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Abstract Little is known about the impact of type 2 dia-
betes mellitus (DM) on coronary arteriole remodeling. The
aim of this study was to determine the mechanisms that
underlie coronary arteriole structural remodeling in type 2
diabetic (db/db) mice. Passive structural properties of septal
coronary arterioles isolated from 12- to 16-week-old diabetic
db/db and control mice were assessed by pressure myogra-
phy. Coronary arterioles from 12-week-old db/db mice were
structurally similar to age-matched controls. By 16 weeks
of age, coronary wall thickness was increased in db/db
arterioles (p < 0.01), while luminal diameter was reduced
(control: 118 £ 5 pm; db/db: 102 £ 4 um, p < 0.05),
augmenting the wall-to-lumen ratio by 58% (control:
5.9 + 0.6; db/db: 9.5 + 0.4, p < 0.001). Inward hypertro-
phic remodeling was accompanied by a 56% decrease in
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incremental elastic modulus (p < 0.05, indicating decreased
vessel coronary wall stiffness) and a ~30% reduction in
coronary flow reserve (CFR) in diabetic mice. Interestingly,
aortic pulse wave velocity and femoral artery incremental
elastic modulus were increased (p < 0.05) in db/db mice,
indicating macrovascular stiffness. Molecular tissue analysis
revealed increased elastin-to-collagen ratio in diabetic cor-
onaries when compared to control and a decrease in the same
ratio in the diabetic aortas. These data show that coronary
arterioles isolated from type 2 diabetic mice undergo inward
hypertrophic remodeling associated with decreased stiffness
and increased elastin-to-collagen ratio which results in a
decreased CFR. This study suggests that coronary micro-
vessels undergo a different pattern of remodeling from
macrovessels in type 2 DM.

Keywords Vascular complications - Type 2 diabetes -
Coronary flow - Remodeling - Matrix

Introduction

Type 2 diabetes mellitus (DM) is associated with cardio-
vascular complications including stroke, coronary artery
disease and end-organ damage [9, 58]. Studies in both
human and experimental type 2 DM demonstrate changes
in blood vessel structure and function that underlie reti-
nopathy, nephropathy, coronary artery disease, myocardial
infarction and stroke. Both micro- and macro-vasculopa-
thies underlie these complications [9]. Although alterations
in large vessel function have been relatively well studied,
much less is known about the impact of type 2 DM on
resistance arterioles, especially coronary microvessels.
Most studies have been performed in the aorta, renal, and
mesenteric resistance beds, which are likely to respond in a
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vascular bed-specific manner due to distinct patterns of
receptor expression, redox-sensitive cascades, and
mechanical properties [5, 21, 31, 50]. Studies focusing on
coronary arterioles in type 2 DM or obesity have reported
endothelial dysfunction, impaired vascular reactivity, and
altered endothelial permeability resulting in defects in
flow-induced dilation and increased myogenic tone [2, 3, 6,
7, 18, 30, 32, 39].

Increasing evidence indicates that in addition to
impaired function, structural remodeling of the blood
vessel is an important determinant of microvessel function
[20, 33]. Within the myocardium, changes in coronary
arteriole structure can lead to decreased cardiac perfusion,
reduced coronary flow reserve (CFR) and exacerbation of
myocardial ischemia and injury. Evidence from clinical
and experimental studies shows that CFR in diabetic
patients is reduced, which can lead to ischemic events
when faced with increased myocardial demand during
exercise or exertion [34, 36, 56]. It is well known that
diabetics have twice the risk of heart disease-related death
due to complications such as myocardial infarction [9, 22].
Clinical analysis of post-mortem cardiac samples also
demonstrated increased medial thickness of coronary
arterioles in type 2 DM patients [45].

