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Abstract 

Endothelial dysfunction is a common complication in diabetes in which endothelium-

dependent vasorelaxation is impaired. The aim of this study was to examine the 

involvement of the TRPV4 ion channel in type 1 diabetic endothelial dysfunction and the 

possible association of endothelial dysfunction with reduced expression of TRPV4, 

endothelial nitric oxide synthase (eNOS) and caveolin-1. 

Male Wistar rats (350–450 g) were injected with 65mg/kg i.p. streptozotocin (STZ) or 

vehicle. Endothelial function was investigated in aortic rings and mesenteric arteries using 

organ bath and myograph, respectively. TRPV4 function was studied with fura-2 calcium 

imaging in endothelial cells cultured from aortas from control and STZ treated rats.  TRPV4, 

caveolin-1 and eNOS expression was investigated in these cells using 

immunohistochemistry. STZ-treated diabetic rats showed significant endothelial dysfunction 

characterised by impaired muscarinic-induced vasorelaxation (aortic rings: STZ-diabetics: 

Emax= 29.6±9.3%; control: Emax=77.2±2.5% P˂0.001), as well as significant impairment in 

TRPV4-induced vasorelaxation (aortic rings, 4αPDD STZ-diabetics: Emax= 56.0±5.5%; 
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control: Emax= 81.1±2.1% P˂0.001). Furthermore, STZ-diabetic primary aortic endothelial 

cells showed a significant reduction in TRPV4-induced intracellular calcium elevation 

(P˂0.05) compared with the control group. This was associated with significantly lower 

expression of TRPV4, caveolin-1 and eNOS and this was reversed by insulin treatment of the 

endothelial cultures from STZ -diabetic rats. Taken together, these data are consistent with 

the hypothesis that signalling through TRPV4, caveolin-1, and eNOS is downregulated in STZ-

diabetic aortic endothelial cells and restored by insulin treatment.  
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1. Introduction 

Cardiovascular diseases (CVDs) contribute to approximately 31% of deaths globally 

(WHO, 2015). Diabetes mellitus is a pandemic metabolic disease characterised by 

chronically elevated blood glucose concentration (hyperglycaemia) due to insulin 

dysfunction which is attributed to insufficient -or blunted- insulin secretion and/or 

decreased  tissue sensitivity to insulin (American Diabetes Association, 2012). 

Approximately 387 million people are diabetics globally, and diabetes mellitus accounts 

for approximately 4.9 million deaths annually, which is a death every 6 s (IDF, 2017). 

Managing diabetes complications is expected to cost the NHS in the UK approximately 

£14 billion by 2035 in comparison to the current expenditure of approximately £8 billion 

on managing  a variety of complications resulting from endothelial dysfunction (Diabetes 

UK, 2012; Hex et al., 2012). Endothelial dysfunction is characterised by compromised 

endothelium-dependent vasorelaxation, and as a consequence diabetics become 
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vulnerable to limb infections and end-organ damage such as nephropathy, neuropathy 

as well as retinopathy (Shamsaldeen et al., 2018). 

Endothelium-dependent vasorelaxation is mediated by three main pathways: (1) 

nitric oxide (NO), (2) prostacyclin and (3) endothelium-derived hyperpolarization factor 

(EDHF) (Tabit et al., 2010). NO is generated through the oxidation of L-arginine into L-

citrulline by eNOS (Lin et al., 2003) and diffuses through vascular smooth muscle cells 

where it activates soluble guanylyl cyclase  that generates cyclic guanosine-3,5-

monophosphate  (van den Oever et al., 2010), which  induces vasorelaxation (Cohen et 

al., 1999; Dong et al., 1998; Murphy and Brayden, 1995b; Poulos, 2006). The EDHF 

pathway involves a number of potassium channels (Chen et al., 1988) such as BKCa 

(KCa1.1) (Huang et al., 2000), SKCa  (Murphy and Brayden, 1995a) and IKCa (KCa3.1) 

(Zygmunt and Högestätt, 1996). 

However, the contribution of each vasodilatory pathway varies in different vascular 

beds. EDHF is considered as the main vasodilatory pathway in small resistance arteries 

such as mesenteric arteries (Sandow and Hill, 2000; Shimokawa et al., 1996; Widmann et 

al., 1998). Such an effect of EDHF might be attributed to expanded myoendothelial gap 

junctions in smaller arteries that furnish sites for electrical communication between the 

endothelium and vascular smooth muscle (Sandow and Hill, 2000). In contrast, the NO 

pathway is identified as the primary mediator in large arteries (Widmann et al., 1998) 

such as aorta. 

Members of the transient receptor potential (TRP) ion channel family make 

important contributions to vascular tone as components of the NO and EDHF pathways.  

Western blotting, RT-PCR and immunohistochemistry studies have identified 21 distinct 
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TRP ion channels in vascular smooth muscle cells (VSMCs), all TRPCs (TRPC1-7) and 

TRPMs (TRPM1-8) in addition to TRPV1-TRPV4 as well as TRPP1 and TRPP2, while similar 

channels were also found in endothelium with the exception of TRPM5 and TRPV3 

(Kwan et al., 2007; Watanabe et al., 2008). These TRP cation channels may influence 

vascular tone regulation in both systemic and pulmonary circulations (Watanabe et al., 

2008). Pharmacological studies showed the expression of TRPV4 as a functional 

component of endothelial cells in dilating mouse mesenteric arteries, carotid artery, rat 

aortic rings and carotid artery, in addition to mesenteric and cerebral arterial VSMCs as 

well as in aortic myocytes (Baylie and Brayden, 2011; Saliez et al., 2008). Endothelial cell 

TRPV4, activated by shear stress or GPCR activation contributes to vascular tone in an 

endothelium-dependent manner by providing a (Ca2+) influx route and thereby 

generating EDHF (Bagher et al., 2012; Dora et al., 2000; Inoue et al., 2009).  

In addition TRPV4 plays  a role in cholinergic-mediated endothelium-dependent 

vasorelaxation through a novel mechanism that involves Ca2+ influx through an 

endothelium derived factor, 11,12 -Epoxyeicosatrienoic acid  (11,12 EET) activating 

TRPV4 on VSMCs (Earley et al., 2005). TRPV4-mediated Ca2+ entry activates and opens 

large-conductance calcium-activated potassium channels (KCa1.1) inducing membrane 

hyperpolarization in VSMCs  and thereby vasorelaxation (Earley et al., 2005; Freichel et 

al., 2005). Moreover, 11,12 EET was shown to facilitate TRPV4 complex formation with 

ryanodine receptors and KCa1.1  in VSMCs and hence facilitate vasorelaxation (Mustafa 

et al., 2009).   

