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Abstract 

Endothelial dysfunction is a hallmark of diabetic vasculopathies. While hyperglycemia is 

believed to be the culprit causing endothelial damage, the mechanism underlying early 

endothelial insult, in pre-diabetes, remains obscure. We used a non-obese high-calorie 

(HC)-fed rat model with hyperinsulinemia, hypercholesterolemia and delayed 

development of hyperglycemia to unravel this mechanism. Compared to aortic rings from 

control rats, HC-fed rat rings displayed attenuated acetylcholine-mediated relaxation. 

While sensitive to nitric oxide synthase (NOS) inhibition, aortic relaxation in HC-rat tissues 

was not affected by blocking the inward-rectifier potassium (Kir) channels using BaCl2. 

Although, Kir channel expression was reduced in HC-rat aorta, Kir expression, 

endothelium-dependent relaxation, and the BaCl2-sensitive component improved in HC 

rats treated with atorvastatin to reduce serum cholesterol. Remarkably, HC tissues 

demonstrated increased reactive species (ROS) in smooth muscle cells, which was 

reversed in rats receiving atorvastatin. In vitro ROS reduction, with superoxide dismutase, 

improved endothelium-dependent relaxation in HC-rat tissues. Significantly, connexin-43 

expression increased in HC aortic tissues, possibly allowing ROS movement into the 

endothelium and reduction of eNOS activity. In this context, gap junction blockade with 

18-b-glycyrrhetinic acid reduced vascular tone in HC-rat tissues but not in controls. This 

reduction was sensitive to NOS inhibition and SOD treatment, possibly as an outcome of 

reduced ROS influence, and emerged in BaCl2-treated control tissues. In conclusion, our 

results suggest that early metabolic challenge leads to reduced Kir-mediated 

endothelium-dependent hyperpolarization, increased vascular ROS potentially impairing 
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NO synthesis and highlight these channels as a possible target for early intervention with 

vascular dysfunction in metabolic disease. 
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Significance Statement 

The present study examines early endothelial dysfunction in metabolic disease. Our 

results suggest that reduced inward-rectifier potassium channel function underlies a 

defective endothelium-mediated relaxation possibly through alteration of nitric oxide 

synthase activity. This study provides a possible mechanism for the augmentation of 

relatively small changes in one endothelium-mediated relaxation pathway to affect overall 

endothelial response and highlights the potential role of inward-rectifier potassium 

channel function as a therapeutic target to treat vascular dysfunction early in the course 

of metabolic disease. 
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Introduction 

Diabetes is a heterogeneous metabolic disease defined by constant 

hyperglycemia (American Diabetes, 2015). The most common forms of diabetes are type 

I diabetes, whereby autoimmune destruction of pancreatic beta cells leads to absolute 

insulin deficiency; and type II diabetes, where a combination of insulin deficiency and 

insulin resistance underpins hyperglycemia (American Diabetes, 2015). Type II diabetes 

is a growing epidemic, and its prevalence is expected to exceed 366 million people in 

2030 (Wild et al., 2004). This alarming spread of diabetes is attributed to the accelerated 

shift towards western diets rich in saturated fats and refined sugars (Kuhnlein and 

Receveur, 1996). 

Atherosclerotic cardiovascular disease (ASCVD) is the primary cause of morbidity 

and mortality in type II diabetes (American Diabetes, 2017). Endothelial dysfunction (ED), 

which is widely known to be associated with vascular derangements, is an early 

independent predictor of ASCVD (Sitia et al., 2010; Mudau et al., 2012). The risk of 

ASCVD is not only restricted to patients with hyperglycemia, but also extends to 

prediabetic patients, who have worse cardiovascular outcomes compared to healthy 

individuals (Giraldez-Garcia et al., 2015; Huang et al., 2016). Previous studies proposed 

various mechanisms that link ED to type II diabetes, such as impaired insulin signaling, 

oxidative stress, pro-inflammatory signaling, and the direct effect of hyperglycemia 

(Roberts and Porter, 2013). Research interest in identifying the onset of ED and the 

corresponding pathological mechanisms early in the development of diabetes has grown 

significantly, particularly in the prediabetic stage. Deterioration of endothelial function 

starts at early stages of insulin resistance in the form of decreased NO bioavailability, 
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impaired prostacyclin production, or increased endothelial vasoconstrictor production (Du 

et al., 2006; Picchi et al., 2006; Duncan et al., 2007; Polovina and Potpara, 2014). On the 

other hand, emerging evidence describes a role for endothelium-dependent 

hyperpolarization (EDH) in regulating the overall endothelial response, including NO-

mediated relaxation (Fancher et al., 2018; Alaaeddine et al., 2019). While few studies 

recorded observational changes in EDH-type relaxation in animal models of insulin 

resistance and metabolic disease (Miller et al., 1998; Gradel et al., 2018), our knowledge 

still lacks a detailed mechanistic explanation behind the contribution of EDH to the 

integrative endothelial response in this stage. This is of particular importance since 

metabolic perturbations associated with diabetes have long been linked to increased L-

type calcium channel activity and smooth muscle depolarization (Barbagallo et al., 1995; 

Ungvari et al., 1999; Nystoriak et al., 2014; Nieves-Cintrón et al., 2017). Thus, we 

hypothesize that relatively limited perturbations in EDH pathway occurring early in 

metabolic dysfunction could have a significant impact on endothelial function and 

myoendothelial feedback, via affecting other pathways in smooth muscle and endothelial 

cells including the NO pathway.  

To test this hypothesis, we used a rat model of mild metabolic challenge developed 

in our laboratory (Al-Assi et al., 2018; Elkhatib et al., 2019). This rat model develops 

hyperinsulinemia and hypercholesterolemia in absence of obesity, hyperglycemia, and 

hypertension following twelve weeks of exposure to a high-calorie diet. However, a 

gradual increase in fasting and random blood glucose levels is observed after 16 weeks 

of feeding indicating the eventual incidence of diabetic hyperglycemia. Vascular tissue 

from these rats demonstrated increased contractility and elevated production of reactive 
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oxygen species. This model provides a reasonably wide window for studying functional 

changes occurring in the course of early metabolic alterations without interference from 

hyperglycemia, impaired glucose tolerance, or obesity. We were able to show a selective 

impairment in EDH-type relaxation in aortic vessels of these rats. This dysfunction 

appeared to be driven by a reduced inward rectifier potassium channel activity and 

involved increased production of reactive oxygen species, which in turn, potentially 

interfered with nitric oxide synthase function. 
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Materials and Methods 

A. Ethical Approval 

All animal experiments were conducted according to an experimental protocol 

approved by the Institutional Animal Care and Use Committee at the American University 

of Beirut in compliance with the Guide for Care and Use of Laboratory Animals of the 

Institute for Laboratory Animal Research of the National Academy of Sciences, USA. 

B. Experimental Design 

Male Sprague-Dawley rats (5-6 weeks of age; 150 g) were randomly divided into 

three groups (7 rats per group): (1) rats fed with normal chow (control, 3 Kcal/g), (2) rats 

fed with mild hypercaloric diet (HC, 4.035 Kcal/g) for 12 weeks (3) rats fed with mild 

hypercaloric diet for 12 weeks and treated with 20 mg/kg atorvastatin once daily at week 

8. All rats had free access of food and water throughout the 12-week period. Rats were 

kept in a temperature- and humidity-controlled room, in a 12-hour light/dark cycle. Body 

weight was measure weekly. The treatment group received atorvastatin incorporated with 

the HC chow. The calculated dose was geometrically mixed with a 5 g HC diet pellet. The 

drug-containing food pellet was administered once daily starting week 8 and continued 

for four weeks till the end of the twelve-week feeding period. Ad libitum access to HC diet 

resumed after the drug-containing 5 g pellet was consumed. HC diet was administered to 

the HC-fed group in the same manner during that period. 

C. Food Preparation and macronutrient composition 

HC diet was prepared as described previously (Al-Assi et al., 2018; Elkhatib et al., 

2019).  Normal chow diet (ENVIGO) was obtained from Teklad Rodent Diets (Madison, 
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WI). This diet offers 3 Kcal/g divided as follows: 54% from carbohydrates, 32% from 

protein, and 14% from fat (0.9% saturated fat by weight). The HC diet was prepared in-

house and consists of food grade fructose (20% by weight, Santiveri foods, Spain) and 

hydrogenated vegetable oil (Mazola®, 15% by weight, BFSA) added to the normal chow 

diet. Major electrolytes and vitamins were supplemented to match the concentration in 

ENVIGO diet and as recommended by the American Institute of Nutrition (Reeves et al., 

1993). The final composition of the HC diet was confirmed by bomb calorimetry and found 

to be: by weight (calorie content) 18.06% fat (38.68%, 5% saturated fat by weight), 15.8% 

protein (15.66%) and 46.13% carbohydrates (45.73%).  

D. Blood Chemistry 

Total serum cholesterol, serum insulin, random blood glucose levels, and glucose 

tolerance were assessed in all groups. Rats were fasted in metabolic cages with free 

access to drinking water for either 6-8 hours prior to glucose tolerance testing or 12 hours 

for cholesterol measurement. Blood samples (0.7 ml) were taken by retro-orbital bleeding 

and centrifuged at 4000 rpm for 10 minutes. The supernatant serum was isolated and 

stored at -80°C till the time of analysis. Total serum cholesterol was measured using 

electrochemiluminescence on a Cobas 6000 reader (Roche Diagnostics, Basel, 

Switzerland). Measurement of rat insulin in serum was carried out using a rat insulin 

ELISA kit (Thermo-Fisher Scientific, Waltham, MA) according to manufacturer's protocol. 

Intraperitoneal glucose tolerance was evaluated in fasting rats as described previously 

(Lozano et al., 2016) following a 2 g/Kg intraperitoneal glucose load. Glucose was 

measured in blood droplets collected by a tail prick at baseline, 15, 30, and 60 minutes 

using Accu-check Performa glucometer (Roche Diagnostics, Rotkreuz, Switzerland). 
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E. Non-invasive blood pressure measurement: 

           Non-invasive blood pressure measurement was done by tail-cuff using CODA High 

Throughput Monitor (Kent Scientific, Torrington, CT) (Wang et al., 2017). Blood pressure 

data were collected at the end of week 11 of feeding. Any irregular or unacceptable 

recording noted as a false recording by the system was excluded. The parameters 

obtained are: systolic, diastolic, mean arterial blood pressure, and heart rate.  

F. In Vitro Aortic Vessel Reactivity 

At the end of the 12-week period, the rats were anesthetized by isoflurane and 

sacrificed by decapitation. The thoracic cavity was exposed and the thoracic aorta was 

isolated for tension measurements as outlined in previous studies (Plane et al., 2005; El-

Mas et al., 2011; Kimmoun et al., 2015). Specifically, thoracic aorta was excised from 

beneath the aortic arch to immediately above the diaphragm and dissected free of 

connective tissue. Aortic rings 0.3-0.5 cm in length were used for contractility 

experiments. The rings were assigned to experiments in the same given order among all 

groups in such a way that rings from equivalent positions were used to perform the same 

assay across all groups. The rest of the rings were flash frozen in liquid nitrogen and 

stored at -80˚C. Aortic rings were mounted in a multichannel organ bath system (World 

Precision Instrument, Inc.). Each ring was suspended in a 15-ml oxygenated Krebs 

solution organ bath (NaCl 118 mM, KCl 4.7 mM, MgSO4.7H2O 1.2 mM, NaHCO3 25 mM, 

CaCl2.2H2O 2.5 mM, KH2PO4 1.2 mM, Glucose 11.1 mM; pH 7.4 upon aeration with 

95%O2/5%CO2 gas mixture). The bath was constantly aerated with 95% O2 / 5% CO2 gas 
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mixture and temperature was maintained at 37˚C. Digital recording of changes in aortic 

tissue tension was performed using Transbridge TBM4M force transducer (World 

Precision Instrument, Inc.) and an Acqknowledge 3.9.1 data acquisition system (World 

Precision Instrument, Inc.). The aortic rings were exposed to a resting tension of 2 grams 

and allowed to stabilize for 1 hour, during which rings were washed with Krebs solution 

and tension was adjusted.  

