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Abstract

Cardiovascular complications are a leading cause of morbidity and mortality in type 2 diabetes 

mellitus (T2DM) and are associated with alterations of blood vessel structure and function. 

Although endothelial dysfunction and aortic stiffness have been documented, little is known about 

the effects of T2DM on coronary microvascular structural remodeling. The renin–angiotensin–

aldosterone system plays an important role in large artery stiffness and mesenteric vessel 

remodeling in hypertension and T2DM. The goal of this study was to determine whether the 

blockade of AT1R signaling dictates vascular smooth muscle growth that partially underlies 

coronary arteriole remodeling in T2DM. Control and db/db mice were given AT1R blocker 

losartan via drinking water for 4 weeks. Using pressure myography, we found that coronary 

arterioles from 16-week db/db mice undergo inward hypertrophic remodeling due to increased 

wall thickness and wall-to-lumen ratio with a decreased lumen diameter. This remodeling was 

accompanied by decreased elastic modulus (decreased stiffness). Losartan treatment decreased 

wall thickness, wall-to-lumen ratio, and coronary arteriole cell number in db/db mice. Losartan 

treatment did not affect incremental elastic modulus. However, losartan improved coronary flow 

reserve. Our data suggest that Ang II–AT1R signaling mediates, at least in part, coronary arteriole 

inward hypertrophic remodeling in T2DM without affecting vascular mechanics, further 

suggesting that targeting the coronary microvasculature in T2DM may help reduce cardiac 

ischemic events.
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1. Introduction

In patients with type 2 diabetes mellitus (T2DM), cardiovascular complications are the 

leading cause of death and account for the greatest amount in health care expenditures 

[16,23]. Diabetes-related vasculopathies include both micro- and macrovascular 

complications resulting from structural and functional deficits [13,22,29]. Macro-vascular 

diseases in diabetes include structurally related alterations in lumen diameter 

(atherosclerosis, thrombosis) and passive mechanical properties (aortic stiffness) [22,29]. 

Likewise, microvascular complications, which include retinopathy, nephropathy and 

neuropathy, involve both structural (increased wall thickness and decreased lumen) and 

functional (endothelial dysfunction and increased myogenic tone) alterations [13,22]. T2DM 

dependent functional deficits in endothelial and vascular smooth muscle cells (VSMCs) lead 

to impaired endothelium-dependent relaxation, enhanced myogenic tone and/or changes in 

responses to vasoactive factors. Collectively, these impair the ability of the vessel to 

maintain proper tissue perfusion [39] leading to reduced blood flow and increased peripheral 

resistance, followed by tissue damage, and necrosis [5].

Most functional studies have been performed in the aorta and renal and mesenteric 

resistance beds, which are likely to respond in a vascular bed-specific manner due to distinct 

patterns of receptor expression, redox-sensitive cascades, and mechanical properties 

[6,7,32]. However, the impact of microvascular dysfunction and cardiovascular 

complications in patients with T2DM is poorly understood, especially with regard to 

microvascular structural remodeling. A reduced ability to respond to increased metabolic 

demand in coronary resistance arteries in diabetes is due to both altered function and 

structure [33,35]. These alterations may lead to myocardial injury, decreased cardiac 

perfusion, and reduced coronary flow reserve. Evidence from clinical trails suggests that, 

when faced with increased myocardial demand during exercise or exertion, coronary flow 

reserve is reduced in diabetic patients [33,35,49]. Alterations in structure and function also 

include altered vessel stiffness and reduced coronary flow reserve in diabetic coronary 

resistance arteries [19,43,45,52].

The renin–angiotensin–aldosterone system (RAAS) is an important neurohormonal system 

that oversees cardiovascular and renal functions not only by regulating systemic blood 

pressure and fluid volume, but also via direct actions on tissues. More recently, local 

paracrine or tissue activation of the RAAS has direct effects on vascular smooth muscle and 

endothelial cells that are blood pressure independent. Augmented activity of the RAAS leads 

to cardiovascular diseases (hypertension, left ventricular hypertrophy, and atherosclerosis) 

and cardiovascular events (myocardial infarction, congestive heart failure, and stroke). The 

systemic and paracrine biological actions of angiotensin II (Ang II), the major active 

component in the RAAS, are transduced via two known receptor subtypes, angiotensin II 

type 1 receptor (AT1R) and angiotensin II type 2 receptor (AT2R). Both receptors regulate 
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VSMC function, though they vary in their actions. The AT1R is highly expressed in the 

vasculature, specifically in VSMCs and is responsible for many of the normal physiological 

and pathophysiological effects associated with Ang II, including blood pressure regulation, 

vasoconstriction, cell growth, and extracellular matrix deposition [41,44]. On the other hand, 

the AT2R is associated with apoptosis and vasodilation [40]. To date the mechanisms that 

dictate cardiovascular microvessel (coronary arteriole) remodeling are not fully understood.

