universal 

Probes Supermix (Bio-Rad) with TaqMan primers and probes (Applied 
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Biosystems) on a CFX Connect Real-Time (Bio-Rad). The above-

mentioned conditions of thermal cycling have been used. Gene 

expression values have been calculated based on the ΔΔCt method and 

GAPDH and/or RPS18 have been selected as reference genes. 

 

8.3 hiPSCs-derived β-cells  

To evaluate the efficiency of the differentiation process of hiPSCs into 

mature β-cells, the progressive gene expression of β-cell markers has 

been evaluated. 

Cells have been lysed and RNA extracted with RNeasy Plus Micro Kit 

(Qiagen) following manufacturer’s instructions. Subsequently, RNA has 

been quantified by nanodrop (BioDrop) and 250 ng of total RNA reverse 

transcribed using the Reverse Transcriptase Core Kit (Eurogenetec). 

Real-time PCR has been performed using SSO Advanced Universal 

SYBR green supermix (BioRad) on a CFX Connect Real-Time (Bio-Rad). 

Standards have been prepared by conventional PCR and he standard 

curve approach have been used to calculate gene expression (as 

copies/µl) 258. Expression values have been corrected for the geometric 

mean of reference genes GAPDH and β-actin. Specific thermal cycling 

conditions have been used: 95°C for 3 minutes sec, followed by 40 

amplification cycles (95°C for 15 s; 58°C for 20 sec). The sequences of 

human primers used for real time PCR and in conventional PCR to 

generate standards are listed in tables 3 and 4, respectively. 

 

Gene Forward sequence (5’J3’) Reverse sequence (5’J3’) 

ACTB CTGTACGCCAACACAGTGCT GCTCAGGAGGAGCAATGATC 

GAPDH CAGCCTCAAGATCATCAGCA CAGCCTCAAGATCATCAGCA 

GGC GCTAAACAGAGCTGGAGAGTAT AAGCCCTCTTTGGGAACTT 
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GLP1R AAGGACAACTCCAGCCTGC ATGATGTAGAGGAACAGGAG 

INS CCAGCCGCAGCCTTTGTGA CCAGCTCCACCTGCCCCA 

MAFA GCCAGGTGGAGCAGCTGAA CTTCTCGTATTTCTCCTTGTAC 

NEURO

D1 
CTATCACTGCTCAGGACCTACT CCACTCTCGCTGTACGATTT 

NGN3 GACGACGCGAAGCTCACCAA TACAAGCTGTGGTCCGCTAT 

NKX2.2 GAACCCCTTCTACGACAGCA ACCGTGCAGGGAGTACTGAA 

NKX6.1 GGGCTCGTTTGGCCTATT CGTGCTTCTTCCTCCACTT 

PDX1 AAAGCTCACGCGTGGAAA GCCGTGAGATGTACTTGTTGA 

SOX9 ATCAAGACGGAGCAGCTGAG GGCTGTAGTGTGGGAGGTTG 

Table 3. List of primers used for real time PCR 

 

Gene Forward sequence (5’J3’) Reverse sequence (5’J3’) 

ACTB AAATCTGGCACCACACCTTC CCGATCCACACGGAGTACTT 

GAPDH CTGAGAACGGGAAGCTTGTC AGGTCAGGTCCACCACTGAC 

GCG GGGAGAGGGAAGTCATTTGTAA GTAGAACAGAGGAGGTGAAGAG 

GLP1R AGAAATGGCGAGAATACCGAC TGTGCTATACATCCACTTCAG 

INS TGTCCTTCTGCCATGGC CCATCTCTCTCGGTGCA 

MAFA TCATCCGGCTCAAGCAGAAG CGCCTAXAGGAAGAAGTCGG 

NEURO

D1 
CTATCACTGCTCAGGACCTACT GTCATCCTCCTCTTCCTCTTCT 

NGN3 AAGAGCGAGTTGGCACTGAG GGAGACTGGGGAGTAGAGGG 

NKX2.2 AAGACGGGGTTTTCGGTCAA TGTCATTGTCCGGTGACTCG 

NKX6.1 AAACACACGAGACCCACTTT GCTTATTGTAGTCGTCGTCCTC 

PDX1 CTGCCTTTCCCATGGATGAA CTTGATGTGTCTCTCGGTCAAG 

SOX9 TGGATGTCCAAGCAGG GAGCTGGAGTTCTGGTGGTC 
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Table 4. List of primers used for standard PCR to generate standards 
 

9. Digital PCR for gene expression analysis 
9.1 Myeloid angiogenic cells - SGLTs 

To confirm qPCR results, the absolute quantification of SGLT1 and 

SGLT2 gene expression in MACs has been performed by digital PCR 

(QX200, Bio-Rad) by the laboratories of Department of Surgical, Medical, 

Molecular and Critical Area Pathology at the University of Pisa, Italy (Prof. 

Anna Solini). cDNA has been obtained by the reverse transcription of 300 

ng of total RNA, using the High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems) and has been amplified with TaqMan Gene 

Expression assay (SGLT1:Hs01573790_m1 and SGLT2: 

Hs00894642_m1, Life Technologies) following manufacturer’s 

instructions. For each sample, about 20.000 droplets have been 

generated. PCR steps followed specific thermal cycling conditions: 1 cycle 

at 95°C for 10 minutes, 44 cycles at 95°C for 30 seconds and 60°C for 1 

minute, 1 cycle at 98°C for 10 minutes in a conventional thermal cycler. 

The number of target molecules in each sample has been estimated 

according to Poisson distribution using the Bio-Rad QuantaSoft software 

and, finally, the expression of the target genes normalized to GAPDH 

reference gene. 

 

10. Pro-inflammatory molecule secretion 
10.1 Myeloid angiogenic cells 

Cell cultures supernatants have been collected and assayed to quantify 

MACs pro-inflammatory molecule secretion following SA exposure. 

Specifically, IL-6, IL-8, MCP-1 and TNF-α levels have been assessed by 

a magnetic bead multiparameter kit (Merck-Millipore) according to 

manufacturer’s instructions and quantified on a MagPix instrument 
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(Luminex Corporation). This technology is based on the coupling of the 

target protein to magnetic beads which are coded with a specific 

fluorescent signal upon LED excitation. IL-1β concentration in cell 

supernatants was quantified by IL-1β Ultrasensitive ELISA Kit (Thermo 

Fisher Scientific) using the microplate reader Multiskan™ FC Microplate 

Photometer (Thermo Scientific) as indicated by manufacturer’s instruction 

(absorbance, 450 nm). Serial dilutions of reconstituted standards provided 

with the kit have been used to generate a standard curve. 

 

11. Signaling protein activation 
11.1 Myeloid angiogenic cells 

To evaluate the activation of key mediators in intracellular signaling 

pathways, MACs have been cultured with 100 μM SA or vehicle for 2-4-8-

16h, after which cells have been collected and protein extracted. 

Specifically, cells have been washed twice with PBS (Euroclone), 

detached by Trypsin-EDTA (Sigma-Aldrich) and collected by 

centrifugation. Cell pellets have been lysed using Mammalian Protein 

Extraction Reagent (M-PER, Thermo Fisher Scientific) supplemented with 

Halt™ Protease and Phosphatase Inhibitor (Single-Use Cocktail, Thermo 

Scientific) after which cell underwent to gentle shacking for 10 minutes 

and centrifugation at 13000x g for 15 min. Protein quantification has been 

performed according to the Bio-Rad Protein Assay (Bio-Rad), which is 

based on the Bradford method, using BSA as standard.   

Subsequently, target proteins have been detected by Western blotting. 

Briefly, cell lysates have been prepared by adding from 15 to 40 μg of total 

protein, NuPAGETM LDS Sample Buffer (lithium dodecyl sulfate, pH 8.4, 

ThermoFisher Scientific) and BoltTM reducing agent (which contains 

dithiothreitol, ThermoFisher Scientific). 
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Samples have been boiled at 70°C for 10 min, separated on 4-12% pre-

cast polyacrylamide gel (NuPAGE® Novex® 4-12% Bis-Tris Gels, 

ThermoFisher Scientific) and transferred to nitrocellulose filters using the 

iBlot® Dry Blotting System (ThermoFisher Scientific). Membranes have 

been blocked with 5% skim milk (Membrane Blocking Agent, GE 

Healthcare) in Tris-buffered saline solution containing 0.1% Tween-20 

and incubated overnight at 4°C with primary antibodies. The following day 

membranes have been incubated with secondary Horseradish 

peroxidase-labeled goat anti-rabbit antibody (1:3000, Cell Signaling 

Technology) for 1 hour, after which protein signals have been detected by 

chemiluminescence using ECL western Blotting Detection Reagent (GE 

Healthcare). Signal bands have been analysed using NIH ImageJ 

software.  The ratio between the phosphorylated and the total protein, 

normalized to control culture condition has been used as index of protein 

activation. β-actin has been used as loading control. 

Specific primary rabbit antibodies are described in table 5.  

 

Peptide/protein 
target 

Antibody name 
Manufacturer, 
catalogue # 

Species 
raised in; 
mono- or 
polyclonal 

Dilution 

p38 
p38 MAPK 

Antibody 

Cell Signaling 

Technology 

#9212 

Rabbit, 

monoclonal 
1:1000 

Phospho-p38 

Phospho-p38 

MAPK 

(Thr180/Tyr182) 

Antibody 

Cell Signaling 

Technology 

#4511 

Rabbit, 

monoclonal 
1:1000 
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Erk1/2 
p44/42 MAPK 

(Erk1/2) 

Antibody 

Cell Signaling 

Technology 

#9102 

Rabbit, 

polyclonal 
1:1000 

Phospho- 
Erk1/2 

Phospho-

p44/42 MAPK 

(Erk1/2) 

(Thr202/Tyr204) 

Antibody 

Cell Signaling 

Technology 

#4370 

Rabbit, 

monoclonal 
1:1000 

JNK 
SAPK/JNK 

Antibody  

Cell Signaling 

Technology 

#9252 

Rabbit, 

monoclonal 
1:1000 

Phospo-JNK 
Phospho-

SAPK/JNK 

(Thr183/Tyr185) 

Cell Signaling 

Technology 

#4668 

Rabbit, 

monoclonal 
1:1000 

β-Actin 
β-Actin (D6A8) 

Rabbit mAb  

Cell Signaling 

Technology 

#4967 

Rabbit, 

polyoclonal 
1:10000 

Table 5. List of primary rabbit antibodies used for signaling protein 
activation detection 

 

12. Cell aggregate dispersion 
12.1 hiPSCs-derived β-cells  

In order to perform subsequent analysis, stage 7 (S7) hiPSCs-derived β-

cell aggregates have been dispersed into single cells solution through 

optimized protocol, as described in literature 259. Specifically, cell 

aggregates have been washed twice with 0.5 mM EDTA (Life 

Technologies) prior proceeding with 8 minutes incubation at 37°C with 

Accumax (Sigma-Aldrich) or Accutase (Capricorn Scientific). Cell 

dispersion has been promoted by gently pipetting and the solution 

quenched by adding an equal volume of Knock-out Serum (Life 

Technologies) supplemented with 10 µM ROCK inhibitor. Cells have been 
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collected and seeded in S7 medium supplemented with 10 µM ROCK 

inhibitor on Matrigel-coated plates. 