Increasing evidence points to dysfunction in TRPV4 as a contributor to vascular 

dysfunction in diabetes. A study conducted by Ma et al. (2013) demonstrated TRPV4 
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downregulation in mesenteric artery endothelium from streptozotocin (STZ) treated rats 

together with reduced small conductance calcium-activated potassium channel (KCa2.3) 

function. Another study concluded that TRPV4 expression and function is downregulated 

in retinal microvascular endothelial cells from STZ-treated rats or after incubation of 

control cells in high glucose medium (Monaghan et al., 2015). 

This study aimed to further investigate vascular dysfunction in an STZ-treated rat 

model of type 1, insulin dependent, diabetes.  We first examined cholinergic and TRPV4 

induced vasorelaxation in intact aortic rings from control and STZ-treated rats.  Using 

primary cultures of aortic endothelial cells from these tissues, we compared expression 

levels and function of TRPV4 and correlated this with changes in eNOS expression and 

caveolin 1 and attempted to reverse changes with insulin treatment. Some of these 

findings have been presented as an oral communication at the  British Pharmacological 

Society  (Shamsaldeen et al., 2015). 

 

2. Materials and methods 

2.1. Diabetes induction 

Male Wistar rats (350-450g) (Charles River Ltd, UK) were kept in the Biological 

Services Unit in social pairs under standard housing conditions with freely available food 

and water at controlled temperature 20 ± 2°, humidity at 55 ± 10%, and 12 h day-night 

cycle. All studies were approved by the University of Hertfordshire Institutional Animal 

Welfare and Ethics review committee and conducted in accordance with guidelines 

established by the Animals (Scientific Procedures) Act, 1986 and European directive 

2010/63/EU under PPL70/7732. Rats were randomised for STZ or control injection based 
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upon baseline body weight. For STZ diabetes induction, rats were administered a single 

injection of 65mg/kg streptozotocin (STZ; dissolved in 20 mM citrate buffer pH 4.5) 

intraperitoneally (i.p., DV 10ml/kg) (de la Garza-Rodea et al., 2010). For 48 h following 

STZ or control (20 mM citrate buffer, pH 4.5) injection an additional choice of 2% sucrose 

solution was provided, to avoid the initial hypoglycaemia that is seen following STZ 

injection. After injection, food was changed from 14% protein (LabDiet 5LF2, EURodent 

Diet 14%) to a protein rich diet 22% protein (LabDiet 5LF5, EURodent Diet 14%), to 

compensate diabetes-induced protein loss. Body weight was monitored every day for a 

minimum of 2 weeks post injection, and hyperglycaemia was confirmed by testing a 

drop of tail vein blood (Accu-check blood glucose monitor). Rats showing an elevated 

blood glucose > 16mmol/l were considered diabetic. Blood glucose levels were 

measured at three time periods; (i) Prior to STZ or vehicle injection, (ii) 2-7 days post 

injection, and (iii) Prior to euthanizing between 8 to 14 days post injection. All rats were 

euthanised by a schedule 1 procedure of CO2 asphyxiation and spinal dislocation.  

Vascular studies were blinded. However, as the experimental design objectives 

required treatments to be applied to cells to reverse diabetic effects, blinding was not 

applied to cell studies. 

2.2. Vascular studies 

Isometric tension studies were conducted as previously described (Dhar et al., 2010). 

Rat thoracic aorta from control-treated (vehicle) and STZ-treated diabetic rats were 

freshly isolated and cleaned from connective tissue (de-adventitia) using autoclaved 

forceps and scissors. The aorta was then cut into aortic rings (3-4mm) and mounted 

under 1g resting tension in 15ml Bennett isolated tissue organ baths containing Krebs 



7 
 

solution bubbled with 95% O2 and 5% CO2 maintained at 37°C.  Resting tension of 1g was 

used as studies have shown that induced release of EDRF is more effective against 

vasopressor tone at low degrees of passive stretch (Dainty et al., 1990).  Aortic rings 

were equilibrated for 90 min prior to pre-contraction with noradrenaline (300nM), 

followed by vasorelaxation via cumulative treatment with carbachol (30nM-300µM) and 

TRPV4 agonist (RN-1747: 3nM-3µM or 4-αPDD: 3pM-3µM). 

Mesenteric arteries were examined in a four-channel myograph (DMT). Segments of 

superior mesenteric arteries were threaded with stainless steel wire 40-μm thick and 

carefully stretched laterally in myograph wells, while the tension force was monitored 

with LabChart 7 software. Tissues were equilibrated for approximately 30 min prior to 

pre-contraction with noradrenaline (NA; 10µM), followed by vasorelaxation via 

cumulative treatment with carbachol (30M-300µM) and TRPV4 agonist (RN-1747: 3nM-

30 µM). 

To measure the extent of vasorelaxation, the NA EC80-induced contraction was 

normalised as 0% vasorelaxation. Each relaxation response was normalised as a 

percentage of the NA EC80-induced contraction, after which values were subtracted from 

0. The maximum vasorelaxation that reached 0 g tension force was 100%. 

2.3. Primary aortic endothelial cells isolation 

Primary endothelial cell cultures were used to examine the expression level of 

TRPV4, eNOS and caveolin-1 with laser scanning confocal microscopy. In addition, 

primary endothelial cells were studied with calcium imaging fluorescence microscopy. 
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Rat aorta was freshly isolated and plunged into sterile Hank’s balanced salt solution 

(HBSS) (Battle et al., 1994). Primary cells were isolated aseptically in a laminar air flow 

cabinet. Briefly, the aorta was cleaned from the connective tissue using autoclaved 

forceps and scissors. The aorta was then cut into small rings (2-3 mm) which were 

transferred into a sterile tube containing warm medium 199 (10ml) containing 

collagenase and agitated for 90 min at 37° (Battle et al., 1994; Ding et al., 2000). The 

collagenase activity was then stopped with 1-2ml new born calf serum (Ding et al., 

2000). A  wide mouth pipette was forcibly used to flush the aortic rings to dislodge any 

possible loosely adherent endothelial cells (Ding et al., 2000). The aortic rings were 

aseptically removed using a sterile pipette leaving a sterile falcon tube containing a 

mixture of medium 199 containing collagenase, bovine calf serum and dispersed 

endothelial cells, which was then centrifuged for 5-min at 200 g  at 25° (Battle et al., 