Our recent findings in this rat model (Elkhatib et al., 2019) indicated signaling 

changes in the aortic smooth muscle layer in response to phenylephrine stimulation and 

increased ROS production, possibly interfering with endothelial function. Thus, we opted 

to use a fixed concentration of the contractile agonist to expose the tissue to the same 

stimulus to be better able to assess the myoendothelial feedback. This approach was 

used previously despite changes in the initial contractile tone (Oyama et al., 1986; Pieper 

and Gross, 1988; Taylor et al., 1992; McNally et al., 1994; Keegan et al., 1995; 

Fleischhacker et al., 1999; Shaligram et al., 2018). Aortic tissues were constricted with 

phenylephrine (30 μM) or U-46619 (0.5 μM) (Plane and Garland, 1996). The 

concentration of PE used to constrict the aortic rings was selected within the upper 

submaximal range obtained from PE concentration-response curves conducted in 

preliminary experiments to accentuate the difference between control and HC-fed rats 

allowing dissection of the role of individual endothelial pathways. Nevertheless, to confirm 

the findings in experiments with different initial contractile tone, an additional set of 

experiments were conducted using equi-effective concentrations of phenylephrine (10-6-

10-5 M to produce ~1 g tension) and a reduced concentration of U46619 (0.1 μM to 

produce ~ 3g tension).  Aortic endothelial vasoreactivity was assessed by response to 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262048 

	 13	

acetylcholine (ACh, 1x10-9-1x10-4 M) (Grizelj et al., 2015), or diazoxide (100 μM). Several 

concentrations of diazoxide, within the range of 1x10-7 -1x10-4 M were tested and a 

concentration of 1x10-4 M was selected as it produced reproducible relaxations of a 

considerable magnitude. The sensitivity of ACh-mediated relaxation to a number of 

blockers (Table 1) was assessed. Effect of ACh was represented as percentage of 

residual constriction calculated based on 100% contraction of PE/U-46619. 

G. Cerebral Arterial Pressure Myography 

After decapitation, the brain was immediately removed and placed in an ice-cold 

buffer solution containing (NaCl 130 mM, KCl 4 Mm, MgSO4.7H2O 1.2 mM, NaHCO3 4 

mM, CaCl2.2H2O 1.8 mM, HEPES 10 mM, KH2PO4 1.18 Mm, Glucose 6 mM, EDTA 0.03 

Mm, pH 7.4). Rat middle cerebral artery was isolated from surrounding connective tissue 

and dissected into segments of 2-3 mm of length. Cerebral artery segments were 

mounted in a chamber attached to a pressure myograph (DMT, Hinnerup, Denmark) for 

measurement of arterial diameter. Arteries were allowed to warm up to 37˚C and 

equilibrate for 15-20 min at 10 mm Hg. The vessels were then pressurized to 60 mmHg 

and allowed to develop a stable myogenic tone over 30 min. Pressure was then dropped 

to 20 mmHg and then increased again to 80 mmHg in a series of pressure steps until a 

reproducible myogenic response is obtained. Endothelial function was evaluated using 

ACh (10 μM) in the presence or absence of potassium channel blocker BaCl2 (30 μM) at 

80 mm Hg. The vasodilatory effect of ACh was estimated as a percentage of the active 

tone produced at 80 mm Hg defined as the difference in the vessel diameter in normal 

and calcium-free buffer solution with 2 mM EGTA.  
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H. Quantitative Polymerase Chain Reaction (Q-PCR): 

            Q-PCR was performed as described previously (Al-Assi et al., 2018). Total RNA 

was extracted from aortic tissue using RNeasy Mini kit with DNase treatment (Qiagen, 

Hilden, Germany) and first strand cDNA was produced with the Sensiscript RT kit 

(Qiagen, Hilden, Germany) with oligo d(T) primer. Primer pairs for rat Kir2.1, Kir2.2, Cx37, 

Cx40, Cx43, and Cx45, and GAPDH were designed and obtained from Sigma (St. Louis, 

MO). Primer sequence was Kir2.1 (KCNJ2), forward AAAGCGTGTGTGTCTGAGGT, 

reverse ATCGGGCACTCGTCTGTAAC; Kir2.2 (KCNJ12), forward	

CCACTGACCGAGAAGTGCCC, reverse ATCGTAGCCCGTAGCCAATG; Cx37 (Gja4) 

forward TTGACCACCGAGGAGAGACT, reverse AGCCCCAGAGCCCTATACAT; Cx40 

(Gja5) forward CCAGTCTCCAACACTTGGCA, reverse 

GCGGAAAATGAACAGGACGG; Cx43 (Gja1) forward TTCATTGGGGGAAAGGCGTG, 

reverse CTGGGCACCTCTCTTTCACTT; Cx45 (Gjc) forward 

GTTAACAGGGCAAACCAATTCCA, reverse AGATGGACTCTCCTCCTACCG and 

GAPDH forward AGACAGCCGCATCTTCTTGT and, reverse 

CTTGCCGTGGGTAGAGTCAT. Q-PCR was carried out with SYBR-Green and threshold 

cycle was established using Bio-Rad iCycler (Hercules, CA). Transcript abundance was 

computed by the 2−ΔΔCt method with GAPDH as a reference.  

I. Western Blotting 

Western blotting was carried out as described in our previous studies (Moreno-

Dominguez et al., 2014; El-Yazbi et al., 2015; Al-Assi et al., 2018). Briefly, aortic tissue 

samples stored at -80˚C were crushed under liquid nitrogen. 50 mg of aortic tissue were 

added to a 1 ml protein extraction buffer composed of 100 mM dithiothreitol, 1% sodium 
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dodecyl sulphate (SDS), 0.9% NaCl, and 80 mM Tris hydrochloride (pH 6.8). Preliminary 

experiments were done to optimize tissue amounts needed for protein extraction. 

Samples were heated at 95˚C for 10 min and left overnight on a rocking shaker at 4˚C. 

Aliquots of equal protein content were loaded on a 10% sodium dodecyl sulphate 

polyacrylamide gel electrophoresis, and the separated proteins were transferred and fixed 

on a nitrocellulose membrane. Membranes were then blocked with 5% skimmed milk and 

TBST (Tris-buffered saline with 0.1% Tween 20) for 2 hours at room temperature (RT). 

The membranes were then incubated with a dilution of the primary antibody in 1% skim 

milk and 0.1% TBST (1:200 for rabbit polyclonal anti-Kir2.1, 1:500 for anti-phospho-Akt 

Thr308, and rabbit polyclonal anti-Akt, Abcam, Cambridge, UK; 1:1000 for rabbit 

polyclonal anti-Cx43, Sigma-Aldrich, St. Louis, MO;  1:1000 for rabbit polyclonal anti-

phospho-eNOS Ser1177 and rabbit polyclonal anti-eNOS; and 1:1000 for rabbit 

monoclonal anti-GAPDH, Cell Signaling, Danvers, MA) overnight at 4˚C. Afterwards, the 

membranes were washed with 0.02% TBST (4 x 5min) and incubated with 1:40,000 

biotinylated goat anti-rabbit Ig secondary antibody (Abcam, Cambridge, UK) in 0.1% 

TBST for one hour at RT. Membranes are then washed with 0.02% TBST (4 x 5min) and 

incubated with 1:200,000 HRP-conjugated streptavidin (Abcam, Cambridge, UK) in 0.1% 

TBST for 30 min at RT. After washing with 0.02% TBST (2 x 5min) and TBS (2 x 5 min), 

membranes were developed using Clarity Western ECL substrate for 5 min prior to image 

detection by Chemidoc imaging system (BioRad, Hercules, CA). ImageJ software was 

used to measure optical density of protein bands. A ratio of arbitrary density units was 

obtained for the protein band of interest and the density of the band representing total 

protein for p-eNOS and p-AKt after stripping and re-probing, while eNOS, Cx43, and 
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Kir2.1 bands were normalized to GAPDH. Membrane stripping was done using freshly 

prepared mild stripping buffer (15 g glycine, 1 g SDS and 10 ml Tween in 1 L of ultrapure 

water, pH 2.2). Membranes were inserted in enough volume of the buffer to be covered 

at RT for 5-10 min. Buffer was discarded and another volume was added for 5-10 min. 

Afterwards, membranes were washed with 0.5% TBST (2 x 5min) and then with TBS (2 

x 5 min), and used for re-probing. 

J. DHE Staining 

            Aortic tissue sectioning and staining was done as described previously (Al-Assi et 

al., 2018). Dihydroethidium (DHE) staining was performed on cryosections to 

demonstrate reactive oxygen species (ROS) load. Fluorescent images were obtained 

using a Zeiss Axio inverted microscope (Carl Zeiss, Germany) through the Alexa Fluor 

568 filter for the DHE red fluorescence and measured against the green collagen 

autofluorescence obtained through the Alexa Fluor 488 filter. Images were taken from 

three sections for each animal. The obtained images were analyzed using Zen software. 

K. Chemicals 

All chemicals were obtained from Sigma (St. Luis, MO) unless otherwise indicated. 

Pharmaceutical grade atorvastatin was obtained as a kind gift from a regional 

pharmaceutical manufacturer (PharoPharma). 

L. Statistics 

Data were expressed as mean ±SEM. Comparisons between groups were done 

using Student’s t-test, one-way ANOVA followed by Tukey post hoc test, as well as two-

way ANOVA followed by Sidak's multiple comparisons test in comparing the effect of 
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different concentrations among groups using Graphpad Prism software. The specific test 

used is mentioned in the corresponding figure legend. P value < 0.05 was considered 

statistically significant. 
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Results 

1. Metabolic consequences of a twelve-week mild hypercaloric feeding: 

Full metabolic and hemodynamic profiling of this rat model was done previously (Al-

Assi et al., 2018; Elkhatib et al., 2019). To confirm the metabolic characteristics in the 

cohort used in the present study, body weight, blood glucose, glucose tolerance, and 

serum insulin and cholesterol were assessed at the end of the twelve-week feeding 

period. Similar to previous observations, no differences were detected in body weight 

(Fig. 1A), random blood glucose levels (Fig. 1B), glucose tolerance (Fig. 1C), and 

hemodynamic parameters including systolic blood pressure (Fig. 1F), diastolic blood 

pressure, and heart rate (data not shown). between control and HC-fed rats. However, as 

expected, HC-fed rats exhibited elevated plasma insulin (Fig. 1D) and total serum 

cholesterol levels (Fig. 1E) compared to the control group. 

2. Endothelium-dependent relaxation is impaired in HC-fed rats with an intact 

SNP-mediated relaxation:  

In order to examine endothelium-dependent relaxation (EDR), in vitro contractility 

experiments were conducted on thoracic aortas obtained from control and HC-fed rats at 

the end of the twelve-week feeding duration. Fig. 2A depicts representative tracings of 

the relaxation of pre-constricted aortic rings to increasing concentrations of ACh. A 

progressive relaxation was observed in rings from control rats that reached a maximum 

of ~75% of the initial PE tone. On the other hand, aortic rings from HC-fed rats 

demonstrated an impaired ACh-mediated relaxation (~25% of the PE tone) which levelled 

off at a lower ACh concentration (1 μM, Fig. 2B). Whereas the aortic rings from HC-fed 
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rats exhibited an exaggerated contractile response upon exposure to PE (Fig. 2C, left), 

the maximal absolute tension reduction in response to ACh was less in rings from HC-fed 

rats confirming the endothelial deficit (Fig. 2C, right). Although previous studies 

suggested that initial contractile tone does not affect ACh-evoked EDR tone (Hansen and 

Nedergaard, 1999), we conducted an additional set of experiments with equi-effective PE 

concentrations to rule out this possibility. In these experiments, there was a similar 

reduction in ACh-mediated relaxation in HC-fed rat aortic rings (Supplementary figure 

1A). ACh failed to produce any relaxation in denuded rings of either group (Data not 

shown), confirming the endothelial dependence of ACh-mediated relaxations. The NO 

donor SNP produced similar relaxation patterns in both groups (Fig. 2D). Further, to 

investigate the possibility of release of the contractile endothelial mediator, endothelin-1 

as the underlying cause for the observed dysfunction in aortic rings from HC-fed rats, 

ACh-mediated relaxation was assessed in these rings in the presence of endothelin-1 

receptor antagonist atrasentan (Fig. 2E). However, this intervention did not alter the aortic 

response to ACh observed in the HC group. Atrasentan was also without effect in 

preliminary experiments conducted on control tissue. 

3. Impaired endothelial function in aorta of HC-fed rats is related to an altered 

endothelial relaxing mediator profile: 

We examined the relative contribution of different endothelial relaxing mediators in rat 

aorta and the differential impact of HC-feeding on them. On the one hand, blockade of 

endothelial NO production by L-NAME significantly reduced ACh-mediated relaxation in 

aortic rings from both rat groups (Fig. 3A). Yet a residual relaxation that gradually 

increased to ~25% at higher ACh concentrations was observed only in aortic rings from 
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control rats. No further attenuation of the ACh-mediated relaxation was observed upon 

the combination of indomethacin and L-NAME (Data not shown). To address the role of 

EDH-type relaxation, the effect of blockade of SK/IK with apamin and Tram-34 (Fig. 3B) 

and Kir channels with BaCl2 (Fig. 3B) was assessed. SK/IK channel blockers appeared 

to attenuate ACh-mediated relaxations in either group, albeit more effectively in aortic 

rings from control rats. Interestingly, while BaCl2 attenuated the ACh-mediated relaxation 

in rings from control rats, particularly towards the higher ACh concentrations, aortic rings 

obtained from HC-fed rats were not sensitive. Of note, the maximal residual ACh-

mediated relaxation in tissues from control rats in presence of LNAME was 24.56±4.19%, 

which was not different from the maximal reduction of the ACh-mediated relaxation 

brought about by treatment with BaCl2 (33.37±10.78%, P>0.05, t-test). 

