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Abstract 

 

Background: Pericytes regulate vascular tone, perfusion pressure and endothelial cell (EC) 

proliferation in capillaries. Thiamine and benfotiamine counteract high glucose-induced damage in 

vascular cells. We standardized two human retinal pericyte (HRP) / EC co-culture models, to mimic 

the diabetic retinal microvascular environment. We aimed at evaluating the interactions between co-

cultured HRP and EC in terms of proliferation/apoptosis and the possible protective role of thiamine 

and benfotiamine against high glucose-induced damage. 

Methods: EC and HRP were co-cultured in physiological glucose and stable or intermittent high 

glucose, with or without thiamine/benfotiamine. No-contact model: EC were plated on a porous 

membrane suspended into the medium and HRP on the bottom of the same well. Cell-to-cell 

contact model: EC and HRP were plated on the opposite sides of the same membrane. Proliferation 

(cell counts and DNA synthesis), apoptosis and tubule formation in Matrigel were assessed. 

Results: In the no-contact model, stable high glucose reduced proliferation of co-cultured EC/HRP 

and EC alone and increased co-cultured EC/HRP apoptosis. In the contact model, both stable and 

intermittent high glucose reduced co-cultured EC/HRP proliferation and increased apoptosis. Stable 

high glucose had no effects on HRP in separate cultures. Both EC and HRP proliferated better when 

co-cultured. Thiamine and benfotiamine reversed high glucose induced-damage in all cases. 

Conclusions: HRP are sensitive to soluble factors released by EC when cultured in high glucose 

conditions, as suggested by conditioned media assays. In the Matrigel models, addition of thiamine 

and benfotiamine re-established the high glucose-damaged interactions between EC/HRP and 

stabilized microtubules.  
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Introduction 

Early diabetic retinopathy is characterized by thickening of the basement membrane and pericyte 

dropout. The latter has great consequences on capillary remodelling and may cause the first 

abnormalities that are observed clinically. Pericytes regulate vascular tone and perfusion pressure in 

capillaries and, being closely linked to endothelial cells, may modulate their proliferation [1]. 

Thickening of the basement membrane may interrupt this link and cause pericyte apoptosis and 

dropout, while endothelium, deprived of control, might proliferate in microaneurysms and, later, 

initiate angiogenesis [2]. Investigating the pathophysiological functions of endothelial cells and 

pericytes in an experimental contest where the interactions between these two cell types are 

preserved is therefore of great importance. 

So far, most in vitro studies have been carried out with cells derived from retinas of animals that do 

not develop a retinopathy similar to that observed in humans with diabetes. The human retinal 

pericyte line (HRP) established in our laboratory [3] allows to obtain species-specific data. In fact, 

observations from our and other laboratories [4-6] suggest that human and bovine retinal pericytes 

(BRP) behave differently in experimental conditions designed to mimic the diabetic milieu. HRP 

are less prone to apoptosis induced by persistently high glucose than BRP. However, while BRP 

recover after returning to physiological levels, human pericytes are more vulnerable to both 

downwardly fluctuating glucose levels and intermittent exposure [5]. Apoptosis is strongly 

increased in HRP, but not in BRP, when they are cultured on extracellular matrix (ECM) produced 

by endothelium in high glucose conditions [6]. 

It has been repeatedly demonstrated that thiamine and its analogue benfotiamine have the potential 

to correct most of the known metabolic abnormalities induced by high glucose in isolated cells [7-9] 

and to prevent microangiopathy in animals with experimental diabetes [10-12]. Besides, initial 

evidence shows a potential role for this vitamin also in the prevention of nephropathy in diabetic 

subjects [13]. 

To gain further insight into the mechanisms regulating cell-to-cell interactions and activity of 

survival factors in an experimentally defined microenvironment, we have developed two co-culture 

models, using our immortalized HRP line and human endothelial cells (EC) to check the effects of 

hyperglycaemic-like microenvironments and the potential beneficial effects of thiamine and 

benfotiamine.  
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Materials and Methods 

Cell cultures 

EC were obtained from human umbilical cords, as previously described [14]. Pools of cells from 3-

5 cords were grown in Medium 199 - Hepes Modification, added with 20% foetal calf serum (FCS), 

until confluent. In secondary cultures, EC were kept in M199 + 20% FCS + 50 µg/ml Endothelial 

Cell Growth Supplement. EC were characterized by von Willebrand factor indirect 

immunofluorescence. 

HRP were immortalized in our lab, by selecting clones stably transfected to express Bmi-1, a 

transgene that increases telomerase activity, as previously described [3] and characterized by 

immunofluorescence staining for specific markers: α-smooth muscle actin, desmin, platelet derived 

growth factor-ß receptor and proteoglycan NG-2. They were grown in DMEM 5.6 mmol/l glucose 

with 20% FCS in primary cultures and 10% FCS in secondary cultures.  

All reagents for cell cultures were purchased from Sigma-Aldrich, St. Louis, MO, USA, unless 

otherwise stated. 