A role for the RAAS and Ang II in diabetes-induced vasculopathies has been reported in 

both animal models and humans [2,4,12,14]. Many clinical trials with ACE inhibitors and 

AT1R blockers (ARBs) have shown that RAAS blockade not only has a protective effect on 

cardiovascular complications of T2DM, but can also reduce the incidence of novel T2DM 

onset in hypertensive patients [17,25,46]. For example, ARB treatment in diabetic patients 

resulted in reduced arterial medial thickening of microvessels obtained from gluteal biopsies 

[38]. Therefore, in the current study we hypothesized that Ang II-dependent signaling 

through the AT1R mediates T2DM-induced coronary arteriole remodeling. In order to test 

this hypothesis, we treated db/db mice with losartan, an ARB, at a sub-pressor dose for 4 

weeks and investigated coronary arteriole remodeling via pressure myography.

2. Materials and methods

2.1. Animals

In the pilot study presented in Fig. 1, db/db mice were crossed with mice harboring a global 

 knockout (kindly provided by Dr. LM Harrison-Barnard) to generate 

heterozygous db/dbAT1Ra+/− mice and double homozygous (db/dbAT1Ra−/−) mice [36]. 

Please note that this colony was lost during Hurricane Katrina, preventing further 

experimentation. All other experiments were conducted on 12 or 16 week-old male control, 

non-diabetic heterozygous (Db/db; BKS.Cg-m+/+Leprdb/J) and male diabetic, homozygous 

and obese (db/db; BKS.Cg-m+/+Leprdb/J) mice from The Jackson Laboratory (Bar Harbor, 

ME). These db/db mice exhibit a diabetic phenotype: obese by 4 weeks of age, 

hyperglycemic by 8 weeks of age, overt DM by 12 weeks of age, as well as hyperlipidemia, 

obesity, and insulin resistance. Heterozygous mice were used as controls since previous data 

indicated no morphological or physiological difference from wild type mice (data not 

shown). All mice were housed under a 12-hour light/dark cycle. Mice were allowed ad 

libitum access to standard, low-fat chow and water. This study was conducted in accordance 

with the National Institutes of Health Guidelines, and it was approved by the Institutional 

Animal Care and Use Committee (IACUC) at Nationwide Children’s Hospital.

2.2. Quantitative real time PCR (qPCR) analysis

Coronary vessel pools were lysed by repeated sonication at 4 °C in Qiazol extraction buffer 

(Qiagen). Following chloroform extraction and centrifugation, RNA from the aqueous phase 

was purified using commercially available kits and protocols (Qiagen RNeasy Microarray 

Tissue mini kit), followed by quantitation using a NanoDrop 2000 (Thermo Scientific). RNA 

was reverse transcribed using the Maxima™ First Strand cDNA Synthesis Kit and protocol 

(Thermo Scientific), and equivalent amounts of first strand cDNA were amplified in 

duplicate for each pool using appropriate Roche Universal Probe/primer pairs for each target 

Husarek et al. Page 3

Vascul Pharmacol. Author manuscript; available in PMC 2017 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



gene (Rpl13a [NM_009438]: forward TCCCTGCTGCTC TCAAGG, reverse 

GCCCCAGGTAAGCAAACTT, average control Ct = 19.3; AT1Ra [NM_177322]: forward 

GGCTTGAGTCCTGGTCCAC, reverse CAGCCATTTTATACCAATCTTTCA, average 

control Ct = 28.7; elastin and collagen 1a1 as reported previously [19]) and Maxima Probe 

qPCR master mix (Thermo Scientific). Amplifications were carried out for 40–45 cycles 

using an Eppendorf MasterCycler-ep Realplex thermocycler. Parallel amplifications using 

non-reverse transcribed samples were performed to rule out genomic DNA contamination. 

Data were analyzed for relative expression using the 2−ΔΔct method, with the ribosomal 

protein transcript Rpl13a serving as the internal control [37] and the average Het value for 

the aorta serving as the second normalizer.

2.3. Drug treatment

Control or db/db mice were administered vehicle water or losartan (3 mg/kg/day) (Sigma, 

61188), treated water for 4 weeks, beginning at 12 weeks of age. Water bottles were changed 

2 times a week. This dose of losartan was chosen based upon a previous report that doses ≤ 

10 mg/kg/day in diabetic mice do not affect blood pressure [48].