 

13. Immunocytochemistry 
13.1 hiPSCs-derived β-cells  

To evaluate the specific expression of specific β-cell markers during the 

differentiation, cells, growing as monolayer (day 0 - stage 4) or dispersed 

(stage 5 – 7), have been washed twice with PBS (Lonza), fixed in 4% 

paraformaldehyde for 20 minutes, permeabilized with 0.5% triton-X100 

(Sigma-Aldrich) and blocked with UltraV block solution (Thermo Scientific) 

for 8-10 min. In between these passages, fixed cells have been washed 

once with 0.1% Tween (Sigma-Aldrich) in PBS. Finally, cells have been 

incubated with primary antibodies diluted in 0.1% PBS-Tween, as 

indicated in table 6, either for 3 hours at room temperature or overnight at 

4°C. Following incubation with secondary antibodies for 60 min at room 

temperature samples have been washed and prepared for analysis with 

Vectashield mounting medium with DAPI (Vector Laboratories). After 

primary and secondary antibody solutions incubation, samples have been 

washed at least three times to remove the antibodies exceed. Antibodies 

and dilutions used are provided in the table 6. 

 

Peptide/pro
tein target Antibody name Manufacturer

, catalogue # 

Species 
raised in; 
mono- or 
polyclonal 

Dilution 

Insulin 
Polyclonal Guinea 
Pig Anti-Insulin 
antibody 

DAKO, 
IR00261-2 

Guinea pig; 
polyclonal 

NA 
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OCT-3/4 
Monoclonal Mouse 
Anti-OCT3/4 
antibody 

Santa Cruz 
Biotechnology, 
sc-5279 

Mouse; 
Monoclonal 

1:250 

NKX6.1 Purified Mouse Anti-
Nkx6.1 

BD 
Biosciences, 
563022 

Mouse; 
Monoclonal 

1:250 

PDX1 Polyclonal Goat 
anti-PDX1- antibody 

R&D System, 
AF2419 

Goat; 
Polyclonal 

1:500 

Glucagon Monoclonal Anti-
Glucagon-Antibody 

Sigma, 
Bornem, 
G2654 

Mouse; 
Monoclonal 

1:1000 

SOX17 Polyclonal Goat IgG R&D System, 
AF1924 

Goat; 
polyclonal 

1:500 

Vimentin Anti-vimentin 
antibody 

Abcam, 
ab137321  

Rabbit; 
Polyclonal 

1:100 

Beta 
tubulin III 

Anti-beta-Tubulin III 
antibody 

Sigma-Aldrich, 
T8660 

Mouse; 
Monoclonal 

1:100 

TRA1-60 
TRA-1-60 
Monoclonal 
Antibody, IgM 

ThermoFisher 
Scientific, 
MA1-023 

Mouse; 
Monoclonal 

1:125 
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SSEA-4 
SSEA4 Monoclonal 
Antibody (MC-813-
70) 

ThermoFisher 
Scientific, 
MA1-021 
MC-813-70 
 

Mouse, 
Monoclonal 1:500 

Goat anti-
guinea pig 
IgG 

Goat anti-Guinea 
Pig IgG (H+L) 
Highly Cross-
Adsorbed 
Secondary 
Antibody, Alexa 
Fluor 488 

Life 
technologies, 
A11073 

Goat, 
polyclonal 

1:500 

Goat anti-
rabbit IgG 

Goat anti-Rabbit 
IgG (H+L) Highly 
Cross-Adsorbed 
Secondary 
Antibody, Alexa 
Fluor 568 

Life 
technologies, 
A11036 

Goat, 
polyclonal 1:500 

Donkey 
Anti-Mouse 
IgG 

Donkey anti-Mouse 
IgG (H+L) Highly 
Cross-Adsorbed 
Secondary 
Antibody, Alexa 
Fluor 488 

Life 
technologies, 
A21202 

Donkey 1:500 

Donkey 
Anti-Goat 
IgG 

Donkey anti-Goat 
IgG (H+L) Cross-
Adsorbed 
Secondary 
Antibody, Alexa 
Fluor 546 

Life 
technologies, 
A11056 

Donkey 1:500 

Donkey 
Anti-Guinea 
Pig IgG 

Alexa Fluor488-
conjugated 
AffniPure Donkey 
Anti-Guinea Pig 
(H+L) antibody 

Jackson 
ImmunoResea
rch 
Laboratories, 
706-545-148 

Donkey 1:500 

Rabbit Anti-
Mouse IgG 

Donkey anti-Goat 
IgG (H+L) Cross-
Adsorbed 
Secondary 
Antibody, Alexa 
Fluor 568 

Life 
technologies, 
A11061 

Rabbit 1:500 

Table 6. List of antibodies used for immunocytochemistry analysis. 
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14. Cell aggregates cryo-section  
14.1 hiPSCs-derived β-cells  

To confirm their composition, S7 hiPSCs-derived β-cells aggregates have 

been processed for cryo-section, accordingly to a published protocol 260. 

Specifically, at least 100 S7 cell aggregates per sample have been fixed 

in cool 4% paraformaldehyde (Sigma-Aldrich) for 1.5 hour, after which S7 

cell aggregates were washed twice with cold PBS (Lonza), resuspended 

in warm 2% agar (Life Technologies) in PBS, centrifugated for 4 minutes 

at 400xg and let the agar solidify on ice for 10 minutes. The retrieved 

agarose block has been immersed in a solution of 30% sucrose at 4°C 

overnight and the day after placed on a suitable cryomold, embedded in 

the Tissue-Tek OCT (optimum cutting temperature) compound for frozen 

sectioning and let solidify slowly in a liquid nitrogen pool. Once the block 

was completely solidified, it has been stored in liquid nitrogen until cutting 

by cryotome. Slides have been stored at -80°C until use. 

 

15. Flow cytometry  
15.1 hiPSCs-derived β-cells  

Stage 7 (S7) aggregates have been dispersed into a single cell solution, 

resuspended in in PBS (Lonza) and Zombie AquaTM Fixable Viability kit 

(BioLegend, diluition 1:500), and incubated 20 minutes in the dark at room 

temperature to discern live from dead cells. Then cells have been washed 

twice in PBS, fixed and permeabilized using Cytofix/CytopermTM (BD 

Biosciences), following manufacturer’s instruction.  Cells have been 

incubated with conjugated antibodies for 2 hours in the dark at room 

temperature in Perm/WashM buffer (BD Biosciences) containing 4% fetal 

bovine serum. After three washes, cells have been analyzed using 

FACSCalibur cytometer (BD Biosciences) and FlowJo software (Tree 

Star). At least 2x105 cells per each staining tube were used. 
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Antibodies and dilutions are provided in the table 7. 

Peptide/protein 
target 

Antibody 
name 

Manufacturer, 
catalogue # 

Species 
raised in; 
mono- or 
polyclonal 

Dilution 

Insulin 

Rabbit-anti-

insulin Alexa 

Fluor 647 

conjugated 

Cell Signaling 

Technologies, 

3014S 

Rabbit; 

monoclonal 
1:50 

Glucagon 

Mouse-anti-

glucagon 

BV421 

conjugated 

BD Bioscience, 

565891 

Mouse; 

monoclonal 
1:50 

Table 7. Lis of antibodies used for in flow cytometry. 

 

16. Glucose stimulated insulin secretion 
16.1 hiPSCs-derived β-cells  

The capacity to produce and release insulin quickly in response to an 

increase in extracellular glucose concentration represents the primary β-

cell function. To evaluate the function of S7 hiPSCs-derived β-cells 

aggregates, the in vitro glucose-stimulated insulin secretion assay has 

been performed as describe below. 40 hiPSCs-derived β-cell aggregates 

per glucose condition have been washed with glucose-free Krebs buffer 

(UniverCell Biosolutions) supplemented with 0.1% BSA fraction V (Roche) 

and incubated in 1.6 mM glucose Krebs buffer supplemented with 0.1% 

BSA fraction V for 30 minutes at 37°C and 5% CO2 incubator (adaptation 

phase). Next, aggregates have been exposed to 1.6 mM (low glucose 

condition), 16.7 mM (high glucose condition) or 16.7 mM glucose plus 10 

μM forskolin (high glucose pus forskolin condition) for 1 hour in a parallel 

manner (secretion phase). Both supernatant and aggregates have been 
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collected. Cell pellets have been washed once with PBS, centrifuged (4 

minutes at 700xg), resuspended in H2O and frozen at -20°C. 

Subsequently frozen samples have been thawed and underwent to 3 

cycles of sonication (10 second sonication plus 10 second resting each) 

in order to lyse the aggregates. After 10 minutes centrifuge at maximum 

speed at 4°C, cell lysates have been diluted 1:3.5 in acid ethanol (95% 

Ethanol, 5% 12N HCl) and incubated at 4°C overnight in order to extract 

the insulin content. 

 

16.2 Human islets  

To compare the function of S7 hiPSCs-derived β-cells aggregates, in vitro 

glucose-stimulated insulin secretion assay has been performed in human 

islets as described above. Differently from S7 hiPSCs-derived β-cells 

aggregates, 20 human islets per glucose condition have been assayed 

and the adaptation phase. 

 

17. Insulin measurement 
After in vitro glucose-stimulated insulin secretion, insulin concentration in 

supernatants and insulin content, extracted as described above in 

hiPSCs-derived β-cell aggregates, have been quantified by human insulin 

ELISA Kit (Mercodia) as indicated by manufacturer’s instruction. 

Supernatants and content samples have been diluted 1:10 1:200, 

respectively, in Diabetes Sample Buffer (Mercodia). Data have been 

normalized to total protein content, measured by protein assay dye 

reagent (Bio-Rad). 

 

18. Transplantation studies 
iPSCs-derived β-cells have been transplanted under the kidney capsule 

of immunocompromised NOD/SCID mice at the end of the differentiation 
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by a trained equipe of the ULB Center for Diabetes Research at the animal 

facility at the Universitè Libre de Bruxelles, Brussles (Belgium) following 

the guideline for animal care. 

All transplanted mice are males and surgery occurred between 6-12 

weeks of age. 

 

18.1 Intraperitoneal glucose tolerance test, 

human C-peptide detection, 

streptozotocin injection and 

nephrectomy 
At 7, 14 and 20 weeks post-transplantation mice transplanted with iPSCs-

derived β-cells have undergone to intraperitoneal glucose tolerance test 

(IPGTT), as described in literature 261. After 16 hours fasting, 2 mg 

glucose/g boy weight has been administered via intraperitoneal injection 

and glycemia has been measured (glucometer Accu-Check Aviva, Roche) 

at time 0 (before glucose administration), 15, 30, 60, 90 and 120 minutes 

(after glucose administration). Blood sample have been collected from the 

tail and human C-peptide measured using the C-peptide ELISA 

(Mercodia) following manufacturer’s instructions.  