 

Co-culture models 

1. No-contact, bilayer shared-media model. HRP (50,000/well) were plated onto the bottom 

surface of a 6-well plate, while EC (50,000/well, in order to have a ratio of EC/HRP of 1:1 

similar to that of the human retina) were seeded on the inner surface of a 13-μm-thick, 25-

mm-diameter polyethylene terephthalate (PET) membrane with 0.45-μm pores at a density 

of 1.6 million pores/cm
2
 (Cyclopore membrane, Falcon Cell Culture Insert, Becton 

Dickinson, Franklin Lakes, NJ, USA), positioned above the HRP within the same well, 

without physical cell-to-cell contact. This creates a model in which the luminal surface of 

EC produces conditioned medium, to be shared with HRP (total volume 2.5 ml), at a 

separation distance of 0.9 mm (Fig. 1a). Control experiments were run, in which HRP and 

EC were plated on the relevant surfaces (well bottom or membrane) alone (i.e. without the 

other cell type). To understand the influence on HRP of soluble factors released by the 

endothelium,  EC in the insert were kept for 8 days in physiological glucose (5.6 mmol/l, 

NG), high glucose (28 mmol/l, HG) or HG plus 50 µmol/l thiamine (HG+T) or benfotiamine 

(HG+BT), while HRP at the bottom of the well were kept in control physiological 

conditions. In a subsequent series of experiments, EC in the insert were exposed also to 

intermittent HG (intHG, 48 hrs NG/48hrs HG twice). Media were changed every 48 hrs in 

all groups (Fig. 1b). At the end of the incubation period, EC-containing inserts were 
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removed and put inside a new plate (Fig. 1c). EC and HRP were collected separately by 

trypsinization (Fig. 1d). 

2. Cell-to-cell contact bilayer model. In this model, HRP were plated onto the outer surface of 

the cell membrane, by turning the insert upside down. After they attached (2 hrs), the insert 

was capsized and relocated inside the well, and EC were plated on the opposite inner surface 

of the same membrane. This creates a model in which HRP are able to contact the abluminal 

surface of the EC through the pores of the membrane (Fig. 1e). Control experiments were 

run, as described above. 

EC were kept for 8 days in NG, HG, HG+T, intHG, intHG+T, intHG+BT, while HRP were 

grown in physiological conditions, as described above (Fig. 1f). At the end of the incubation 

period, trypsin-EDTA was added inside the insert to detach and collect EC, and inside the 

well at a volume sufficient to wet the bottom of the insert, in order to detach HRP, which are 

then collected from inside the well (Fig. 1 g-h).  

3. Three dimensional co-culture in Matrigel 

3D co-cultures were established by coating 24-well plates on ice with a mixture 1:1 of 

Matrigel™ (BD Biosciences, San Jose, California, USA) and M199 + 0.25% bovine serum 

albumin. This polymerizes in 1 hr at 37°C.  

50,000 HRP and EC, both pre-incubated separately for 8 days with NG and stable HG in a 

first series of experiment, and subsequently in NG and intHG with or without T and BT in a 

second series, were stained with two different viable fluorescent dyes, according to the 

manufacturer’s procedure. EC were stained with the red fluorescent dye PKH26 (Sigma) 

and HRP with the green fluorescent dye CFDA (Vybrant CFDA Cell Tracer Kit, Invitrogen, 

Carlsbad, CA, USA). 

After staining, cells were plated together onto Matrigel with a ratio 1:1 and incubated at 

37°C, monitoring the microtubule formation every 30’ at the light microscope. 

Images were taken under a fluorescent microscope (Leica DM 2000, objective HCX FL 

PLAN 20x/0.40, Leica Microsystems, Wetzlar, Germany), equipped with a Leica DFC 320 

camera and Leica Application Suite V3 digital processing and analysis software. 

 

Proliferation and Apoptosis measurements. 

Proliferation was assessed by either cell counts after Trypan blue staining and bromo-deoxy-uridine 

(BrdU) incorporation into the DNA, according to the manufacturer’s instructions (Cell Proliferation 

Assay, BrdU, Roche Applied Science, Mannheim, Germany). 
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Apoptosis, in terms of DNA fragmentation, was assessed by ELISA, according to instructions (Cell 

Death Detection ELISAplus, Roche). 

 

Statistical analysis 

Results are mean ± SD of 6 independent experiments, normalized against control (NG), unless 

otherwise stated. Statistical comparisons among groups were carried out by two-tailed Student’s t-

test for paired data or Wilcoxon’s Signed Ranks test, as appropriate. Results were considered 

significant if the p-value was 0.05 or less. 

 

Results 

Comparison between EC/HRP co-cultured or in solo cultures in physiological conditions 

In the no-contact model, results show that both cell types proliferated better in physiological 

conditions (NG) when kept in co-culture than when cultured alone (Fig. 2). In particular, we 

observed a 25.7% reduction in the number of EC and a 26.1% reduction of HRP grown alone in 

comparison to the same co-cultured cell types (p<0.05) (Fig. 2a). DNA synthesis was reduced by 

34.1% in EC and by 23.3% in HRP cultured alone in comparison with co-cultured EC/HRP 

(p<0.05) (Fig. 2b). 