1994). The supernatant was discarded and small pellets were then re-suspended in 

collagenase free media 199 (3ml) (Ding et al., 2000). The re-suspended pellet was then 

plated on collagen coated t-25 flasks and the flask was left in the incubator (5% CO2, 

37°C) for 25-30 min (Dolman et al., 2004). The media was then aspirated and the 

recently adhered cells were washed twice with HBSS to remove any  impurities, debris 

or ASMCs (Battle et al., 1994). Then 3ml complete DMEM containing horse serum (15%) 

and foetal calf serum (4%), endothelial cell growth factor 75micg/ml, and heparin 

powder (0.005% w/v) in addition to streptomycin-penicillin 1x was added (Battle et al., 

1994; Ding et al., 2000). After 3 days, half of the media was changed and left for another 

3 days. Within 5 days, clusters of endothelial cells were detected (Shamsaldeen et al., 

2018). 
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2.4. Calcium imaging with Fura-2 cells 

Primary endothelial cells were dissociated with trypsin and seeded on autoclaved 

glass coverslips (0.16-0.19mm thick) coated with poly-L-lysine, placed in wells of 6 well 

culture plates.  Complete endothelial media (2ml) was added to flood each well and 

culture plates left in the incubator overnight. Cells were washed and media (containing 

treatments or without treatments) was changed until endothelial cells became 70% 

confluent. The cells were then washed 3-5 times with Hank’s buffer (HB) (containing KCl 

5.6mM, NaCl 138mM, NaHCO3 4.2mM, NaH2PO4 1.2mM, CaCl2 2.6mM, MgCl2 1.2mM, 

glucose 10mM and HEPES 10mM pH 7.4) (Smith et al., 1999). Fura-2AM incubation 

solution was composed of HB with Fura-2AM (5µM), pluronic F-127 (2%), FBS (2%) 

(Huang et al., 1993; Ma et al., 2011). Cells were incubated with Fura-2AM solution in the 

dark at room temperature for 45-60 min (Ma et al., 2011). Afterward, coverslips were 

washed with HB for 5-7 times to remove the extracellular Fura-2AM, and the coverslip 

was incubated with HB of FBS (2%) in the dark at room temperature for 30 min to allow 

more complete hydrolysis of intracellular Fura-2AM. Thereafter, coverslips were washed 

for 5 times with HB before starting  treatment (Huang et al., 1993).  The coverslip was 

then placed under the Nikon Eclipse TE200 epifluorescence microscope imaged with a 

x40 immersion objective. Baseline readings were recorded for a minute before adding 

4αPDD (1mM) in HBS buffer. Frame fluorescence readings every five s for a further 9 min 

were recorded for intracellular Ca2+ measurement through fura-2 340/380 ratioing. 

Image analysis was performed using Scientific Image Processing IPLab software version 

4.04.  
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2.5. Confocal laser scanning microscopy 

Primary endothelial cells were seeded on autoclaved poly-L-lysine coated glass 

coverslips (0.16-0.19mm thick). Cells were grown to reach approximately 70% 

confluency. Endothelial cells were labelled with acetylated LDL. Briefly, coverslips were 

washed 5 times with HBSS. Cells were then washed with serum free DMEM. Thereafter, 

the cells were incubated with acetylated LDL (10μg/ml in serum free media) in the 

incubator for 4 h. The coverslips were then washed with HBSS for 5 times before being 

incubated with paraformaldehyde (4%) in the dark at room temperature for 1 hour to fix 

the cells. Afterward, the cells were permeabilised by incubation with Triton-X100 (0.5% 

in HBSS) for 10 min in the dark at room temperature. The coverslips were washed 3 

times with HBSS. Next, cells were incubated with rabbit primary antibody (1:200) for 

TRPV4, eNOS or caveolin-1 in IFF blocking solution composed of phosphate buffered 

saline pH 7.4, bovine serum albumin BSA (1%) and foetal calf serum FCS (2%) overnight 

at 4°C. Thereafter, cells were washed 5 times with HBSS before being incubated with the 

goat secondary anti rabbit antibody (1:1000) for 2 h at room temperature. Coverslips 

were then washed 5 times with HBSS and mounted on microscope glass slides with a 

drop of mounting media containing DAPI which stains the nucleus. Cells were visualised 

with Nikon C1 confocal laser scanning microscope and EZ-C1 silver version 3.9 software. 

The images were then uploaded to ImageJ 1.46r software for quantitative analysis. The 

expression of TRPV4, caveolin-1 and eNOS was quantified by ImageJ through selecting 

cells as regions of interest and then measuring the fluorescence intensity per cell (n= 3-4 

cells/coverslip) with calculating the average of the cells in a coverslip. The average 

intensity was then normalized to the fluorescence intensity of the untreated control 

cells for each antibody (Shamsaldeen et al., 2018). 
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2.6. Data and statistical analysis 

Data were analysed through GraphPad Prism (version 5). The number of different 

experiments conducted from different animals (tissues, cells) is referred as the studies 

group size (n).  Data are expressed as mean ± S.E.M and compared through one-way 

ANOVA with post hoc Tukey’s test, repeated measures two-way ANOVA with post hoc 

Bonferroni’s test or unpaired student t-test. The P-value was considered significant 

when less than 0.05. 

2.7. Reagents 

Bicinchoninic acid assay (BCA) reagents, protein assay reagent A (11881345) and 

protein assay reagent B (10475944), and cell culturing reagents, Dulbecco’s Modified 

Eagle Medium (DMEM) (10135082), newborn bovine calf serum (10014173), 

antibiotic/antimycotic solution (100x) (10101043), trypsin 2.5% (10217723), Hanks’ 

Balanced Salt Solution (HBSS) (10X) (10227632), Membrane filter Immobilon-P transfer 

membranes 0.45µm pore size (IPVH00010) were all purchased from Fisher-Scientific 

(Loughborough, UK). Streptozotocin (S0130), carbamoylcholine chloride (carbachol) 

(C4328), L-noradrenaline (A7257), 4α-Phorbol 12,13-didecanoate (4- αPDD) (C0130), 

insulin from bovine pancreas (I6634), endothelial cell growth supplement from bovine 

pituitary (E0760), heparin sodium salt from porcine intestinal mucosa (10KU) (H3149), 

collagen from rat tail Bornstein and Traub Type I (C7661), luminol (A8511), p-coumaric 

acid (C9008), goat anti-rabbit IgG (whole molecule)–peroxidase antibody (a6154) 

produced in goat and mouse monoclonal anti-β-actin−peroxidase antibody (A3854) were 

all purchased from Sigma Aldrich (Gillingham, UK). Interferon- γ, rat, recombinant, E. coli 

(407321) was purchased from Merck chemicals (Nottingham, UK). Biotinylated protein 
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ladder detection pack (7727S) was purchased from New England biolabs (Hitchin, UK). 