Importantly, incubation of aortic rings from control rats with LNAME, apamin/Tram-34, 

or BaCl2 resulted in a significant increase in the PE-induced contraction. This was not 

observed in aortic rings from HC-fed rats, initially showing an increased PE-mediated 

constriction. As such, PE-induced tension was not different in treated rings from either 

control or HC-fed rats (Control LNAME: 3.91±0.29 g, Control Apamin/Tram: 4.56±0.95 g, 

Control BaCl2: 3.98±0.51 g, HC LNAME: 4.32±0.45 g, HC Apamin/Tram: 3.17±0.72 g, and HC 

BaCl2: 3.2±0.23 g, P>0.05, One-way ANOVA). 

4. Impairment of endothelial function is likely attributed to the loss of 

endothelium-dependent hyperpolarization-type relaxation: 

    In order to confirm the potential impairment of EDH-type relaxation, ACh-mediated 

relaxation profile of aortic rings was examined following pre-constriction with the 

thromboxane analogue, U46619. This contractile agent produces vasoconstriction mainly 
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through calcium sensitization (Plane and Garland, 1993), likely ruling out the potential 

vasodilatory effect of EDH. As predicted, aortic rings from both control and HC-fed rats 

produced equal contractions to U46619 and relaxed similarly to ACh (Fig. 4 A & B). 

Similar to prior studies (Kassan et al., 2013), the vascular contractile response to U46619 

was much higher than that evoked by PE potentially masking the difference in ACh-

evoked relaxation between control and HC-fed rat tissues. As such, an additional set of 

experiments was conducted using 0.1 µM U46619 to produce a contractile tension of ~3 

g (close to that produced by 30 µM PE). Nevertheless, these experiments showed no 

difference in ACh-mediated EDR between both groups (Supplementary figure 1B).  

Inhibition of NO production by L-NAME attenuated the relaxation response to ACh equally 

in aortic rings from both control and HC-fed rats (Fig. 4B), while BaCl2 was without effect 

on ACh-mediated relaxation (Fig. 4C).  

5. The observed endothelial impairment in HC-fed rats is likely due to Kir 

channel dysfunction: 

Given the previous observations indicating the likelihood of Kir channel dysfunction in 

HC-fed rat aortic rings, we further examined their role as “end-stage amplifiers” of 

hyperpolarization (Sonkusare et al., 2016). We assessed the aortic response to the 

potassium channel opener, diazoxide (Fig. 5A). Diazoxide produced an 80% tone 

reduction in control aortic rings pre-constricted with PE; a response that was much 

attenuated in aortic rings from HC-fed rats. Interestingly, blockade of Kir channels with 

BaCl2 lacked any effect in HC-fed rat aortic rings, but brought the diazoxide-evoked 

relaxation in control rats to a level similar to that seen in the HC-fed group. Recent studies 

implicated Kir2.1 and 2.2 subunits as the molecular carrier of the inward rectifier 
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potassium current in rat vasculature (Sancho et al., 2019). We examined the relative 

expression of both channel subunits in our vessel preparation using Q-PCR revealing that 

Kir2.1 was the predominant subunit expressed (Fig. 5B). While no difference in transcript 

level was observed among tissues from control and HC-fed rats (data not shown), 

western blotting showed a reduction of Kir2.1 subunit expression in aortic tissues of HC-

fed rats compared to control rats (Fig. 5C). 

6. Gap junction contribution to the observed endothelial dysfunction in HC-fed 

rat aorta: 

Since gap junctions are an essential element of myoendothelial feedback, we 

examined the effect of the gap junction blocker 18-β-GA on ACh-mediated relaxation (Fig. 

6A). As expected, the gap junction blocker greatly attenuated the response to ACh in 

control aortic rings. Conversely, 18-β-GA did not alter the ACh-dependent relaxation in 

rings from HC-fed rats. Interestingly, the addition of 18-β-GA to the pre-constricted aortic 

rings produced disparate effects (Fig. 6B). Control rings exhibited an increase in 

contractile tone consistent with the interruption of EDH conduction and hence EDH-

mediated relaxation. Surprisingly, rings from HC-fed rats demonstrated a decrease in 

vascular tone indicating that gap junctions might mediate the conduction of an entity 

impairing endothelial function. On the other hand, the examination of the relative 

expression of connexin subtypes in our vessel preparation showed that Cx43 is the most 

abundant (Fig. 6C). As such, we proceeded to examine the relative expression of Cx43 

between control and HC-fed rat aortic tissues. While there was no difference observed 

on the mRNA level (data not shown), western blotting showed that Cx43 expression was 

higher in aortic tissues from HC-fed rats (Fig. 6D). 
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7. Reactive oxygen species play a role in the impairment of endothelium-

dependent relaxation in HC-fed rats: 

    ROS examination using DHE staining showed a significant increase in aortic 

sections obtained from HC-fed rats (Fig. 7A). In vitro scavenging of ROS by incubating 

aortic rings from HC-fed rats with superoxide dismutase (SOD), not only reduced the 

ROS staining intensity, but also improved the ACh-mediated relaxation (Fig. 7B). SOD 

treatment was without effect on ACh-mediated relaxation in preliminary experiments 

done on control rat aortic rings. Since ROS was reported to spread across gap 

junctions among different vascular cell types (Feine et al., 2012), and are known to 

inhibit eNOS activity (Ohara et al., 1993a), we investigated whether the reduction in 

tone observed post-gap junction blockade in HC-fed rat tissues was because of an 

interruption of eNOS inhibition by ROS. First, inhibition of eNOS in HC-fed rat aortic 

rings by pre-incubation with LNAME precluded the loss of tone upon treatment with 18-

β-GA (Fig. 7C). As well, ROS scavenging by SOD had a similar effect. In order to 

investigate whether the loss of Kir channel function was related to this observation, 

similar experiments were conducted in control rat aortic rings incubated with BaCl2 to 

block Kir channels. Not only did incubation with BaCl2 increase ROS upon DHE 

staining (Fig. 7D), BaCl2-treated control aortic rings also exhibited a loss of tone upon 

treatment with 18-β-GA (Fig. 7E) similar to the observations in HC-fed rat tissues. ROS 

staining persisted in HC-fed rat tissues or BaCl2-treated control tissues exposed to the 

gap junction blocker 18-β-GA in the same pattern observed in the above experiments 

(Data not shown). 
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8. Atorvastatin treatment improved endothelium-dependent hyperpolarization 

profile: 

Since hypercholesterolemia was shown previously to impair Kir channel function and 

reduce EDH (Fancher et al., 2018; Sancho et al., 2019), we examined the effect of blood 

cholesterol reduction in HC-fed rats on ACh-mediated relaxation in general, and the 

BaCl2-sensitive component in particular.  Four-week treatment of the HC-fed rats with the 

lipid-lowering agent atorvastatin restored their serum cholesterol levels to values 

comparable to that of the control group without affecting body weight, blood glucose, or 

serum insulin levels (Fig. 8A). This improvement was associated with an enhanced ACh-

mediated relaxation compared to that of the HC-fed rat group (Fig. 8B). Significantly, 

BaCl2 attenuated the ACh-mediated relaxation in aortic rings from atorvastatin-treated 

HC-fed rats in a pattern similar to that observed in rings from control rats (Fig. 8C). 

Similarly, further indication of the restoration of Kir channel function was indicated by the 

increased diazoxide-mediated relaxation in atorvastatin-treated HC-fed rat aortic rings 

compared to their untreated counterparts (Fig. 8D). Alongside, western blotting showed 

an increase of Kir2.1 subunit expression in the aorta of atorvastatin-treated rats (Fig. 8E). 

Moreover, DHE staining intensity indicative of ROS was also reduced by atorvastatin 

treatment (Fig. 8F). 

9. Impairment of endothelium-dependent relaxation is not related to altered 

eNOS or Akt expression/phosphorylation: 

    In order to rule out the potential contribution of insulin resistance to the observed 

endothelial impairment, we investigated whether eNOS and Akt phosphorylation were 

altered in aortic tissues from HC-fed rats. Western blotting was used to examine the 
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phosphorylated and total forms of either protein. Neither eNOS expression (Fig. 9A), 

phosphorylation (Fig. 9B), nor Akt phosphorylation (Fig. 9C) levels were altered in aortic 

rings from HC-fed rats.  

10. Endothelium-dependent hyperpolarization was attenuated in the 

microcirculation by HC-feeding and restored by atorvastatin: 

    Given the increased relative contribution of EDH in the microvasculature (Garland and 

Dora, 2017), we examined the endothelium-dependent relaxation pattern in middle 

cerebral arterioles from HC-fed rats to confirm our findings regarding  EDH impairment. 

In pressure myography experiments, middle cerebral arteriole segments produced 

spontaneous myogenic tone in response to increased intravascular pressure. The 

vasodilatory response to 10 µM ACh was assessed across different groups. Cerebral 

arteriole segments from control rats showed considerable dilation in response to 10 μM 

ACh accounting for ~40% of active tone generated by the vessel (Fig. 10A). Blocking Kir 

channels with 30 μM BaCl2 attenuated the ACh-induced relaxation to ~10% of the active 

tone (Fig. 10D). Of note, addition of BaCl2 produced a phasic constriction indicating an 

interference with an ongoing hyperpolarization (Fig. 10A & C). On the other hand, not 

only was ACh-mediated vasodilation much reduced in cerebral arteriole segments from 

HC-fed rats (~10%, Fig. 10A & B), but also this attenuated response was not affected by 

BaCl2 treatment (Fig. 10D). Moreover, the phasic contraction in response to Kir channel 

blockade by BaCl2 was blunted in vessel segments from HC-fed rats (Fig. 10C). 

Significantly, cerebral arterioles from atorvastatin-treated HC-fed rats demonstrated 

responses to ACh and BaCl2 that were similar to those from control rats. 
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Discussion 

The optimal approach for mitigating diabetic vascular complications remains 

elusive (1993; Heller, 2009; Genuth and Ismail-Beigi, 2012), especially that a significant 

proportion of diabetic patients presents with established vascular complications at initial 

diagnosis (Fowler, 2008). As such, studying the early detrimental mechanisms 

contributing to ED in the course of diabetes development becomes paramount for 

effective management of diabetic vascular complications. Towards this end, we used a 

rat model of mild metabolic challenge allowing a fairly wide window of opportunity to study 

vascular dysfunction prior to the development of hyperglycemia. To our knowledge, this 

is the first report to highlight an impairment of Kir channels as the primary cause of 

endothelial damage during early metabolic alterations, potentially triggered by 

hypercholesterolemia. Our results also highlight the potential inter-dependence among 

different endothelium-mediated vasodilatory pathways in producing integrated 

myoendothelial feedback, whereby a defect in one would be augmented due to a lack of 

positive interaction with the other. 

The rat model used in the present study is a modified form of the high-fat diet 

animal model, which permits the examination of the development of pathological 

mechanisms in impaired glucose tolerance and early type II diabetes (Winzell and Ahren, 

2004). Our model receives a limited increase in daily calorie intake from fat. Data from 

previous studies in our laboratory showed that this diet produced stable fasting and 

random hyperglycemia after 16-20 weeks of treatment (Elkhatib et al., 2019). However, 

no changes in glucose tolerance, body weight, or blood pressure were observed at 12 

weeks (Al-Assi et al., 2018; Elkhatib et al., 2019), thus permitting the study of functional 
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changes occurring in the course of early metabolic alterations without interference from 

hyperglycemia, impaired glucose tolerance, obesity, or hypertension.  

Whereas aortic rings from both control and HC-fed rats had similar vasodilatory 

responses to the exogenous NO donor sodium nitroprusside, HC-fed-rat aortic tissues 

showed an impaired ACh-mediated relaxation proposing that the observed defect was 

likely related to an endothelial, rather than a smooth muscle, dysfunction. This was 

coupled with an increased initial contraction to 30 µM PE indicating a potential dysfunction 

in myoendothelial feedback. The persistence of the same defective ACh-mediated 

relaxation pattern in HC-fed rat tissues in experiments where equi-effective 

concentrations of PE were used rules out the possibility that the difference in pre-

constrictor tone affected the ACh response. While a rich body of literature describes a 

role for the increased production of endothelin-1, acting through ETA receptors, in ED 

observed in diabetes, obesity, and metabolic syndrome (Harris et al., 2008; Li et al., 2018; 

Schinzari et al., 2018; Samsamshariat et al., 2019), this did not appear to be the case in 

aortic rings from HC rats. In vitro exposure to the ETA receptor antagonist atrasentan did 

not alter aortic response to ACh. This was similar to previous observations in another 

animal model of early prediabetes where vascular response was not altered by 

endothelin-1 (Knudson et al., 2006). Indeed, the above studies citing a role for endothelin-

1 in ED in diabetes or obesity reported these findings in advanced disease states with 

overt hyperglycemia and increased body weight, contrary to the observed phenotype in 

our rat model. In fact, even studies describing a role for endothelin-1 in impaired flow-

mediated dilation in prediabetic patients linked the observed increase in plasma 
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endothelin-1 to post-prandial hyperglycemia (McDonald et al., 2019a; McDonald et al., 

2019b), not observed in our model. 