These findings were confirmed in the cell-to-cell contact model, with a 24.5% reduction in number 

of EC and 24.4% in HRP cultured alone (p<0.05 vs co-cultured cells, Fig. 2c). DNA synthesis 

decreased (-69.5% in EC and - 23.4% in HRP) in solo-cultures vs co-cultures (p<0.05, Fig. 2d).  

 

Effects of high glucose and thiamine/benfotiamine on the no-contact co-culture model 

To understand the possible influence on HRP of soluble factors released by the endothelium in 

diabetic-like conditions, we exposed EC in the insert first to stable HG and to HG plus thiamine or 

benfotiamine, and then to intHG also, while HRP at the bottom of the well were kept in 

physiological conditions, to mimic what happens in vivo, where endothelium is the first cell type 

coming into direct contact with hyperglycaemia. In control experiments EC and HRP were cultured 

separately and both exposed to the different experimental conditions. 

High glucose concentrations reduced proliferation (both counts and DNA synthesis) and enhanced 

apoptosis in EC and HRP in co-cultures, and in EC alone, while it had no effect when HRP were 

cultured alone, similarly to our previous observations [5] demonstrating that human pericytes alone 

are not affected by stable high glucose conditions.  
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With reference to cell counts, co-cultured EC and HRP number decreased respectively by 22.3% 

and 26.1% in comparison to NG (p<0.05) (Fig. 3 a,b). EC in solo cultures decreased by 22.1% vs 

NG (p<0.05) (Fig. 3a). 

DNA synthesis in co-cultured EC (Fig. 3c) and HRP (Fig. 3d) in HG showed a reduction of 21.2 

and 14.3% respectively (p<0.05 vs NG), and 16.7% (p<0.05 vs NG) in EC cultured alone in HG 

(Fig. 3c). 

DNA fragmentation, as a marker of apoptosis, was increased in co-cultured EC (+21.6%) and HRP 

(+53.6%), and in EC in monoculture (+17.1%) (p<0.05 vs NG) when kept in HG (Fig. 4). 

Thiamine and benfotiamine were able to counteract the damaging effect of high glucose in all cases.  

Intermittent high glucose exposure of EC, in separate experiments, had no significant effect on HRP 

proliferation/apoptosis (data not shown). 

 

Effects of high glucose and thiamine/benfotiamine on the cell-to-cell contact bilayer model 

High glucose reduced proliferation (both counts and DNA synthesis) and enhanced apoptosis in EC 

and HRP in cell-to-cell contact co-cultures, but had no effect when HRP were cultured alone. 

Intermittent high glucose was able to reduce proliferation and increase apoptosis in co-cultures, as 

well as HRP alone.  

In terms of proliferation, co-cultured EC number was decreased by 25.2% in HG and 18.4% in 

intHG (p<0.05 vs NG) (Fig.5a) and HRP number by 28.3% and 37.2%, respectively, p<0.005 (Fig. 

5b). HG had no effect on HRP cultured alone, while intHG reduced their number by 19.1% 

(p<0.05) (Fig. 5b). 

DNA synthesis was reduced in the presence of both HG and intHG, in co-cultured EC (-27.1 and -

24.2%, respectively, p<0.05 vs NG) and HRP (-15.8 and -14.0%, p<0.05) (Fig. 5 c,d).  

DNA fragmentation increased in both HG and intHG, in co-cultured EC (+39.1% and +80.8%, 

respectively, p<0.05) and HRP (HG: +92.6%, intHG: +97.8%, p<0.005 vs NG) (Fig. 6). In HRP 

alone, intHG increased apoptosis by 13.9% (p<0.05) (Fig. 6b). 

Thiamine and benfotiamine were able again to counteract the damaging effect of both stable and 

intermittent high glucose.  

 

Three-dimensional co-culture in Matrigel 

EC tend to rapidly form new capillaries when seeded into Matrigel, mimicking the later phases of 

angiogenesis [15]. We first checked if pre-treating both EC and HRP separately in stable NG vs HG 

for 8 days could have any effects on microtubule formation in Matrigel. Co-culturing pre-treated 

EC and HRP into Matrigel led to the formation of a capillary network in all the experimental 
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conditions; however, HG seemed to accelerate this process. In fact, after 3 hrs of culture in 

Matrigel, cells grown previously in HG have already organized in a network, in contrast with those 

kept in NG (Fig. 7 a-h). After 5 hrs in co-culture, microtubules in HG appear to be more 

disaggregate than in NG (Fig. 7 i-r). 

Subsequently to these results, we pre-treated separately EC and HRP in NG, intHG, intHG+T, 

intHG+BT for 8 days and then co-cultured them in Matrigel for 4 hrs 30’. Staining with different 

fluorescent dyes allows one to evaluate the contribution of each cell type in microtubule formation. 