Rabbit anti-TRPV4 polyclonal antibody (ab63003) was purchased from Abcam 

(Cambridge, UK). Rabbit anti caveolin-1 polyclonal antibody (PA5-17447) and rabbit 

eNOS polyclonal antibody (PA3-031A) were purchased from Thermo Fisher Scientific 

(Northumberland, UK). Goat anti-rabbit IgG fluorescein antibody (FI-1000) and mounting 

medium with DAPI (H-1500) were purchased from Vector laboratories (Peterborough, 

UK). Dil-Ac-LDL (200μg) (BT-902) was purchased from bioquote (York, UK). RN-1747 

(3745) was purchased from Tocris (Bristol, UK). Fura-2, AM, cell permeant (F-1221) and 

Pluronic® F-127 (P-6866) were purchased from Life Technologies Ltd (Paisley, UK). 

3. Results 

3.1. STZ-treated rats showed significant increase in blood glucose 

Ninety-six percent of STZ-injected rats developed hyperglycaemia characterised by 

blood glucose concentration ˃ 16mmol/l and were included in the study analyses as the 

STZ-diabetic rat group. Blood glucose was significantly elevated in STZ-diabetic rats (>4-

fold) between 8 to 14 days post injection compared with age-matched control rats (STZ-

diabetic: 31.6 ± 1.2mmol/l; control: 6.58 ± 0.13 mmol/l P ˂ 0.001, Fig. 1).  
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Fig. 1 Effect of streptozotocin (STZ) injection on blood glucose concentration measured pre-injection and 

between 8 to 14 days post-injection (day of sacrifice). Data presented as mean ± S.E.M, control (N= 18) and (STZ= 

26) significance represented as *** =P˂0.001 versus pre-injection and ### = P<0.001 versus control analysed by 

Bonferroni two-way ANOVA. Dotted line shows diabetes threshold glucose concentration (16 mmol/l). One STZ-

injected rat that did not develop hyperglycaemia and diabetes was excluded from data analyses. 

3.2. Aortic rings from STZ-treated rats showed significant reduction in endothelial 

cholinergic and TRPV4-induced vasorelaxation 

Aortic rings from STZ -diabetic rats were constricted with noradrenaline (300nM) 

before being relaxed with carbachol (30nM-300µM).  Carbachol Emax was significantly 

reduced in rings from STZ -diabetic rats compared to aortic rings from control rats, with 

no effect on EC50 (STZ-diabetics: EC50=0.8µM & Emax= 29.6±9.3%; control: EC50=0.7µM & 

Emax=77.2±2.5% P˂0.001, Fig. 2A). As relaxation to carbachol was compromised in aortic 
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rings isolated from STZ-diabetic rats (Fig. 2A), noradrenaline-constricted aortic rings 

were treated with TRPV4 agonists (4αPDD and RN-1747). Aortic rings from STZ -diabetic 

rats showed significant reduction in 4αPDD-induced vasorelaxation compared to aortic 

rings from control rats (STZ-diabetics: EC50 = 0.5μM & Emax= 56.0±5.5%; control: EC50 = 

0.1μM & Emax= 81.1±2.1% P˂0.05, Fig. 2B). Another TRPV4 agonist (RN-1747) was 

examined to confirm the observation obtained with 4αPDD. Aortic rings from STZ -

diabetic rats also showed significant reduction in RN-1747-induced vasorelaxation 

compared to aortic rings from control rats (STZ-diabetics: EC50= 1µM & Emax= 21.4±7.7%; 

control: EC50 = 61nM & Emax = 56.2±8.6% P˂0.05, Fig. 2C).  

We next looked at responses in superior mesenteric arteries as an example of 

resistance vessels. Mesenteric arteries’ response to carbachol and RN-1747 was 

recorded to compare mesenteric arteries from STZ-injected rats with mesenteric arteries 

from control rats. The diameter of mesenteric arteries was not significantly different 

(STZ-diabetics: 290.6±16.2µm; control: 318.8±11.7µm P˃0.05). As shown in Fig. 2D, 

carbachol-induced vasorelaxation was significantly reduced in arteries from STZ-diabetic 

rats compared to arteries from control rats (STZ-diabetics: EC50=18μM & Emax= 

60.3±10.1%; control: EC50= 70.3nM & Emax= 94.0±4.7% P˂0.05). In parallel to impaired 

cholinergic-induced vasorelaxation, RN-1747-induced vasorelaxation was significantly 

reduced in arteries from STZ-diabetic rats  compared to arteries from control rats (STZ-

diabetics: EC50= 0.3μM & Emax= 41.5±5.7%; control: EC50= 2.3μM & Emax= 79.1±6.1% 

P˂0.05, Fig. 2E).  
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Fig. 2 Carbachol and TRPV4 agonist-induced vasorelaxation normalised to noradrenaline EC80 (300 nM)-

induced vasoconstriction. (A) Concentration response curves to carbachol of streptozotocin (STZ)-diabetic 

freshly isolated rat aortic rings compared to control freshly isolated rat aortic rings (STZ-diabetic n= 12, control 

n= 10). (B) 4-αPDD concentration response curves of STZ-diabetic freshly isolated rat aortic rings compared to 

vehicle control freshly isolated rat aortic rings (STZ-diabetic n=4, control n=4). (C) RN-1747 concentration 

response curves of STZ-diabetic freshly isolated rat aortic rings compared to vehicle control freshly isolated rat 

aortic rings (STZ-diabetics n= 6, control n= 5). (D) Carbachol concentration response curves of STZ-diabetic 

freshly isolated rat secondary mesenteric arteries compared to control freshly isolated secondary mesenteric 

arteries (STZ-diabetic n= 4, control n= 4). (E) RN-1747 concentration response curves of STZ-diabetic freshly 

isolated rat secondary mesenteric arteries compared to control freshly isolated secondary mesenteric arteries 
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(STZ-diabetic n= 5, control n= 5). Significance is represented as * P˂0.05, ** P˂0.01 and *** =p˂0.001 versus 

control rats analysed by repeated measures two-way ANOVA followed by multiple comparison Bonferroni 

post-hoc test. 

