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Abstract 

 

We have previously reported that endothelium-dependent relaxation to acetylcholine is 

impaired in small mesenteric arteries from spontaneously diabetic (db/db) mice. The 

objective of the present study was to examine the effects of treatment of the db/db and the 

insulin resistant ob/ob mice with the PPARγ agonist 2-(2-(4-phenoxy-2-propylphenoxy) 

ethyl)indole-5-acetic acid (COOH). In the db/db model, an 8 week treatment with COOH 

(30 mg/kg per day) reduced plasma glucose from 48.0 ± 2.5 mM (untreated) to 12.6 ± 1.1 

mM. In contrast, plasma glucose was not elevated in untreated ob/ob mice.  Relaxation of 

SMA mediated by acetylcholine was impaired in the untreated db/db diabetic mice (51.7 

± 7.4 % max relaxation, n=6) but not in the ob/ob mice (70.8 ± 8.6% max relaxation, 

n=3). This impairment was reversed with COOH treatment (86.9 ±0.4 % max relaxation, 

n=5). Malondialdehyde was elevated in plasma from diabetic db/db mice (13.9± 1.1 vs. 

12.0± 0.7 µmoles/ mL), however, when normalized to total cholesterol, no significant 

differences in the ratio of lipid peroxidation in plasma were identified. Western blot 

analysis and quantitative PCR for eNOS was performed on the isolated mesenteric 

vessels and revealed no differences in the relative levels of eNOS expression in diabetic 

and control animals; in addition, treatment with COOH had no significant effect on eNOS 

levels in either group. In summary, endothelial dysfunction and hyperglycemia was 

completely normalized in COOH-treated db/db mice. In contrast, non-hyperglycemic 

ob/ob mice exhibited normal vasodilatory responses to acetylcholine and consequently 

COOH treatment had no effect on endothelial function.  
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 Introduction 

Vascular disease is the principal cause of morbidity and mortality in patients with type 2 

diabetes (Haffner et al., 1998). However, the causative link between diabetes and its 

vascular complications remains poorly understood. 

A significant advance in our understanding of vascular disease in type 2 diabetes 

has been the development of mouse models. Two such examples of models of insulin 

resistance are the db/db and ob/ob mouse lines (Leibel, 1997; Coleman, 1982). The db/db 

mouse is an extensively studied mouse model which spontaneously develops 

characteristics of type 2 diabetes including obesity, early insulin resistance producing 

hyperinsulinemia and an eventual beta-cell secretory defect, marked hyperglycemia, and 

lipid abnormalities (Hofmann et al., 2002a). The db/db phenotype has been linked to a 

mutation in the leptin receptor of these animals (Leibel, 1997). The ob/ob mouse is 

similar to the db/db mouse in the development of obesity, hyperinsulinemia and insulin 

resistance (Haluzik et al., 2004), however hyperglycemia is not prominent. The ob 

mutation arose spontaneously in the leptin gene of the C57BL/6J mouse (Zhang et al., 

1994). 

Peroxisome proliferator-activated receptors (PPARs) are ligand activated 

transcription factors belonging to the nuclear receptor superfamily and have multiple 

metabolic and cardiovascular effects (Hsueh and Bruemmer, 2004). Several ligands for 

the PPARγ isoform are clinically available. Thiazolidinedione agonists for PPARγ 

receptors act as insulin sensitizing agents and are thought to have uniquely beneficial 

effects on vascular function in diabetics (van Wijk and Rabelink, 2004). 

Thiazolidinediones have been shown to prevent the development of atherosclerosis in 
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several experimental models (Li, 2000;Aizawa et al., 2001;Collins et al., 2001). In 

addition, the thiazolidinedione rosiglitazone has been reported to improve endothelial 

function in diabetic mice independently of improvements in metabolic dysfunction (Bagi, 

2004). COOH is a PPARγ agonist which bears a carboxylic acid pharmacophore in place 

of the thiazolidinedione moiety found in the PPARγ agonists currently in clinical use. It 

has previously been shown to act as an insulin sensitizer in a pharmacologically similar 

manner to the thiazolidinediones (Berger et al., 2001;Laplante et al., 2003). 

Endothelial dysfunction can be identified by the reduction in endothelium-

dependent vasodilator response to acetylcholine (ACh). Although the endothelium has 

many additional functions beyond the control of vascular tone, this reduced response to 

ACh serves as an important indicator of vascular dysfunction and has been closely 

associated with diabetes in both humans and animals (De Vriese et al., 2000; 

Pannirselvam et al., 2003).  There is increasing evidence of a prognostic link between 

endothelial dysfunction, as defined by the vasodilator response to ACh, and the later 

development of vascular complications in both diabetic and non-diabetic populations 

(Verma et al., 2003; Mancini, 2004), however, the cellular basis for endothelial 

dysfunction remains unknown.  