Analysis of merged fluorescent images of the same photographic field seems to reveal less 

interaction between EC and HRP in microtubule formation, if they had been cultured previously in 

intHG (Fig. 8 e-h), in comparison with those grown in NG (Fig. 8 a-d), confirming the results on 

proliferation (see above). Thiamine and benfotiamine, when added to intermittent HG, confirm their 

ability to normalize proliferation and, moreover, appear to re-establish the interactions between 

EC/HRP, thus stabilizing the microtubules (Fig. 8 i-n, o-r). 

 

Osmotic controls 

Measurements of glucose concentrations and pH in the media at different time-points did not show 

any relevant modification from the starting conditions (data not shown). Osmotic pressure after 

addition of HG was 329±6 vs 309±4 mosmol/l of NG; addition of T/BT had no effects. Equimolar 

addition of mannitol instead of glucose to the culture media had no relevant effects (data not 

shown). 

 

Discussion 

Most studies on pericyte structure and function have been carried out so far using bovine or rat 

cells, because of their easier availability. We have demonstrated great differences between bovine 

and human retinal pericytes cultured in diabetic-like conditions: human pericytes are less sensitive 

to apoptosis induced by steadily high glucose than BRP, but are vulnerable to intermittent exposure 

to high and physiological glucose [5] and to culture on ECM produced by EC cultured in high 

glucose conditions [6]. For this reason, an immortalized human retinal pericyte line, with extended 

proliferation capability and stable differentiation, together with an ability to be influenced by 

glucose toxicity completely super-imposable to the one of the primary cells from which it was 

derived [5], was established and characterized in our lab [3] and used for this study.  

Previous studies on pericyte function, including their synthesis of ECM components and response 

to growth activators and inhibitors, have been conducted mostly on homogenous cultures. In vivo, 

however, pericytes live in close contact with endothelial cells, with which they interact tightly and 
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on which they exert several levels of control. Consequently, it is important to study their 

pathophysiological mechanisms in experimental contests where the interactions between these two 

cell types are preserved. Even though some studies in the literature used EC-pericyte co-cultures 

[16-18], in our knowledge this is the first time in which pericytes and EC of human origin have 

been utilized. 

Our “no-contact” EC-HRP co-culture model allows studying the influence of soluble factors 

released in the shared medium by one cell type on the survival of the other, while the “contact” 

model permits the evaluation of any effect(s) due to direct interactions between the two cell types, 

rather than mediated through the culture medium. Evidence in the literature shows that smooth 

muscle cells, grown on the outer surface of the same type of membrane used in this work, send out 

cytoplasmic projections able to penetrate the pores and make intimate contact with EC [19] and the 

same membrane has been used to create other direct co-culture models [16].  

Interactions between endothelium and pericytes are important for cell survival and proliferation, as 

supported by our data showing that both EC and HRP proliferate better when co-cultured in 

physiological conditions than alone. This is in contrast with some observations in the literature, 

showing that pericytes are able to inhibit EC proliferation when co-cultured in direct contact [17, 

20]. However, those results were obtained with bovine or porcine cells, not human-derived cells. 

Species-specific differences in metabolism may play the difference and further underline the need 

for human models when studying human disease.  

A direct correlation between hyperglycaemia and microvascular diabetic complications (in 

particular diabetic retinopathy) has been demonstrated by large cohort studies [21, 22]. In our 

models, both cell types reduced their proliferation and increased apoptosis when co-cultured in 

stable high glucose conditions. This happened also in EC cultured alone, consistently with previous 

evidence in the literature [23-25], while HRP in solo cultures showed neither reduced proliferation 

nor increased apoptosis, confirming our previous data on low sensitivity of human pericytes to 

persistently high glucose in comparison with bovine cells [5]. Exposure to intermittent high glucose 

in the contact model, on the contrary, resulted in decreased proliferation and increased apoptosis in 

all cases, including HRP alone, consistently with our previous findings that HRP are vulnerable to 

both downwardly fluctuating glucose levels and intermittent exposure [5]. There is evidence to 

suggest that rapid glucose depletion [26, 27] enhances apoptosis in bovine retinal pericytes, while 

intermittent high glucose exposure increases apoptosis in human retinal [28] and umbilical vein [29-

30] EC and induces an over-production of reactive oxygen species (ROS) in porcine EC [31]. 

Clinical observations also show that daily fluctuations in plasma glucose concentrations, as they 

occur in diabetic patients, correlate with increased risk of cardiovascular disease [32] and 
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microvascular complications [33]. Yet, it is not clear why in the no-contact model the intermittent 

high glucose exposure of EC only does not influence pericyte survival/apoptosis: it is possible that 

the deleterious effect of intermittent HG on pericytes needed a tighter contact between the cells, as 

happens in vivo. 