 We then set to investigate the relative contribution of different EDR mechanisms 

and the effect of HC-feeding on them. Similar to prior reports of endothelium-mediated 

vasodilation in conduit arteries (Joannides et al., 1995; Shimokawa and Godo, 2016), our 

results show that NO was the predominant mediator of EDR in aortic rings, but left a 

residual relaxation that corresponded to the contribution of EDH-type relaxation. EDH-

type relaxation is typically described to be initiated by a calcium-triggered endothelial 

hyperpolarization mediated by SK and IK channel activation, which is followed by further 

amplification of hyperpolarization through the action of Kir channels (Garland and Dora, 

2017). In control aortic rings, the contribution of EDH-type relaxation to the ACh-induced 

EDR was confirmed in experiments where either SK/IK or Kir channels were blocked 

significantly attenuating ACh-mediated responses. Although unlikely based on the large 

difference between the apamin and Tram-34 concentration used and their functional IC50 

values (Table 1), their lack of effect at the higher ACh concentrations could be due to a 

competitive relief of channel inhibition.  The more pronounced effect of BaCl2 at higher 

ACh concentrations is in line with previous literature showing a more prominent role for 

Kir blockade in responses to higher ACh concetrations (McIntyre et al., 2001; Hangaard 

et al., 2015; Rasmussen et al., 2016). 

On the other hand, while aortic rings from HC-fed rats appeared to have a relatively 

intact NO contribution to the reduced EDR, the lack of a residual relaxation, similar to that 

observed in the control rings, suggested a possible impairment of the EDH-type response. 

This was further confirmed in experiments using SK/IK and Kir channel blockers. 
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Whereas apamin/tram-34 reduced ACh response at low concentrations to some extent, 

albeit not as marked as in control tissues; BaCl2 did not alter the ACh effect implicating 

Kir channel dysfunction in the observed deficit. Significantly, PE-evoked contraction 

increased in control rings treated with apamin/Tram-34, BaCl2 or L-NAME. This was not 

the case in rings from HC-fed rats suggesting that EDH impairment attenuated not only 

the feedback pathway mediated by Kir channels, but also that driven by NO, in a first 

indication of the interplay between both pathways in our vessel preparation.  

To further demonstrate that EDH impairment underlies the endothelial deficit in HC-fed 

rat aortic rings, we examined the ACh-mediated relaxation following pre-constriction with 

the thromboxane mimetic, U46619 (Plane and Garland, 1996). PE produces vascular 

contraction via calcium-sensitization and membrane depolarization and increased 

cytosolic calcium levels (Plane and Garland, 1996). Under such circumstances, EDH 

would promote smooth muscle relaxation by opposing the agonist-induced 

depolarization. On the other hand, U46619-mediated contractions were accompanied by 

much less depolarization than that observed with PE, thus limiting contribution from EDH-

type relaxation (Plane and Garland, 1996). As well, U46619 inhibits intracellular 

endothelial calcium increase (Ratnayake et al., 2018) potentially interfering with the 

activation of calcium-dependent potassium channels implicated as an early effector 

involved in EDH. Moreover, a previous study reported that thromboxane analogues 

reduced endothelial intercellular communication through gap junctions via increased 

Cx43 internalization (Ashton et al., 1999), further reducing the likelihood for conduction 

of EDH into the vascular smooth muscle (VSMC) layer. As such, not only was the ACh-

mediated relaxation of the U46619 contractile tone insensitive to BaCl2, but also it was 
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similar in aortic rings from both control and HC-fed rats. Therefore, these results confirm 

a selective impairment of EDH in aortic rings from HC-fed rats, which did not manifest 

once this relaxant mechanism was excluded. Of interest though, while initial constrictions 

to PE were higher in tissues from HC-fed rats, U46619 produced equal contractions in 

both groups. Indeed, our previous work showed that the nature of vasoconstrictor agent 

determined the functional components of myoendothelial feedback (Wei et al., 2018).  

Kir channels are described as “end-stage amplifiers” of EDH (Sonkusare et al., 2016), 

owing to their essential role in amplifying hyperpolarization in VSMCs. The negative slope 

conductance property of the kir2.1 subunit allows Kir channels to respond to the increase 

in membrane hyperpolarization by enhancing its activity (Jantzi et al., 2006). Thus, we 

hypothesized that reduced EDH-type relaxation could potentially be attributed to defective 

Kir channel expression/function. As such, to emphasize the role of dysfunctional Kir 

channels, we adopted an approach previously used by Smith et al (Smith et al., 2008) 

and Allen et al (Allen et al., 2002), where a non-endothelium triggered hyperpolarization 

was induced by the application of the KATP channel opener diazoxide. Smith et al (Smith 

et al., 2008) showed that functional Kir channels were able to amplify this 

hyperpolarization and produce a sustained vasodilation, which was reduced upon 

pharmacological intervention with BaCl2 or if Kir 2.1 expression was low. This indeed was 

the case in our experiments where aortic rings from control rats responded by a more 

profound relaxation to diazoxide compared to rings from HC-fed rats, wherein the 

response to diazoxide was rendered insensitive to BaCl2 because of the potential 

deterioration of Kir channel function. Results from western blots demonstrated a 
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downregulation in protein content of Kir2.1 subunit in HC-fed rats, providing a molecular 

confirmation for the lack of Kir-mediated endothelial relaxing component. 

An additional determinant of the vascular response to EDH-type relaxation is 

myoendothelial gap junctions that provide tight coupling among endothelial cells and 

VSMCs  allowing for a bidirectional gate for electrotonic spread of charge and small 

molecules (Xavier F. Figueroa, 2004). Given the concluded reduction in myoendothelial 

feedback in HC-fed rat aortic tissue, suggested by the increased initial PE response and 

its lack of sensitivity to L-NAME and BaCl2, the effect of gap junction blockade by 18-β-

GA on ACh-mediated relaxation was assessed. Congruent with a lack of EDH-type 

relaxation in HC-fed rat tissue, gap junction blockade did not affect the vasorelaxant 

response, which was the opposite of observations in control tissue where ACh responses 

where greatly attenuated. This was despite the observation that Cx43 subunit expression 

levels increased in aortic tissues from HC-fed rats. Cx43 upregulation is in line with 

previous literature showing that, while the vascular expression of some connexin subunits 

(Cx37 and 40) tended to decrease in metabolic disease, Cx43 expression was found to 

increase (Alaaeddine et al., 2019).  Cx43 is highly expressed in VSMCs and endothelial 

cells, specifically at the myoendothelial junction (Abed et al., 2014), and is thought to 

increase in metabolic disturbance as a consequence of increased ERK phosphorylation 

(Ho et al., 2013), a common observation in the vascular tissue in our rat model (Al-Assi 

et al., 2018; Elkhatib et al., 2019). Paradoxically, while PE-constricted control tissues 

exposed to 18-β-GA responded by further constriction possibly due to the interruption of 

myoendothelial feedback, HC-fed rat aortic segments responded by tone reduction. This 

observation could be explained by previous evidence linking vascular depolarization to 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262048 

	 32	

eNOS dysfunction. Previous studies showed that depolarization induced an increased 

NADPH oxidase-mediated production of ROS leading to impairment of endothelial NO-

mediated vasodilation (Sohn et al., 2000; Oelze et al., 2006). Cx43 was consistently 

implicated in the transfer of ROS across different cell types (Ramachandran et al., 2007; 

Hutnik et al., 2008; Taniguchi Ishikawa et al., 2012; Le et al., 2014; Raza et al., 2017) 

with protective or detrimental outcomes. The ability of ROS to spread among different 

vascular cell types across gap junctions was described (Feine et al., 2012) together with 

their well-documented role in inducing eNOS dysfunction (Ohara et al., 1993b). Thus, it 

follows that smooth muscle depolarization, produced by PE, when left unopposed by EDH 

could potentially impair eNOS activity in a manner that is gap junction-dependent. Under 

such circumstances, gap junction blockade will restore some eNOS activity by interrupting 

the detrimental outcome of myoendothelial communication. Indeed, this notion was 

supported by our current observation that tone reduction observed in HC-fed rat tissue 

following 18-β-GA exposure was abolished in tissues pre-incubated with L-NAME.  

To further confirm and reconcile these findings, we assessed whether aortic tissues 

from HC fed rats showed an increased ROS production and if in vitro scavenging of ROS 

improved the relaxation response to ACh. Indeed, DHE staining showed an increased 

ROS levels in the smooth muscle layer of HC-fed rat aortic tissues. In vitro exposure to 

the ROS scavenger SOD not only reduced ROS, but also improved ACh-evoked 

relaxation. This was also associated with a reversal of the tone reduction observed when 

gap junctions were blocked with 18-β-GA, since ROS no longer flowed into the 

endothelium and affected NOS function. Conversely, when reduced Kir channel function 

was simulated in control aortic rings treated with BaCl2, not only did ROS levels increase, 
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but also the tone reduction associated with gap junction blockade was recapitulated 

providing further support for the role of the interaction between vascular 

hyperpolarization, ROS production and an integrated myoendothelial feedback. 

Interestingly, the persistence of DHE staining in smooth muscle layer of HC tissues and 

BaCl2-treated control tissues after gap junction blockade possibly confirms that ROS 

production originated in smooth muscle. 

To establish a link between these observations and changes occurring in vivo, we 

considered previous evidence describing a reciprocal relationship between Kir channel 

activity and levels of cholesterol in the microenvironment of the channel (Fang et al., 2006; 

Sancho and Welsh, 2018). Moreover, a recent study showed that hypercholesterolemia 

suppressed Kir2.1 channel function and attenuated flow-induced vasodilation (Fancher 

et al., 2018). Significantly, not only did cholesterol reduction by in vivo treatment with 

atorvastatin improve ACh-evoked relaxation in aortic tissues of HC-fed rats, the sensitivity 

of these relaxation to BaCl2 was also restored indicating a possible amelioration of Kir 

channel dysfunction. Indeed, western blotting showed an increase in the expression level 

of Kir2.1 channel. Along the same lines, vasorelaxation to diazoxide was also improved. 

It is noteworthy as well that ROS levels in the vascular smooth muscle layer were reduced 

in HC-fed rats treated with atorvastatin further confirming the proposed model. 

Since our rat model is hyperinsulinemic, it could be argued that insulin resistance 

impairs the PI3K/Akt signaling pathway downstream of insulin receptor (Wheatcroft et al., 

2003; Sowers, 2013) possibly reducing Akt-mediated eNOS phosphorylation and eNOS 

activity leading to the observed endothelial phenotype. However, western blotting showed 

no difference in the phosphorylation of Akt and eNOS in both groups. Moreover, the 
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improvement in endothelial function observed in atorvastatin-treated HC-fed rats was not 

associated with an amelioration of hyperinsulinemia. Furthermore, examination of ACh-

mediated effects in rat middle cerebral artery, as an example of a microvessel where EDH 

predominates the endothelial response (Garland and Dora, 2017), confirmed that the 

attenuated vasodilatory response in vessel segments from HC rats are rather a 

consequence of Kir channel dysfunction. Moreover, control vessels responded to BaCl2 

exposure by a phasic constriction consistent with the blockade of functional Kir channels. 

This phasic contraction was greatly reduced in cerebral vessel segments from HC-fed 

rats. Significantly, atorvastatin treatment restored both the BaCl2-sensitive ACh-mediated 

vasodilation and the phasic contraction to BaCl2 indicating an amelioration of Kir channel 

function. 

In conclusion, the present study demonstrates for the first time that early endothelial 

dysfunction in the course of metabolic disease is a consequence of impaired EDH-type 

relaxation due to a dysfunctional Kir2.1 channel activity. The endothelial deficit at this 

stage is further compounded by a potential reduction of eNOS activity resulting from 

increased production of ROS in vascular smooth muscle accessing the endothelium 

through gap junctions. Correction of hypercholesterolemia restores Kir channel function, 

which opposes the smooth muscle layer depolarization possibly reducing ROS production 

and improving overall endothelial response. Recognition of this early deficit highlights the 

role of Kir channel function as a potential therapeutic target for future drug development 

and emphasizes prophylactic statin treatment in improving vascular outcomes early in the 

course of metabolic disease.  

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262048 

	 35	

Acknowledgement 

The authors acknowledge the valuable help with experimental work offered by Lara 

Chaaban as a part of the Medical Research Volunteer Program of the American 

University of Beirut.  

Authorship contributions 

Participated in research design: El-Yazbi and Plane. 