The overall pattern of vessel wall remodeling depends
on cellular and molecular mechanisms dictating vascular
wall composition and these processes have not been
extensively studied in diabetic coronary arterioles. Vessel
remodeling results from dynamic changes in structural and
cellular components of the vessel wall and involves chan-
ges in vascular smooth muscle cell (VSMC) growth,
extracellular matrix (ECM), and cell-ECM interactions.
The impact of these processes on lumen diameter depends
upon the type of remodeling. Eutrophic remodeling
involves the reorganization of existing cells and tissue,
resulting in either a reduced (inward) or increased (out-
ward) lumen diameter, but no change in VSMC growth or
vessel cross sectional area (CSA) [33]. On the other hand,
hypertrophic remodeling results from an increase in VSMC
growth or vessel CSA and can either be inward or outward
[20, 33]. The goal of the present study was to determine
whether type 2 DM impacts coronary arteriole structural
remodeling and CFR.

Methods

Mouse model

Experiments were performed on 12- and 16-week-old male
homozygous diabetic (db/db, BKS.Cg-m+/+Lepr™/J) and

age-matched heterozygote non-diabetic (control, BKS.Cg-
m~+/+Lepr™/T) mice obtained from Harlan Laboratories
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(Indianapolis, IN). The db/db mouse develops overt obesity
and type 2 DM by 6-8 weeks of age, and therefore is a
suitable model for these studies [10, 26]. Heterozygous
mice were used as controls, since our preliminary studies
indicated that coronary arterioles isolated from these mice
were not morphologically or physiologically different from
wild type mice, C57BLKS/J (data not shown). Mice were
housed under a 12-h light/dark cycle at 22°C and 60%
humidity. They were allowed ad libitum access to water
and standard laboratory mouse chow. This study was
conducted in accordance with National Institutes of Health
Guidelines and was approved by the Institutional Animal
Care and Use Committees of Louisiana State University
Health Sciences Center and The Research Institute at
Nationwide Children’s Hospital.

Glucose measurements

Mice were fasted for 8 h during the light cycle and blood
was drawn from the tail vein. Blood glucose was measured
using the Accu-Chek Advantage meter (Roche, Indiana-
polis, IN).

Blood pressure measurements by telemetry

Mice were anesthetized using 2% isoflurane, vaporized
with 100% oxygen. The right common carotid artery was
isolated and cannulated with a blood pressure catheter
connected to a radio telemetry transmitter (Model #PA-
C10, Data Sciences, St. Paul, MN). Data collection began
following the return of normal diurnal blood pressure cycle
(7-10 days post surgery). Arterial pressure was monitored
in conscious, freely moving mice. Data were collected
using Transoma Medical Dataquest acquisition software
(Data Sciences, St. Paul, MN) and was recorded for 10 s
every 15 min for a total of 4 weeks at 250 Hz. Data were
averaged over 24 h periods.

Preparation of coronary arterioles

Mice were anesthetized using 2% isoflurane, vaporized
with 100% oxygen. The heart was excised and dissected in
4°C physiologic salt solution (PSS) composed of the fol-
lowing (in mM): 130 NaCl, 4 KCl, 1.2 MgSQOy, 4 NaHCOs,
10 HEPES, 1.2 KH,PO,, 5 glucose, and 2.5 CaCl, at pH
7.4. Septal coronary arterioles (<120 pm 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, Burling-
ton, VT). One vessel was isolated per animal. Prior to any
measurements, vessels were equilibrated for 30 min under
constant intraluminal pressure (50 mmHg) at 37°C in PSS.
Internal diameter and left and right wall thickness (WT)
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were continuously monitored by a video image analyzer
and data were recorded using WinDaq Lite (Dataq Instru-
ments, Akron, OH) acquisition software.