At 21 weeks post-transplantation mice have been intraperitoneal injected 

with a single dose of streptozotocin (STZ) at 200 mg/kg body weight 

freshly prepared and glycaemia measured at the tail end for 1 week. After 

which (22-weeks post-transplantation) grafts have been recovered via 

nephrectomy and glycemia monitored. Nephrectomy has been performed 

by a trained equipe of the ULB Center for Diabetes Research at the animal 

facility at the Universitè Libre de Bruxelles, Brussles (Belgium). 
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18.2 In situ kidney perfusion 
At 22-weekd post-transplantation, 3 mice, instead of nephrectomy, have 

undergone to in situ kidney perfusion assay to test in vivo graft function. 

The assay has been performed by research group led by Prf. Patrick Gilon 

at the Institute of Experimental and Clinical Research at Université 

Catholique de Louvain, Brussels (Belgium). 

The iPSCs grafted kidney has been perfused in situ at 37°C at a flow rate 

of 1 mL/min in a single-pass circuit through renal artery and vein. 

Therefore, a catheter is inserted in the abdominal aorta and the venous 

effluent is collected by a second catheter, which inserted in renal vein, 

where the graft is. Following an initial equilibration phase of 20 minutes, 

the effluent is collected every 4 min, after which insulin measurement is 

assayed with a home-made radioimmunoassay at the Institute of 

Experimental and Clinical Research at Université Catholique de Louvain, 

Brussels (Belgium).  

 

19. Frataxin measurement  
19.1 hiPSCs-derived β-cells  

Frataxin protein expression has been measured in cell lysates by frataxin 

ELISA (Abcam) according to the manufacturer’s instructions. 

Briefly, aggregates have been resuspended in the lysis buffer provided 

with the kit and undergone to 3 cycles of sonication (10 second sonication 

plus 10 second resting each) in order to lyse the aggregates. After 10 

minutes centrifuge at maximum speed at 4°C, cell lysates have been 

collected, sample diluted and frataxin levels measured. Data have been 

normalized to total protein. 

After in vitro glucose-stimulated insulin secretion, insulin concentration in 

supernatants and the insulin content, extracted as described above, in 

hiPSCs-derived β-cell aggregates has been quantified by human insulin 
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ELISA Kit (Mercodia) as indicated by manufacturer’s instruction. 

Supernatant have been diluted 1:10 and content samples 1:200 in 

Diabetes Sample Buffer (Mercodia). Data have been normalized to total 

protein content, measured by protein assay dye reagent (Bio-Rad). 

 

20. NAD(P)H measurement 
20.1 hiPSCs-derived β-cells  

For NAD(P)H measurements, aggregates were incubated for 2 hours in 

glucose-free bicarbonate-buffered Krebs solution and then perfused with 

Krebs containing 0, 2 and 20 mM glucose at a flow rate of about 1ml/min. 

NAD(P)H autofluorescence was recorded by microspectrofluorometry in 6 

perfused aggregates as described in literature 262. The data were 

normalized to fluorescence levels measured 15 min after addition of 10 

μM Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), an 

uncoupling agent that leads to disruption of the mitochondrial membrane 

potential. 

 

21. Statistical analysis 
Data are shown as means ± SEM, unless otherwise indicated.  

Comparisons among groups have been performed by ANOVA followed by 

Bonferroni or Tukey’s post-hoc correction for multiple comparisons. A 

value of p<0.05 was considered statistically significant. Data analysis was 

performed using SPSS version 25 (for data on MACs), or Prism 8 version 

8.2.1 (279) (β-cell results). 
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 RESULTS 
 

1. AIM 1. Effects of stearic acid-mediated lipotoxicity 

on cell viability and function in myeloid angiogenic 

cells 
Part of the data shown in this section have been published in the following 

paper:  

“Spigoni V, Fantuzzi F, Fontana A, Cito M, Derlindati E, Zavaroni I, Cnop 

M, Bonadonna RC, Dei Cas A. Stearic acid at physiologic concentrations 

induces in vitro lipotoxicity in circulating angiogenic cells. Atherosclerosis. 

2017 Oct;265:162-171. doi: 10.1016/j.atherosclerosis.2017.09.004. Epub 

2017 Sep 4. [PubMed PMID: 28892713].” 

 

1.1 Stearic acid affects viability in myeloid 

angiogenic cells 
Stearic (SA) and palmitic (PA) acids are the most predominant circulating 

long-chain SFA. 

Pilot experiments have showed that MAC apoptosis could be induced by 

SA at physiological concentration (100 μM), whilst higher PA 

concentration (1-2 mM) are needed to obtain a comparable apoptosis 

enhancement in MACs (figure 10). 

SA (100 μM) and PA (2 mM) have induced an increase of about 4-fold in 

activation of executioner caspase 3 and 7 with respect to vehicle at 24h in 

MACs. 
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Figure 10. SA and PA induce apoptosis in MACs. Caspase 3/7 activation in 

MACs treated with SA (100 μM or 250 μM) or PA (1 or 2 mM) at 16 and 24h after 

stimuli. Data are expressed as mean ± SEM from 3 independent experiments. 

*p<0.05 vs. vehicle; **p<0.01 vs. vehicle; ***p<0.005 vs vehicle. SA, stearic acid; 

PA, palmitic acid. 

 

We then have selected SA as the FFA to be used in the following 

experiments, as more physiological than PA, which was effective at 

supraphysiological concentrations. 

A wide range of SA concentrations has been tested (40 to 625 μM) over 

time (8-24 hours) and SA has been found to reduce MAC viability in a 

dose-dependent manner, compared to vehicle treated cells (figure 11A).  

Starting from 12 h after stimulus, a coherent increase in caspases 3 and 

7 activation has been observed, mirroring the fall in cell viability (figure 

11B). In particular, 100 μM SA has induced a 2.2±0.6-fold increase in 

apoptosis with respect to vehicle at 16 h, without causing dramatic loss of 

cells, as observed at higher SA concentration (250 and 625 μM). 

Veh
icl

e

SA 10
0µ

M

SA 25
0µ

M

PA 1m
M

PA 2m
M

0

2

4

6

8
ca

sp
as

e 
3/

7 
ac

tiv
at

io
n

(v
eh

ic
le

 ra
tio

)

16h
24h

***

***

**
*



Results 

90 

Figure 11. SA affects viability and induce apoptosis in a dose- and time-
dependent manner in MACs. (A) Cell viability and (B) caspase 3/7 activation on 

MACs treated with increasing concentrations (40 to 625 μM) of SA or vehicle over 

time (8 to 24 h). Data are expressed as mean ± SEM from 6 independent 

experiments. *p<0.05 vs. vehicle; **p<0.01 vs. vehicle; #p<0.005 vs vehicle; 

§p<0.001 vs. vehicle. SA, stearic acid. 

 

Annexin V is a probe for phosphatidylserine, which is expressed on the 

outer membrane of early apoptotic cells, whilst TMRE is a probe for the 

mitochondrial membrane potential, which is progressively lost during 

apoptosis. 
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SA-induced apoptosis has also been confirmed by measurement of both 

mitochondrial transmembrane potential and annexin V binding at 8 hours 

in MACs (Fig. 12). TMRE and Annexin V have been found reduced and 

augmented, respectively, resulting in an increase in early apoptosis from 

2.6% to 10%.  

 
Figure 12. SA induces early apoptosis in MACs. 
Representative cytofluorimetric plot of annexin-V (FITC conjugated) and TMRE 

(PE-conjugated) probe detection in MACs treated with 100 μM SA (right) and 

vehicle (left) for 8 hours. P2 (red dots) represents healthy mitochondria in live 

cells, showing intact mitochondrial membrane potential and negative for Annexin 

V binding; P3 (green dots) represents cell population in an intermediate state, 

with reduced mitochondrial membrane potential but low annexin-V binding; P4 

(purple dots) represents cells positive for annexin binding and with loss of 

mitochondrial transmembrane potential (apoptotic cells). 

 

Thereby, the 100 μM has been selected to perform all subsequent 

experiments. 
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1.2 Stearic acid affects cell function in 

myeloid angiogenic cells 
The capacity to cooperate in vasculogenesis represents one the most 

important MAC functions. To evaluate SA-mediated effects on MAC pro-

angiogenic function, tube formation assay has been performed. As shown 

in figure 12, 100 μM SA significantly reduces the capacity of MACs to 

participate in forming tube-like structures along with the endothelial cells 

HUVEC. This peculiar ability has been calculated as the number of closed 

structures (average decrease, 16% figure 13A) and as total tube length 

(average decrease, 10%, figure 13B) per frame, compared to vehicle-

treated MACs. 

 
Figure 13. SA reduces MAC function. 
Effect of 100 μM SA or vehicle on MAC ability to assist HUVEC tube formation. 

Tube formation capacity is expressed as total tube length (mm) or as number of 
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closed circles formed by HUVEC plus MACs pre-incubated with vehicle (white 

columns) or with SA (black columns). Data are expressed as ratio between (A) 

number of closed circles formed by HUVEC plus MACs to number of closed 

circles formed by HUVEC alone and (B) total tube length (mm) formed by HUVEC 

plus MACs to total tube length (mm) formed by HUVEC alone. (C) Representative 

pictures of the network formed by HUVEC plus MACs (stained with Dil, red) in 

presence of vehicle (left) or SA (right). Data are expressed as mean ± SEM from 

6 independent experiments. Bar = 500 μm. *p < 0.05 vs. vehicle; **p < 0.01 vs. 

vehicle. SA, stearic acid. 

 

1.3 Stearic acid triggers inflammation in 

myeloid angiogenic cells 
Prolonged exposure of FFA is known to induce inflammation in several 

cellular models.  

To evaluate whether SA-induced lipotoxicity in MACs involves enhanced 

inflammation, pro-inflammatory cytokine/chemokine (IL-1β, MCP-1, IL-6, 

TNF-α and IL-8) gene expression and secretion have been assessed. 

Overall, 100 μM SA causes significant exponential increase in IL-1β, 

MCP-1, IL-6, TNF-α and IL-8 gene expression from 3 h up to 16 hours 

(figure 13). 

Of note, the strongest stimulatory effect induced by SA exposure has been 

observed on IL-8 gene, whose expression reaches a 40-fold increase 

following 16 h from the stimulus. A 6±2-fold increase in MCP-1 gene 

expression has been measured at 16 hours, a later time point than for 

other cytokines/chemokines expression induction (figure 14). 
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Figure 14. SA triggers pro-inflammatory cytokine/chemokine gene 
expression in MACs. 
Effect of 100 μM SA on IL-1β, MCP-1, IL-6, TNF-α and IL-8 gene expression in 

MACs from 1.5 to 16 hours. qPCR data are normalized to GAPDH housekeeping 

gene and expressed as fold induction of the vehicle. Data are expressed as mean 

± SEM from 9 independent experiments. *p<0.05 vs. vehicle; **p<0.01 vs. vehicle; 

#p<0.005 vs. vehicle; §p<0.001 vs. vehicle. 
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Pro-inflammatory cytokine/chemokine (IL-1β, MCP-1, IL-6, TNF-α and IL-

8) secretion has also been assessed in cell culture supernatants of MAC 

treated with SA or vehicle by ELISA assays. A similar, but delayed as 

expected, trend has been observed in protein secretion (figure 15). 