Conducted experiments: Alaaeddine, Elkhatib, and Mroueh. 

Performed data analysis: Alaaeddine, Elkhatib, Mroueh, Fouad, Saad, El-Sabban, and 

El-Yazbi. 

Wrote or contributed to the writing of the manuscript: Alaaeddine, Elkhatib, El-Sabban, 

Plane, and El-Yazbi. 

 

 

 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262048 

	 36	

References 

 (1993)	The	effect	of	intensive	treatment	of	diabetes	on	the	development	and	progression	of	long-term	
complications	in	insulin-dependent	diabetes	mellitus.	The	Diabetes	Control	and	Complications	
Trial	Research	Group.	The	New	England	journal	of	medicine	329:977-986.	

Abed	A,	Dussaule	JC,	Boffa	JJ,	Chatziantoniou	C	and	Chadjichristos	CE	(2014)	Connexins	in	renal	
endothelial	function	and	dysfunction.	Cardiovascular	&	hematological	disorders	drug	targets	
14:15-21.	

Al-Assi	O,	Ghali	R,	Mroueh	A,	Kaplan	A,	Mougharbil	N,	Eid	AH,	Zouein	FA	and	El-Yazbi	AF	(2018)	Cardiac	
Autonomic	Neuropathy	as	a	Result	of	Mild	Hypercaloric	Challenge	in	Absence	of	Signs	of	
Diabetes:	Modulation	by	Antidiabetic	Drugs.	Oxid	Med	Cell	Longev	2018:9389784.	

Alaaeddine	RA,	Mroueh	A,	Gust	S,	Eid	AH,	Plane	F	and	El-Yazbi	AF	(2019)	Impaired	cross-talk	between	
NO	and	hyperpolarization	in	myoendothelial	feedback:	a	novel	therapeutic	target	in	early	
endothelial	dysfunction	of	metabolic	disease.	Current	opinion	in	pharmacology	45:33-41.	

Allen	T,	Iftinca	M,	Cole	WC	and	Plane	F	(2002)	Smooth	muscle	membrane	potential	modulates	
endothelium-dependent	relaxation	of	rat	basilar	artery	via	myo-endothelial	gap	junctions.	The	
Journal	of	physiology	545:975-986.	

American	Diabetes	A	(2015)	(2)	Classification	and	diagnosis	of	diabetes.	Diabetes	care	38	Suppl:S8-S16.	
American	Diabetes	A	(2017)	Standards	of	Medical	Care	in	Diabetes.	40	Suppl	1.	
Ashton	AW,	Yokota	R,	John	G,	Zhao	S,	Suadicani	SO,	Spray	DC	and	Ware	JA	(1999)	Inhibition	of	

endothelial	cell	migration,	intercellular	communication,	and	vascular	tube	formation	by	
thromboxane	A(2).	The	Journal	of	biological	chemistry	274:35562-35570.	

Barbagallo	M,	Shan	J,	Pang	PK	and	Resnick	LM	(1995)	Glucose-induced	alterations	of	cytosolic	free	
calcium	in	cultured	rat	tail	artery	vascular	smooth	muscle	cells.	The	Journal	of	clinical	
investigation	95:763-767.	

Chen	XY,	Si	JQ,	Li	L,	Zhao	L,	Wei	LL,	Jiang	XW	and	Ma	KT	(2013)	[The	effect	of	18beta-glycyrrhetinic	acid	
on	gap	junction	among	cerebral	arteriolar	smooth	muscle	cells	in	Wistar	rat	and	spontaneously	
hypertensive	rat].	Zhongguo	ying	yong	sheng	li	xue	za	zhi	=	Zhongguo	yingyong	shenglixue	zazhi	
=	Chinese	journal	of	applied	physiology	29:251-254.	

Deawati	Y,	Onggo	D,	Mulyani	I,	Hastiawan	I	and	Kurnia	D	(2017)	Activity	of	superoxide	dismutase	mimic	
of	[Mn	(salen)	OAc]	complex	compound	non-enzymatically	in	vitro	through	riboflavin	
photoreduction.	Molekul	12:61-69.	

Denizalti	M,	Bozkurt	TE,	Akpulat	U,	Sahin-Erdemli	I	and	Abacioglu	N	(2011)	The	vasorelaxant	effect	of	
hydrogen	sulfide	is	enhanced	in	streptozotocin-induced	diabetic	rats.	Naunyn-Schmiedeberg's	
archives	of	pharmacology	383:509-517.	

Du	X,	Edelstein	D,	Obici	S,	Higham	N,	Zou	MH	and	Brownlee	M	(2006)	Insulin	resistance	reduces	arterial	
prostacyclin	synthase	and	eNOS	activities	by	increasing	endothelial	fatty	acid	oxidation.	The	
Journal	of	clinical	investigation	116:1071-1080.	

Duncan	ER,	Walker	SJ,	Ezzat	VA,	Wheatcroft	SB,	Li	JM,	Shah	AM	and	Kearney	MT	(2007)	Accelerated	
endothelial	dysfunction	in	mild	prediabetic	insulin	resistance:	the	early	role	of	reactive	oxygen	
species.	American	journal	of	physiology	Endocrinology	and	metabolism	293:E1311-1319.	

El-Mas	MM,	El-Gowelli	HM,	Abd-Elrahman	KS,	Saad	EI,	Abdel-Galil	AG	and	Abdel-Rahman	AA	(2011)	
Pioglitazone	abrogates	cyclosporine-evoked	hypertension	via	rectifying	abnormalities	in	vascular	
endothelial	function.	Biochemical	pharmacology	81:526-533.	

El-Yazbi	AF,	Abd-Elrahman	KS	and	Moreno-Dominguez	A	(2015)	PKC-mediated	cerebral	vasoconstriction:	
Role	of	myosin	light	chain	phosphorylation	versus	actin	cytoskeleton	reorganization.	
Biochemical	pharmacology	95:263-278.	

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262048 

	 37	

Elkhatib	MAW,	Mroueh	A,	Rafeh	RW,	Sleiman	F,	Fouad	H,	Saad	EI,	Fouda	MA,	Elgaddar	O,	Issa	K,	Eid	AH,	
Eid	AA,	Abd-Elrahman	KS	and	El-Yazbi	AF	(2019)	Amelioration	of	perivascular	adipose	
inflammation	reverses	vascular	dysfunction	in	a	model	of	non-obese	prediabetic	metabolic	
challenge:	Potential	role	of	anti-diabetic	drugs.	Translational	Research	In	Press.	

Fancher	IS,	Ahn	SJ,	Adamos	C,	Osborn	C,	Oh	MJ,	Fang	Y,	Reardon	CA,	Getz	GS,	Phillips	SA	and	Levitan	I	
(2018)	Hypercholesterolemia-Induced	Loss	of	Flow-Induced	Vasodilation	and	Lesion	Formation	
in	Apolipoprotein	E-Deficient	Mice	Critically	Depend	on	Inwardly	Rectifying	K(+)	Channels.	
Journal	of	the	American	Heart	Association	7.	

Fang	Y,	Mohler	ER,	3rd,	Hsieh	E,	Osman	H,	Hashemi	SM,	Davies	PF,	Rothblat	GH,	Wilensky	RL	and	Levitan	
I	(2006)	Hypercholesterolemia	suppresses	inwardly	rectifying	K+	channels	in	aortic	endothelium	
in	vitro	and	in	vivo.	Circulation	research	98:1064-1071.	

Feine	I,	Pinkas	I,	Salomon	Y	and	Scherz	A	(2012)	Local	oxidative	stress	expansion	through	endothelial	
cells--a	key	role	for	gap	junction	intercellular	communication.	PloS	one	7:e41633.	

Fleischhacker	E,	Esenabhalu	VE,	Spitaler	M,	Holzmann	S,	Skrabal	F,	Koidl	B,	Kostner	GM	and	Graier	WF	
(1999)	Human	diabetes	is	associated	with	hyperreactivity	of	vascular	smooth	muscle	cells	due	to	
altered	subcellular	Ca2+	distribution.	Diabetes	48:1323-1330.	

Fowler	MJ	(2008)	Microvascular	and	Macrovascular	Complications	of	Diabetes.	Clinical	Diabetes	26:77-
82.	

Garland	CJ	and	Dora	KA	(2017)	EDH:	endothelium-dependent	hyperpolarization	and	microvascular	
signalling.	Acta	Physiol	(Oxf)	219:152-161.	

Genuth	S	and	Ismail-Beigi	F	(2012)	Clinical	Implications	of	the	ACCORD	Trial.	The	Journal	of	Clinical	
Endocrinology	&	Metabolism	97:41-48.	

Giraldez-Garcia	C,	Sangros	FJ,	Diaz-Redondo	A,	Franch-Nadal	J,	Serrano	R,	Diez	J,	Buil-Cosiales	P,	Garcia-
Soidan	FJ,	Artola	S,	Ezkurra	P,	Carrillo	L,	Millaruelo	JM,	Segui	M,	Martinez-Candela	J,	Munoz	P,	
Goday	A,	Regidor	E	and	Group	PS	(2015)	Cardiometabolic	Risk	Profiles	in	Patients	With	Impaired	
Fasting	Glucose	and/or	Hemoglobin	A1c	5.7%	to	6.4%:	Evidence	for	a	Gradient	According	to	
Diagnostic	Criteria:	The	PREDAPS	Study.	Medicine	94:e1935.	

Gradel	AKJ,	Salomonsson	M,	Sorensen	CM,	Holstein-Rathlou	NH	and	Jensen	LJ	(2018)	Long-term	diet-
induced	hypertension	in	rats	is	associated	with	reduced	expression	and	function	of	small	artery	
SKCa,	IKCa,	and	Kir2.1	channels.	Clinical	science	(London,	England	:	1979)	132:461-474.	

Grizelj	I,	Cavka	A,	Bian	JT,	Szczurek	M,	Robinson	A,	Shinde	S,	Nguyen	V,	Braunschweig	C,	Wang	E,	
Drenjancevic	I	and	Phillips	SA	(2015)	Reduced	flow-and	acetylcholine-induced	dilations	in	
visceral	compared	to	subcutaneous	adipose	arterioles	in	human	morbid	obesity.	
Microcirculation	22:44-53.	

Hangaard	L,	Jessen	PB,	Kamaev	D,	Aalkjaer	C	and	Matchkov	VV	(2015)	Extracellular	Calcium-Dependent	
Modulation	of	Endothelium	Relaxation	in	Rat	Mesenteric	Small	Artery:	The	Role	of	Potassium	
Signaling.	BioMed	research	international	2015.	

Hansen	K	and	Nedergaard	OA	(1999)	Methodologic	aspects	of	acetylcholine-evoked	relaxation	of	rabbit	
aorta.	Journal	of	pharmacological	and	toxicological	methods	41:153-159.	

Harris	AK,	Elgebaly	MM,	Li	W,	Sachidanandam	K	and	Ergul	A	(2008)	Effect	of	chronic	endothelin	receptor	
antagonism	on	cerebrovascular	function	in	type	2	diabetes.	American	journal	of	physiology	
Regulatory,	integrative	and	comparative	physiology	294:R1213-1219.	

Heller	SR	(2009)	A	Summary	of	the	ADVANCE	Trial.	Diabetes	Care	32:S357-S361.	
Ho	CF,	Chan	KW,	Yeh	HI,	Kuo	J,	Liu	HJ	and	Wang	CY	(2013)	Ketone	bodies	upregulate	endothelial	

connexin	43	(Cx43)	gap	junctions.	Veterinary	journal	198:696-701.	
Houtman	MJ,	Korte	SM,	Ji	Y,	Kok	B,	Vos	MA,	Stary-Weinzinger	A	and	van	der	Heyden	MA	(2014)	Insights	

in	KIR2.1	channel	structure	and	function	by	an	evolutionary	approach;	cloning	and	functional	
characterization	of	the	first	reptilian	inward	rectifier	channel	KIR2.1,	derived	from	the	California	

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262048 

	 38	

kingsnake	(Lampropeltis	getula	californiae).	Biochemical	and	biophysical	research	
communications	452:992-997.	

Huang	Y,	Cai	X,	Mai	W,	Li	M	and	Hu	Y	(2016)	Association	between	prediabetes	and	risk	of	cardiovascular	
disease	and	all	cause	mortality:	systematic	review	and	meta-analysis.	BMJ	(Clinical	research	ed)	
355:i5953.	

Hutnik	CML,	Pocrnich	CE,	Liu	H,	Laird	DW	and	Shao	Q	(2008)	The	Protective	Effect	of	Functional	
Connexin43	Channels	on	a	Human	Epithelial	Cell	Line	Exposed	to	Oxidative	Stress.	Investigative	
Ophthalmology	&	Visual	Science	49:800-806.	