2.4. Blood glucose, insulin and plasma Ang II measurements

Prior to end point experiments, fasting blood glucose (8–10 hour food withdrawal during the 

light cycle) was measured from tail vein blood using the Accu-Chek Advantage meter 

(Roche, Indianapolis, Indiana). Insulin levels were measured using an ELISA kit from 

Mercodia (Winston-Salem, NC). The provided protocol was followed exactly, with the 

following exception: All db/db samples were diluted 1:3 with Calibrator 0 solution prior to 

assay (i.e. 20 μL plasma + 40 μL Calibrator 0). This was done in anticipation of db/db 

mouse insulin levels being very high. Samples were read on the SpectraMax M5 

spectrophotometer. Plasma Ang II concentrations were measured by radioimmunoassay at 

Hypertension Core lab at Wake Forest University.

2.5. Coronary arteriole isolation and measurement of structural and passive mechanical 
properties

At the end of treatment (16 weeks) mice were anesthetized using 3% isoflurane, vaporized 

with 100% oxygen. The heart was excised and dissected in cold physiologic salt solution 

(PSS). The right ventricle was removed and septal coronary arterioles (<120 μm internal 

diameter) at the level of the superior papillary muscle were isolated, excised and mounted 

onto two glass microcannulas within a pressure myograph chamber (Living Systems, 

Burlington, VT) as previously described by our lab [19]. One vessel was isolated per animal. 

Prior to any measurements, vessels were equilibrated for 30 min under constant intraluminal 

pressure (50 mm Hg) at 37 °C in PSS. Internal diameter and left and right wall thickness 

(WT) were continuously monitored by a video image analyzer (Living Systems) and 

recorded using LabCart 6 data acquisition software connected to a PowerLab 16/30 

(ADInstruments, Inc., Colorado Springs, CO).

All experiments were performed in Ca2+-free PSS in the presence of 2 mM EGTA and 100 

μM sodium nitroprusside. A passive pressure–diameter curve was generated by increasing 

intraluminal pressure from 0 to 125 mm Hg. Coronary wall thickness (WT) and internal 
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diameters (Di) were recorded at each pressure. The following structural and mechanical 

parameters were calculated as previously described [19]:

External diameter (De) = Di + 2WT

Wall/lumen ratio = (WT/Di) × 100

Cross sectional area , where De is the external diameter

† Growth index = (CSAC − CSAd)/CSAC, where C is control and d is diabetic

Circumferential stress (σ) = (P × Di)/(2WT), where P is pressure in dynes per square 

centimeter.

Circumferential strain (ε) = (Di − D0)/D0, where Di is the internal diameter for a 

given intraluminal pressure and D0 is the original diameter measured at 10 mm Hg of 

intraluminal pressure.

Elastic modulus (E) = stress (σ)/strain (ε) is used to determine arterial stiffness. 

However, since the stress–strain relationship was non-linear we obtained the 

tangential or incremental elastic modulus (Einc), or simply the slope of the stress–

strain relationship (Δσ/Δε).

2.6. Nuclear staining of coronary arteriole sections

LV septal sections (5 μm) from formalin-fixed hearts (n = 6) were stained with DAPI and an 

α-smooth muscle actin antibody (Sigma A2547, St. Louis, MO). Cells positive for both 

DAPI and α-smooth muscle actin were designated VSMCs, counted by two blinded 

individuals and averaged. Data are expressed as the number of VSMC/medial CSA.

2.7. Coronary blood flow and flow reserve

Coronary blood flow (CBF) was measured non-invasively by high-frequency, high-

resolution ultrasound (Vevo2100, Visual Sonics, Toronto, Canada) equipped with a 30 MHz 

probe, at baseline and under conditions of maximum flow (hyperemia) as described 

previously [19]. Mice were anesthetized with 2% isoflurane vaporized with 100% oxygen. 

Following induction, isoflurane was reduced to 1% to determine baseline coronary flow, and 

then increased to 3% to measure maximal coronary flow. Data were analyzed offline by one 

observer to eliminate inter-observer variability. CBF was calculated using the equation:

CBF (mL/min) = ((π/4) × D2 × VTI × HR)/1000, where D is the internal coronary 

diameter (in mm) measured in B-mode ultrasound images, VTI is the velocity–time-

integral (in mm), or area under the curve of the Doppler blood flow velocity tracing, 

and HR is the heart rate.

Coronary flow reserve (CFR) = CBFhyperemia/CBFbaseline where CBFhyperemia is 

coronary flow measured during 3% isoflurane administration.