We have previously demonstrated the development of endothelial dysfunction in 

the db/db mouse model of type 2 diabetes (Pannirselvam et al., 2002; 2003). In the 

present study we compared endothelial function in small mesenteric arteries (SMA) from 

hyperlycaemic db/db mice with SMA from obese, but not overtly hyperglycemic, ob/ob 

mice and assessed the influence of chronic treatment with the experimental non- 

thiazolidinedione PPARγ agonist COOH. Our objectives were two fold: firstly to 
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determine whether correction of endothelial dysfunction by PPARγ agonists extended to 

non-thiazolinedione members of this class of agents; and secondly, to examine potential 

molecular targets within the vasculature that may be involved in mediating endothelial 

dysfunction and the response to the PPARγ class of drugs. 

 

Methods 

 

Drug Treatment 

 

Male C57BL/KsJ-leprdb/leprdb (db/db) mice (18 animals), male C57BL/6J-lepob/lepob 

(ob/ob) mice (9 animals) and respective age-matched controls (db/+ and ob/+) were 

obtained from Jackson Laboratories (Bar Harbour, ME).  At 8 weeks of age each type of 

animal was divided into three equal groups. Group 1 received 30 mg/kg/day of COOH 

(2-(2-(4-phenoxy-2-propylphenoxy) ethyl)indole-5-acetic acid) in powder chow (Carley 

et al., 2004) for 8 weeks. Group 2 received regular powdered chow (ProLab RMH 

2500/5P14; PMI International, Brentwood, MO) for 8 weeks. Group 3 received 

30mg/kg/day of COOH for 8 weeks and then were crossed over to untreated feed for a 

further 5 weeks. At the end of the treatment period the animals were killed by cervical 

dislocation in accordance with a protocol approved by Animal Care Committee at the 

University of Calgary.  

 

Experimental Protocols 
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Second and third-order mesenteric arteries were cut into 2 mm rings and mounted 

on a Mulvany-Halpern myograph (Mulvany and Halpern, 1977). After a 45-minute 

equilibration period in Carbogen (95% O2, 5% CO2) aerated Krebs solution, the vascular 

reactivity to the alpha adrenoceptor agonist phenylephrine (PE) was studied. Following a 

30 minute stabilization period, endothelium-dependent vascular relaxation to ACh was 

recorded in preparations contracted with a sub-maximal concentration of PE (EC75-80). A 

repeated 30 minute stabilization period was followed with measurement of relaxation to 

sodium nitroprusside (SNP) in similarly contracted SMA tissues from db/db, ob/ob and 

respective controls. PE-induced contractions were normalized to percentage of 120 mM 

KCl induced contraction. 

 

 Plasma glucose, triglyceride and cholesterol were assayed using commercial kits (Sigma 

& Co., USA). Samples of mesenteric arteries and aorta were flash frozen and later used 

for RNA extraction.  

 

Quantitative PCR 

 

Total RNA was extracted from mesenteric arteries and aortic tissue using an RNeasy 

Mini Kit with on-column DNase treatment (Qiagen) and first strand cDNA was 

subsequently synthesized using a Superscript RT Kit (Qiagen).  Real-time PCR primers 

were designed (beta-actin F: 5’ ACGGCCAGGTCATCACTATTG 3’; beta-actin R: 5’ 

CCAAGAAGGAAGGCTGGAAAAGA 3’; eNOS F: 5’ 
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CAACGCTACCACGAGGACA 3’; eNOS R: 5’ CTCCTGCAAAGAAAAGCTCTGG 

3’) and analyzed in positive and negative control PCR reactions with SYBR-green 

(Qiagen) at 8 annealing temperatures, ranging from 52ºC to 62ºC.  Melt curve analysis 

was performed to visualize primer specificity by revealing the presence or absence of 

primer dimers.  For further verification, 1.0 µL of the PCR reaction was analyzed on an 

Agilent Technologies 2100 Bioanalyzer using a DNA 500 LabChip kit.  Sequencing was 

performed on products from successful reactions.  PCR efficiency was determined by 

performing real-time PCR on serial dilutions of mouse heart cDNA (94.6% for beta-actin, 

96.7% for eNOS).  Real-time PCR reactions were carried out using 2.0 µL of first strand 

cDNA in a total reaction volume of 25 µL containing 1X QuantiTect SYBR Green 

Supermix (Qiagen) and 0.25 µM forward and reverse primers.  PCR reactions were hot 

started (95ºC for 15 min) and then exposed to 40 cycles of 94ºC for 0.25 min, 55.7ºC for 

0.5 min and 72ºC for 0.5 min, where fluorescence data collection occurred during each 

extension phase.  Melt curve analysis was again performed following cycling as a method 

of validation.  The fold relative to beta-actin for eNOS was calculated using the 2-∆C
T 

method (Livak and Schmittgen, 2001). 