Measurements of coronary arteriole structure
and passive mechanical properties

All experiments were performed in Ca**-free PSS in the
presence of 2 mM EGTA and 100 pM sodium nitroprus-
side. A passive pressure-diameter curve was generated by
increasing intraluminal pressure from 10 to 125 mmHg,
and left and right wall thickness and internal diameters (D;)
were recorded at each pressure. This range of pressure
encompasses the physiological range in these animals in
vivo (see Table 2). The following structural and mechan-
ical parameters were calculated:

External diameter (D.) = D; + (2 x WT)

Wall/lumen ratio = (WT/D;) x 100

Cross sectional area (CSA) = n (D2 — D?)/4
Remodeling index = 100 x ((D))c — (D})remodel)!
((D))c — (Dy)q), where (D;)c and (D;)q are the lumen
diameters of the control and diabetic vessels, respec-
tively, and (D;)emoder T€presents the remodeled lumen.
(Diremodet = (D)g — 4CSAJm)'"2, where (De)q is the
external diameter of the diabetic vessels and the CSA. is
the CSA of the control vessels.

Growth index = (CSAc — CSAL)/CSAC
Circumferential stress (o) = (P x D;)/(2WT), where
P is pressure in dynes per square centimeter, D; is the
internal diameter for a given intraluminal pressure and
WT is the wall thickness for a given intraluminal
pressure.

Circumferential strain (¢) = (D; — Dy)/Dy, where Dj is
the internal diameter for a given intraluminal pressure
and D is the reference diameter measured at 10 mmHg
of intraluminal pressure.

Young’s elastic modulus (E) = stress (o)/strain (¢) was
used to determine arterial stiffness. However, since the
stress—strain relationship is non-linear we also obtained
the tangential or incremental elastic modulus (Ej,.), or
simply the slope of the stress—strain relationship (i.e.
Ac/Ag).

Coronary blood flow (CBF)

CBF was measured non-invasively with a high-frequency,
high-resolution ultrasound unit (Vevo2100, Visual Sonics,
Toronto, Canada) equipped with a 30 MHz probe, at
baseline and under conditions of maximum flow (hyper-
emia). Doppler measurement of the left anterior descending
artery (LAD) diameter and flow were performed under a
modified four chamber view. 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 mea-
sure maximal coronary flow [23-25, 54]; alternatively we
used adenosine infusion to elicit maximal hyperemic flow.
Following baseline and 3% isoflurane-induced maximal
CBF measurements, a 4-min intravenous infusion of
adenosine (0.14 mg/kg min) in the tail vein was performed
to compare the two methods using the same animal.
Maximal CBF was measured during the third minute of
adenosine infusion [53]. Data were analyzed offline by one
observer to eliminate inter-observer variability. CBF was
calculated using the equation:

CBF (mL/min) = ((n/4) x D? x VTI x HR)/1,000 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 heart rate.

Coronary Flow Reserve (CFR) = CBFj,yperemia/ CBFoaseline
where CBFyyperemia 18 the coronary flow measured during
either 3% isoflurane administration or adenosine infusion.

Vascular morphology and vascular wall cell counts

In a subset of animals (n = 6 per group), hearts were
perfusion fixed at a constant pressure (gravity-fed) with
60 mM KCl-buffered formalin. Paraffin-embedded hearts
were sectioned (5-6 pm) for morphology (H&E staining)
and VSMC nuclei were counted and averaged by two
blinded individuals. For immunohistochemical detection of
smooth muscle cells, anti-a-smooth muscle actin (1:500
dilution, Sigma) was used (4°C overnight). For secondary
labeling goat anti-mouse Alexa-Fluor (1:1,000 dilution,
Invitrogen, Carlsbad, CA) was used and sections were
mounted and counter stained using Vectashield with DAPI
(Vector Laboratories, Burlingame, CA).