†Calculated from group data, therefore statistical analysis cannot be performed.
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2.8. Blood pressure telemetry

Radiotelemetry transmitters (PA-C10, Data Sciences, St. Paul, MN) were implanted into 

mice as described by our lab [19]. Briefly, mice were anesthetized with 2% isoflurane, and 

the right carotid artery was isolated and cannulated with a telemeter catheter connected to a 

radio-telemetry transmitter. Since db/db mice are more sensitive to surgical stressors, data 

recording commenced after the return of normal diurnal blood pressure rhythms (7–10 

days). Data were collected for 10 s every 15 min for a total of 4 weeks using DataQuest 

A.R.T. 4.2 software.

2.9. Elastin immunofluorescence

Paraffin-embedded heart sections (5 μm thick) from 16-week animals were incubated with 

an elastin antibody (1:75, ab21610, Abcam, Cambridge, MA) overnight at 4 °C. Slides were 

then incubated for 1 h at room temperature with an Alexa Fluor 568 conjugated secondary 

antibody (1:150, A-11036, Life Technologies, Carlsbad, CA). Images were taken at 60× 

magnification using the same exposure time.

2.10. Capillary density

Paraffin-embedded heart sections (5 μm thick) from 16-week animals were incubated 

overnight at 4 °C with a CD31 antibody (1:100, sc-1506, Santa Cruz, CA). Secondary 

antibody, ABC reagents and 3,3′-Diaminobenzidine (DAB) were used to detect CD31 

antibody and Hematoxylin (blue) was used to counterstain. Images were taken at 40× 

magnification and capillaries <15 μm, labeled in brown, were counted and normalized to 

area by two blinded individuals.

2.11. Statistical analysis

All data are represented as mean ± SEM with a probability of p < 0.05 used for significance. 

Coronary structural measurements and calculations were analyzed using two way ANOVA 

followed by a Bonferroni post-test. All other measurements were analyzed either using two 

way ANOVA followed by a Sidak post-test or by a Student t test. All statistical analyses 

were conducted using Prism 6.0 (GraphPad, La Jolla, CA).

3. Results

3.1. Angiotensin receptor blocker and AT1R transgenic deletion reduce coronary arteriole 
remodeling in db/db mice

We performed pilot studies comparing the effectiveness of angiotensin receptor blockade 

(candesartan) vs. genetic deletion of the AT1R in the db/db background. Control and db/db 

mice were treated with the AT1R blocker, candesartan cilexetil (1 mg/kg/day) in the drinking 

water from 10 to 16 weeks. As previously shown [19], morphological analysis of septal 

coronary arteriole indicated that db/db coronary arterioles (Fig. 1B) displayed an increase in 

remodeling over controls (Fig. 1A). AT1R blockade (Fig. 1C) and homozygous AT1R 

deletion (Fig. 1E) attenuated inward hypertrophic remodeling (increased wall thickness, 

decreased lumen diameter) in db/db mice to a similar extent, while heterozygous AT1R 
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deletion (Fig. 1D) resulted in an intermediate morphological phenotype. Given these data we 

chose to focus on more clinically relevant pharmacological treatment.

3.2. Differential expression of AT1R between vascular beds

As we have previously shown that aortic vessel beds remodel differently than coronary 

arterioles in response to diabetes or MetS [19,43], and since AT1R deletion had an impact on 

morphological analysis of coronary arterioles, we used q-PCR to investigate AT1R 

expression levels in these beds in both control and db/db mice. Expression levels did not 

differ significantly between control or db/db mice in either vascular bed; however coronary 

expression levels of the AT1R were 10- to 20-fold higher than aortic expression levels when 

normalized to total RNA content (Fig. 2).

3.3. Phenotypic characteristics of losartan-treated control and db/db mice

Body weight, fasting blood glucose, and plasma insulin levels were all significantly 

increased in 16-week db/db mice with or without losartan treatment when compared to 

controls (Table 1). To confirm that the dose of losartan used (3 mg/kg/day) did not affect 

blood pressure, we used telemetry probes to measure blood pressure and heart rate in all 

treatment groups. No significant differences in blood pressure or heart rate were detected 

between db/db and control mice, whether or not mice were treated with losartan (Table 1). In 

addition, plasma Ang II concentrations were not different between control and db/db mice, 

and Ang II levels were unaffected by losartan treatment.

3.4. Angiotensin receptor blockade reduces coronary arteriole inward hypertrophic 
remodeling

We next used pressure myography to measure passive structural properties of coronary 

arterioles. Since no differences in structural remodeling (wall thickness, lumen diameter, or 

medial cross sectional area) were found between control mice and losartan-treated control 

mice (data not shown) we excluded the losartan control data in order to highlight the 

differences between db/db mice with and without losartan treatment.