The importance of cell-to-cell communication through release of soluble factors, adhesion 

molecules, receptor-ligand interactions, mRNA-containing microvesicles, microRNA and 

organelles able to regulate protein expression and activity in target cells is well demonstrated in the 

literature [34-37]. The retinal vasculature is strictly regulated by EC-pericyte interactions, which 

include balanced production of positive and negative regulatory factors; therefore, the survival/loss 

of pericytes in diabetic retinopathy depends not only on their direct interactions with EC but also on 

soluble factors released by EC in hyperglycaemic conditions [34, 38-41]. Our data demonstrate that 

co-cultured, but not solo-cultured HRP are damaged by stable exposure to high glucose 

concentration, in terms of increased apoptosis and reduced proliferation. This suggests a mediation 

of endothelium, which in vivo is the first target of hyperglycaemia, but could filter its deleterious 

effects towards the underlying pericytes, a situation that we have tried to mimic in our co-culture 

models.  

The impact of glucose toxicity on our retinal microvascular cell model was evident also on 

microtubule formation. EC and HRP, pre-cultured in high glucose and then seeded on Matrigel, 

began to create a tubular network earlier (3 hrs) than those pre-cultured in physiological conditions. 

After 5 hrs, however, this network was already disrupted, while it was still evident in physiological 

glucose pre-treated cells. 

Finally, our results confirm once more the protective role of thiamine and benfotiamine, which were 

able to normalize proliferation and apoptosis in EC and HRP cultured in stable high glucose in the 

no-contact model and in intermittent high glucose in the contact model. In the Matrigel 

experiments, their beneficial effect is even more evident, as we observed reduced proliferation and a 

decrease in EC/HRP interaction after pre-treatment in intermittent high glucose, which were 

corrected by both thiamine and benfotiamine with consequent microtubule stabilization. The 

protective role of this vitamin against high glucose-induced metabolic damage in microvascular 

cells is now widely known [8, 9], as it reduces excess production of ROS, the common denominator 

of the four pathways involved in glucose damage (polyol pathway, AGE production, PKC 

activation and hexosamine pathway) [7, 42-43]. 

In conclusion, our results show that endothelial cells and pericytes interact strictly, influencing each 

other in terms of proliferation and survival, both directly, through cell-to-cell contact, and 

indirectly, through the secretion of soluble factors. However, from these experiments, it is not easy 
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to sort out which effects of co-culture are attributable to contact and which are due to the release of 

soluble factors. In fact, the cell-to-cell contact model does not exclude the influence of soluble 

factors released by the EC and the no-contact model seems to produce similar results, as compared 

with the cell-to-cell contact model. 

Advances in the understanding of factors which influence endothelial cell and pericyte function and 

dysfunction yielding potentially exploitable therapeutic avenues would be of great importance. The 

validation of suitable co-culture models could be useful to test stimulatory and inhibitory agents, 

signals and drugs to avoid pericyte dropout and the development of diabetic retinopathy. The 

protective role of thiamine and benfotiamine on the retinal microvascular network in diabetic-like 

conditions is also confirmed, further strengthening the need to study the potential role of this 

vitamin in the prevention and/or treatment of diabetic microvascular complications. 

 

Acknowledgements 

This work was funded by the Compagnia di San Paolo (Torino, Italy) and the Regione Piemonte.  

The Authors wish to thank Dr. Patrizia Dentelli for advice and technical assistance. 

 

Conflicts of interest 

 

The Authors declare no conflicts of interest. 

 

 

References  

1. Armulik A, Abramsson A, Betsholtz C (2005) Endothelial/pericyte interactions. Circ Res 

97:512-523. 

2. Hammes HP, Lin J, Renner O, Shani M, Lundqvist A, Betsholtz C, Brownlee M, Deutsch U 

(2002) Pericytes and the pathogenesis of diabetic retinopathy. Diabetes 51:3107-3112. 

3. Berrone E, Beltramo E, Buttiglieri S, Tarallo S, Rosso A, Hammes HP, Porta M (2009). 

Establishment and characterization of a human retinal pericyte line: a novel tool for the study of 

diabetic retinopathy. Int J Mol Med 23:373-378.   

4. Miller AG, Smith DG, Bhat M, Nagaraj RH (2006) Glyoxalase I is critical for human retinal 

capillary pericyte survival under hyperglycemic conditions. J Biol Chem 281:11864–11871. 

5. Beltramo E, Berrone E, Tarallo S, Porta M (2009) Different apoptotic responses of human and 

bovine pericytes to fluctuating glucose levels and protective role of thiamine. Diabetes Metab 

Res Rev 25:566-576. 

6. Beltramo E, Nizheradze K, Berrone E, Tarallo S, Porta M (2009) Thiamine and benfotiamine 

prevent apoptosis induced by high glucose-conditioned extracellular matrix in human retinal 

pericytes. Diabetes Metab Res Rev 25:647-656.  



 13 

7. Hammes HP, Du X, Edelstein D, Taguchi T, Matsumura T, Ju Q, Lin J, Bierhaus A, Nawroth P, 

Hannak D, Neumaier M, Bergfeld R, Giardino I, Brownlee M (2003) Benfotiamine blocks three 

major pathways of hyperglycemic damage and prevents experimental diabetic retinopathy. Nat 

Med 9:294-299.  

8. Thornalley PJ. The potential role of thiamine (vitamin B1) in diabetic complications (2005) 

Curr Diabetes Rev 1:287-298.  