3.3. TRPV4 mediated calcium signalling was significantly reduced in primary aortic 

endothelial cells from STZ treated rats and reversed with insulin treatment 

As reported by others, carbachol and TRPV4 mediated relaxation in aortic rings was 

shown to be endothelium dependent (Dhar et al., 2010; Earley et al., 2005; Earley et al., 

2009), so we next investigated TRPV4 channel function in endothelial cells. As aorta and 

resistance vessels show the same vasorelaxation mechanisms we chose to explore 

changes in signalling in aortic endothelial cells. Primary aortic endothelial cells were 

isolated and grown in t-25 collagen coated culture flasks. After 10-14 days, the flasks 

were approximately 80% confluent. The cells were plated on poly-l-lysine coated glass 

coverslips. STZ-diabetics’ endothelial cells were treated with insulin (1 and 10μg/ml 

equivalent to 0.27 IU/ml and 2.7 IU/ml) for 5 days. Fura-2 calcium imaging was 

conducted to investigate TRPV4 function.  

4αPDD-induced Ca2+ signals showed a significant decrease in aortic endothelial cells 

from STZ-diabetic rats compared to control endothelial cells (Control endothelial cells: 

1.0±0.2 fura-2 ratio; STZ-diabetics’ diabetic endothelial cells: 0.5±0.13 fura-2 ratio P ˂ 

0.05, Fig. 3). Moreover, endothelial cells from STZ diabetic rats, treated in culture with 

insulin 0.27 IU/ml/day for 5 days showed a significant increase in fura-2 ratio in response 

to 4αPDD,  compared to untreated endothelial cells from STZ diabetic rats (STZ-

diabetics’ diabetic aortic endothelial cells treated with insulin 0.27 IU/ml/day for 5 days: 

1.1±0.1 fura-2 ratio; STZ-diabetics’ diabetic endothelial cells: 0.5±0.13 fura-2 ratio P ˂ 

0.05, Fig. 3). 
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Fig. 3 4αPDD treatment induced changes in fura-2 ratio in primary rat aortic endothelial cells. Aortic 

endothelial cells cultured from streptozotocin (STZ)-diabetic rats showed significant reduction in fura-2 ratio 

due to 4αPDD treatment (STZ-diabetic n= 4, control n= 4). Aortic endothelial cells cultured from STZ diabetic 

rats treated with insulin 0.27 IU/ml showed a significant increase in fura-2 ratio (STZ-diabetic n= 4, STZ-

diabetics’ aortic endothelial cells treated with insulin 0.27 IU/ml n= 4). Data shown as average peak change in 

fura-2 ratio (340/380) ± S.E.M. Significance represented as * P ˂ 0.05 vs control and $ P ˂ 0.05 vs STZ-diabetics 

analysed through one-way ANOVA followed by multiple comparison Tukey post-hoc test. 

As well as being reduced in amplitude, the time course of the fura-2 response to 

4αPDD superfusion was slowed, so that the time to fura-2 ratio peak response was 

significantly delayed (time to fura-2 ratio peak Control: 81.3±13.5 s; STZ-diabetic: 202±23.5 

s, P<0.05, Fig. 4). STZ-diabetic-endothelial cells treated with insulin 0.27 IU/ml/day for 5 

days showed a partial reversal of this slowing that was not significantly different compared 

to untreated STZ-diabetic endothelial cells (time to fura-2 ratio peak STZ-diabetics’ 

endothelial cells treated with insulin 0.27 IU/ml/day: 154.5±40.2 s; STZ-diabetics: 202±23.5 s 

P ˃ 0.05, Fig. 4). 
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Fig. 4 Peak time for 4αPDD-induced fura-2 ratio change in primary rat aortic endothelial cells. Responses in 

aortic endothelial cells cultured from streptozotocin (STZ)-diabetic rats showed significant delay in time to 

fura-2 ratio peak (STZ-diabetic n= 4, control n= 4). STZ-diabetic aortic endothelial cells treated with insulin 0.27 

IU/ml did not significantly alter the delay in time to fura-2 ratio peak (STZ-diabetic endothelial cells n= 4, STZ-

diabetic endothelial cells treated with insulin 0.27 IU/ml n= 4). Data shown as average time to fura-2 ratio peak 

(S) ± S.E.M. Significance represented as * P ˂ 0.05 vs control analysed through one-way ANOVA followed by 

Tukey post-hoc test. 
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3.4. TRPV4 expression was significantly downregulated in STZ-diabetic rats’ primary 

aortic endothelial cells, and reversed by insulin treatment 

The changes in TRPV4 function might be due to reduced TRPV4 expression and or 

changes in individual channel function. Primary aortic endothelial cells from vehicle 

control and STZ-diabetic rats were isolated and grown in t-25 collagen coated culture 

flasks. After 10-14 days, the flasks were approximately 80% confluent. The cells were 

plated on poly-l-lysine coated glass coverslips. Endothelial cells from STZ-diabetic rats 

were treated with insulin (1 and 10μg/ml equivalent to 0.27 IU/ml and 2.7 IU/ml) for 5 

days. Afterwards, cells were visualised with a laser scanning confocal microscope (Fig. 5).
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Fig. 5 TRPV4 expression in primary endothelial cells visualised with a laser scanning confocal microscope. 

Endothelial cells were probed with DAPI to label the nucleus in blue and marked with acetylate oxidised 

LDL (Ac-ox-LDL) giving the cells the red colour (A1, B1, C1 & D1). Anti TRPV4 primary antibody probed with 

secondary fluorescence antibody. TRPV4 was expressed around the nucleus and at the edge of the plasma 

membrane in vehicle control aortic endothelial cells (A2). STZ-diabetic endothelial cells showed disrupted 

TRPV4 distribution with less fluorescence (B2). Insulin treatment 0.27 IU/ml (C2) and 2.7 IU/ml (D2) per 

day for 5 days restored TRPV4 distribution in STZ-diabetic endothelial cells to that seen in control cells. 

Images were overlaid for endothelial marker (red), nucleus marker (blue) and TRPV4 florescence antibody 

(green) (A3, B3, C3 & D3). Scale markers are 100 µm. 

The expression profile of TRPV4, caveolin-1 and eNOS was quantified through 

comparing expression levels of these proteins in endothelial cells cultured from STZ- 

diabetic rats to control rats. In a separate analysis, expression levels in endothelial cells 

from STZ diabetic rats were compared to endothelial cells from STZ-diabetic rats 

cultured with insulin 0.27 or 2.7 IU/ml/day for 5 days. As shown in Fig. 6, endothelial 

cells cultured from STZ diabetic rats showed significantly lower expression of TRPV4 

compared to endothelial cells cultured from control rats (Fig. 6A, P<0.01).  TRPV4 

expression in endothelial cells from STZ diabetic rats was also significantly lower than 

expression levels after 5 days treatment of cultures with insulin (Fig. 6B, P<0.05).  
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Fig. 6 Total TRPV4 expression in primary rat aortic endothelial cells normalised to control untreated cells. 