Figure 15. SA triggers pro-inflammatory cytokine/chemokine secretion in 
MACs. 
Effect of 100 μM SA on IL-1β, MCP-1, IL-6, TNF-α and IL-8 secretion in MAC 

supernatant from 1.5 to 16 hours. Data are expressed as pg/ml. Data are 

expressed as mean ± SEM from 9 independent experiments. *p<0.05 vs. vehicle; 

#p<0.005 vs. vehicle; §p<0.001 vs. vehicle. SA, stearic acid. 
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1.4 Stearic acid leads to JNK activation in 

myeloid angiogenic cells 
A potential involvement of different MAPKs – p38, extracellular signal-

regulated kinase (Erk)1/2 and JNK – in SA-induced lipotoxicity has been 

evaluated over time (2 to 16 hours). 

SA treatment does not lead to a statistically significant increase neither in 

p38 (figure 16A) nor Erk1/2 activation (figure 16B), but it does in JNK – 

1.8 to a 3.2-fold increase over time compared to vehicle –, reaching its 

peak 4 hours following stimulation (figure 16C). 

 
 

Figure 16. SA activates JNK, but not p38 nor Erk1/2 in MACs. 
Effects of 100 μM SA or vehicle on (A) p38, (B) Erk1/2, (C) JNK MAPK activation 

in MACs following 2, 4, 8, and 16 hours of incubation. One representative blot is 

shown each protein. Data are expressed as the ratio between phosphorylated 

and total protein and is normalized to vehicle. Data are expressed as mean ± 

SEM from 9 independent experiments. *p<0.05 vs. vehicle. SA, stearic acid. 



Results 

97 

1.5 Stearic acid leads to JNK-mediated 

inflammation but not apoptosis in 

myeloid angiogenic cells 
To examine whether JNK may mediate SA-induced pro-inflammatory and 

pro-apoptotic responses in MACs, a specific JNK inhibitor (SP600125) 

has been used in culture.  

20 μM SP600125 almost completely abolishes SA-induced IL- 1β, TNF-α 

and MCP-1 gene expression (figure 17A, B, E), with the exception of  IL-

8 expression, whose induction is not affected by JNK inhibition (figure 

17D). SP600125 curbs SA-dependent IL-6 gene expression at 3 hours, 

but not after 16 hours from SA stimulus (figure 17C).  

Figure 17. SA-mediated JNK activation leads to pro-inflammatory response. 
Effects of JNK-inhibition on (A) IL-1β, (B) TNA-α, (C) IL-6, (D) IL-8 and (D) MCP-

1 gene expression in MACs treated with 100 μM SA or vehicle with or without 20 

μM SP600125 for 3 and 16 hours. qPCR data are normalized to GAPDH 

housekeeping gene and expressed as fold change of SA condition. Data are 

expressed as mean ± SEM from 9 independent experiments. $p<0.05 vs. SA; 
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¥p<0.01 vs. SA; £p<0.005 vs. SA; †p<0.001 vs. SA. SA, stearic acid; iJNK, JNK 

inhibitor. 

 

These data suggest that JNK activity mediates, at least partially, SA-

induced pro-inflammatory response. 

Surprisingly, no reduction in caspase activation has been observed after 

JNK inhibition by SP600125 (figure 18), suggesting that its activation is 

not involved in SA-induced lipo-apoptosis.  

Figure 18. SA-mediated JNK activation is not required for pro-apoptotic 
response. 
Effects of JNK-inhibition on caspase 3/7 activation in MACs treated with 100 μM 

SA or vehicle with or without 20 μM SP600125 at 16 hours. Data are expressed 

as mean ± SEM from 5 independent experiments. $ p<0.05 vs. SA; ¥ p<0.01 vs. 

SA. SA, stearic acid; iJNK, JNK ihnibitor. 
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1.6 Stearic acid leads to endoplasmic 

reticulum stress response in myeloid 

angiogenic cells 
Potential involvement of ER stress as a possible transducer of SA-

mediated effect on MAC apoptosis has been assessed.  

Three transmembrane proteins, PERK, ATF6 and IRE1, drive the three 

pathways in UPR. In particular, a key downstream effector of PERK 

signaling is represented by ATF4, which triggers apoptosis by increasing 

its downstream target CHOP transcription. SA induced a 1.8-fold 

upregulation of ATF4 at 6 and 16 hours compared to vehicle (figure 19A) 

and a 5.1-fold induction of CHOP gene expression at 16 h (figure 19B). 

Downstream mediators of ATF6 activation UPR branch are the chaperone 

BiP and the transcription factor XBP-1, whose expression is induced by 

SA after 16 hours from the stimulus (7.7 and 1.9-fold increase to vehicle, 

respectively, figure 19) 

Finally, to investigate the involvement of the third UPR pathway, the IRE1-

mediate alternative splicing of XBP-1 product, sXBP1, has been 

assessed. Data show a 2-fold increase in sXBP-1 in MACs cultured with 

SA for 6 and 16 hours (figure 19B-C).  

The ER inducer thapsigargin, a non-competitive inhibitor of the sarco/ER 

Ca2+ ATPase, has been used as positive control.  
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Figure 19. SA induces ER stress markers expression in MACs 
Effect of 100 μM SA and 1 μM thapsigargin on ER stress marker, (A) CHOP, 

ATF4, (B) BiP, XBP-1 and (C) sXBP-1, expression from 1.5 h to 16 h, qPCR data 

are normalized to GAPDH (not for sXBP-1 which is normalized for the geometric 

mean of GAPDH and ACTB) housekeeping gene and expressed as fold induction 

of the vehicle. Data are expressed as mean ± SEM from at least 5 independent 

experiments *p<0.05 vs. vehicle; **p<0.01 vs. vehicle; #p<0.005 vs. vehicle; 

$p<0.05 vs. SA; ¥p<0.01 vs. SA. SA, stearic acid. 
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Overall, these data indicate ER stress responses activation as in SA-

treated MACs. 

In addition, to examine whether UPR may mediate SA-induced pro-

apoptotic response in MACs, an inhibitor of PERK (GSK2606414) has 

been added in culture.   

A reduction in caspase activation has been observed after PERK inhibition 

by GSK2606414 (figure 20), suggesting that its activation is involved in 

SA-induced lipo-apoptosis. 

  

 
Figure 20. SA-mediated PERK activation is involved in pro-apoptotic 
response. 
Effects of PERK-inhibition on caspase 3/7 activation in MACs treated with 100 

μM SA or vehicle with or without 0.5 μM GSK2606414 at 16 hours. Data are 

expressed as mean ± SEM from 3 independent experiments. *p<0.05 vs. SA; 

**p<0.01 vs. SA. SA, stearic acid; PERKi, PERK inhibitor. 
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1.7 Stearic acid leads to oxidative stress 

response in myeloid angiogenic cells 
Finally, to evaluate whether SA-induced lipotoxicity in MACs involves 

enhanced oxidative stress, oxidative stress markers (SOD2, TXN e HO-

1) gene expression over time (1.5 to 16 hours) has been evaluated. 

Overall, 100 μM SA causes significant increase in SOD2 and HO-1 gene 

expression at 6 and 16 hours. HO-1 gene expression peak results at 6h, 

following which it falls back to basal levels (figure 21). 

 
Figure 21. SA triggers oxidative stress markers gene expression in MACs. 
Effect of 100 μM SA on SOD2, TXN and HO-1 gene expression in MACs from 

1.5 to 16 hours. qPCR data are normalized to GAPDH housekeeping gene and 

expressed as fold induction of the vehicle Data are expressed as mean ± SEM 

from 5 independent experiments. *p<0.05 vs. vehicle. SA, stearic acid. 
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2. AIM 1. Antagonizing effects of SGLT2 inhibitors on 

stearic acid-induced lipotoxicity in myeloid 

angiogenic cells  
Data shown in this section have been included in the manuscript 

submitted for publication:  

“Spigoni V, Fantuzzi F, Fontana A, Carubbi C, Pozzi G, Masselli E, Gobbi 

G, Solini A, Bonadonna RC, Dei Cas A. SGLT2 inhibitors antagonize 

lipotoxicity in human myeloid angiogenic cells and ADP-dependent 

activation in human platelets: potential relevance to prevention of 

cardiovascular events.” 

 

2.1 SGLT2 inhibitors curb SA-induced 

inflammation in myeloid angiogenic cells 
To evaluate whether SGLT2-I (EMPA or DAPA) exert beneficial effects on 

SA-induced inflammation, pro-inflammatory cytokine/chemokine (IL-1β, 

IL-8, TNF-α and MCP-1) gene expression has been assessed on MACs 

pre-incubated over a wide range of concentration of SGTL2-I (10 to 100 

μM) for 16 hours prior 3- and 6-hours treatment with 100 μM SA. 

At the highest concentration tested, data show a striking decrease in SA-

induced pro-inflammatory markers (IL-1β, IL-8, TNF-α and MCP-1) gene 

expression in both EMPA (figure 22A) and DAPA (Figure 22B) 

experiments at 3 hours.  

Moreover, both EMPA and DAPA (100 μM) pre-treatment also reduces 

pro-inflammatory cytokine/chemokine (IL-1β, IL-8, TNF-α and MCP-1) 

gene expression induced by 6 hours of SA stimulation (Figure 22C). 
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Figure 21. SGLT2 inhibitors curb SA-induced inflammation in MACs. 
IL-1β, IL-8, TNF-α and MCP-1 gene expression in 1, 10 and 100 µM (A) EMPA 

or (B) DAPA pre-treated MACs (for 16 hours) followed by 3 hours of SA 

stimulation or (C) 100 µM EMPA or DAPA pre-treated MACs (16-hours) followed 

by 6 hours of SA stimulation. qPCR data are normalized to GAPDH housekeeping 

gene and expressed as fold induction of SA. Data are expressed as mean ± SEM 

from at least 3 independent experiments *p<0.05 vs SA; **p<0.01 vs SA; ¥p<0.05 

vs control §p<0.01 vs control. SA, stearic acid; EMPA, empaglifozin; DAPA, 

dapagliflozin. 

 

2.2 SGLT2 inhibitors curb SA-induced 

oxidative stress response in myeloid 

angiogenic cells 
To further explore the beneficial effects of SGLT2-I in lipotoxic MACs, their 

potential role in curbing SA-induced oxidative stress response in MACs 

has been evaluated.  