 

Western Blotting 

 

Homogenates of thoracic aorta were prepared from flash frozen tissue in lysis  buffer 

containing 100 mM Hepes (pH 7.4), 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 0.1 % 

Tween 20, 1% triton-X 100, and Protease Inhibitor cocktail (Sigma, St. Louis MO). 

Approximately 50mg of tissue was combined with 0.1 ml of lysis buffer and ground with 
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a micropestle as well as subjected to three rapid freeze/ thaw cycles to disrupt tissue. 

Once completely lysed, solution was centrifuged at 13 000 RPM for 10 minutes to 

remove insoluble material. Protein concentration was determined for each sample using a 

Bio Rad protein analysis kit. Equal amounts of protein were resolved under reducing 

conditions on an 8% SDS polyacrylamide gel. Immunoblotting was performed with a 

polyclonal antibody to eNOS (BD Transduction Laboratories) at a dilution of 1:500 in 

nonfat milk/ Tris buffer. The membrane was subsequently probed with a secondary anti-

rabbit antibody conjugated to horseradish peroxidase at a dilution of 1:1000 and 

developed with chemiluminescence (Pierce, Rockford, IL). The membrane was then 

exposed to X-ray film (Kodak) which was subsequently developed. 

 

Statistical Analysis 

 

In all experiments, n equals the number of animals used in the protocol. Values 

are mean ± standard error of mean. Statistical significance of difference between means 

of different groups were performed using either Student t test or two-way ANOVA with 

Bonferroni post-hoc test. A value of P < 0.05 was considered statistically significant.  

 

 

Results 

 

The monogenic murine models of type 2 diabetes used in this study have 

mutations in the leptin receptor (db/db) and leptin molecule (ob/ob), on genetic 
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backgrounds predisposed to development of insulin resistance (C57BL/KsJ and 

C57BL/6J respectively). Loss of the leptin response axis in both ob/ob and db/db mice 

leads to chronic hyperphagia and resultant obesity. We observed increased body weights 

in db/db mice (mean 51.5g vs. 30g db/+; p<0.05), and ob/ob mice (mean 60.7g vs. 30.2g 

ob/+; p<0.05) at 16 weeks of age (Table 1). This obesity was accompanied by marked 

hyperglycemia in untreated db/db mice (48.0 ± 2.5 mM) compared to untreated control 

db/+ mice (12.3 ± 0.8 mM) (Figure 1). In contrast, the ob/ob mouse displayed no 

significant change in plasma glucose at 16 weeks of age (16.6 ± 2.4 mM vs. 13.8 ± 2.0 

mM in control ob/+ mice). Both the db/db and ob/ob mice showed an increase in total 

cholesterol relative to their aged matched controls: 2.77 vs. 1.81 mM in the db/db vs. 

db/+ and 4.30 vs. 2.06 mM in the ob/ob vs. ob/+ (Table 1). Similarly, triglycerides were 

elevated in db/db mice (2.11 vs. 1.18 mM) but not in ob/ob mice (1.60 vs. 1.53 mM) 

relative to control animals.   

 Treatment with COOH, a PPARγ receptor agonist, completely corrected the 

hyperglycemia seen in the db/db mice (from 48 mM to 13 mM; Figure 1) and 

significantly decreased cholesterol in the control db/+ group and triglyceride levels in all 

groups of animals except the control db/+ group (Table 1). When COOH was 

discontinued, and animals consumed a normal diet for a further five weeks (crossover, 

Figure 1), the db/db mice became hyperglycemic again, indicating that continued 

treatment with COOH was required to maintain normoglycemia.  No significant 

difference in glucose levels were noted in the ob/ob mice with treatment, however, these 

animals are relatively euglycemic without treatment. Malondialdehyde, a marker of lipid 

peroxidation, was elevated in plasma from the db/db mice (13.9± 1.1 vs. 9.0± 1.2 
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umoles/mL in db/+), and ob/ob mice (22.9 ± 5.2 vs 8.7± 1.2 umol/mL in ob/+) however, 

when these results were normalized to total cholesterol in serum, no significant difference 

in the amount of malondialdehyde per unit cholesterol were seen between treated and 

untreated animals (Table 1). 

 Endothelial and vascular function was analysed using the Mulvany-Halparen wire 

myograph technique on second and third order mesenteric arteries (SMA) from each of 

the animals. Data is presented in summary graph form. Phenylephrine applied in 

cumulative concentrations until maximal contractions were achieved (Figure 2A) showed 

no significant difference between either treated or untreated db/db or ob/ob mice. In 

contrast, there was an impairment of the relaxation of the SMA mediated by 

acetylcholine (Figure 2B) in the untreated db/db diabetic mice (51.7 ± 7.4 %max 

relaxation, pEC50 6.75, n=6) versus their age matched control animals (db/+; 86.1 ± 

5.6% max relaxation, pEC50 6.33 n=6; P< 0.05). This impairment (endothelial 

dysfunction) was reversed in the COOH-treated db/db animals (86.9 ±0.4 % max 

relaxation, pEC50 6.87, n=5). The ob/ob mouse model did not demonstrate a statistically 

significant impairment of ACh mediated relaxation (70.9% max relaxation, pEC50 6.51; 

Figure 2B) when compared with its control littermates (69.5% max relaxation, pEC50 

6.14; Figure 2B), the experimental number in the ob group was smaller (n=3). No 

significant differences between any of the groups were observed in relaxation of SMA by 

the endothelium independent agent sodium nitroprusside (Figure 2C).  