As previously shown [19], db/db mice (n = 10) exhibited inward hypertrophic remodeling as 

evidenced by reduced lumen diameter, increased wall thickness (control: 6.6 ± 0.4 vs. db/db: 

9.2 ± 0.5) and increased wall/lumen ratio (control: 5.4 ± 0.3 vs. db/db: 8.8 ± 0.5) (Fig. 3). 

Losartan-treated db/db mice (n = 10) reduced the inward hypertrophic remodeling by 

normalizing wall thickness (Los db/db: 7.1 ± 0.3) and wall/lumen ratio (Los db/db: 6.5 

± 0.3) (Fig. 3). Due to the change in wall thickness and wall/lumen ratio, the medial CSA in 

losartan-treated db/db mice was not significantly reduced compared to untreated db/db mice 

and no different than control mice (Fig. 3E).

3.5. Losartan attenuates coronary arteriole growth

Growth index, a measure of vessel growth, was increased in db/db mice across a range of 

pressures, which was reduced by 78% with losartan treatment at 100 mm Hg (Fig. 4A). 

DAPI and αSMA double-stained coronary arteriole VSMCs normalized to medial CSA 

were increased in db/db mice as previously published (Fig. 4B) [19]. Losartan-treated db/db 
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mice exhibited a decreased number of VSMCs within the vascular wall when compared to 

untreated db/db mice (Fig. 4B).

3.6. Effect of losartan on passive mechanical properties

Next we determined whether the structural remodeling of losartan-treated db/db coronary 

arterioles was associated with changes in the passive mechanical properties of the vessel 

wall. In keeping with our previous findings [19], db/db mice displayed a decrease in 

circumferential wall stress, stress/strain slope, and incremental elastic modulus (Fig. 5A, C–

D). Strain was unchanged among all groups (Fig. 5B). Losartan treatment was able to 

correct the decrease in wall stress seen in the db/db mice (Fig. 5A). Conversely, losartan 

treatment in db/db mice had no effect on the decreased stiffness in untreated db/db coronary 

arterioles as measured by the stress–strain curve and the incremental elastic modulus (Fig. 

5C & D). The stress–strain curve was shifted further right in losartan-treated db/db mice 

than the untreated db/db or control mice (Fig. 5C) indicating a less stiff vessel. However, the 

incremental elastic modulus of elasticity, representing a slope of the stress–strain curve, was 

significantly lower in db/db coronary arterioles, which was reduced with losartan treatment, 

suggesting that losartan does not affect coronary arteriole stiffness (Fig. 5D).

3.7. Expression of extracellular matrix components in losartan-treated coronary arterioles

Since losartan did not have a significant effect on coronary stiffness, we undertook 

additional experiments to determine a possible mechanism. q-PCR analysis of pooled septal 

coronary arterioles (n = 6 of 4–5 pooled coronaries) was used to examine the expression of 

collagen 1 (col1a1) and elastin. Collagen 1 expression was not significantly different 

between control and db/db mice as previously published [19]; losartan treatment also did not 

affect collagen 1 expression (Fig. 6). Elastin mRNA expression was increased in db/db mice 

relative to control mice [19]. Losartan treatment did not have any significant effect on elastin 

expression (Fig. 6).

3.8. Losartan does not affect elastin content

In addition to evaluating the elastin mRNA content in losartan-treated coronaries, we 

determined the elastin content and organization in coronary vessels. Immunofluorescence 

staining revealed increased elastin in db/db mice compared to controls (Fig. 7A & B); 

however, consistent with elastin mRNA expression, losartan treatment did appear to alter the 

elastin content relative to db/db vessels alone (Fig. 7C). Furthermore, there were no obvious 

differences in elastin organization in any of the groups.

3.9. Losartan improves coronary flow reserve

In order to determine the functional significance of coronary remodeling, we directly 

measured baseline and maximal (hyperemia) coronary blood flow velocity by non-invasive 

transthoracic high-frequency pulse wave Doppler imaging. Although no change in baseline 

coronary flow velocity was observed among the groups, there was a significant decrease in 

maximal coronary flow velocity in db/db and losartan-treated db/db mice (control: 1.7 ± 0.1 

vs. db/db: 0.9 ± 0.05 vs. Los db/db: 1.1 ± 0.1) (Fig. 8A), suggesting vascular impairment at 

maximum dilation. In addition, untreated db/db mice showed a significantly lower coronary 
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flow reserve (CFR) than untreated control mice (control: 7.3 ± 0.4 vs. db/db: 4.4 ± 0.3) as 

previously published [19]. In contrast, losartan-treated db/db mice showed an increase in 

CFR over untreated db/db mice (Los db/db: 6.0 ± 0.7) (Fig. 8B).