TRPV4 expression was significantly reduced in streptozotocin (STZ)-diabetic’ aortic endothelial cells (STZ-

diabetic n= 8, control n= 5, P<0.01) analysed through one-way ANOVA with un-paired t-test (6A). STZ-diabetics’ 

aortic endothelial cells treated with insulin (0.27 IU/ml and 2.7 IU/ml) showed a significant increase in TRPV4 

expression (STZ-diabetic endothelial cells treated with 0.27 IU/ml n= 3, STZ-diabetic endothelial cells treated 

with 2.7 IU/ml n= 3, STZ-diabetic endothelial cells n= 3, P<0.05) analysed through one-way ANOVA with Tukey 

post-hoc test (6B). Data shown as average percentage ± S.E.M. Significance is represented as ** P˂0.01 vs 

control, $ P˂0.05 vs STZ-diabetic. 

 

3.5. Reduced expression of caveolin-1 in STZ-diabetic rats’ primary aortic endothelial 

cells was reversed by insulin treatment 

Caveolae are lipid raft invaginations in the endothelial cell membrane. Caveolin-1 is a 

major protein component of the endothelial caveolae. Previous studies showed 

caveolin-1 is associated with TRPV4 (Saliez et al., 2008). Therefore, further studies were 

conducted on endothelial cells to investigate whether caveolin-1 expression was altered 
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in the STZ-diabetic model, and whether in vitro insulin treatment had any effect on 

caveolin-1 expression. There was intense caveolin immunofluorescence in control 

endothelial cells and this was much more diffuse and punctate in the cells from STZ -

diabetic animals (Fig. 7A2 & B2).  Treatment of the cultures from STZ-diabetic animals 

with insulin (0.27 IU/ml and 2.7 IU/ml) restored the expression of caveolin-1,  similar to 

that seen in the control cells (Fig. 7C2,D2).

Fig. 7 Caveolin-1 expression in primary endothelial cells visualised with a laser scanning confocal 

microscope. Endothelial cells were probed with DAPI to label the nucleus in blue and marked with 
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acetylate oxidised LDL (Ac-ox-LDL) giving the cells the red colour (A1, B1, C1 & D1). Anti-caveolin-1 primary 

antibody probed with secondary fluorescence antibody. Caveolin-1 showed distinct distribution around 

the nucleus and at the edge of plasma membrane in vehicle control aortic endothelial cells (A2). STZ-

diabetic endothelial cells showed disrupted caveolin-1 distribution with less caveolin-1 

immunofluorescence (B2). Insulin treatment 0.27 IU/ml (C2) and 2.7 IU/ml (D2) per day for 5 days 

normalised caveolin-1 distribution in STZ-diabetic endothelial cells. Images were merged to combine 

endothelial marker (red), nucleus marker (blue) and caveolin-1 florescence antibody (green) (A3, B3, C3 & 

D3). Scale markers are 100 µm. 

Total caveolin -1 immunofluorescence was significantly reduced in aortic endothelial 

cells cultured from STZ- diabetic rats compared to control endothelial cells (Fig. 8A, 

P<0.05).  Treatment of the aortic endothelial cells cultured from STZ-diabetic rats with 

insulin (0.27 IU/ml and 2.7 IU/ml) for 5 days resulted in a significant increase in caveolin-

1 immunofluorescence compared to untreated cells from STZ diabetic rats  (Fig. 8B, 

P<0.05).  

Fig. 8 Total caveolin-1 expression in primary rat aortic endothelial cells cultured from control and 

streptozotocin (STZ)-diabetic rats and the effect of incubation with insulin. Caveolin-1 expression in aortic 



24 
 

endothelial cells from STZ-diabetic rats was significantly reduced compared to control (STZ-diabetic n= 4, 

control n= 5) (8A). Aortic endothelial cells from STZ-diabetic rats when treated with insulin showed significant 

increase in caveolin-1 expression (STZ-diabetic endothelial cells treated with 0.27 IU/ml n= 3, STZ-diabetic 

endothelial cells treated with 2.7 IU/ml n= 3, STZ-diabetics endothelial cells n= 3) (8B). Data shown as average 

percentage ± S.E.M. Significance is represented as * P˂0.05 vs control endothelial cells un-paired t-test, $ 

P˂0.05 vs STZ-diabetic rats, one-way ANOVA with Tukey post-hoc test. 

 

3.6. Reduced expression of eNOS in STZ-diabetic rats’ primary aortic endothelial cells 

was reversed by insulin treatment 

Endothelial cells constitutively release nitric oxide (NO) that is generated from eNOS 

through the oxidation of L-arginine to L-citrulline (Cines et al., 1998). eNOS can be 

stimulated through shear stress (Lüscher and Barton, 1997). Moreover, increased blood 

shear stress activates membrane bound phospholipase-A2 (PLA-2) which generates 

arachidonic acid (AA) from membrane cholesterol followed by a series of  reactions that 

yield 11,12 epoxyecosatrienoic acid (EET), a direct TRPV4 activator (Inoue et al., 2009). 

Previous studies showed that eNOS and caveolin-1 are co-localised in rat kidneys and 

cultured bovine and rat aortic endothelial cells (Komers et al., 2006; Shamsaldeen et al., 

2018; Wang et al., 2009), so it was of interest to investigate the expression of eNOS in 

these endothelial cell cultures. Therefore, immunocytochemistry studies were 

conducted which showed significant eNOS immunofluorescence downregulation and 

disruption in STZ-diabetic aortic endothelial cells  compared to cells cultured from 

control rats and this deficit in STZ-diabetic aortic endothelial cells was significantly 

reversed by  insulin (0.27 IU/ml and 2.7 IU/ml) treatment of the cultures (Fig. 9&10, 

P<0.001).
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Fig. 9 Endothelial nitric oxide synthase (eNOS) expression in primary endothelial cells visualised with a 

laser scanning confocal microscope. Endothelial cells were probed with DAPI to label the nucleus in blue 

and marked with acetylate oxidised LDL (Ac-ox-LDL) giving the cells the red colour (A1, B1, C1 & D1). Anti 

eNOS primary antibody probed with secondary fluorescence antibody. eNOS showed distinct distribution 

around the nucleus and at the edge of plasma membrane in vehicle control aortic endothelial cells (A2). 