An increase in oxidative stress marker gene expression has been 

observed at 6 hours of SA-incubation. Data show that both EMPA and 

DAPA pre-treatment significantly reduce SA-induced SOD2 and HO-1 

gene expression, whilst TXN expression was significantly lowered only by 

EMPA. As positive control for anti-oxidant activity, 4 mM NAC has been 

used. The effects mediated by SGLT2-I and NAC are comparable (figure 

23). 
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Figure 23. SGLT2 inhibitors curb SA-induced oxidative stress markers in 
MACs. 
TXN, SOD-2 and HO-1 gene expression in 100 µM EMPA or DAPA or 4 mM NAC 

pre-treated MACs (16 hours) followed by 6-hours of SA stimulation. qPCR data 

are normalized to GAPDH housekeeping gene and expressed as fold induction 

of SA. Data are expressed as mean ± SEM from at least 3 independent 

experiments *p<0.05 vs SA; **p<0.01 vs SA; §p<0.01 vs control. SA, stearic acid; 

EMPA, empagliflozin; DAPA, dapagliflozin; NAC, N-acetyl-cysteine.  

 

2.3 SGLT2 inhibitors do not resolve SA-

induced lipo-apoptosis in myeloid 

angiogenic cells 
Since SGLT2-I demonstrated to exert beneficial effects on SA-induce pro-

inflammatory and oxidative stress marker gene expression, the 

hypothesis that they could exert a similar protective action on SA-induced 

lipo-apoptosis has been evaluated. 

However, neither EMPA nor DAPA have been able to hamper the 

activation of caspase 3 and 7 after 24 hours of SA stimulation (figure 24). 
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Figure 24. SGLT2 inhibitors do not curb SA-induced apoptosis in MACs. 
Caspase 3/7 activation in MACs pre-treated for 16 hours with EMPA or DAPA 

(both 100 µM) followed by 24 hours of SA stimulation. Data are expressed as 

mean ± SEM from 3 independent experiments.; **p<0.01 vs SA; §p<0.01 vs 

control. SA, stearic acid; EMPA, empagliflozin; DAPA, dapagliflozin. 

 

2.4 SGLT2 is not expressed, but it is NHE in 

myeloid angiogenic cells 
qPCR results show lack of expression of SGLT2, whilst SGLT-1 

expression is barely detectable in MACs. These results have been 

confirmed by digital PCR, performed by the laboratories of Department of 

Surgical, Medical, Molecular and Critical Area Pathology at the University 

of Pisa, Italy (Prof. Anna Solini). 

Since SGLT2-I-mediated effects could be driven by alternative targets, the 

hypothesis of an involvement of NHE (as reported for cardiomyocytes), 

has been explored also in MACs.  

Firstly, NHE isoform (1 to 9) expression has been assessed by qPCR in 

MACs. NHE isoforms NHE-1, NHE-6, NHE-7, NHE-8, NHE-9 have been 

found to be expressed in untreated MACs (data not shown). 
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2.5 Amiloride curbs SA-induced 

inflammation in myeloid angiogenic cells 
To explore the putative involvement of NHE as mediator of SGLT2-I 

beneficial action, a non-specific inhibitor of NHE (amiloride) has been 

added in SA-treated MACs, alone or in combination with 100 μM EMPA. 

Pre-treatment (for 16 hours) with 100 μM amiloride curbs SA-induced IL-

1β, IL-8, TNF-α and MCP-1 gene expression similar to EMPA, suggesting 

a shared mechanism of action (i.e. NHE inhibition).  

Of note, the culture condition EMPA plus amiloride display an additive 

effect in restraining SA-induced inflammation (figure 25), suggesting that 

maybe EMPA and amiloride’s mechanisms of action could be just partly 

shared. 

 

 
Figure 25. Both amiloride and EMPA curb SA-induced inflammation in 
MACs. 
IL-1β, IL-8, TNF-α and MCP-1 gene expression in MACs pre-treated with 100 μM 

EMPA and/or 100 μM amiloride for 16 hours followed by 3 hours of 100 µM SA 

incubation. Data are expressed as mean ± SEM from at least 3 independent 
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experiments. * p<0.05 and **p<0.01 vs SA; ¥p<0.05 and §p<0.01 vs control. SA, 

stearic acid; EMPA, empagliflozin. 

 

To identify which NHE isoform is mainly involved in the observed SGT2-I-

mediated effects, each isoform should be selectively targeted for 

inhibition. 

So far, only NHE-1 isoform has been investigated by the specific inhibition 

of cariporide. 

Data show that 10 μM cariporide induces a slight decrease in SA-induced 

IL-8 and MCP-1, but not IL-1β and TNF-α gene expression (figure 26). 

 

Figure 26. Cariporide partially curbs SA-induced inflammation in MACs. 
IL-1β, IL-8, TNF-α and MCP-1 gene expression in MACs pre-treated with 10 μM 

cariporide for 16 hours followed by 3 hours of 100 µM SA incubation. Data are 

expressed as mean ± SEM from at least 3 independent experiments. **p<0.01 vs 

SA; §p<0.01 vs control. SA, stearic acid. 

 

Thus, although NHE inhibition may actually play a role in EMPA/DAPA-

mediated SGLT2-independent mechanisms, these latter data suggest an 

only marginal involvement of the isoform 1 of NHE in the reduction of 
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inflammation mediated by SGLT2-I. Further studies are needed to fully 

clarify this issue. 

  

3. AIM 2. Improve the protocol to differentiate in vitro 

induced pluripotent stem cells into β-cells in order to 

create novel models to study β-cell lipotoxicity 
 

3.1 Stearic and palmitic acid affect viability 

in EndoC-βH1 
Pilot experiments have showed that the human β-cell line EndoC-βH1 is 

susceptible to apoptosis induced by SA and PA. However, higher 

concentration than in MACs is requested to observe an effective decrease 

in cell viability in EndoC-βH1 cells.   

SA and PA (both 500 μM) treatment for 24 hours induce 2.3±0.3- and 

1.4±0.1-fold increase with respect to vehicle, in number of apoptotic 

EndoC-βH1 cells, respectively (figure 27). 
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Figure 27. SA and PA induce apoptosis in EndoC-βH1 cells.  
Percentage of positive propidium iodide-positive EndoC-βH1 cells treated with 

with SA (200 μM or 500 μM) or PA (200 μM or 500 μM) or vehicle 24h after stimuli. 

Dots represent single experiments. Data are expressed as violin plot, with the 

median represented by the horizontal line, from 5 independent experiments. 

*p<0.05 vs. vehicle; #p<0.001 vs. vehicle. SA, stearic acid; PA, palmitic acid. 

 

3.2 Stearoyl CoA desaturase is highly 

expressed in EndoC-βH1 
Data shown in this section have been included in the manuscript 

(accepted for publication, Diabetologia, 2019):  

“Oshima M, Pechberty S, Bellini L, Göpel SO, Campana M, Rouch C, 

Dairou J, Cosentino C, Fantuzzi F, Toivonen S, Marchetti P, Magnan C, 

Cnop M, Le Stunff H, Scharfmann R. Stearoyl CoA desaturase is a 

gatekeeper that protects human β-cells against lipotoxicity and maintains 

their identity.” 
 

Stearoyl-CoA desaturase (SCD) is an enzyme involved in the systhesis of 

unsatured FFA from SFA and, in particular, desaturates PA or SA into 

palmitoleate (C16:1) or oleate (C18:1), respectively. It has been 

hypothesized that SCD, given its action in processing SFA, may have a 

protective role against lipotoxicity in β-cells. 

Indeed, qPCR data show a high expression of SCD gene in EndoC-βH1, 

higher than in human islets (figure 28). 
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Figure 28. SCD expression is higher in EndoC-βH1 cells than in human 
islets. 
Gene expression of SCD in EndoC-βH1 cells and in human islets. qPCR data are 

normalized to ACTB housekeeping gene. Dots represent single experiments. 

Data are expressed as mean ± SEM from at least 3 independent experiments. 

#p<0.001 vs. EndoC-βH1. SCD, Stearoyl-CoA desaturase. 

 

Of note, in experiments aimed to explore the protective role of SCD, 

performed by Prof. Scharfmann’s research group at Université Paris 

Descartes INSERM in Paris (France), EndoC-βH1 cells are resistant to 

PA- and SA-induced toxicity unless SCD gene is silenced. 
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Although EndoC-βH1 cells show many advantages, as transformed 

pseudodiploid cells in continuous expansion, they should not be 

considered as a direct equivalent of non-dividing primary β-cells. 

Moreover, FFA-treatment in EndoC-βH1 are contrasting. 

An alternative (and intriguing) tool to model lipotoxicity in pancreatic β-cell 

may be represented by iPSCs-derived β-cells technology. However, since 

current in vitro differentiation strategies enable to generate immature β-

cells, in the present study, it has been aimed to differentiate in vitro 

induced pluripotent stem cells into β-cells to create novel models to study 

β-cell lipotoxicity. 

 

3.3 iPSCs-derived β-cells express β-cell 

markers across the differentiation  
Part of the data shown in this section have been included in the 

manuscript:  

“Toivonen S*, Fantuzzi F*, Schiavo AA, Demine D, Sawatani T, Demarez 

C, Pachera N, Rajaei B, Cosentino C, Cai Y, Marchetti P, Jonas JC, Gilon 

P, Eizirik DL, Igoillo-Esteve M, Cnop M. 3D microwell platform to generate 

human induced pluripotent stem cell-derived β-cells in vitro. “ 

 

Using a step-wise protocol, iPSCs successfully differentiate into definitive 

endoderm cells (at stage 1, S1), displaying the typical morphology and 

expressing the definitive endoderm marker, SOX17. At this stage, over 

95% of cells has interrupted the expression of the pluripotent marker 

OCT4 (figure 29A-B). Then, cells progress through primitive gut tube, 

posterior foregut and form pancreatic progenitors co-expressing PDX1 

and NKX6.1 at stage 4, S4 (figure 29C). At this time point, the cells are 

transferred from monolayer culture to 3D culture in order to sustain the 
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formation of cell aggregates into pancreatic islet-like structures (figure 

29D).  

 
Figure 29. Scheme of the 7-stage differentiation protocol from iPSCs into 
maturing β-cells. 
Representative immunofluorescent staining of (A) iPSCs (d0) for OCT4 (green), 

(B) S1 cells for SOX17 (red) and OCT4 (green), (C) S4 cells for PDX1 (red) and 

NKX6.1 (green) and (D) S7 cell aggregates for insulin (green), PDX1 (pink) and 

glucagon (red). Nuclei are stained with DAPI (blue). 

 

qPCR data across the differentiation show that the cells follow a normal 

developmental pathway (endocrine commitment, pancreatic and β-cell 

development) by transiently expressing the pancreatic progenitor marker 

SOX9 at S4 (figure 29A) and NGN3 at S5 (figure 30B) with subsequent 

upregulation of NKX2.2 and NEUROD1 ((figure 30C, D). β-cell specific 

transcription factors PDX1 and NKX6.1 expression started by stages 3-4 

and increased in the course of the differentiation (figure 30E, F). INS 

expression starts to be detected at S5 and increase until the end of the 

differentiation (figure 30G). At S7 a slight but significant increase in GCG 

expression has been detected. Mature β-cell marker MAFA, although 
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expressed, remains very low compared to expression in human islets 

(figure 30I).  