Quantitative PCR was performed on flash frozen samples of both aorta and 

mesenteric arteries for each of the animals to determine if COOH had an effect on eNOS 

gene transcription. No significant differences were observed in eNOS gene expression 
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between treated and untreated animals in either the db/db or ob/ob mouse models when 

results were normalized to beta-actin expression (Figure 3). Expression of eNOS in the 

ob/+ and ob/ob mouse aorta and mesenteric arteries demonstrated statistically significant 

elevation in mean level of message compared with their db/+ and db/db counterparts. The 

relatively lower level of eNOS expression per unit beta-actin observed in the aortic 

tissues is likely accounted for by the much increased quantity of smooth muscle in aortic 

samples relative to the eNOS synthesizing endothelial cell layer, thus decreasing the 

relative amount of eNOS (endothelial cell derived) per unit beta-actin (endothelial and 

smooth muscle cell derived). 

Thoracic aorta tissue samples from db/db and db/+ animals in each of the 

treatment groups were recovered and analyzed for eNOS protein content using a 

commercially available polyclonal antibody. Figure 4 presents a representative western 

blot.  Lanes were loaded with equivalent quantities of total protein. Six sets of samples 

were blotted, and no differences in eNOS  protein levels were noted by band 

densitometry, either between untreated db/db (183 +/-30) and db/+ animals (173 +/- 39) 

or COOH treated animals (db/db, 171 +/- 29; db/+, 170 +/- 41). Thus eNOS protein and 

mRNA levels do not appear to be altered by COOH treatment in the db mouse.  

 

Discussion 

 

We have examined the effect of a novel non-thiazolidinedione PPARγ agonist, 

COOH, on endothelial function in murine models of type 2 diabetes and obesity. The new 

finding is that treatment with COOH prevents the development of endothelial dysfunction 
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in the db/db model, as defined by decreased vasodilator responsiveness to ACh. This data 

supports the hypothesis that the improvement in endothelial function seen with 

thiazolidinedione PPARγ agonists (Phillips et al., 2003; Li et al., 2000;Aizawa et al., 

2001;Collins et al., 2001) is mediated by PPARγ activation that is not specific to the 

thiazolidinedione class of molecules. 

We studied two monogenic mouse models of obesity and metabolic dysfunction 

in this study. The diabetic db/db mouse is a well accepted model of type 2 diabetes 

(Coleman, 1982) whereas the ob/ob mouse is a model of obesity and insulin resistance 

without overt hyperglycemia (Coleman, 1982;Haluzik et al., 2004). Both of the mouse 

models studied develop metabolic dysfunction as a result of monogenic mutations in the 

leptin endocrine axis; the db/db mouse is deficient in the ObRb leptin receptor 2B, and 

the ob/ob mouse is deficient in the leptin molecule itself. However, it is the polygenic 

background of these animals that largely contributes to the development of insulin 

resistance (Haluzik et al., 2004). The db/db mouse, on the C57BL/KsJ background, 

develops marked insulin resistance and then declining insulin levels due to a pancreatic 

beta-cell secretory defect, producing severe hyperglycemia by 16 weeks of age.  The 

ob/ob mouse, on the C57BL/6J background, exhibits marked obesity and lipid 

abnormalities without significant hyperglycemia at the same age of 16 weeks. Serum 

insulin levels have been previously been reported for the C57/BL/KsJ db/db mouse 

(Hofmann et al., 2002b) showing increases in circulating insulin levels relative to control 

animals until approximately 14 weeks of age, and then a progressive decline. These data 

are in accordance with other published data regarding the db/db and ob/ob mice on the 

C57BL/KsJ and C57BL/6J backgrounds respectively (Haluzik et al., 2004;Coleman, 
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1982). However, only the db/db mouse model demonstrated marked endothelial 

dysfunction in the SMA. This suggests that endothelial dysfunction in the diabetic db/db 

animals is more closely linked to hyperglycemia than to alterations in the lipid profile.  