RNA isolation and quantitative PCR analysis

In a separate group of mice, coronary arterioles were iso-
lated from 15 to 20 control or db/db mice (16 weeks of age),
pooled and snap frozen in liquid nitrogen for a total of
n =5 per group. Due to extremely small tissue size and
limited availability, pooling of the coronary arterioles was
required to obtain sufficient amounts of RNA for only a few
targets. Aortas were isolated from 6 control or 6 db/db mice
(16 weeks of age). Total RNA was prepared from coronary
arteriole pools or from single aorta using the Qiagen Micro
Array kit according to manufacturer’s instructions (Qiagen,
Germantown, MD). Briefly, tissue was thawed in Qiazol
reagent, then disrupted at 4°C by repeated sonication.
Aqueous phases were removed following chloroform
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addition and centrifugation, and RNA was isolated on mini
spin columns. An on-column DNAse digestion was per-
formed as per instructions. All samples were eluted with
nuclease-free water and RNA quantitated using a nano-drop
spectrophotometer (Thermo, Waltham, MA). One micro-
gram total RNA for each sample was reverse transcribed
using the Fermentas RevertAid kit and protocol. Equivalent
control reactions lacking reverse transcriptase were also
performed. Quantitative PCR reactions were performed
in duplicate using primer/universal probe sets designed via
the Roche Applied Science website (https://www.roche-
applied-science.com/sis/rtpcr/upl/index; see Table 1). All
PCR reactions (25 pl) were performed on an Eppendorf
Mastercycler ep realplex in opaque 96-well plates (Abgene,
Epsom, United Kingdom) using the equivalent of 50 ng
starting RNA, 200 nM forward and reverse primer, 250 nM
probe and 1x Maxima Probe/ROX qPCR master mix
(Fermentas, Glen Burnie, MD). Amplification parameters
were as follows: 95°C, 10 min (x1); 95°C, 15s, 60°C,
1 min (x40). Ct values were determined after normalizing
thresholds and allowing for drift correction. Relative
expression was determined using the DDC(T) methodology
[44] normalizing to 60S ribosomal protein L13a (RPL13a).

Aortic pulse wave velocity

In another subset of mice (n = 5 per group), mice were
anesthetized with 2% isoflurane and two mikro-tip pres-
sure catheters (1F, Millar Instruments, Huston, TX) were
inserted into the carotid and femoral arteries and advanced
into the thoracic and abdominal aorta, respectively. After
a 30-min equilibration period, blood pressure from each
catheter was simultaneously recorded using LabScribe 2

Table 1 PCR primers

software (iWORX, Dover, NH) and the time delay
between the thoracic and abdominal aorta pressure
waveforms was measured at the start of systole in four
consecutive cardiac cycles. The distance between the two
mikro-tip catheter transducers was carefully measured
after sacrifice using 4-0 silk. Pulse wave velocity (PWYV)
was calculated by dividing the distance between catheter
transducer tips by the time delay between pulse waves
(represented in cm/ms).

Statistics

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 repeated measures ANOVA followed by a post-hoc
Bonferroni test. All other measurements were analyzed
using an unpaired Student’s ¢ test using Prism 5.0
(GraphPad, LaJolla, CA).

Results

Body weight, blood glucose, blood pressure and heart
rate measurements

At both 12 and 16 weeks of age, db/db mice had signifi-
cantly higher body weight and fasting blood glucose
compared to controls (Table 2). Diastolic and systolic
blood pressures and heart rate were not significantly dif-
ferent between control and db/db mice at 16 weeks of age
(Table 2).

Target NCBI accession # Forward primer Reverse primer Roche universal probe #
Elastin NM_007925 getgatectcttgetcaace gggaactccaccaggaagtc 64
Col lal NM_007742 acctaagggtaccgetgga gagctccagcttctccatctt 18
Rpll3a NM_009438 tcectgetgetctcaagg gceccaggtaagcaaactt 41
Table 2 Body weight, fasting blood glucose, blood pressure, and heart rate

12 weeks 16 weeks

Control db/db p value Control db/db p value
Body weight (g) 301 49 + 1 0.0001 33+£1 50 +2 0.0001
Fasting blood glucose (mg/dl) 122 + 4 388 £+ 25 0.0001 121 £ 6 394 £+ 50 0.0001
Systolic blood pressure (mmHg) - - - 128 £ 5 128 £ 3 >0.05
Diastolic blood pressure (mmHg) - - - M £5 99 £+ 4 >0.05
Heart rate (beats per min) - - - 435 £ 22 469 + 17 >0.05