9. Beltramo E, Berrone E, Tarallo S, Porta M (2008) Effects of thiamine and benfotiamine on 

intracellular glucose metabolism and relevance in the prevention of diabetic complications. Acta 

Diabetol 45:131-141. 

10. Babaei-Jadidi R, Karachalias N, Ahmed N, Battah S, Thornalley PJ (2003) Prevention of 

incipient diabetic nephropathy by high-dose thiamine and benfotiamine. Diabetes 52:2110-

2120. 

11. Babaei-Jadidi R, Karachalias N, Kupich C, Ahmed N, Thornalley PJ (2004) High-dose thiamine 

therapy counters dyslipidaemia in streptozotocin-induced diabetic rats. Diabetologia 47:2235–

2246. 

12. Karachalias N, Babaei-Jadidi R, Rabbani N, Thornalley PJ (2010) Increased protein damage in 

renal glomeruli, retina, nerve, plasma and urine and its prevention by thiamine and benfotiamine 

therapy in a rat model of diabetes. Diabetologia 53:1506-1516. 

13. Rabbani N, Alam SS, Riaz S, Larkin JR, Akhtar MW, Shafi T, Thornalley PJ (2009) High-dose 

thiamine therapy for patients with type 2 diabetes and microalbuminuria: a randomised, double-

blind placebo-controlled pilot study. Diabetologia 52:208-212. 

14. La Selva M, Beltramo E, Pagnozzi F, Bena E, Molinatti PA, Molinatti GM, Porta M (1996) 

Thiamine corrects delayed replication and decreases production of lactate and advanced 

glycation end-products in bovine retinal and umbilical vein endothelial cells cultured under high 

glucose conditions. Diabetologia 39:1263-1268. 

15. Su X, Sorenson CM, Sheibani N (2003) Isolation and characterization of murine retinal 

endothelial cells. Mol Vis 9:171-178.  

16. Hayashi K, Nakao S, Nakaoke R, Nakagawa S, Kitagawa N, Niwa M (2004) Effects of hypoxia 

on endothelial/pericytic co-culture model of the blood-brain barrier. Regul Pept 123:77-83. 

17. Takamura Y, Tomomatsu T, Kubo E, Tsuzuki S, Akagi Y (2008) Role of the polyol pathway in 

high glucose-induced apoptosis of retinal pericytes and proliferation of endothelial cells. Invest 

Ophthalmol Vis Sci 49:3216-3223. 

18. Wisniewska-Kruk J, Hoeben KA, Vogels IM, Gaillard PJ, Van Noorden CJ, Schlingemann RO, 

Klaassen I (2012) A novel co-culture model of the blood-retinal barrier based on primary retinal 

endothelial cells, pericytes and astrocytes. Exp Eye Res 96:181-190.  

19. Fillinger MF, Sampson LN, Cronenwett JL, Powell RJ, Wagner RJ (1997) Co-culture of 

endothelial cells and smooth muscle cells in bilayer and conditioned media models. J Surg Res 

67:169-178. 

20. Orlidge A, D'Amore PA (1987) Inhibition of capillary endothelial cell growth by pericytes and 

smooth muscle cells. J Cell Biol 105:1455-1462. 

21. DCCT: The Diabetes Control and Complications Trial Research Group (1993) The effect of 

intensive treatment of diabetes on the development and progression of long-term complications 

in insulin-dependent diabetes mellitus. N Engl J Med 329:977-986.  



 14 

22. UK Prospective Diabetes Study Group (1998) Tight blood pressure control and risk of 

macrovascular and microvascular complications in type 2 diabetes: UKPDS 38. BMJ 317:703-

712. 

23. Porta M, Molinatti PA, Dosso AA, Williams FM, Brooks RA, Kohner EM (1994) Growth of 

bovine retinal pericytes and endothelial cells in high hexose concentrations. Diabete Metab 

20:25-30. 

24. Beltramo E, Berrone E, Buttiglieri S, Porta M (2004) Thiamine and benfotiamine prevent 

increased apoptosis in endothelial cells and pericytes cultured in high glucose. Diabetes Metab 

Res Rev 20:330-336. 

25. Huang Q, Guo Z, Yu Y, Ghatnekar GS, Ghatnekar AV, Bu M, Guo X, Liu S, Wang F, Feng Z, 

Bu S (2011) Diazoxide inhibits aortic endothelial cell apoptosis in diabetic rats via activation of 

ERK. Acta Diabetol 2011 May 3 [Epub ahead of print] 

26. Li W, Liu X, Yanoff M, Cohen S, Ye X (1996) Cultured retinal capillary pericytes die by 

apoptosis after an abrupt fluctuation from high to low glucose levels: a comparative study with 

retinal capillary endothelial cells. Diabetologia 39:537-547. 

27. Li W, Liu X, He Z, Yanoff M, Jian B, Ye X (1998) Expression of apoptosis regulatory genes by 

retinal pericytes after rapid glucose reduction. Invest Ophtalmol Vis Sci 39:1535-1543. 