The marked hyperglycemia in untreated db/db mice was normalized by chronic (8 

wk) treatment with COOH. This glucose-lowering effect of COOH is consistent with the 

observation that insulin-stimulated glucose uptake was enhanced in cardiomyocytes from 

COOH-treated db/db mice (Carley et al., 2004). Remarkably, the endothelial dysfunction 

which characterized SMA from untreated db/db mice was completely normalized by 

COOH treatment. Thus, our study suggests that the prevention of endothelial dysfunction 

with COOH treatment may be secondary to the improvement of the metabolic profile of 

the db/db animals, most likely due to correction of chronic hyperglycemia. (Bagi et al., 

2004), however, have reported that a one week treatment of db/db mice with 

rosiglitazone reducd oxidative stress and reversed endothelial dysfunction in the coronary 

arteries of db/db mice without any significant action on the metabolic abnormalities, thus 

indicating that the improvement of endothelial function, at least with rosiglitazone, is 

independent of changes in insulin sensitivity. Further studies are required to investigate 

the direct effects of PPARγ activation on endothelial function. 

The key source of NO for NO-mediated relaxation in the endothelium is thought 

to be the enzyme endothelial nitric oxide synthase (eNOS). While post translational 

modification and co-factors play a major role in regulation of this enzyme, its production 

in the endothelium is critical to normal endothelial function (Andrews et al., 2005; Verma 

et al., 2003). Using quantitative PCR techniques and Western blotting we examined 

eNOS message and protein levels in endothelium of arterial tissue. Although we found 
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significant differences in eNOS expression between the db/db and ob/ob mouse models, 

we did not observe an effect of COOH on eNOS gene expression or protein content. This 

suggests that COOH does not directly effect eNOS gene transcription. However, the 

increased expression of eNOS in the ob/ob mice, relative to that determined in db/db and 

control mice, may have a protective effect inhibiting the development of endothelial 

dysfunction in these animals that may result from the dyslipidemic state of the ob/ob 

mouse. 

 PPARγ activation stimulates fatty acid storage in adipose tissue. Its activation 

results in both an increase in adipocyte number and fatty acid influx into adipocytes, and 

a remodeling of adipose tissue (Ferre, 2004). In addition, COOH has been shown to alter 

the distribution of adiposity in rodents (Laplante et al., 2003). In this study we note that 

additional weight was gained by those animals treated with COOH (Table 1). Thus, the 

glucose lowering effect of PPARγ agonists due to insulin sensitization may be due 

largely to adipose tissue actions, a proposition supported by studies performed with 

tissue-specific PPARγ null mice (Evans et al., 2004). While it is tempting to ascribe all 

the actions of COOH to its role in regulating adipose tissue metabolism, PPARγ agonists 

have pleiotropic effects including stimulation insulin dependent glucose transporter 

GLUT4, upregulation of the angiopoietin related gene PGAR, and adiponectin  as well as 

direct actions in vascular smooth muscle (Bruemmer et al., 2003a; 2003 b)  The 

antiatherosclerotic actions of the PPARγ agonists (see Berger et al., 2005) are also 

suggestive that these drugs are also targeting specific endothelial cell genes. 

  Reactive oxygen species (ROS) are a family of molecules, including molecular 

oxygen and its derivatives, which are produced in all aerobic cells. NO is an important 
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tonic inhibitory factor for controlling mitochondrial respiration and thus a decrease in 

eNOS activity (or NO bioavailability) will result in an increase in superoxide production 

by mitochondria.  Brownlee and colleagues (Nishikawa et al., 2000) have argued, based 

on studies with cultured endothelial cells, that mitochondria are the source of ROS and 

observed that uncoupling oxidative phosphorylation  in bovine aortic endothelial cells 

that had been treated with high glucose prevents the sequelae of hyperglycemia.  

Unfortunately intervention studies in humans with antioxidants (notably vitamin C and/or 

E) have provided confusing and conflicting results. Data from studies with the db/db 

mouse indicate that acute incubation with indomethacin, a non-selective inhibitor of 

COX, and SQ29548, a selective thromboxane receptor antagonist, significantly 

attenuated the enhanced contraction to α-adrenoceptor agonists in the SMA and thus 

enhanced thromboxane generation may also contribute to vascular dysfunction in 

diabetes (Pannirselvam et al., 2005). We thus examined lipid peroxidation products in the 

serum of our animals using an assay for malondialdehyde. Malondialdehyde is derived 

from peroxidation of fatty acid chains and has been proposed to provide an 

approximation of oxidative stress (Nielsen et al., 1997). While plasma malondialdehyde 

levels were higher in the db/db and ob/ob animals compared with controls, we found no 

significant differences in the amount of malondialdehyde per unit cholesterol. We chose 

to undertake the normalization to serum cholesterol in order to account for the significant 

differences in serum lipid content between the different animals. Our assumption is that a 

greater content of fatty acids in the serum results in an increase in malondialdehyde levels 

independent of changes in oxidative stress. While this normalization suggests that there is 

not a marked elevation in overall oxidative stress in these murine models, 
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malondialdehyde levels provide only a gross measure of overall oxidative stress in the 

animals and does not rule out the possibility of an increase in oxidative stress within the 

endothelium itself (Halliwell and Whiteman, 2004). We have reported, based on the use 

of dihydroethidium as a fluorescent dye indicator of oxidative stress, that intracellular 

superoxide levels are elevated in in situ frozen unfixed sections of SMA from 16 week 

male (untreated) db/db mice (Pannirselvam et al., 2005) thus suggesting that it is the 

elevated intracellular oxidative stress that may determine endothelial dysfunction.  