Endothelial cells cultured from STZ -diabetic rats showed diffuse eNOS (B2). Insulin treatment 0.27 IU/ml 

(C2) and 2.7 IU/ml (D2) per day for 5 days restored eNOS distribution in endothelial cells cultured from STZ 

-diabetic rats. Images were combined to matching endothelial marker (red), nucleus marker (blue) and 

eNOS florescence antibody (green) (A3, B3, C3 & D3). Scale markers are 100 µm. 
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As shown in Fig. 10, total eNOS immunofluorescence was significantly reduced in 

endothelial cells cultured from STZ -diabetic rats compared to eNOS 

immunofluorescence from endothelial cells cultured from control rats (Fig. 10A, 

P<0.001). eNOS immunofluorescence showed a significant increase when insulin treated 

STZ-diabetic endothelial cells were compared to untreated STZ-diabetic endothelial cells. 

(Fig. 10B, P<0.001).  

Fig. 10 Total Endothelial nitric oxide synthase (eNOS) expression in primary rat aortic endothelial cells from 

control and streptozotocin (STZ)-diabetic rats and the effect of insulin. eNOS expression in aortic endothelial 

cells cultured from STZ- diabetic rats was significantly reduced compared to control cells (STZ-diabetic n= 6, 

control n= 5) (10A). Aortic endothelial cells cultured from STZ diabetic rats treated with insulin showed a 

significant increase in eNOS expression (STZ-diabetic endothelial cells treated with 0.27 IU/ml n= 3, STZ-

diabetic endothelial cells treated with 2.7 IU/ml n= 3, STZ-diabetic endothelial cells n= 3) (10B). Data shown as 

average percentage ± S.E.M. Significance is represented as *** P˂0.001 vs control endothelial cells, un-paired 

t-test; $$$ P˂0.001 vs STZ-diabetic rats, one-way ANOVA with Tukey post-hoc test.  
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4. Discussion 

In this study, STZ-induced hyperglycaemia was confirmed by glucose measurement 

in blood samples. Blood glucose concentration was the main diabetes marker as rats were 

considered diabetic when their blood glucose readings exceeded 16mmol/l between days 2-

7 post-STZ-injection. STZ was shown to induce hyperglycaemia (4-fold glucose increase) in 

96% of the STZ-injected rats by day 8-14 (Fig. 1). These findings were similar to what was 

reported in  previous studies (Bagri et al., 2009; Shamsaldeen et al., 2018). STZ-induced 

diabetes resembles Type 1 Diabetes through blunting insulin secretion by inducing β-cell 

necrosis (Lenzen, 2008). STZ has specific beta cell toxicity because it is taken up by the beta 

cell Glut-2 glucose transporter. Once inside  pancreatic β-cells, STZ alkylates  DNA  causing 

cell necrosis (Elsner et al., 2000). 

STZ-treated diabetic rats showed significant endothelial dysfunction, 2 weeks after 

injecting STZ, as shown in Fig. 2. As a consequence of diabetes, endothelial dysfunction is a 

common complication where endothelium-dependent vasorelaxation is impaired (Dhar et 

al., 2010; Ruiter et al., 2012). Cholinergic vasorelaxation was significantly impaired in STZ 

diabetic aortic rings (Fig. 2A). These findings match a previous study’s conclusion that 

vascular dysfunction of STZ-treated  rats is attributed to impaired cholinergic-induced 

endothelium-dependent vasorelaxation (Fukao et al., 1997). Previous studies have revealed 

the dependence of the cholinergic-induced vasorelaxation on the endothelial NO pathway 

(Buxton et al., 1993; Lopacinska and Strosznajder, 2005). The deterioration in cholinergic 

endothelium function was in parallel with impaired TRPV4-induced vasorelaxation in both 

STZ diabetic aorta and mesenteric arteries (Fig. 2B-E). This cholinergic and TRPV4 impaired 
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vasorelaxation is consistent with signal transduction through cholinergic receptors 

depending in part on TRPV4 channel activity.  

Previous research showed a significant effect of the TRPV4 antagonist, HC-067047 

(1μM) on acetylcholine-induced vasorelaxation in murine cerebral arteries (Zhang et al., 

2009). Moreover, cholinergic and TRPV4 cascades might be connected through endothelial 

muscarinic receptor activated phospholipase-C (PLC) hydrolysis of phosphatidyl inositol (4,5) 

bisphosphate (PIP2) into diacyl glycerol (DAG) and inositol (1, 4, 5) trisphosphate (IP3). IP3 

binds to its corresponding smooth ER receptors (IP3R) to evoke  Ca2+ release from cellular 

stores which can then activate TRPV4 (Clapham, 2003; Ying et al., 2014). Moreover, TRPV4 

was also shown to be activated through the cholinergic downstream cascade components, 

DAG-activated PKC signalling (Rohacs and Nilius, 2007). Additionally, a TRPV4 mouse KO 

study revealed its essential role in cholinergic-mediated endothelium-dependent 

vasorelaxation through a novel mechanism that involves Ca2+ influx through endothelium 

derived factor (11, 12 EET)-activated TRPV4. This enhanced Ca2+ entry then opens KCa1.1  

channels to cause membrane hyperpolarization of VSMCs and thereby vasorelaxation 

(Earley et al., 2005; Freichel et al., 2005). As these mechanisms of vasorelaxation through 

NO and EDHF signalling are present in aorta and in resistance arteries and differences are 

explained by the relative contributions of these mechanisms, NO predominating in large 

arteries, we decided to  use primary aortic endothelial cells for cellular studies.  

Calcium imaging experiments showed that cellular TRPV4 channel function was 

reduced in the endothelial cells cultured from STZ diabetic rats (Fig. 3 and 4). This might be 

because of changes in individual channel function or might result from a reduction in the 

number of functional channels. Immunocytochemistry studies on primary endothelial cells 
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were conducted to examine the expression levels of TRPV4 and hence throw light on the 

molecular mechanism of compromised TRPV4-induced vasorelaxation in STZ-diabetic rats. 

As shown in Fig. 5 and 6, total TRPV4 expression was reduced by approximately 50% and 

cellular distribution was disrupted in endothelial cells isolated from STZ-diabetic rats. These 

findings are consistent with those of Monaghan et al. (2015) that showed TRPV4 

downregulation in microvascular endothelial cells from diabetic retina.  