28. Li B, Wang HS, Li GG, Zhao MJ, Zhao MH (2011) The role of endoplasmic reticulum 

stress in the early stage of diabetic retinopathy. Acta Diabetol 48:103-111. 

29. Quagliaro L, Piconi L, Assaloni R, Martinelli L, Motz E, Ceriello A (2003) Intermittent high 

glucose enhances apoptosis relate to oxidative stress in human umbilical vein endothelial cells. 

Diabetes 52:2795-2804. 

30. Piconi L, Quagliaro L, Assaloni R, Da Ros R, Maier A, Zuodar G, Ceriello A (2006) Constant 

and intermittent high glucose enhances endothelial cell apoptosis through mitochondrial 

superoxide overproduction. Diabetes Met Res Rev 22:198-203. 

31. Ge QM, Dong Y, Zhang HM, Su Q (2010) Effects of intermittent high glucose on oxidative 

stress in endothelial cells. Acta Diabetol 47(Suppl. 1): 97-103. 

32. Bonora E, Muggeo M (2001) Postprandial blood glucose as a risk factor for cardiovascular 

disease in Type II diabetes: the epidemiological evidence. Diabetologia 44:2107-2114. 

33. Shichiri M, Yokokura M, Marumo F, Hirata Y (2000) Endothelin-1 inhibits apoptosis of 

vascular smooth muscle cells induced by nitric oxide and serum deprivation via MAP kinase 

pathway. Arterioscler Thromb Vasc Biol 20:989-997. 

34. Cagliero E, Maiello M, Boeri D, Roy S, Lorenzi M (1988) Increased expression of basement 

membrane components in human endothelial cells cultured in high glucose. J Clin Invest 

82:735–738. 

35. Majka M, Janowska-Wieczorek A, Ratajczak J, Ehrenman K, Pietrzkowski Z, Kowalska MA, 

Gewirtz AM, Emerson SG, Ratajczak MZ (2001) Numerous growth factors, cytokines, and 

chemokines are secreted by human CD34(+) cells, myeloblasts, erythroblasts, and 

megakaryoblasts and regulate normal hematopoiesis in an autocrine/paracrine manner. Blood 

97:3075-3085. 

36. Ratajczak J, Miekus K, Kucia M, Zhang J, Reca R, Dvorak P, Ratajczak MZ (2006) Embryonic 

stem cell-derived microvesicles reprogram hematopoietic progenitors: evidence for horizontal 

transfer of mRNA and protein delivery. Leukemia 20:847-856. 

37. Camussi G, Deregibus MC, Bruno S, Cantaluppi V, Biancone L (2010) 

Exosomes/microvesicles as a mechanism of cell-to-cell communication. Kidney Int 78:838-848. 



 15 

38. Ackah E, Yu J, Zoellner S, Iwakiri Y, Skurk C, Shibata R, Ouchi N, Easton RM, Galasso G, 

Birnbaum MJ, Walsh K, Sessa WC (2005) Akt1/protein kinase Balpha is critical for ischemic 

and VEGF-mediated angiogenesis. J Clin Invest 115:2119–2127. 

39. Hoffmann J, Feng Y, vom Hagen F, Hillenbrand A, Lin J, Erber R, Vajkoczy P, Gourzoulidou 

E, Waldmann H, Giannis A, Wolburg H, Shani M, Jaeger V, Weich HA, Preissner KT, 

Hoffmann S, Deutsch U, Hammes HP (2005) Endothelial survival factors and spatial 

completion, but not pericyte coverage of retinal capillaries determine vessel plasticity. FASEB J 

19:2035-2036. 

40. Pfister F, Wang Y, Schreiter K, vom Hagen F, Altvater K, Hoffmann S, Deutsch 

U, Hammes HP, Feng Y (2010) Retinal overexpression of angiopoietin-2 mimics diabetic 

retinopathy and enhances vascular damages in hyperglycemia. Acta Diabetol  

47:59-64.  

41. Abu El-Asrar AM, Nawaz MI, Kangave D, Siddiquei MM, Ola MS, Opdenakker G (2011) 

Angiogenesis regulatory factors in the vitreous from patients with proliferative  

diabetic retinopathy. Acta Diabetol 2011 Sep 25 [Epub ahead of print] 

42. Nishikawa T, Edelstein D, Brownlee M (2000) The missing link: a single unifying mechanism 

for diabetic complications. Kidney Int Suppl 77:S26-30. 

43. Berrone E, Beltramo E, Solimine C, Ape AU, Porta M (2006) Regulation of intracellular 

glucose and polyol pathway by thiamine and benfotiamine in vascular cells cultured in high 

glucose. J Biol Chem 281:9307-9313.  