The development of peripheral edema is a major side effect limiting the 

usefulness of currently available PPARγ agonists, affecting approximately 5% of patients 

on a thiazolidinedione and 15% of patients who combine thiazolidinediones with insulin 

therapy (Mudaliar et al., 2003; King and Levi, 2004). Thus, there has been great interest 

in the development of new PPARγ ligands that minimize these side effects. We have 

demonstrated that the non-thiazolidinedione PPARγ agonist COOH reverses the 

endothelial dysfunction that develops in the db/db mouse model of type 2 diabetes, 

without any change in eNOS expression. In addition, we demonstrated that endothelial 

dysfunction does not occur in the non-hyperglycemic ob/ob mouse model and that 

COOH-treated ob/ob mice show no change in endothelial function. This selective 

modulatory effect of COOH upon endothelial function may be a reflection of the reversal 

of hyperglycemia in db/db mice.  

 

 

 

  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET 086397 

 18

References  

 

Aizawa Y, Kawabe J, Hasebe N,  et al. (2001) Pioglitazone enhances cytokine induced 

apoptosis in vascular smooth muscle cells and reduces intimal hyperplasia. Circulation 

104:455-460. 

Andrews K, Pannirselvam M, Anderson TJ, Jenkins AJ, Triggle CR, and Hill M (2005) 

The Vascular Endothelium in Diabetes: A practical target for drug treatment? Expert 

Opinions Therapeutic Targets. 9: February 2005. 

Bagi Z, Koller A, and Kaley G (2004) PPARgamma activation, by reducing oxidative 

stress, increases NO bioavailability in coronary arterioles of mice with Type 2 diabetes. 

Am.J.Physiol Heart Circ.Physiol 286:H742-H748. 

Berger JP, Tanen M, Elbrecht A, Hermanowski-Vosatka A, Moller DE, Wright SD, and 

Thieringer R (2001) Peroxisome proliferator- activated receptor- gamma ligands inhibit 

adipocyte 11beta- hydroxysteroid dehydrogenase type 1 expression and activity. JBC 

276: 12629-12635.  

 
Berger JP, Akiyama TE, and Meinke PT (2005) PPARs: Therapeutic Targets for 

Metabolic Disease. Trends Pharmacol. Sci In Press. 

 

Bruemmer D, Yin F, Liu J, Berger JP, Sakai T, Blaschke F, Fleck E, Van Herle AJ, 

Forman BM, Law RE. (2003a) Regulation of the growth arrest and DNA damage-

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET 086397 

 19

inducible gene 45 (GADD45) by peroxisome proliferator-activated receptor gamma in 

vascular smooth muscle cells. Circ Res. 93:e38-47. 

Bruemmer D, Berger JP, Liu J, Kintscher U, Wakino S, Fleck E, Moller DE, Law RE. 

(2003b) A non-thiazolidinedione partial peroxisome proliferator-activated receptor 

gamma ligand inhibits vascular smooth muscle cell growth. Eur J Pharmacol. 466:225-

234. 

Carley AN, Semeniuk LM, Shimoni Y, Aasum E, Larsen TS, Berger JP, and Severson 

DL (2004) Treatment of type 2 diabetic db/db mice with a novel PPARgamma agonist 

improves cardiac metabolism but not contractile function. Am.J.Physiol 

Endocrinol.Metab 286:E449-E455. 

Coleman DL (1982) Diabetes-obesity syndromes in mice. Diabetes 31:1-6. 

 

Collins AR, Meehan WP, Kintscher U, et al.(2001) Troglitazone inhibits formation of 

early atherosclerotic lesions in diabetic and nondiabetic low density lipoprotein receptor-

deficient mice. Arteriosclerosis, Thrombosis and Vascular Biology 21: 365-371.  

 

De Vriese AS, Verbeuren TJ, Van DV, Lameire NH, and Vanhoutte PM (2000) 

Endothelial dysfunction in diabetes. Br.J.Pharmacol. 130:963-974. 

Evans RM, Barish GD, and Wang YX (2004) PPARs and the complex journey to obesity. 

Nat.Med. 10:355-361. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET 086397 

 20

Ferre P. (2004) The Biology of Peroxisome Proliferator-Activated Receptors. Diabetes 

53: Suppl.1, S43-S50.  

 

Haffner SM, Lehto S, Ronnemaa T, Pyorala K, and Laakso M (1998) Mortality from 

coronary heart disease in subjects with type 2 diabetes and in nondiabetic subjects with 

and without prior myocardial infarction. N.Engl.J.Med. 339:229-234. 