3.10. Losartan does not affect capillary density

Chronic diabetes is associated with coronary rarefaction, which would contribute to the 

decrease in coronary flow reserve in db/db mice. To address this issue, we assessed capillary 

density in left ventricular tissue sections by immunostaining with an antibody against CD31. 

Capillaries were defined as those vessels <15 μm in diameter immunostaining brown (Fig. 

9A). Capillary counts revealed no significant differences in any groups at this time point 

(Fig. 9B).

4. Discussion

In this study, we showed for the first time that losartan treatment from 12 to 16 weeks 

reduces coronary arteriole inward hypertrophic remodeling in db/db mice. This reduced 

remodeling is associated with an improved CFR but had no effect on coronary arteriole 

stiffness. These data suggest that losartan treatment causes a distinct pattern of remodeling 

in the diabetic coronary microvasculature. We chose 12 weeks of age as our time point to 

start treatment because previous studies in our lab [19] characterized an initial trend towards 

vessel remodeling at this time point, which then became statistically significant by 16 weeks 

of age. In addition, at 12 weeks of age, endothelial dysfunction is observed in db/db mice 

[51], potentially signaling the start of microvascular complications. Also, at 16 weeks of age 

db/db mice do not exhibit characteristics usually associated with advanced diabetic 

complications such as overt hypertension, macrovascular remodeling (i.e. atherosclerosis) 

and capillary rarefaction [26]. Therefore, the 16-week time point in db/db mice likely 

represents an intermediate stage of disease progression.

The reduced inward remodeling with losartan treatment is consistent with the well-known 

effects of AT1R blockers in reducing VSMC growth. Two types of VSMC growth have been 

documented in resistance artery remodeling — hypertrophy and hyperplasia [8,39] 

Hypertrophic growth involves increased cell size without cell division and is an important 

component of medial thickening. Hyperplasia results from cell proliferation and is involved 

in medial thickening, neointima formation and inward remodeling. Several studies have 

implicated Ang II and oxidative stress as mediators of VSMC growth in T2DM [47]. 

However, most studies examining VSMC growth have utilized VSMCs isolated from large 

conduit arteries of non-diabetic animals, rather than VSMCs isolated from coronary 

resistance arteries of diabetic animals. This is a concern, as there is clearly evidence that 

VSMCs isolated from resistance arteries are functionally distinct compared to VSMC from 

conduit arteries [3,9]. In addition, published data from our laboratory indicate that vascular-

bed specific remodeling occurs in T2DM mice [19] and Ossabaw swine [43]. The reduction 

in growth index, and the decrease in VSMC cell number (DAPI-positive nuclei in αSMA 

positive cells) suggest that reduced Ang II-dependent VSMC hypertrophy/hyperplasia is the 

most likely mechanism that normalized medial wall thickness in losartan-treated db/db mice. 

We attempted to measure VSMC proliferation by a variety of methods, including 
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immunostaining of tissue sections, but we were unable to detect any changes (data not 

shown). In retrospect, immunostaining of cross-sections from a single “snapshot” in time 

may not be the best way to determine vascular smooth muscle cell proliferation given that 

cell cycle rates and turnover are extremely slow [34]. For example, a study by McEwan et al. 

reported that a two-week infusion of a pressor dose of Ang II and BrdU with miniosmotic 

pumps was necessary to label the proliferating VSMCs [30]. In their study, losartan 

treatment decreased the number of BrdU-positive cells in intramyocardial coronary arteries. 

Future studies in our mice will use long-term BrdU infusion in order to determine the 

contribution of vascular smooth muscle cell proliferation to the observed medial thickening 

in coronary arterioles.

VSMC growth is a hallmark of increased Ang II signaling in a variety of diseases including 

atherosclerosis, hypertension and neointimal formation following balloon injury [31]. In 

diabetes, AT1R dependent VSMC growth has been linked to the JAK/STAT and MAPK 

signaling pathways [27] since blockade of these pathways prevented Ang II-induced VSMC 

hypertrophy and proliferation [1,28]. Therefore, our findings of reduced medial thickness 

associated with a decreased growth index in response to AT1R blockade suggest that these 

Ang II-dependent signaling pathways are activated under normal conditions in diabetic 

coronary arterioles. In this study the capacity of losartan to reduce wall thickness likely 

integrates with vascular mechanics, where increasing coronary arteriole wall thickness 

reduces wall stress, perhaps to compensate for increased extravascular forces during 

contraction of a stiffer myocardium.