 16 

Figure legends 

 

Fig. 1 Co-cultures experimental design. No-contact model: a) HRP were plated onto the bottom 

surface of a 6-well plate and EC on the membrane of an insert positioned above the HRP within the 

same well.  b) To understand the influence on HRP of soluble factors released by the endothelium,  

EC in the insert were kept for 8 days in the relevant media, and HRP in control conditions. c) At the 

end of the incubation period, EC-containing inserts were removed and put inside a new well. d) EC 

and HRP were collected separately by trypsinization. Cell-to-cell contact model: e) HRP were 

plated onto the outer surface and EC on the opposite inner surface of the same membrane. f) EC in 

the insert were kept for 8 days in the relevant media, and HRP in control conditions. g-h) At the end 

of the incubation period, trypsin-EDTA was added inside the insert to detach and collect EC and 

inside the well to detach and collect HRP.  

 

Fig. 2 Comparison between co-cultured EC/HRP vs in solo cultures in physiological 

conditions (NG). Mean of six experiments ± SD. 

a,c) cell counts; b,d) DNA synthesis; a,b) no-contact co-culture model; c,d) cell-to-cell contact 

bylayer model. * = p<0.05 vs EC/HRP co-cultured in NG 

 

Fig. 3 Proliferation of EC/HRP in the no-contact co-culture model: effects of high glucose and 

thiamine/benfotiamine.  Mean of six experiments ± SD. 

a) EC counts; b) HRP counts; c) EC DNA synthesis; d) HRP DNA synthesis. * = p<0.05 vs 

EC/HRP co-cultured in NG; # = p<0.05 vs EC/HRP co-cultured in HG, $ = p<0.05 vs EC grown 

alone in NG; & = p<0.05 vs EC grown alone in HG 

 

Fig. 4 Apoptosis (DNA fragmentation) of EC/HRP in the no-contact co-culture model: effects 

of high glucose and thiamine/benfotiamine. Mean of six experiments ± SD. 

a) EC apoptosis; b) HRP apoptosis. * = p<0.05 vs EC/HRP co-cultured in NG; # = p<0.05 vs 

EC/HRP co-cultured in HG, $ = p<0.05 vs EC grown alone in NG; & = p<0.05 vs EC grown alone 

in HG 

 

Fig. 5 Proliferation of EC/HRP in the cell-to-cell contact bilayer model: effects of high glucose 

and thiamine/benfotiamine. Mean of six experiments ± SD. 

a) EC counts; b) HRP counts; c) EC DNA synthesis; d) HRP DNA synthesis. * = p<0.05 vs 

EC/HRP co-cultured in NG; # = p<0.05 vs EC/HRP co-cultured in HG, & = p<0.05 vs EC/HRP co-
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cultured in intHG; $ = p<0.05 vs EC/HRP grown alone in NG; £ = p<0.05 vs EC grown alone in 

HG or HRP grown alone in intHG 

 

Fig. 6 Apoptosis (DNA fragmentation) of EC/HRP in the cell-to-cell contact bilayer model: 

effects of high glucose and thiamine/benfotiamine. Mean of six experiments ± SD. 

a) EC apoptosis;  b) HRP apoptosis. 

* = p<0.05 vs EC/HRP co-cultured in NG; # = p<0.05 vs EC/HRP co-cultured in HG, & = p<0.05 

vs EC/HRP co-cultured in intHG; $ = p<0.05 vs EC/HRP grown alone in NG; £ = p<0.05 vs EC 

grown alone in HG or HRP grown alone in intHG 

 

Fig. 7 Effects of stable HG pre-treatment on microtubule formation in Matrigel. Co-culturing 

EC and HRP into Matrigel led to the formation of a capillary network.  HG accelerates this process: 

after 3 hrs in Matrigel, stable HG pre-cultured cells have already organized in a network, in contrast 

with those kept in NG (a-h). After 5 hrs, microtubules in HG appear to be more disaggregate than in 

NG (i-r). 

 (a, e, i, o): microtubules at the phase contrast microscopy; (b, f, l, p): fluorescent images of the 

same microtubules showing Vybrant CFDA (green) – stained HRP, (c, g, m, q) PKH26 (red) – 

stained EC and (d, h, n, r) merge of the first 3 pictures. a, b, c, d: NG 3 hrs; e, f, g, h: HG 3 hrs; i, l, 

m, n: NG 5hrs; o, p, q, r: HG 5 hrs. Magnification bar: 50 µm 

 

Fig. 8 Effects of intHG with or w/o T/BT pre-treatment on microtubule formation after 4hrs 

30’ of culture in Matrigel. Analysis of merged fluorescent images of the same photographic field 

reveals less interaction between intHG pre-treated EC and HRP in microtubule formation (e-h), in 

comparison with NG pre-treated ones (a-d). T and BT, when added to intHG, appear to re-establish 

their interactions, thus stabilizing the microtubules (i-n, o-r). 

 (a, e, i, o): microtubules at the phase contrast microscopy; (b, f, l, p): fluorescent images of the 

same microtubules showing Vybrant CFDA (green) – stained HRP, (c, g, m, q) PKH26 (red) – 

stained EC and (d, h, n, r) merge of the fluorescent images. a, b, c, d: NG; e, f, g, h: intHG; i, l, m, 

n: intHG + T; o, p, q, r: intHG + BT. Magnification bar: 50 µm 
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