Halliwell B and Whiteman M (2004) Measuring reactive species and oxidative damage in 

vivo and in cell culture: how should you do it and what do the results mean? 

Br.J.Pharmacol. 142:231-255. 

Haluzik M, Colombo C, Gavrilova O, Chua S, Wolf N, Chen M, Stannard B, Dietz KR, 

Le Roith D, and Reitman ML (2004) Genetic background (C57BL/6J versus FVB/N) 

strongly influences the severity of diabetes and insulin resistance in ob/ob mice. 

Endocrinology 145: 3258-3264.  

 

Hofmann SM, Dong H J, Li Z, Cai W, Altomonte J, Thung SN, Zeng F, Fisher EA, and 

Vlassara H. (2002a) Improved insulin sensitivity is associated with restricted intake of 

dietary glycoxidation products in the db/db mouse. Diabetes 51: 2082-2089.  

Hofmann SM, Dong HJ, Li Z, Cai W, Altomonte J, Thung SN, Zeng F, Fisher EA, and 

Vlassara H (2002b) Improved insulin sensitivity is associated with restricted intake of 

dietary glycoxidation products in the db/db mouse. Diabetes 51:2082-2089. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET 086397 

 21

Hsueh WA and Bruemmer D (2004) Peroxisome proliferator-activated receptor gamma: 

implications for cardiovascular disease. Hypertension 43: 297-305.  

King KA and Levi VE. (2004) Prevalence of edema in patients receiving combination 

therapy with insulin and thiazolidinedione. Am J Health-Syst Pharm. 61: 390-393.  

Laplante M, Sell H, MacNaul KL, Richard D, Berger JP, and Deshaies Y. (2003) PPAR-

gamma activation mediates adipose depot- specific effects on gene expression and 

lipoprotein lipase activity. Diabetes 52: 291-299. 

Leibel RL (1997) Single gene obesities in rodents: possible relevance to human obesity. J 

Nutr. 127:1908S. 

Li AC, Brown KK, Silvestre MJ, et al.(2000) Peroxisome proliferator- activated receptor 

gamma ligands inhibit development of atherosclerosis in LDL receptor deficient mice. 

Journal of Clinical Investigation 106: 523-531.  

Livak KJ and Schmittgen TD (2001) Analysis of relative gene expression data using real-

time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:402-408. 

Mancini JGB. (2004) Vascular structure versus function: is endothelial dysfunction of 

independent prognostic importance or not? Journal of the American College of 

Cardiology 43: 624-628.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET 086397 

 22

Mudaliar S, Chang AR, and Henry RR. (2003) Thiazolidinediones, peripheral edema, and 

type 2 diabetes: incidence, pathophysiology, and clinical implications. Endocrine 

Practice 9: 406-416.  

Mulvany MJ and Halpern W. (1977) Contractile properties of small arterial resistance 

vessels in spontaneously hypertensive and normotensive rats. Circ Res. 41: 19-26.  

Nielsen F, Mikkelsen BB, Nielsen JB, Andersen HR, and Grandjean P (1997) Plasma 

malondialdehyde as biomarker for oxidative stress: reference interval and effects of life-

style factors. Clin Chem. 43:1209-1214. 

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

mechanism for diabetic complications. Kidney Int.Suppl 77:S26-S30. 

Pannirselvam M, Simon V, Verma S, Anderson T, and Triggle CR (2003) Chronic oral 

supplementation with sepiapterin prevents endothelial dysfunction and oxidative stress in 

small mesenteric arteries from diabetic (db/db) mice. Br.J.Pharmacol. 140:701-706. 

Pannirselvam M, Verma S, Anderson TJ, and Triggle CR (2002) Cellular basis of 

endothelial dysfunction in small mesenteric arteries from spontaneously diabetic (db/db -

/-) mice: role of decreased tetrahydrobiopterin bioavailability. Br. J. Pharmacol. 136:255-

263. 

Pannirselvam M, Wiehler WB, Anderson TJ, and Triggle CR. (2005) Enhanced vascular 

reactivity of small mesenteric arteries from diabetic mice is associated with enhanced 

oxidative stress and cyclooxygenase products. Br. J. Pharmacol. 144: 953-960. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET 086397 

 23

Phillips JW, Barringhaus KG, Sanders JM, Yang Z, Chen M, Hesselbacher S, Czarnik 

AC, Ley K, Nadler J, and Sarembock IJ (2003) Rosiglitazone Reduces the Accelerated 

Neointima Formation After Arterial Injury in a Mouse Injury Model of Type 2 Diabetes. 

Circulation 108:1994-1999. 

Seki N, Bujo H, Jiang M, Shibasaki M, Takahashi K, Hashimoto N, and Saito Y (2005) A 

potent activator of PPAR alpha and gamma reduces the vascular cell recruitment and 

inhibits the intimal thickening in hypercholesterolemic rabbits. Atherosclerosis 178: 1-7. 