Jantzi	MC,	Brett	SE,	Jackson	WF,	Corteling	R,	Vigmond	EJ	and	Welsh	DG	(2006)	Inward	rectifying	
potassium	channels	facilitate	cell-to-cell	communication	in	hamster	retractor	muscle	feed	
arteries.	American	journal	of	physiology	Heart	and	circulatory	physiology	291:H1319-1328.	

Joannides	R,	Haefeli	WE,	Linder	L,	Richard	V,	Bakkali	EH,	Thuillez	C	and	Lüscher	TF	(1995)	Nitric	oxide	is	
responsible	for	flow-dependent	dilatation	of	human	peripheral	conduit	arteries	in	vivo.	
Circulation	91:1314-1319.	

Kassan	M,	Sevilla	MA,	Gonzalez-Santos	JM,	Lopez-Rodriguez	J,	Sorli	MJ,	Codoner	MB	and	Montero	MJ	
(2013)	Pravastatin	improves	endothelial	function	in	arteries	used	in	coronary	bypass	grafting.	
Journal	of	cardiovascular	pharmacology	61:513-519.	

Keegan	A,	Walbank	H,	Cotter	MA	and	Cameron	NE	(1995)	Chronic	vitamin	E	treatment	prevents	
defective	endothelium-dependent	relaxation	in	diabetic	rat	aorta.	Diabetologia	38:1475-1478.	

Kimmoun	A,	Louis	H,	Al	Kattani	N,	Delemazure	J,	Dessales	N,	Wei	C,	Marie	PY,	Issa	K	and	Levy	B	(2015)	
beta1-Adrenergic	Inhibition	Improves	Cardiac	and	Vascular	Function	in	Experimental	Septic	
Shock.	Critical	care	medicine	43:e332-340.	

Knudson	JD,	Rogers	PA,	Dincer	UD,	Bratz	IN,	Araiza	AG,	Dick	GM	and	Tune	JD	(2006)	Coronary	vasomotor	
reactivity	to	endothelin-1	in	the	prediabetic	metabolic	syndrome.	Microcirculation	(New	York,	
NY	:	1994)	13:209-218.	

Kuhnlein	HV	and	Receveur	O	(1996)	Dietary	change	and	traditional	food	systems	of	indigenous	peoples.	
Annu	Rev	Nutr	16:417-442.	

Lamy	C,	Goodchild	SJ,	Weatherall	KL,	Jane	DE,	Liegeois	JF,	Seutin	V	and	Marrion	NV	(2010)	Allosteric	
block	of	KCa2	channels	by	apamin.	The	Journal	of	biological	chemistry	285:27067-27077.	

Le	HT,	Sin	WC,	Lozinsky	S,	Bechberger	J,	Vega	JL,	Guo	XQ,	Sáez	JC	and	Naus	CC	(2014)	Gap	Junction	
Intercellular	Communication	Mediated	by	Connexin43	in	Astrocytes	Is	Essential	for	Their	
Resistance	to	Oxidative	Stress.	Journal	of	Biological	Chemistry	289:1345-1354.	

Li	W,	Abdul	Y,	Ward	R	and	Ergul	A	(2018)	Endothelin	and	diabetic	complications:	a	brain-centric	view.	
Physiological	research	67:S83-s94.	

Lozano	I,	Van	der	Werf	R,	Bietiger	W,	Seyfritz	E,	Peronet	C,	Pinget	M,	Jeandidier	N,	Maillard	E,	Marchioni	
E,	Sigrist	S	and	Dal	S	(2016)	High-fructose	and	high-fat	diet-induced	disorders	in	rats:	impact	on	
diabetes	risk,	hepatic	and	vascular	complications.	Nutrition	&	Metabolism	13.	

Lyoussi	B,	Cherkaoui-Tangi	K,	Morel	N	and	Wibo	M	(2018)	Characterization	of	vascular	dysregulation	in	
meriones	shawi	after	high-calorie	diet	feeding.	Clinical	and	experimental	hypertension	40:353-
362.	

Martinez-Orgado	J,	Gonzalez	R,	Alonso	MJ	and	Marin	J	(1999)	Nitric	oxide-dependent	and	-independent	
mechanisms	in	the	relaxation	elicited	by	acetylcholine	in	fetal	rat	aorta.	Life	Sci	64:269-277.	

McDonald	JD,	Mah	E,	Chitchumroonchokchai	C,	Dey	P,	Labyk	AN,	Villamena	FA,	Volek	JS	and	Bruno	RS	
(2019a)	Dairy	milk	proteins	attenuate	hyperglycemia-induced	impairments	in	vascular	
endothelial	function	in	adults	with	prediabetes	by	limiting	increases	in	glycemia	and	oxidative	
stress	that	reduce	nitric	oxide	bioavailability.	The	Journal	of	nutritional	biochemistry	63:165-176.	

McDonald	JD,	Mah	E,	Dey	P,	Olmstead	BD,	Sasaki	GY,	Villamena	FA	and	Bruno	RS	(2019b)	Dairy	milk,	
regardless	of	fat	content,	protects	against	postprandial	hyperglycemia-mediated	impairments	in	

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262048 

	 39	

vascular	endothelial	function	in	adults	with	prediabetes	by	limiting	oxidative	stress	responses	
that	reduce	nitric	oxide	bioavailability.	The	Journal	of	nutritional	biochemistry	63:129-139.	

McIntyre	CA,	Buckley	CH,	Jones	GC,	Sandeep	TC,	Andrews	RC,	Elliott	AI,	Gray	GA,	Williams	BC,	McKnight	
JA,	Walker	BR	and	Hadoke	PW	(2001)	Endothelium-derived	hyperpolarizing	factor	and	
potassium	use	different	mechanisms	to	induce	relaxation	of	human	subcutaneous	resistance	
arteries.	British	journal	of	pharmacology	133:902-908.	

McNally	PG,	Watt	PAC,	Rimmer	T,	Burden	AC,	Hearnshaw	JR	and	Thurston	H	(1994)	Impaired	
Contraction	and	Endothelium-Dependent	Relaxation	in	Isolated	Resistance	Vessels	from	Patients	
with	Insulin-Dependent	Diabetes	Mellitus.	Clinical	Science	87:31-36.	

Miller	AW,	Hoenig	ME	and	Ujhelyi	MR	(1998)	Mechanisms	of	Impaired	Endothelial	Function	Associated	
With	Insulin	Resistance.	Journal	of	cardiovascular	pharmacology	and	therapeutics	3:125-134.	

Mitchell	JA,	Akarasereenont	P,	Thiemermann	C,	Flower	RJ	and	Vane	JR	(1993)	Selectivity	of	nonsteroidal	
antiinflammatory	drugs	as	inhibitors	of	constitutive	and	inducible	cyclooxygenase.	Proceedings	
of	the	National	Academy	of	Sciences	of	the	United	States	of	America	90:11693-11697.	

Moreno-Dominguez	A,	El-Yazbi	AF,	Zhu	HL,	Colinas	O,	Zhong	XZ,	Walsh	EJ,	Cole	DM,	Kargacin	GJ,	Walsh	
MP	and	Cole	WC	(2014)	Cytoskeletal	reorganization	evoked	by	Rho-associated	kinase-	and	
protein	kinase	C-catalyzed	phosphorylation	of	cofilin	and	heat	shock	protein	27,	respectively,	
contributes	to	myogenic	constriction	of	rat	cerebral	arteries.	The	Journal	of	biological	chemistry	
289:20939-20952.	

Mudau	M,	Genis	A,	Lochner	A	and	Strijdom	H	(2012)	Endothelial	dysfunction:	the	early	predictor	of	
atherosclerosis.	Cardiovascular	journal	of	Africa	23:222-231.	

Nguyen	HM,	Singh	V,	Pressly	B,	Jenkins	DP,	Wulff	H	and	Yarov-Yarovoy	V	(2017)	Structural	Insights	into	
the	Atomistic	Mechanisms	of	Action	of	Small	Molecule	Inhibitors	Targeting	the	KCa3.1	Channel	
Pore.	Molecular	pharmacology	91:392-402.	

Nieves-Cintrón	M,	Syed	AU,	Buonarati	OR,	Rigor	RR,	Nystoriak	MA,	Ghosh	D,	Sasse	KC,	Ward	SM,	
Santana	LF,	Hell	JW	and	Navedo	MF	(2017)	Impaired	BKCa	channel	function	in	native	vascular	
smooth	muscle	from	humans	with	type	2	diabetes.	Scientific	reports	7:14058.	

Nystoriak	MA,	Nieves-Cintrón	M,	Nygren	PJ,	Hinke	SA,	Nichols	CB,	Chen	C-Y,	Puglisi	JL,	Izu	LT,	Bers	DM,	
Dell’Acqua	ML,	Scott	JD,	Santana	LF	and	Navedo	MF	(2014)	AKAP150	Contributes	to	Enhanced	
Vascular	Tone	by	Facilitating	Large-Conductance	Ca<sup>2+</sup>-Activated	K<sup>+</sup>	
Channel	Remodeling	in	Hyperglycemia	and	Diabetes	Mellitus.	Circulation	research	114:607-615.	

Oelze	M,	Warnholtz	A,	Faulhaber	J,	Wenzel	P,	Kleschyov	AL,	Coldewey	M,	Hink	U,	Pongs	O,	Fleming	I,	
Wassmann	S,	Meinertz	T,	Ehmke	H,	Daiber	A	and	Munzel	T	(2006)	NADPH	oxidase	accounts	for	
enhanced	superoxide	production	and	impaired	endothelium-dependent	smooth	muscle	
relaxation	in	BKbeta1-/-	mice.	Arteriosclerosis,	thrombosis,	and	vascular	biology	26:1753-1759.	

Ohara	Y,	Peterson	TE	and	Harrison	DG	(1993a)	Hypercholesterolemia	increases	endothelial	superoxide	
anion	production.	The	Journal	of	clinical	investigation	91:2546-2551.	

Ohara	Y,	Peterson	TE	and	Harrison	DG	(1993b)	Hypercholesterolemia	increases	endothelial	superoxide	
anion	production.	The	Journal	of	clinical	investigation	91:2546-2551.	

Opgenorth	TJ,	Adler	AL,	Calzadilla	SV,	Chiou	WJ,	Dayton	BD,	Dixon	DB,	Gehrke	LJ,	Hernandez	L,	
Magnuson	SR,	Marsh	KC,	Novosad	EI,	Von	Geldern	TW,	Wessale	JL,	Winn	M	and	Wu-Wong	JR	
(1996)	Pharmacological	characterization	of	A-127722:	an	orally	active	and	highly	potent	ETA-
selective	receptor	antagonist.	The	Journal	of	pharmacology	and	experimental	therapeutics	
276:473-481.	

Oyama	Y,	Kawasaki	H,	Hattori	Y	and	Kanno	M	(1986)	Attenuation	of	endothelium-dependent	relaxation	
in	aorta	from	diabetic	rats.	European	journal	of	pharmacology	132:75-78.	

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262048 

	 40	

Pfeiffer	S,	Leopold	E,	Schmidt	K,	Brunner	F	and	Mayer	B	(1996)	Inhibition	of	nitric	oxide	synthesis	by	NG-
nitro-L-arginine	methyl	ester	(L-NAME):	requirement	for	bioactivation	to	the	free	acid,	NG-nitro-
L-arginine.	British	journal	of	pharmacology	118:1433-1440.	

Picchi	A,	Gao	X,	Belmadani	S,	Potter	BJ,	Focardi	M,	Chilian	WM	and	Zhang	C	(2006)	Tumor	necrosis	
factor-alpha	induces	endothelial	dysfunction	in	the	prediabetic	metabolic	syndrome.	Circulation	
research	99:69-77.	

Pieper	GM	and	Gross	GJ	(1988)	Oxygen	free	radicals	abolish	endothelium-dependent	relaxation	in	
diabetic	rat	aorta.	American	Journal	of	Physiology-Heart	and	Circulatory	Physiology	255:H825-
H833.	

Plane	F	and	Garland	CJ	(1993)	Differential	effects	of	acetylcholine,	nitric	oxide	and	levcromakalim	on	
smooth	muscle	membrane	potential	and	tone	in	the	rabbit	basilar	artery.	British	journal	of	
pharmacology	110:651-656.	

Plane	F	and	Garland	CJ	(1996)	Influence	of	contractile	agonists	on	the	mechanism	of	endothelium-
dependent	relaxation	in	rat	isolated	mesenteric	artery.	British	journal	of	pharmacology	119:191-
193.	

Plane	F,	Johnson	R,	Kerr	P,	Wiehler	W,	Thorneloe	K,	Ishii	K,	Chen	T	and	Cole	W	(2005)	Heteromultimeric	
Kv1	channels	contribute	to	myogenic	control	of	arterial	diameter.	Circulation	research	96:216-
224.	

Polovina	MM	and	Potpara	TS	(2014)	Endothelial	dysfunction	in	metabolic	and	vascular	disorders.	
Postgraduate	medicine	126:38-53.	