 
Figure 30. Cells follow a normal developmental pathway across the 
differentiation into β-cells. 
Gene expression of SOX9, NGN3, NKX2.2, NEUROD1, PDX1, NKX6.1, INS, 

MAFA and GCG across the differentiation. qPCR data are normalized to the 

geometric mean of GAPDH and ACTB housekeeping genes and expressed as 

copies/μl using the standard curve approach. cDNA obtained from EndoC-βH1 

and isolated human pancreatic islets have been used as positive control. Dots 

represent single experiments. Data are expressed as violin plots, with the median 
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represented by horizontal line, from at least 3 independent experiments. *p<0.05; 

**p<0.01; ***p<0.005 as indicated. d0, day 0; S1-7, stages 1-7. 

 

At the end of differentiation at stage 7, cell counting from insulin and 

glucagon immunocytochemistry analysis shows that aggregates are 

composed by 44.5±2.2% of insulin-positive β-cells, 4.6±0.5% of glucagon-

positive α-cells and 3.9±0.7% of insulin- and glucagon-positive bi-

hormonal cells (figure 31A-B). Data have been confirmed by FACS 

analysis (figure 31C). The percentage of β-cells at stage 7 is comparable 

with that of human islets (49±1%, data not shown).  

Almost no Ki67-positive cells have been detected (data not shown). 
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Figure 31. iPSCs-derived β-cells account for about the half of the total cell 
population at the end of the differentiation.  
(A) Yield of insulin-positive (INS+), glucagon-positive (GCG+) and bi-hormonal 

(INS+/GCG+) cells at the end of the differentiation (S7) manually counted after 

immunofluorescence staining. (B) representative immunofluorescent staining S7 

cell aggregates for insulin (green) and glucagon (red). Nuclei are stained with 

DAPI (blue). (C) Representative cytofluorimetric plot of insulin and glucagon in 

S7 cell aggregates. Data are expressed as violin plot with the median represented 

by horizontal line from at 15 independent experiments. INS, insulin; GCG, 

glucagon. 
 

3.4 iPSCs-derived β-cells show limited β-

cell function in vitro  
It is known the glucose enters in the β-cell, via the GLUT transporter, 

where it is metabolized and leads to increase in the ATP/ADP radio which 

causes the closure of ATP-sensitive potassium channel, the consequent 

membrane depolarization and the opening of the voltage-dependent 

calcium channels. These events trigger the fusion of the secretory 

granules and the insulin release which is found to be further stimulated in 

presence of cAMP. 

Thereby, to evaluate in vitro function of iPSCs-derived β-cells, glucose-

stimulated insulin secretion assay has been performed. 

A solution of 17.6 mM glucose (high glucose condition) induces a slight, 

but not significant augment (1.25±0.42, compared to 1.67 basal mM 

glucose) in insulin release in iPSCs-derived β-cells. However, the insulin 

secretion is significantly increased in response to high glucose plus 10 μM 

forskolin, which triggers an increase in intracellular cAMP, in respect to 

vehicle (3.83±0.85 compared 1.67 mM basal glucose), as shown in figure 

32A. 
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Nevertheless, the in vitro glucose-induced insulin secretion is still very low 

in comparison to human pancreatic islets, which display an augment of 

5.6±2.6-fold to basal in response to 17.6 mM glucose and 13.15±5.3-fold 

to basal in response to 17.6mM glucose plus 10 μM forskolin (figure 32B). 

Of note, there is no statistical difference in insulin content (following 

protein normalization) in iPSCs-derived β-cells and human islets (data not 

shown). 

 
Figure 32. iPSCs-derived β-cells display limited β-cell function in vitro.  
Glucose-stimulated insulin secretion assay in response to high glucose stimulus 

alone (17.6 mM) or high glucose plus 10 μM forkolin in (A) iPSCs-derived β-cell 

and in (B) isolated human pancreatic islets. Basal glucose level is set at 1.6 mM. 

Data are expressed ad insulin secreted (ng) and normalized by total protein (μg). 

Dots represent single experiments. Data are expressed using boxplots, with the 

median represented by horizontal line and the 25th and 75th percentiles at the 

bottom and top of the box, from least 8 independent experiments. Whiskers 
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represent the minimum and maximum values *p<0.05 vs glucose 1.67 mM; 

**p<0.01 vs glucose 1.67 mM. 

 

3.5 iPSCs-derived β-cells become gluco-

responsive after in vivo transplantation 

in NOD-SCID mice. 
In order to evaluate the in vivo function of stage 7 iPSCs-derived β-cells, 

1000-3000 aggregated have been transplanted under the kidney capsule 

of immunodeficient NOD/SCID mice by a trained equipe at the ULB Center 

for diabetes research. 

At 7-, 14- and 20-weeks post-transplantation intraperitoneal glucose 

tolerance test (IPGTT) has been performed (figure 33A) and human C-

peptide has been measured in iPSCs-derived β-cells transplanted mice 

(figure 33B). Although human C-peptide is detectable at 7-weeks post-

transplantation, grafts became glucose-responsive by 14-20 weeks post-

transplantation (figure 33B). 

At 21-week post-transplantation mice have been injected with STZ (200 

mg/kg), that selective ablate rodent β-cells, and glycaemia has been 

recorded in the following weeks, before proceeding with nephrectomy to 

recover the graft. 

After STZ, untransplanted mice become diabetic (figure 33C), whilst 

iPSCs-derived β-cells transplanted mice succeed in maintain 

normoglycaemia. After nephrectomy they develop diabetes (figure 33C). 
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Figure 33. iPSCs-derived β-cells display acquired β-cell function in vivo.  
At 7-, 14- and 20-weeks post-transplantation, (A) intraperitoneal glucose 

tolerance test (IPGTT) have been performed and (B) human C-peptide measured 

in iPSCs-derived β-cells transplanted mice. (C) Glycaemia after STZ injection 

(black arrow) in iPSCs-derived β-cells transplanted mice and in untransplanted 

mice at 21 weeks post-transplantation and after nephrectomy (dotted arrow) at 

22 weeks post-transplantation. Data are expressed as mean ± SEM from a 

number of mice as indicate **p<0.01 vs t0; ***p<0.005 vs t0. 
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The pathway leading to insulin release can be modulated by the action of 

several external agents. Besides forskolin, which stimulates insulin 

secretion through increasing cAMP levels as mention above, also 

gliclazide – a potassium channel blocker – or high potassium can all 

stimulate the insulin release. On the contrary, diazoxide – a potassium 

channel opener – inhibits the insulin secretion. 

A number of thee iPSCs-derived β-cells-transplanted mice have 

undergone to in situ kidney perfusion. 

This technique, performed by the research group headed by Prof. Patrick 

Gilon at Université Catholique de Louvain, Brussels (Belgium), consists in 

a single-pass circuit in which the desired solution is injected via abdominal 

aorta and the effluent is collected via the renal vein. 

After an initial stabilization phase in a glucose-free solution (0 mM), the 

sequential injection of 20 mM glucose alone and in combination with 1 μM 

forskolin, 250 μM diazoxide, 20 μM gliclazide or 30 mM KCl shows that 

iPSCs-derived β-cells acquire a functional secretory machinery after in 

vivo transplantation and graft are able to quickly modulate the release of 

insulin in response to different stimuli (figure 34). 
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Figure 34. iPSCs-derived β-cells modulate the release of insulin in response 
to different stimuli in vivo.  
In situ kidney perfusion in iPSCs-derived β-cells transplanted mice at 22 weeks 

post-transplantation. Data are expressed as insulin released (pg/min/kidney) in 

response to 0 mM or 20 mM glucose solution injection as indicated and following 

subsequent injection of 20 mM glucose solution plus 1 μM forskolin, 250 μM 

diazoxide, 20 μM gliclazide or 30 mM KCl. Data are expressed as mean ± SEM 

from 3 mice. G0, 0 mM Glucose, G20, 20 mM glucose; FK forskolin; DZ, 

diazoxide; GCZ, gliclazide. 

 

Overall those data show that iPSC-derived β-cells display β-cell 

characteristics but they still lack fully mature β-cell function in vitro. 

However, in vivo environment following transplantation boosts iPSC-β-cell 

maturation. 
 

3.6 Stearoyl CoA desaturase (SCD) 

expression in iPCs-derived β cells  
Given the ability to in vitro differentiate iPSCs in proper β-cells, this 

technology does provide a valid alterative tool to explore lipotoxicity in 

human β-cells.  

 

In regards to iPSCs-derives β-cell susceptibility to SFA-mediated effects, 

qPCR data show a high expression of SCD gene in this model, higher 

than in human islets, but lower than in EndoC-βH1 (figure 35) 
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Figure 35. SCD is expressed in iPSCs-derived β-cells. 
Gene expression of SCD in EndoC-ßH1, human Islets and iPSCs differentiation 

into β-cells (stages 0 to 7). qPCR data are normalized to ACTB housekeeping 

gene Dots represent single experiments. Data are expressed as mean ± SEM 

from at least 3 independent experiments. *p<0.05 and ***p<0.001 relative to 

EndoC-ßH1 cells.  

 

These data suggest that, as EndoC-βH1, iPSCs-derived β-cells may 

display a certain level of protection against FFA-exerted detrimental 

effects. However, further studies will be needed to clarify its role. 
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4. A further iPSCs-derived β-cell application: iPSCs 

derived from a patient affected by Friedreich ataxia 

efficiently differentiate in β-cells  
Data shown in this section have been included in the manuscript:  

“Igoillo-Esteve M, Oliveira F, Cosentino C, Fantuzzi F, Demarez C, 

Toivonen S, Hu A, Chintawar S, Lopes M, Pachera N, Cai Y, Abdulkarim 

B, Rai M, Marselli L, Marchetti P, Tariq M, Jonas JC, Boscolo M, Pandolfo 

M, Eizirik DL, Cnop M. Exenatide induces frataxin expression and 

improves mitochondrial function in Friedreich ataxia” 
 

Friedreich ataxia (FRDA) is an autosomal recessive neurodegenerative 

disease, with a high prevalence of diabetes, for which so far, there is no 

available treatment. FRDA is caused by a reduction in frataxin (FXN) 

expression – because of an intronic GAA trinucleotide repeat expansions 

in FXN gene – which results in mitochondrial dysfunction and cell 

apoptosis.  

Hereby, fibroblast from a patient affected by FRDA have been 

reprogrammed into iPSCs (HEL 135.2) and subsequently differentiated in 

β-cells.  

iPSC line HEL135.2 satisfies the quality control check by expressing the 

pluripotency markers OCT4, SSEA4 and TRA1-60, by showing 

exogenous transgenes silenced, by successfully differentiating into 

endoderm, mesoderm and ectoderm in the embryoid body assay, and 

displaying a normal 46, XY karyotype (data not shown). 

iPSC line HEL135.2 differentiates efficiently into β-cells. 
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Indeed, at the end of the process stage 7 aggregates are composed by 

58% of insulin positive β-cells. Only few glucagon α-cells or insulin- and 

glucagon-double positive cells have been observed. (Figure 36A-B).  