Since aberrant Ang II is normally associated with pro-fibrotic actions in the vessel wall, we 

expected losartan treatment to alter coronary stiffness. However, losartan treatment did not 

alter coronary arteriole wall stiffness in db/db mice — a finding that was unanticipated. One 

possible explanation could be that we observed no change in elastin mRNA expression or 

elastin protein content/organization in db/db coronary arterioles treated with losartan. 

Another explanation for this finding is that ARB treatment has been shown to increase 

plasma Ang II. It is possible that some of the observed effects of losartan could reflect 

activation of the AT2R signaling, which has been shown to inhibit VSMC growth and 

proliferation [24]. However we observed no differences in plasma Ang II levels, although 

limited tissue availability precluded measurements of tissue Ang II levels. Another 

possibility is that growth responses via Ang II–AT1R are mediated in part by ERK1/2 MAP 

kinases, JNK and Akt, while its pro-fibrotic actions are mediated through TGF-β dependent 

signaling cascades [11]. Therefore, one possibility for the unchanged mechanics is that the 

Ang II–TGF-β axis is disrupted in db/db coronary arterioles. In preliminary studies, we saw 

no change in mRNA expression of TGF-β receptor 1 and receptor 2 in coronary arterioles 

between control and db/db mice with and without losartan treatment (data not shown) 

although TGF-β expression was undetermined. It is possible that other mediators increased 

in T2DM (i.e. hyperglycemia and TNF-α) may antagonize the pro-fibrotic actions of Ang II 

at the level of TGF-β or other signaling pathways. Future studies in coronary arteriole 

VSMCs are necessary to identify the effects of Ang II on VSMC growth and extracellular 

matrix production.
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Although the beneficial effects of ARB therapy on coronary flow reserve in hypertensive 

patients are well known, the effects of ARBs in diabetic patients are more equivocal. A 

study by Kawata et al. reported that ACE inhibition with temocapril, but not the ARB 

candesartan, improved coronary flow velocity reserve (CFVR) in a small cohort of Japanese 

diabetic patients [20]. However, it is interesting to note that 6 of 12 patients in the ARB 

group did show an increase in CFVR. In a study of 14 patients, Kjaer et al. reported no 

effects of short-term losartan treatment on coronary vasomotor function, although no healthy 

subjects were included as controls [21]. Conversely, Hinoi et al. reported that the ARB 

telmisartan improved CFVR in patients with essential hypertension and insulin resistance 

[15] while Dr. Tune’s laboratory demonstrated that telmisartan increased coronary blood 

flow, in part by decreasing Ang II-induced vasoconstriction [50]. Collectively, these 

dissimilar results point to the need for larger prospective trials comparing both traditional 

(i.e. ACE inhibitors and ARBs) and more novel (e.g. aldosterone) RAAS inhibitors on 

coronary microvascular structure and function in T2DM.

One limitation of this study is that it is focused solely on one member of one class of RAAS 

inhibitors, ARBs. It is possible that other classes may affect microvascular remodeling, such 

as ACE inhibitors and aldosterone antagonists, as they also have beneficial effects on CFVR 

[18,20]. Moreover, newer generations of ARBs, such as telmisartan, may be more effective 

than losartan in T2DM patients given its dual action as an ARB and a PPAR-γ agonist. 

Finally, we chose an intermediate time point in T2DM in order to avoid more chronic 

complications such as hypertension and severe nephropathy. It is possible that different drug 

efficacy may be dependent upon the point of administration in the disease progression.

5. Conclusions

The results from this study identify a novel role for AT1R blockade in reducing diabetes-

induced coronary arteriole remodeling in type 2 diabetic mice independent of blood pressure 

lowering. While coronary wall thickness, wall-to-lumen ratio and medial CSA were reduced; 

stiffness was unchanged with losartan treatment of db/db mice. The reduced inward 

remodeling was associated with a decrease in growth index. Therefore AT1R mediates in 

part, coronary arteriole inward hypertrophic remodeling in db/db mice without affecting 

vascular mechanics. We reported a nearly identical remodeling pattern in db/db mice 

subjected to aerobic exercise [42], suggesting that angiotensin receptor blockade is equally 

effective as exercise in reducing coronary microvascular remodeling. Thus, although 

exercise is deemed the “real polypill” [10], pharmacological therapy may offer several 

advantages (increased patient compliance, patients unable to exercise) in the clinical diabetic 

population. Future studies are necessary to determine the molecular mechanisms that 

account for changes in microvascular remodeling as well as the relative contribution of 

neurohormonal agents, inflammation, hyperglycemia and insulin resistance.
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Fig. 1. 
AT1R blockade and AT1R KO reduce diabetes-induced coronary arteriole remodeling. H&E-

stained sections of septal coronary arterioles from 16 week control (A), db/db (B), db/db + 

candesartan (C), db/dbAT1R+/− (D), and db/dbAT1R−/− (E) mice. Representative of n = 4 mice 

per group.
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Fig. 2. 
Differential expression of AT1R between vascular beds. mRNA expression was quantified by 

real-time PCR and normalized to the internal reference Rpl13a. Values are expressed as fold 

change (control aorta set to 1.0). Values are mean ± SEM, *p < 0.05 to control aorta; ##p < 