Ramachandran	S,	Xie	L-H,	John	SA,	Subramaniam	S	and	Lal	R	(2007)	A	novel	role	for	connexin	
hemichannel	in	oxidative	stress	and	smoking-induced	cell	injury.	PloS	one	2:e712-e712.	

Rasmussen	KM,	Braunstein	TH,	Salomonsson	M	and	Brasen	JC	(2016)	Contribution	of	K(+)	channels	to	
endothelium-derived	hypolarization-induced	renal	vasodilation	in	rats	in	vivo	and	in	vitro.	
468:1139-1149.	

Ratnayake	M,	Wilson	C,	Lee	MD,	Girkin	JM,	Saunter	CM	and	McCarron	JG	(2018)	Complex	Interactions	of	
excitatory	and	inhibitory	stimuli	in	the	vascular	endothelium.	The	FASEB	Journal	32:843.845-
843.845.	

Raza	A,	Ghoshal	A,	Chockalingam	S	and	Ghosh	SS	(2017)	Connexin-43	enhances	tumor	suppressing	
activity	of	artesunate	via	gap	junction-dependent	as	well	as	independent	pathways	in	human	
breast	cancer	cells.	Scientific	reports	7:7580.	

Reeves	PG,	Nielsen	FH	and	Fahey	GC,	Jr.	(1993)	AIN-93	purified	diets	for	laboratory	rodents:	final	report	
of	the	American	Institute	of	Nutrition	ad	hoc	writing	committee	on	the	reformulation	of	the	AIN-
76A	rodent	diet.	The	Journal	of	nutrition	123:1939-1951.	

Roberts	AC	and	Porter	KE	(2013)	Cellular	and	molecular	mechanisms	of	endothelial	dysfunction	in	
diabetes.	Diabetes	&	vascular	disease	research	10:472-482.	

Rocha	ML,	Kihara	AH,	Davel	AP,	Britto	LR,	Rossoni	LV	and	Bendhack	LM	(2008)	Blood	pressure	variability	
increases	connexin	expression	in	the	vascular	smooth	muscle	of	rats.	Cardiovascular	research	
80:123-130.	

Roghani-Dehkordi	F	and	Roghani	M	(2016)	The	vasorelaxant	effect	of	simvastatin	in	isolated	aorta	from	
diabetic	rats.	ARYA	atherosclerosis	12:104-108.	

Samsamshariat	SZA,	Sakhaei	F,	Salehizadeh	L,	Keshvari	M	and	Asgary	S	(2019)	Relationship	between	
Resistin,	Endothelin-1,	and	Flow-Mediated	Dilation	in	Patient	with	and	without	Metabolic	
Syndrome.	Advanced	biomedical	research	8:16.	

Sancho	M,	Fabris	S,	Hald	BO,	Brett	SE,	Sandow	SL,	Poepping	TL	and	Welsh	DG	(2019)	Membrane	Lipid-
KIR2.x	Channel	Interactions	Enable	Hemodynamic	Sensing	in	Cerebral	Arteries.	Arteriosclerosis,	
thrombosis,	and	vascular	biology	39:1072-1087.	

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262048 

	 41	

Sancho	M	and	Welsh	DG	(2018)	Cerebral	Vascular	KIR2.x	Channels	are	Distinctly	Regulated	by	
Membrane	Lipids	and	Hemodynamic	Forces.	The	FASEB	Journal	32:705.707-705.707.	

Schinzari	F,	Tesauro	M	and	Cardillo	C	(2018)	Increased	endothelin-1-mediated	vasoconstrictor	tone	in	
human	obesity:	effects	of	gut	hormones.	Physiological	research	67:S69-s81.	

Sessa	WC,	Halushka	PV,	Okwu	A	and	Nasjletti	A	(1990)	Characterization	of	the	vascular	thromboxane	
A2/prostaglandin	endoperoxide	receptor	in	rabbit	aorta.	Regulation	by	dexamethasone.	
Circulation	research	67:1562-1569.	

Shaligram	S,	Sangüesa	G,	Akther	F,	Alegret	M,	Laguna	JC	and	Rahimian	R	(2018)	Differential	effects	of	
high	consumption	of	fructose	or	glucose	on	mesenteric	arterial	function	in	female	rats.	The	
Journal	of	nutritional	biochemistry	57:136-144.	

Shimokawa	H	and	Godo	S	(2016)	Diverse	Functions	of	Endothelial	NO	Synthases	System:	NO	and	EDH.	
Journal	of	cardiovascular	pharmacology	67:361-366.	

Sitia	S,	Tomasoni	L,	Atzeni	F,	Ambrosio	G,	Cordiano	C,	Catapano	A,	Tramontana	S,	Perticone	F,	Naccarato	
P,	Camici	P,	Picano	E,	Cortigiani	L,	Bevilacqua	M,	Milazzo	L,	Cusi	D,	Barlassina	C,	Sarzi-Puttini	P	
and	Turiel	M	(2010)	From	endothelial	dysfunction	to	atherosclerosis.	Autoimmunity	reviews	
9:830-834.	

Smith	PD,	Brett	SE,	Luykenaar	KD,	Sandow	SL,	Marrelli	SP,	Vigmond	EJ	and	Welsh	DG	(2008)	KIR	channels	
function	as	electrical	amplifiers	in	rat	vascular	smooth	muscle.	The	Journal	of	physiology	
586:1147-1160.	

Sohn	HY,	Keller	M,	Gloe	T,	Morawietz	H,	Rueckschloss	U	and	Pohl	U	(2000)	The	small	G-protein	Rac	
mediates	depolarization-induced	superoxide	formation	in	human	endothelial	cells.	The	Journal	
of	biological	chemistry	275:18745-18750.	

Sohn	JT,	Ok	SH,	Kim	HJ,	Moon	SH,	Shin	IW,	Lee	HK	and	Chung	YK	(2004)	Inhibitory	effect	of	fentanyl	on	
acetylcholine-induced	relaxation	in	rat	aorta.	Anesthesiology	101:89-96.	

Sonkusare	SK,	Dalsgaard	T,	Bonev	AD	and	Nelson	MT	(2016)	Inward	rectifier	potassium	(Kir2.1)	channels	
as	end-stage	boosters	of	endothelium-dependent	vasodilators.	J	Physiol	594:3271-3285.	

Sowers	RMaJR	(2013)	Role	of	Insulin	Resistance	in	Endothelial	Dysfunction.	Rev	Endocr	Metab	Disord	14.	
Subramaniam	G,	Achike	FI	and	Mustafa	MR	(2009)	Characterizing	the	mechanisms	of	insulin	

vasodilatation	of	normal	and	streptozotocin-induced	diabetic	rat	aorta.	Journal	of	cardiovascular	
pharmacology	53:333-340.	

Taniguchi	Ishikawa	E,	Gonzalez-Nieto	D,	Ghiaur	G,	Dunn	SK,	Ficker	AM,	Murali	B,	Madhu	M,	Gutstein	DE,	
Fishman	GI,	Barrio	LC	and	Cancelas	JA	(2012)	Connexin-43	prevents	hematopoietic	stem	cell	
senescence	through	transfer	of	reactive	oxygen	species	to	bone	marrow	stromal	cells.	
Proceedings	of	the	National	Academy	of	Sciences	109:9071-9076.	

Taylor	PD,	McCarthy	AL,	Thomas	CR	and	Poston	L	(1992)	Endothelium-dependent	relaxation	and	
noradrenaline	sensitivity	in	mesenteric	resistance	arteries	of	streptozotocin-induced	diabetic	
rats.	British	journal	of	pharmacology	107:393-399.	

Tep-areenan	P,	Wetchasit	P	and	Sawasdee	P	(2015)	Extracted	Anaxagorea	luzonensis	A.	Gray	Restored	
Impairment	of	Endothelium-Dependent	Vasorelaxation	Induced	by	Homocysteine	Thiolactone	in	
Rat	Aortic	Rings.	Journal	of	the	Medical	Association	of	Thailand	=	Chotmaihet	thangphaet	98	
Suppl	10:S31-37.	

Thakali	K,	Galligan	JJ,	Fink	GD,	Gariepy	CE	and	Watts	SW	(2008)	Pharmacological	endothelin	receptor	
interaction	does	not	occur	in	veins	from	ET(B)	receptor	deficient	rats.	Vascular	pharmacology	
49:6-13.	

Ungvari	Z,	Pacher	P,	Kecskemeti	V,	Papp	G,	Szollar	L	and	Koller	A	(1999)	Increased	myogenic	tone	in	
skeletal	muscle	arterioles	of	diabetic	rats.	Possible	role	of	increased	activity	of	smooth	muscle	
Ca2+	channels	and	protein	kinase	C.	Cardiovascular	research	43:1018-1028.	

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262048 

	 42	

Wang	Y,	Thatcher	SE	and	Cassis	LA	(2017)	Measuring	Blood	Pressure	Using	a	Noninvasive	Tail	Cuff	
Method	in	Mice.	Methods	Mol	Biol	1614:69-73.	

Wei	R,	Lunn	SE,	Tam	R,	Gust	SL,	Classen	B,	Kerr	PM	and	Plane	F	(2018)	Vasoconstrictor	stimulus	
determines	the	functional	contribution	of	myoendothelial	feedback	to	mesenteric	arterial	tone.	
The	Journal	of	physiology	596:1181-1197.	

Wheatcroft	SB,	Williams	IL,	Shah	AM	and	Kearney	MT	(2003)	Pathophysiological	implications	of	insulin	
resistance	on	vascular	endothelial	function.	Diabetic	medicine	:	a	journal	of	the	British	Diabetic	
Association	20:255-268.	

Wild	S,	Roglic	G,	Green	A,	Sicree	R	and	King	H	(2004)	Global	prevalence	of	diabetes:	estimates	for	the	
year	2000	and	projections	for	2030.	Diabetes	care	27:1047-1053.	

Winzell	MS	and	Ahren	B	(2004)	The	high-fat	diet-fed	mouse:	a	model	for	studying	mechanisms	and	
treatment	of	impaired	glucose	tolerance	and	type	2	diabetes.	Diabetes	53	Suppl	3:S215-219.	

Xavier	F.	Figueroa	BEI,	and	Brian	R.	Duling	(2004)	Connexins:	Gaps	in	Our	Knowledge	of	Vascular	
Function.	Physiology.	 	

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262048 

	 43	

Footnotes 

This study was supported by a Medical Practice Plan Research Grant offered by the 
Faculty of Medicine at the American University of Beirut to AFE [Grant #320148]. RA is 
supported by a PhD Scholarship from the Faculty of Medicine at the American University 
of Beirut.  
 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #262048 
 

	 44	

Legends for figures 

Figure 1. Metabolic and hemodynamic properties of HC-fed rats following 12-week 

mild hypercaloric feeding. A, body weight after 12 weeks of feeding compared to 

control; B, Random blood glucose level on sacrifice day; C, intra-peritoneal glucose 

tolerance test; D, Fasting plasma insulin level; E, Fasting total serum cholesterol; and F, 

systolic blood pressure measurement. Data presented are mean ± SEM of seven 

separate observations. Statistical significance was assessed by unpaired Student’s t-test 

for A, B, and D-F and by two-way ANOVA for C. * denotes P < 0.05 vs. the corresponding 

value in control rats.  

Figure 2. Impaired ACh-mediated endothelium dependent relaxation in HC-fed rats 

aortic segments. A, representative tracings of the relaxation response to increasing ACh 

concentrations. The dotted line represents the basal tension level before constriction with 

PE. Time points where ACh was added are marked by arrow heads; B, Summary of the 

ACh-evoked relaxation in aortic rings from 7 control and 7 HC rats; C, Absolute tension 

increase (left) and decrease (right) in response to PE and ACh, respectively, in 

experiments summarized in B; D, Relaxant response to SNP in control (5 rats) vs. HC-

fed (5 rats) aortic rings; E, ACh-mediated relaxation in HC-fed rat aortic rings in presence 

(5 rats) and absence (7 rats) of 10 nM atrasentan. Data presented are mean ± SEM. 

Statistical significance was assessed by unpaired Student’s t-test for C and by two-way 

ANOVA for A, B, D, and E. * denotes P < 0.05 vs. the corresponding value in control rats 

in B, C, and D; and the corresponding values in absence of atrasentan in E. 
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Figure 3. The effect of blockade of different endothelium-relaxing pathways on 

ACh-evoked relaxation in aortic rings from control (top panels) and HC-fed (bottom 

panels) rats. A, ACh-evoked relaxation in presence (5 rats) and absence (7 rats) of 100 

µM L-NAME; B, ACh-evoked relaxation in presence (5 rats) and absence (7 rats) of 1 µM 

apamin and Tram-34; C, ACh-evoked relaxation in presence (5 rats) and absence (7 rats) 

of 30 µM BaCl2. Data presented are mean ± SEM. Statistical significance was assessed 

by two-way ANOVA. * denotes P < 0.05 vs. the corresponding value in absence of the 

different blockers. 