Figure 36. HEL135.2 efficiently differentiate in β-cells.  
(A) Yield of insulin-positive, glucagon-positive and bi-hormonal cells at the end of 

the differentiation (S7) manually counted after immunofluorescence staining. (B) 

Representative immunofluorescent staining S7 cell aggregates for insulin (green) 

and glucagon (red). Nuclei are stained with DAPI (blue). INS, insulin; GCG, 

glucagon.  
 

Similar to qPCR data shown on control iPSCs cell line differentiation into 

β-cells, gene expression of key markers across the differentiation stages 

follows a normal developmental pathway, displaying levels of gene 



Results 

126 

expression that are overall comparable to EndoC-βH1 cells and primary 

human islets (figure 37).  
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Figure 37. HEL 135.2 follow a normal developmental pathway across the 
differentiation into β-cells. 
Gene expression of SOX9, NGN3, PDX1, NKX6.1, NKX2.2, NEUROD1, INS, 

MAFA, GLP1R and GCG across the differentiation. qPCR data are normalized to 

the geometric mean of GAPDH and ACTB housekeeping genes and expressed 

as copies/μl using the standard curve approach. cDNA obtained from EndoC-βH1 

and isolated human pancreatic islets have been used as positive control. Dots 

represent single experiments. Data are expressed using boxplots, with the 

median represented by horizontal line and the 25th and 75th percentiles at the 

bottom and top of the box, from at least 4 independent experiments. Whiskers 

represent the minimum and maximum values. d0, day 0; HI, human islets; S-17, 

stages 1–7. 

 

FRDA is caused by a reduction in frataxin protein expression. 

In iPSCs(HEL 153.2)-derived β-cells, frataxin protein expression levels, 

measured by frataxin ELISA, are 35% lower than in the control cell line 

(figure 38A-B). Treatment with 50 nM exenatide (Ex4) slightly increases 

frataxin after 72 hours (figure 38B).  Glucose-induced insulin secretion 

assay shows a slight but significant increase in insulin release after high 

glucose (17.6 mM) stimulation and a more potent induction following high 

glucose (17.6 mM) plus forskolin (10 μM) stimulation in iPSCs(HEL 

153.2)-derived β-cells. However, no insulin secretory function 

improvement has been observed after 50 nM Ex4 treatment (figure 38C). 

Finally, as an indicator of variation in glucose metabolism, NAD(P)H 

autofluorescence has been measured in iPSCs(HEL 153.2)-derived β-

cells. Data show that NAD(P)H autofluorescence rises with a greater 

effect when iPSCs-derived β-cells are stimulated with 2 mM glucose 

solution, after glucose starvation, than when they are later exposed to a 

20 mM glucose solution. NAD(P)H autofluorescence signal modestly 

increases after exenatide treatment (figure 38D).  



Results 

128 

Finally, treatment with FCCP, which is a mitochondrial uncoupler, rapidly 

reduce NAD(P)H autofluorescence in the aggregates (Figure 38D), 

indicating that the iPSC-β-cell mitochondria are metabolically active. 

 
Figure 38. Exendin treatment induces moderate increase in frataxin protein 
expression in HEL 135.2-derived β-cells  
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Frataxin protein quantified by ELISA in control-derived and iPSCs(HEL 135.2)-

derived β-cells treated with Ex 50 or vehicle for (A) 24 or (B) 72 hours. *p<0.05 

Ex vs Veh by paired t-test. (C) Glucose-stimulated insulin secretion assay in 

response to high glucose stimulus alone (17.6 mM) or high glucose plus 10 μM 

forkolin in iPSC(HEL 153.2)-derived β-cells treated or not with 50 nM Ex4 for 24 

hours. Data are corrected for total protein. *p<0.05, **p<0.01 vs vehicle. Data 

points correspond to individual experiments. The median is shown by a horizontal 

line in the box plots; the 25th and the 75th percentiles are at the bottom and top 

of the boxes, respectively; whiskers represent the minimum and maximum values 

(C) NAD(P)H autofluorescence of HEL 135.2-derived β-cells untreated (black 

line) or treated with 50 nM Ex4 (red line) for 24 hours. NAD(P)H data are means 

± SEM for 6 aggregates from 3 different preparations. *p<0.05, ***p<0.005 Ex vs 

Veh by two-way ANOVA for matched data followed by Bonferroni correction for 

multiple comparisons. CT, control cell line; Veh, vehicle; Ex 50, 50 nM exendin; 

FCCP,  Carbonyl Cyanide-4 (trifluoromethoxy) Phenylhydrazone. 

 

 



Discussion 

130 

DISCUSSION 
 

Diabetes is a complex disease which currently affects 425 million people 

worldwide and T2D accounts for 80-90% of all cases. Development and 

progression of both type 1 and T2D is caused by pancreatic β-cell failure, 

due to dysfunction or destruction of β-cells. Nevertheless, the most 

prevalent cause of mortality in T2D patients is represented by CV disease 

which occurs with two-three times higher rate in subjects with diabetes 

compared to adults without diabetes 110, 111. A shared mechanism in the 

pathogenesis of both T2D and related CVD is represented by lipotoxicity, 

whose deleterious effects are mediated by elevated FFA levels 195.  

In the present study, we hypothesized that FFAs may not only induce a 

direct damage on the vessel wall, but also may alter endogenous 

endothelial repair processes through a direct effect on MACs, a subset of 

cells – isolated from peripheral blood – displaying pro-angiogenic function. 

Of note, T2D patients show lower MAC levels compared to healthy 

individuals, and a reduction in MAC bioavailability and function predicts 

increased CV events.  

This study reports that stearic acid (SA) induces a dose- and time-

dependent lipo-apoptosis in MACs, which appears to be mediated by 

PERK signaling in the UPR pathway. SA also induces pro-inflammatory 

cytokines and chemokines, through JNK activation, and oxidative stress 

markers gene expression. Importantly, SA exposure affects angiogenic 

function in MACs.  

Given the broad spectrum of conditions in which lipotoxicity is involved 

(e.g among which, but not limited to, insulin resistance and diabetes) and 

the key role played by MACs in maintaining vascular homeostasis, this 

model of lipotoxicity in MACs acquires a major significance. 



Discussion 

131 

Although high concentrations of SFA are known to directly exert harmful 

effects in several tissues, these findings represent the first evidence 

pointing out the role of lipotoxicity in both bioavailability –- via increasing 

in MAC apoptosis – and function – via alteration of tube formation capacity 

– in human MACs. 

Of note, these detrimental effects have been induced by physiological 

concentration of SA (i.e. 100 μM) which is comparable to that of individuals 

with T2D 263. On the other hand, palmitic acid (PA), which is the most 

abundant FFA in circulation, induced apoptosis only at supraphysiologic 

concentration (1-2 mM) in MACs. In accordance, a previous study showed 

that SA has the major effect in activating caspase 3/7 compared to other 

FFA, including PA, in endothelial cells models and late EPCs 264. 

In the setting of IR (or IR-associated conditions), several studies highlight 

the emerging role of SA. High fat diets enriched in SA, are associated with 

a worse metabolic phenotype in mice – in terms of both liver and 

peripheral IR and greater gluconeogenesis – than high fat diets based on 

palm oil 265, 266. Moreover, IR is characterized by a low-grade chronic 

systemic inflammation, namely metaflammation, which underlies the 

onset of the atherosclerotic process 267. In this study, SA triggers pro-

inflammatory cytokine/chemokine expression and secretion in MACs. The 

translation of these results to the in vivo settings suggests that SA 

contributes to the worsening of the inflammatory burden and to 

metaflammation. Among the pro-inflammatory cytokine/chemokine 

upregulated by SA, IL-8, which is a neutrophil chemoattractant and has a 

role in atherosclerotic lesion progression, is the highest expressed. 

Similarly, high levels of IL-8 have been found in other lipotoxicity-

associated conditions, such as obesity, diabetes and atherosclerosis 268, 

269. 

This stimulation of the pro-inflammatory response has been demonstrated 

to be induced by JNK. The role of JNK in inflammation and lipotoxicity-
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associated conditions has been confirmed in several studies 264, 270,  271, 

272. Nevertheless, it cannot be excluded the involvement of additional 

mediators, e.g. NF-kB. IL-8 and, at least partially, IL-6 up-regulation 

escape from the action of JNK inhibitor, supporting the hypothesis of other 

player(s) involved. 

SA fuels ER stress response in MACs, leading to the activation of all the 

three branches of the UPR. Similarly, an increase in the expression of 

oxidative stress markers have been observed. The correlation among ER 

stress, oxidative stress and lipotoxicity have been explored in several in 

vitro and in vivo models 273, 274. Of note, in our study the inhibition of PERK 

reduces SA-induced apoptosis, strongly suggesting that ER stress 

response is the mechanism through which, at least partly, SA affects MAC 

bioavailability. 

Overall, this study highlights MAC vulnerability to physiologic 

concentration of SA which negatively affects both MAC viability and 

function. Thus, SA does exert a direct damage on MACs, resulting in an 

impairment of endothelial repair capacity. Importantly, dysfunctional 

lipotoxic MACs may not only result in loss of endothelial repair, but also 

boost vessel injury, through the release of pro-inflammatory molecules, 

and promote atherosclerotic plaque instability. 

Ameliorating lipotoxicity in MACs may be particularly significant in the 

setting of altered vessel homeostasis, endothelial dysfunction and 

increased CV risk, typical of T2D.  

Since 2008 dedicated CV outcome trials have been conducted to test the 

CV safety of each new drug proposed for the treatment of T2D. A recently 

introduced class of anti-diabetic drugs is SGLT2 inhibitors, also called 

gliflozins, which demonstrated, not only CV safety, but even CV 

protection, beyond the improvement of hyperglycemia. SGLT2-I, 

specifically empagliflozin, dapagliflozin and canagliflozin, show beneficial 

CV effects in T2D patients reducing the CV risk, but through not yet 
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clarified mechanisms. Thus, we hypothesized that the observed beneficial 

effects of SGLT-2-I on CV outcomes might be also mediated by a direct 

effect on MACs. In particular, because of the detrimental effects exerted 

by lipotoxicity on MACs and the consequent possible effects on the related 

CV outcomes, the capacity of the novel anti-diabetic drugs SGLT2-I 

(EMPA and DAPA) to curb stearic acid-induced lipotoxicity in MACs has 

been explored. 

At the maximum concentration tested (100 μM) both EMPA and DAPA 

curbed the SA-induced expression of pro-inflammatory and oxidative 

stress markers, restoring baseline values. 

Given the pivotal contribution of inflammation (metaflammation) and 

oxidative stress in lipotoxic-related diseases, and particularly in relation to 

the atherosclerotic process, SGLT2-I-mediated beneficial effects in 

lipotoxic MACs may play a remarkable positive role. These beneficial 

effects may result in vascular damage reduction and in plaque stability 

and endothelial repair enhancement through the improvement of MACs 

dysfunction. 

Anti-inflammatory or anti-oxidant effects mediated by SGLT2-I have been 

observed in a number in other studies 275, 276, 277. As example, in 

cardiofibroblast form T2D mice, physiological concentration of DAPA 

reduces IL-1β expression and inflammasome recruitment through a 

mechanism 5'-adenosine monophosphate- activated protein kinase 

(AMPK)-dependent but SGLT2-independent 278.  