Triggle CR, Ding H, Anderson TJ, Pannirselvam M (2004) The endothelium in health 

and disease: a discussion of the contribution of non-nitric oxide endothelium-derived 

vasoactive mediators to vascular homostasis in normal vessels and in type II diabetes. 

Mol. Cell. Biochem. 263: 21-27. 

van Wijk JPH and Rabelink TJ (2004) PPAR-{gamma} Agonists: Shifting Attention 

from the Belly to the Heart? Arterioscler Thromb Vasc Biol 24:798-800. 

Verma S, Buchanan MR, and Anderson TJ (2003) Endothelial function testing as a 

biomarker of vascular disease. Circulation 108:2054-2059. 

Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, and Friedman JM (1994) 

Positional cloning of the mouse obese gene and its human homologue. Nature 372:425-

432. 

 
 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET 086397 

 24

 

Footnotes 

 

We gratefully acknowledge the financial support of operating grants from the Canadian 

Diabetes Association and Canadian Institutes for Health Research (to TJA & CRT) and a 

CIHR Fellowship to AGH. 

 

 

Reprint requests to: 

Andrew G. Howarth 

Rm. 82A, HMRB 

 Faculty of Medicine 

 University of Calgary 

Calgary, Alberta  

Canada, T2N 4N1.  

 

 

(MP) Current address:  Departments of Physiology and Medicine, University of 

Toronto, Ontario, Canada. 

(CRT) Current address:   School of Medical Sciences, RMIT University, Bundoora 

West Campus, Plenty Road, Bundoora, Victoria 3083, Australia. 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


  JPET 086397 

 25

 

 

Legends for Figures 

 

Figure 1 Plasma Glucose measurements from mice prior to sacrifice. n=5 for DB mouse 

types and n=3 for OB mouse types. DB/DB mice had significantly elevated plasma 

glucose, which was reduced while on COOH treatment. Error bars represent SEM. 

*P<0.0001  

 

Figure 2A Phenylephrine induced contraction of SMA from db and ob mice The PE 

induced contraction was normalized to 120 mM KCl. The data are expressed as mean ± 

SEM. There are no significant differences between treated and untreated animals 

observed. 

           

Figure 2B Maximal acetylcholine induced relaxation in SMA precontracted with 

phenylephrine. The data are expressed as mean ± SEM. *P<0.005 db/db and db/db 

crossover compared to db/db treated.  

 

Figure 2C Sodium nitroprusside-induced relaxation following contraction with 

phenylephrine The data are expressed as mean ± SEM. No significant differences 

between treated and untreated animals are observed. 
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Figure 3 Quantitative PCR for eNOS mRNA in aorta and mesentery isolated from 

animal groups as labeled. n=5 in DB mice and n=3 in ob mouse types. Error bars 

represent one standard deviation from the mean. 

 

Figure 4 Western blot of eNOS protein in thoracic aorta. Aortic tissue homogenates were 

loaded for equivalent total protein. A single band is observed at 140 kD in all samples. 

Left hand lane shows positions of molecular weight standards. Second and third lanes 

show aortic tissue from db/+ animals untreated (c-) and treated (c+) with COOH. Third 

and fourth lanes show aortic tissue from db/db animals: untreated (d-) and treated (d+) 

with COOH. 
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Mouse 

Weight 

(g) 

sem 

Total 

Cholesterol 

(mM) 

sem 
Triglycerides 

(mM) 
sem 

MDA/ 

Cholesterol 
sem 

# 

Animals 

DB/+ 30.0 1.4 1.81*** 0.06 1.18 0.11 4.94 0.58 5 

DB/+ treated 32.0 1.3 1.35*** 0.08 0.94 0.08 5.20 0.58 5 

DB/DB 51.5 1.6 2.77 0.11 2.11** 0.61 5.41 0.31 5 

DB/DB treated 54.3 1.8 2.66 0.15 1.04** 0.20 4.59 0.46 5 

OB/+ 30.2 0.6 2.06 0.12 1.53* 0.07 4.28 0.70 3 

OB/+ treated 31.7 0.4 1.73 0.14 0.90* 0.01 3.51 0.62 3 

OB/OB 60.7 2.6 4.30 0.12 1.60## 0.21 5.30 1.10 3 

OB/OB treated 65.4 2.8 3.90 0.22 0.77## 0.05 3.96 0.63 3 

 

Table 1. Characteristics of experimental groups: body weights and plasma lipid 

profiles of mice prior to sacrifice. Treatment with COOH decreased total cholesterol in 

the DB/+ (***; P<0.001) and triglycerides in all other animal groups (**; P< 0.05 ; *, 

P<0.01, ##; P<0.05). Malondialdehyde levels (MDA; a marker of lipid peroxidation) did 

not show statistically significant differences between groups when normalized to total 

cholesterol 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on October 25, 2005 as DOI: 10.1124/jpet.105.086397

 at A
SPE

T
 Journals on A

pril 23, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/