0.01 to db/db aorta. N = 3 or 4 per group.
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Fig. 3. 
T2DM coronary arteriole passive structural measurements: lumen diameter (A), external 

diameter (B), wall thickness (C), wall:lumen ratio (D), and medial cross sectional area (E). 

*p < 0.05; ***p < 0.001 vs. control; ^p < 0.05; ^^p < 0.01 vs. db/db untreated; n = 9–10 per 

group.
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Fig. 4. 
Losartan blocked the growth of coronary arterioles in db/db mice. Decreased growth index 

of isolated coronary arterioles under a range of pressures (A). These indices are calculated as 

a percent over the averaged control; thus only db/db and Los db/db values are plotted and 

statistics are not performed. Losartan treatment reduced coronary arteriole cell numbers 

(cells positive for both alpha smooth muscle actin and DAPI) (B) Values are mean ± SEM, 

*p < 0.05 vs. control; ^p < 0.05 vs. untreated db/db; n = 3–5.
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Fig. 5. 
T2DM coronary arteriole passive mechanical properties: circumferential stress (A), and 

strain (B) over a range of pressures. Coronary arteriole stress–strain curves (C) and 

incremental modulus of elasticity (D). *p < 0.05, ***p < 0.001 vs. control; ^p < 0.05 vs. 

db/db untreated; n = 9–10 per group.
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Fig. 6. 
Differential expression of extracellular matrix components. mRNA expression was 

quantified by q-PCR and normalized to Rpl13a. Values are relative to control for each target. 

Values are mean ± SEM, *p < 0.05 relative to control. N = 6 per group.
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Fig. 7. 
Elastin staining of septal coronary arterioles shows increase in db/db (B) over control (A). 

Losartan treatment (C) shows no difference in elastin staining compared to db/db mice. 

Representative of n = 3 per group.
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Fig. 8. 
Losartan increases coronary flow reserve in db/db mice. Coronary blood flow was reduced 

in db/db mice during hyperemic conditions using 3% isoflurane (A). Coronary flow reserve 

was reduced in db/db mice. Losartan increased coronary flow reserve (B). ***p < 0.001 

from control; ^p < 0.05 vs. db/db untreated; n = 7–8 per group.

Husarek et al. Page 22

Vascul Pharmacol. Author manuscript; available in PMC 2017 September 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. 
LV tissue sections were immunostained with an antibody to CD31 (A). Capillaries (<15 

μm), labeled in brown, were counted in 2 fields per slide. Representative of n = 3 per group.
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Table 1

Body weight, fasting blood glucose levels, plasma insulin, systolic and diastolic blood pressure, heart rate and 

plasma Ang II.

Control db/db Los Control Los db/db

Body weight (g) 31 ± 1 47 ± 2 * 30 ± 1 47 ± 2 *

Fasting BG (mg/dL) 129 ± 3 499 ± 28 * 130 ± 4 546 ± 22 *

Plasma insulin (μg/L) 0.16 ± 0.03 1.89 ± 0.34 * 0.19 ± 0.03 2.19 ± 0.55 *, #

SBP (mm Hg) 128 ± 5 128 ± 3 123 ± 8 127 ± 3

DBP (mm Hg) 98 ± 5 99 ± 4 97 ± 4 99 ± 4

Heart rate (beats per min) 435 ± 22 469 ± 17 454 ± 11 464 ± 23

Plasma Ang II (pg/mL) 359.9 ± 94.5 374 ± 110.1 253.9 ± 13.8 307.4 ± 83.1

Body weight, fasting blood glucose levels, systolic and diastolic blood pressure, heart rate and plasma Ang II levels in 16 week control and db/db 
mice ± 4 week losartan treatment. Values are mean ± SEM;

#
p < 0.0001 vs. control;

*
p < 0.05 Los Control vs. Los db/db; n = 24 mice per group for blood glucose and body weight, n = 5 mice per group for blood pressure, n = 7–12 

for insulin levels, n = 7 for plasma Ang II levels. BG; blood glucose, SBP; systolic blood pressure, DBP; diastolic blood pressure.
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