Since no expression of SGLT-2 was detected in MACs, it has been 

hypothesized that a non-canonical mediator of gliflozin effects is involved. 

Docking simulation studies, recently applied by Uthman et al, show high 

binding affinity of SGTL2 inhibitors, empagliflozin, dapaglifozin and 

canagliflozin, with NHE, an ion exchanger which mediates the transport of 

Na+ and H+ in and out of the cell, respectively. NHE isoform 1-6 and 9 

expression is detected in MACs and SGLT2-I effects are mimicked by 
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amiloride (a broad NHE inhibitor), and only partially by cariporide (NHE1 

specific inhibitor), likely suggesting a similar mechanism of action by 

amiloride and SGLT-2 inhibitors, such as NHE blocking. 

It is well known that amiloride exerts an anti-inflammatory action by 

restraining LPS-induced pro-inflammatory cytokine production and NK-kB 

production in both endothelial cell and macrophages 279, 280. 

Thus, the present study not only suggests a direct action of SGLT2-I in 

curbing lipotoxicity in a CVD-relevant model, but also highlights SGLT2 

independent mechanism(s) of action of SGLT2-I and extends the 

evidence of NHE inhibition-dependent effects of this class of drugs. 

Lipotoxicity has a pivotal role in CVD as well as represents a major cause 

of IR and T2D 195.  

So far, findings on lipotoxicity in β-cells almost exclusively derive from 

rodent models, namely from primary islets or β-cell lines 251, 252. A few 

studies have been performed in human islets 234, 281, 282 , due to limited cell 

availability - few donor organ transplantation centers worldwide provide 

human islets – and high islet preparation variability.  An alternative 

solution to human pancreatic islets is represented by the human β-cell line 

EndoC-βH1, an immortalized human cell line which shows glucose-

responsive insulin secretion capacity. In our experience, pilot experiments 

have shown that EndoC-βH1 cells are susceptible to lipoapoptosis 

induced by SA and PA. Nevertheless, a higher concentration than in 

MACs is requested to induce an effective decrease in cell viability. Of note, 

also in EndoC-βH1 cells, SA seems to have a more toxic outcome 

compared to PA. In literature, data regarding FFA-mediated effects in 

human β cell lines are scarce. A very recent study reports that both PA 

and SA induce caspase 3 activation and peroxisomal H2O2 generation, 

but not mitochondrial H2O2 generation and ER stress response 283. 

However, in one additional study, led by Prof. Raphael Scharfmann 

(Paris), authors do not claim EndoC-βH1 cell susceptibility to 
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lipoapoptosis. On the contrary, they show that this human β-cell line is 

rather resistant to FFA (PA and SA). In line with these data, it has been 

observed that stearoyl-CoA desaturase (SCD), a key enzyme involved in 

processing of saturated FFA in unsaturated FFA, is highly express in 

EndoC-βH1 cells, suggesting that it may mediate the peculiar resistance 

to FFA of EndoC-βH1 cells. Indeed, in the study coordinated by Prof. 

Scharfamm, SCD knockdown sensitizes the cells to saturated FFA-

induced lipotoxicity, causing an increase in pro-inflammatory and ER 

stress markers gene expression and reduced expression of β-cell identity 

markers. However, contrasting data have been highlighted also in an 

additional study in which PA induces apoptosis and ROS production when 

cultured in a mixture of DMEM/Ham’s F12 culture medium but not in 

DMEM alone 284. Although authors suggest that linoleic acid may have a 

partial role in DMEM/Ham’s F12-driven effects, this issue remains 

unclarified. 

Overall, given the reported contrasting data and considering that EndoC-

βH1 cells should not be considered as a direct equivalent of non-dividing 

primary β-cells as they are transformed pseudodiploid cells in continuous 

expansion, EndoC-βH1 cells might not represent the best model to study 

β-cell lipotoxicity. 

The recent introduction of iPSCs-derived β-cell technology represents an 

important step ahead in the modeling of pancreatic β-cell 

pathophysiology. Nevertheless, current in vitro differentiation strategies 

enable to generate only immature β-cells. Thus, one aim of this project is 

to optimize a protocol for in vitro differentiation of induced pluripotent stem 

cells into β-cells to create novel models to study β-cell lipotoxicity.  

Induced PSC-derived β-cells have been obtained using a 7-stage protocol 

(4-5 weeks), based on previously published protocols  93, 94, 106, 256, which 

mimic the embryonic development of the endocrine pancreas. Until the 

pancreatic progenitor stage (stage 4), cells have been cultured as 
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monolayer and then transferred to 3D systems to sustain the formation of 

islets-like structures. At the end of the process, the yield of insulin-positive 

E-cells at stage 7 is comparable to that of human islets. In our hands, in 

vitro high glucose stimulus leads to a slight increase in iPSC-derived β-

cell insulin release, which it is significantly further augmented in response 

to high glucose plus forskolin stimulation.  

These results, although encouraging, remark the lacking of a fully in vitro 

functional maturation.  

Of note, β-cell development occurs during the fetal growth, but the 

capacity to respond to glucose stimulation is acquired after birth.  

In vitro differentiation of iPSCs into β-cells gives arise to β-cell which 

resemble a more fetal phenotype, as indicated by low MAFA expression 

and scarce in vitro function.   

Interestingly, a recent study investigating the molecular mechanisms 

responsible for the β-cell functional maturation, highlights the involvement 

of the nutrient sensor target of rapamycin (mTORC1) and AMPK. They 

identify that the master control of β-cellular signaling switches from 

mTORC-1 to AMPK in adult β-cells 285. Dysfunctional glucose-stimulated 

insulin secretion response in T2D patients may be driven by a reversion 

in mTORC-1/AMPK regulation, as well as the absence of a proper 

response in in vitro iPSCs-derived β-cells may be due to a lack of AMPK 

in taking the lead.  

In addition, Velazco-Cruz and collogues have recently pointed out the 

importance of TGFβ signaling modulation over time for phenotypical and 

functional iPSCs-derived β-cell maturation. Indeed, although TGFβ 

signaling inhibition is necessary at the stage of pancreatic progenitors to 

achieve a clear β-cell phenotype, continuous exposition to Alk5 inhibitor II 

(TGFβ inhibitor) results in non-glucose-responsive differentiated β-cells 95. 

Although in vitro data on iPSC-derived β-cell insulin release are not fully 

satisfying, iPSC-derived β-cells transplantation in NOD-SCID mice boosts 
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their functional maturation, as shown by human C-peptide levels and by 

the successfully maintained normoglycaemia after STZ injection and until 

nephrectomy.  

Moreover, transplanted grafts display the capacity to modulate in vivo 

insulin secretion in response to external agents, such as forskolin, 

diazoxide, gliclazide or high K+. This capacity, acquired following 

transplantation, confirms that the in vivo environment has a role in 

promoting β-cell differentiation. It would be fundamental to understand 

which are the exact critical factors interacting and sustaining the functional 

maturation of iPSCs-derived β-cells in the in vivo environment. As 

previously mentioned, both endothelial cells and estrogen receptor 

signaling have been proposed to play a role in further β-cell maturation 96, 

97.   

Of note, transcriptomic (RNA-seq) and epigenomic (ChIP-seq for 

H3K27me3 and H3K4me3) characterization of β-cells derived from PSCs, 

in vitro and after in vivo transplantation, shows that cells exhibit more close 

similarity to human islets following in vivo engraftment (both in terms of 

transcriptome and chromatin structure) 286. 

Overall, although further experiments are needed to optimize in vitro 

iPSC-derived β-cell function, even at the current stage of development, 

they can be exploited to study lipotoxicity-induced β-cell demise in 

diabetes. In this regards, high SCD expression in iPSC-derived β-cells has 

been observed, with a peculiar increase in the last stage of differentiation, 

suggesting they may have low susceptibility to FFA-induced lipotoxicity. 

Among the advantages of iPSC-derived β-cells it should be recognize that 

iPSCs are a directly patient-relevant cell model, as they are 

reprogrammed from patient’s cells. 

Since it is known that T2D patients have a significantly higher prevalence 

of obesity than non-diabetics, but not all obese subjects eventually 

develop T2D, individual subject-derived iPSCs and differentiation into β-
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cells may represent an interesting model to study the link between 

lipotoxicity and T2D susceptibility.  

As regards to the generation of patient-relevant cell model, we applied it 

on fibroblasts reprogrammed in iPSCs from a patient affected by 

Friedreich ataxia (FRDA), which is an autosomal recessive 

neurodegenerative disease, with a high prevalence of diabetes 3. The 

disease is caused by reduced frataxin protein expression that leads to 

oxidative stress and mitochondrial dysfunction.  

The above mentioned 7-stage differentiation protocol has been applied to 

obtain pancreatic E-cells from the FRDA iPSC line. The differentiation has 

been highly efficient, resulting in 58% insulin-positive β-cells and few 

glucagon-positive cells and slight glucose-responsive cells. Frataxin 

levels in these iPSC-derived β-cells result lower than those of healthy 

control cell line. Then, this patient-relevant model has been exploited to 

evaluate the effect on E-cells of incretin analog, which was found to mildly 

increase frataxin expression.  

Up to now, several PSCs-based diabetes-related and patient-specific cell 

models have been established, such as for the wolfram syndrome 287, or 

for neonatal form of diabetes due to mutation in the gene of STAT3 106 or 

GATA6 288, or for different form of MODY (Maturity Onset Diabetes of the 

Young) 289, 290, confirming the exceptional importance of having β-cells 

directly derived from iPSCs’ patient. 

However, the comparison of data from different cell lines (control- and 

patient-derived cell lines) can be difficult because of the quality of the 

iPSCs reprogramming and the variability among donors. In order to obtain 

more robust results, different cell lines - derived from diverse subjects - 

should be considered, and data should be compared with an equally large 

number of control individuals. In addition, when the genetic target is 

known, another strategy to reduce variability is the genome editing of 
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iPSCs to create an isogenic iPSC cell line to correct (or introduce) a 

specific genetic variant or mutation. 

 

In conclusion, the present study shows that SA negatively affects both 

MAC function and viability, suggesting a harmful role in endothelial repair 

processes. Importantly, MAC lipotoxic status is ameliorated by SGLT2-I 

treatment, possibly via NHE-inhibition, pointing to an improvement of MAC 

biology as a potential mechanism underlying SGLT2-I mediated CV 

benefits. 

Furthermore, FFA have a pivotal role also in β-cell demise, but, so far, the 

lack of an appropriate cell model, reduced the possibility to study β-cell 

lipotoxicity. This study shows promising results in β-cells differentiation, 

highlighting multiple advantages of using iPSCs-derived β-cell for 

investigating β-cell dysfunction. 

Future researches are needed to unravel the effective mechanisms 

through which SA affects β-cells 

Overall, this project points to a critical role of lipotoxicity, specifically 

induced by SA, in driving the development of T2D and of its major 

complication, i.e. CVD. 
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