Figure 4. ACh-evoked relaxation in aortic rings pre-constricted with the 

thromboxane analogue, U46619. A, representative tracings of the relaxation response 

to increasing ACh concentrations (left). Time points where ACh was added are marked 

by arrow heads, and summary of the ACh-evoked relaxation in aortic rings from control 

and HC rats (right, five rats per group); B, Absolute tension increase (left) and decrease 

(right) in response to U46619 and ACh, respectively, in experiments summarized in A; C, 

ACh-evoked relaxation in presence and absence of 100 µM L-NAME in control (top) and 

HC-fed (bottom) rat aortic rings pre-constricted with U46619 (5 rats per group); D, ACh-

evoked relaxation in presence and absence of 30 µM BaCl2 in control (top) and HC-fed 

(bottom) rat aortic rings pre-constricted with U46619 (5 rats per group). Data presented 

are mean ± SEM. Statistical significance was assessed by unpaired Student’s t-test for B 

and by two-way ANOVA for A, C and D. * denotes P < 0.05 vs. the corresponding control 

value in A and B and the corresponding value in absence of the blockers in C and D.  

Figure 5. Dysfunctional Kir channels in HC-fed rat aortic rings. A, representative 

tracings for the diazoxide-mediated relaxations in control and HC-fed rat aortic rings (left). 
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Arrow heads indicate the time point PE was added, while asterisks indicate the points 

where diazoxide was added; and average magnitude of these relaxations in presence 

and absence of 30 µM BaCl2 (right, rings from five rats in each experiment); B, mRNA 

expression levels of Kir2.1 and Kir2.2 in control rat aortic tissue (data from four rats); C, 

Kir2.1 protein expression level in aortic tissue of control vs. HC-fed rats (data from four 

rats). Data presented are mean ± SEM. Statistical significance was assessed by two-way 

ANOVA for A and unpaired Student’s t-test for B and C. * denotes P < 0.05 vs. the 

corresponding control value in A and C, and the Kir2.2 value in B; while # denotes P < 

0.05 vs. the value in rings unexposed to BaCl2. 

Figure 6. Effect of gap junction blockade on ACh-evoked relaxation and PE-induced 

constriction. A, ACh-evoked relaxation in presence (5 rats) and absence (7 rats) of 100 

µM 18-β-GA in control (left) and HC-fed (right) rat aortic rings; B, representative tracings 

of the effect of 100 µM 18-β-GA on PE-induced tone in control and HC-fed rat aortic rings 

(left). Asterisks represent the time points where 18-β-GA was added in the continued 

presence of PE, and average absolute tension change in these experiments (rings from 

five rats per group, right); C, mRNA expression levels of Cx37, Cx40, Cx43, and Cx45 in 

control rat aortic tissue (data from four rats); D, Cx43 protein expression level in aortic 

tissue of control vs. HC-fed rats (data from four rats). Data presented are mean ± SEM. 

Statistical significance was assessed by two-way ANOVA for A, one-way ANOVA for C, 

and unpaired Student’s t-test for B and D. * denotes P < 0.05 vs. the corresponding value 

in absence of blocker in A, control rat value in B and D, and the Cx43 value in C. 

Figure 7. Aortic ROS levels and the effect of in vitro ROS modulation on endothelial 

function of rat aortic rings. A, representative micrographs of DHE staining of aortic 
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tissues from control, HC-fed, and HC-fed rat aortic rings exposed to SOD in vitro (left), 

and average quantified data (right, data obtained from three sections per rat and four rats 

per group). DHE staining appears as red fluorescence on a background of green collagen 

autofluorescence. Scale bars are 40 µm; B, representative tracings of the relaxation 

response to increasing ACh concentrations in aortic rings from HC-rats in presence (5 

rats) and absence (7 rats) of 200 U/ml SOD (left). Time points where ACh was added are 

indicated by arrowheads, and average responses at different concentrations (right); C, 

representative tracings of the effect of 100 µM 18-β-GA on PE-induced tone in HC-fed rat 

aortic rings in the continued presence of PE, PE/LNAME, or PE/SOD as indicated in the 

bar beneath the tracings (left). Asterisks represent the time points where 18-β-GA was 

added, and average absolute tension change in these experiments (rings from five rats 

per group, right). D, representative micrographs of DHE staining of aortic tissues from 

control rats with and without pre-incubation with BaCl2 (left), and average quantified data 

(right, data obtained from three sections per rat and four rats per group). Scale bars are 

40 µm; E, representative tracings of the effect of 100 µM 18-β-GA on PE-induced tone in 

control rat aortic rings in the continued presence of PE or PE/BaCl2 as indicated in the 

bar beneath the tracings (left). Asterisks represent the time points where 18-β-GA was 

added, and average absolute tension change in these experiments (rings from five rats 

per group, right).  Data presented are mean ± SEM. Statistical significance was assessed 

by one-way ANOVA for A and C, two-way ANOVA for B, and unpaired Student’s t-test for 

D and E. * denotes P < 0.05 vs. the control rat value in A and the corresponding HC-fed 

rat values in B and C. 
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Figure 8. Serum cholesterol lowering improves ACh-evoked relaxations and 

restores Kir channel function. A, the effect of 4-week atorvastatin treatment in HC-fed 

rats on (left to right): total serum cholesterol, body weight, random blood glucose level, 

and plasma insulin level; B, Representative tracings of the ACh-mediated relaxation in 

untreated (7 rats) and atorvastatin-treated (5 rats) HC-fed rats (left). Arrowheads indicate 

time points where ACh was added, and average responses and different concentrations 

(right); C, the effect of BaCl2 on ACh-mediated relaxation in atorvastatin-treated HC-fed 

rats (rings from 5 rats); D, Representative tracings for the diazoxide-induced relaxation of 

aortic rings from untreated and atorvastatin-treated HC-fed rats (left). Arrowheads 

indicate the time points where PE was added, while asterisks indicate the time points 

where diazoxide was added, and average vasorelaxant response (five rats, right); E, 

Kir2.1 protein expression in aortic tissues from untreated and atorvastatin-treated HC-fed 

rats (data for 4 rats); F, representative micrographs of DHE staining of aortic tissues from 

untreated and atorvastatin-treated HC-fed rats and average quantified data. Data are 

obtained from three sections per rat and four rats per group. DHE staining appears as red 

fluorescence on a background of green collagen autofluorescence. Scale bars are 40 µm. 

Data presented are mean ± SEM. Statistical significance was assessed by one-way 

ANOVA for A, two-way ANOVA for B and C, and unpaired Student’s t-test for D-F. * 

denotes P < 0.05 vs. the control rat value in A, the corresponding value in untreated HC-

fed rats in B, E and F, and the corresponding value in absence of blocker in C. 

Figure 9. HC-feeding does not alter Akt or eNOS phosphorylation. A, representative 

blots for total eNOS in aortic tissues from control and HC-fed rats together with average 

quantified data normalized to GAPDH (three rats per group) B, representative blots for 
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phospho-eNOS Ser1177 and total eNOS in aortic tissues from control and HC-fed rats 

together with average quantified data (three rats per group); C, representative blots for 

phospho-Akt Thr308 and total eNOS in aortic tissues from control and HC-fed rats 

together with average quantified data (three rats per group). Data presented are mean ± 

SEM. Statistical significance was assessed by unpaired Student’s t-test. * denotes P < 

0.05 vs. the control rat value. 

Figure 10. Impaired ACh-evoked cerebral artery dilation in HC-fed rats is 

ameliorated by atorvastatin treatment. A, Representative tracings of the cerebral 

arteriolar dilation to 10 µM ACh in presence and absence of 30 µM BaCl2 in vessel 

segments from control, untreated and atorvastatin-treated HC-fed rats. Time points where 

ACh was added are indicated by heads, while time points were BaCl2 was added are 

indicated by asterisks. Tracings were recorded during continuous pressurization to 80 

mm Hg as indicated beneath them and Ca2+-free buffer solution was added as indicated 

by the bar towards the end of the recording; B, average ACh-evoked relaxations (4 

rats/group); C, average BaCl2-induced constrictions (four rats/group); D, the effect of 

BaCl2 on ACh-mediated vasodilation (four rats/group). Data presented are mean ± SEM. 

Statistical significance was assessed by one-way ANOVA for B and C, and two-way 

ANOVA for D. * denotes P < 0.05 vs. the control rat value in B and C, and the value in 

absence of BaCl2 in D. 
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Tables 

Table 1: Concentrations of different agents used in vascular reactivity experiments. 

Name Supplier Concentration Vehicle EC50 
Phenylephrine ICN Biochemicals 30 µM  Water 1.3 x10-6 M (Elkhatib et 

al., 2019) 
U46619 Sigma (St. Louis, MO) 0.5 µM (Plane 

and Garland, 
1996) 

DMSO 10.3x10-9 M (Sessa et 
al., 1990) 

Acetylcholine 
(ACh) 

ICN Biomedicals 1x10-9-1x10-4 
M (Grizelj et 
al., 2015) 

Water 3x10-8 M (Sohn et al., 
2004) 

Diazoxide Sigma (St. Louis, MO) 100 µM DMSO Estimated   10-5 M 
(Denizalti et al., 2011; 
Lyoussi et al., 2018) 

L-NAME  Sigma (St. Louis, MO) 100 µM 
(Grizelj et al., 
2015) 

Water 70x10-6 M (Pfeiffer et 
al., 1996) 

Apamin Tocris Bioscience 1 µM 
(Martinez-
Orgado et al., 
1999) 

Water 5 x 10-9 M (Lamy et al., 
2010) 

Tram-34 Sigma (St. Louis, MO) 1 µM (Wei et 
al., 2018) 

DMSO 10-20 x 10-9 M (Nguyen 
et al., 2017) 

BaCl2 Mallinckrodt chemical 
works 

30 µM 
(Subramaniam 
et al., 2009) 

Water 6x10-6 M (Houtman et 
al., 2014) 

Indomethacin  Sigma (St. Louis, MO) 10 µM 
(Roghani-
Dehkordi and 
Roghani, 2016) 

DMSO 14x10-6 M (Mitchell et 
al., 1993) 

Atrasentan Sigma (St. Louis, MO) 10 nM (Thakali 
et al., 2008) 

DMSO 0.11 x 10-9 M 
(Opgenorth et al., 1996) 

18-β-glycyrrhetinic 
acid (18-β-GA) 

ICN Biomedicals 100 µM (Rocha 
et al., 2008) 

DMSO 1.7x10-6 M (Chen et al., 
2013) 

SOD Sigma (St. Louis, MO) 200U/ml (Tep-
areenan et al., 
2015) 

Water 2.7 ± 0.1 x 10-6  
(Deawati et al., 2017) 
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Figures 

 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 

 

 

 

 

Contro
l

HC
Stat

in
0

10

20

30

40

50

Pl
as

m
a 

In
su

lin
 L

ev
el

m
IU

/L

*
*

Contro
l  

MHC
Stat

in
0

20

40

60

80

100

To
ta

l S
er

um
 C

ho
le

st
er

ol
 

(m
g/

dl
)

*

-8 -6 -4 -2

0

25

50

75

100

log[ACh], M

%
 R

es
id

ua
l C

on
st

ri
ct

io
n

Atorvastatin
HC

**

A

-8 -6 -4

0

25

50

75

100

log[ACh], M

%
 R

es
id

ua
l C

on
st

ri
ct

io
n

Atorvastain
Atorvastatin/BaCl2

**
*

B C

D

E
F

4g

5 min

HC

HC/Atorvastatin

HC
2g

15 min

HC/AtorvastatinHC

HC
Stat

in
0

10

20

30

40

50
D

H
E 

St
ai

ni
ng

 In
te

ns
ity

/T
is

su
e 

A
re

a
(A

rb
itr

ar
y 

U
ni

ts
)

*
Kir2.1

GAPDH

HC
Stat

in
0.00

0.05

0.10

0.15

0.20

K
ir2

.1
/G

A
PD

H
 

(A
rb

itr
ar

y 
un

its
) *

Contro
l

HC
Stat

in
0

200

400

600

B
od

y 
w

ei
gh

t (
g)

HC/Atorvastatin
HC

Stat
in

0

20

40

60

80

100

%
 R

el
ax

at
io

n 
of

 P
E 

to
ne *

Contro
l

HC
Stat

in
0

50

100

150

R
an

do
m

 B
G

L 
(m

g/
dl

)

HC
Stat

in
0.00

0.05

0.10

0.15

0.20

K
ir2

.1
/G

A
PD

H
 

(A
rb

itr
ar

y 
un

its
) *

HC
Stat

in
0.00

0.05

0.10

0.15

0.20

K
ir2

.1
/G

A
PD

H
 

(A
rb

itr
ar

y 
un

its
) *

*

*

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on September 11, 2019 as DOI: 10.1124/jpet.119.262048

 at A
SPE

T
 Journals on A

pril 19, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 

	 59	

Figure 9 
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Figure 10 
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