Caveolin-1 expression was investigated in parallel to TRPV4 in the primary cultures of 

aortic endothelial cells. Caveolae are lipid and protein rich invaginations found in 

endothelial cells providing a docking site for numerous receptors, ion channels and enzymes 

(Frank et al., 2003). Previous studies showed that caveolin-1 is an essential component in 

TRPV4-induced vasorelaxation through modulating TRPV4 membrane localisation (Saliez et 

al., 2008). Moreover, another study showed TRPV4 co-localisation with caveolin-1 and  

KCa2.3 potassium channels in human endothelial cells (Fritz et al., 2015). In a recent study, 

we found that diabetes-induced lipolysis was associated with the degradation of caveolae 

and a reduction in eNOS expression (Shamsaldeen et al., 2018). Such a disruption in 

caveolae may reduce levels of caveolin-associated TRPV4, compromising vascular function. 

Therefore, caveolin-1 expression was examined in endothelial cells from STZ- 

diabetic rats. As shown in Fig. 7 and 8, caveolin-1 expression was significantly reduced by 

approximately 30% in STZ- diabetic aortic endothelial cells compared to control aortic 

endothelial cell cultures. These findings support a previous study conducted on diabetic 

kidneys that revealed significant reduction of caveolin-1 expression and  eNOS 

downregulation when compared to non-diabetic kidneys (Komers et al., 2006). Additionally, 

caveolin-1 was co-localised with eNOS in bovine aortic endothelial cells (Wang et al., 2009). 
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Therefore, further investigations on eNOS expression were conducted in parallel with TRPV4 

and caveolin-1. eNOS expression was 50% lower in aortic endothelial cells from STZ -diabetic 

rats compared to control aortic endothelial cell cultures (Fig. 9 and 10). eNOS and caveolin-1 

downregulation in aortic endothelial cells from STZ- diabetic rats might be attributed to the 

inhibition of phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) /Akt  pathway since the 

PI3K inhibitor, wortmannin has been shown to inhibit eNOS and caveolin-1 translocation to 

the plasma membrane (Wang et al., 2009).  

STZ-diabetic aortic endothelial cell cultures were incubated with Insulin to 

investigate the reversibility of downregulation of TRPV4, caveolin-1 and eNOS as shown in 

Fig. 3, 5, 6B, 7, 8B, 9 and 10B. Primary aortic endothelial cells from STZ -diabetic rats, 

treated with insulin (0.27 and 2.7 IU/ml) for 5 days, showed significant improvement in 

TRPV4 expression, distribution and function (Fig. 6B). Such improved TRPV4 expression and 

distribution was mirrored in changes in caveolin-1 (Fig. 7 and 8B) and eNOS expression (Fig. 

9 and 10B). As described by  Wang et al. (2009), insulin induces the  PI3K/Akt pathway to 

stimulate eNOS and caveolin-1 translocation towards the plasma membrane. Moreover, 

insulin induces eNOS palmitoylation by Golgi palmitoyltransferase, an enzyme that catalyses 

eNOS and caveolin-1 acetylation and hence translocation toward the plasma membrane 

(Hernando et al., 2006). Additionally, eNOS palmitoylation increases targeting to 

plasmalemmal caveolin-1 by approximately 10-fold, a process that is required to optimize 

eNOS activity and results in almost all eNOS activity being resident in the caveolar 

membrane fraction (Shaul et al., 1996).  

The molecular mechanism of TRPV4 downregulation in diabetes is still unclear. 

TRPV4 N-linked mannose glycosylation in the endoplasmic reticulum is followed by complex 
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TRPV4 protein glycosylation in the Golgi apparatus, and both are vital post-translational 

modification steps for channel maturity, membrane translocation and function (Lei et al., 

2013). Deleting 837-838 residues of the TRPV4 c-terminus renders the channels immature 

and trapped in the endoplasmic reticulum resulting in reduced plasmalemmal TRPV4 (Lei et 

al., 2013). In STZ-diabetic rats’ aortic endothelial cells, TRPV4 expression was decreased and 

seemed to be trapped in a region that was overlapped with the nucleus which might be the 

endoplasmic reticulum (Fig. 5b2 and 6b2). Additionally, TRPV4 downregulation might be 

exacerbated by the decreased  caveolin-1 expression as other studies have revealed that 

TRPV4 co-localisation with caveolin-1 is essential for TRPV4 functions such as production of 

EDHF and vasorelaxation (Saliez et al., 2008; Serban et al., 2010). Similar to our findings , a 

previous study revealed that an alteration in  caveolae integrity or caveolin-1 abundance 

may lead to endothelial dysfunction (Rath et al., 2009). These studies explain the 

importance of caveolin-1 and TRPV4 co-localisation to maintain the TRPV4-mediated Ca2+ 

influx required for vasorelaxation through EDHF and NO generation, and potassium channel 

activation (Inoue et al., 2009; Serban et al., 2010; Watanabe et al., 2008). Moreover, in our 

STZ-diabetic rats we observed a disruption of TRPV4 mediated increase in intracellular 

calcium in aortic endothelial cells (Fig. 3 and 4) where both TRPV4 and calveolin-1 

expression are decreased. Such a significant reduction in calcium influx was associated with 

a reduction in TRPV4 expression (Fig. 5 and 6) and TRPV4-induced vasorelaxation (Fig. 2).  

This disruption of expression and function could both be reversed by in vitro treatment of 

the aortic endothelial cell cultures with insulin, consistent with a direct action of insulin on 

the endothelial cells. This is the first study to demonstrate that the reduced expression of 

TRPV4, eNOS and caveolin-1 and dysfunction of TRPV4 can be reversed through insulin 

treatment of STZ-diabetic aortic endothelial cells in culture. 
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Conclusion: 

To the best of our knowledge, this is the first study that examines endothelial 

dysfunction and the three endothelial signalling components, TRPV4, CAVEOLIN-1 and 

eNOS; together in a single type 1 diabetes model. Insulin treatment is effective in restoring 

the expression of these three endothelial signalling components and the function of TRPV4 

in this diabetes model. This demonstrates specific and direct beneficial effects of insulin on 

endothelial function in insulin-dependent diabetes, independent of any change in glucose 

levels. The effectiveness of insulin in the restoration of expression and function these 

endothelial signalling components merits further exploration.  
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Abbreviations 

KCa1.1  large-conductance calcium-activated potassium channels  

EDHF  endothelium derived hyperpolarization factor 

eNOS  endothelial nitric oxide synthase  

SKca2.3 small conductance calcium-activated potassium channel 

STZ  streptozotocin 

TRP  transient receptor potential 

DMEM  Dulbecco’s Modified Eagle Medium 

BCA  Bicinchoninic acid 

ANOVA Analysis of variance 
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