Values are mean = SEM, p < 0.0001 db/db versus control, ¢ test, n = 24 mice per group for blood glucose and body weight, n = 6 mice per

group for blood pressure and heart rate
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Septal coronary arteriole structure

We first examined passive coronary arteriole structure in
12-week db/db mice, a time point at which endothelial
dysfunction has been reported [2, 18]. There were no sig-
nificant differences in internal diameter, wall thickness,
wall-to-lumen ratio, or medial CSA between control and
diabetic mice at 12 weeks (Table 3). However, arteriole
remodeling was evident in a 16-week db/db mice compared
to age-matched controls. The structure of coronary arteri-
oles at 16 weeks is depicted by H&E staining (Fig. 1).
Passive vascular structural properties and mechanics were
studied by progressively increasing intraluminal pressure.
Using this method, luminal diameter was significantly
reduced in db/db mice (n = 10) compared to controls
(n = 8) over a range of pressures (Fig. 2a) while wall
thickness was significantly increased (Fig. 2b). The media-
to-lumen ratio was greater in db/db mice (Fig. 2c¢) and
there was a trend toward an increase in medial CSA that
did not reach statistical significance (Fig. 2d, p = 0.09).

Remodeling index, growth index, and vascular wall
cell number

We determined the type of remodeling occurring in the
diabetic coronary arterioles by two different indices,
remodeling and growth, and by quantifying the number of
VSMCs within the vascular wall. We observed both an
increase in the remodeling index and the growth index,
which are represented as % change compared to control
mice (Fig. 3a). In addition, db/db mice had an increased

Table 3 Passive structural measurements of 12-week mice

Control db/db p value

Internal lumen (pum)

50 mm Hg 110 £ 6 94 +5 >0.05

75 mmHg 116 £ 6 101 £6 >0.05

100 mmHg 122+ 6 106 £ 6 >0.05
Wall thickness (pm)

50 mm Hg 8+1 8+1 >0.05

75 mmHg 7£1 7£1 >0.05

100 mmHg 7+£1 7+£1 >0.05
Wall/lumen

50 mm Hg 7.6 £ 0.7 8.8 £ 0.6 >0.05

75 mmHg 6.4+ 0.7 73+ 0.6 >0.05

100 mmHg 5.7+0.6 6.7 + 0.7 >0.05
Medial CSA (um?)

50 mm Hg 3059.2 £+ 346.2 2688.2 + 410.9 >0.05

75 mmHg 2862.7 £+ 318.0 2547.3 £+ 386.6 >0.05

100 mmHg 2745.8 + 309.4 2507.5 4+ 394.4 >0.05

Values are mean £ SEM, n = 8 mice per group

Control

Fig. 1 Hematoxylin and eosin-stained sections of septal coronary
arterioles from 16-week control (a) and db/db (b) mice at x60
magnification. Coronary artery structural remodeling was evident in
16-week-old db/db mice. Representative of n = 4 mice per group

number of VSMCs within the vascular wall, which was
normalized to the medial CSA to account for the amount of
material in the vessel wall (Fig. 3b).

Septal coronary arteriole mechanics

We furthered assessed vascular wall mechanics by com-
paring the stress—strain curves for diabetic and control
coronary arterioles. The stress—strain curve calculated from
diabetic coronary arterioles was shifted to the right com-
pared to control arterioles (Fig. 4a), indicating decreased
arterial wall stiffness. Direct calculations of Ej,. over a
range of physiological pressures, a geometry-independent
measurement, confirmed the reduction in arterial stiffness
as indicated by the stress—strain curve in db/db coronary
arterioles (Fig. 4b).

Coronary blood flow

CBF was recorded at baseline (1% isoflurane) and at
hyperemia-induced maximal flow (using either 3% isoflu-
rane or adenosine infusion, Fig. 5a). We observed signifi-
cant decreases in both basal and maximal hyperemic CBF
in diabetic mice (Fig. 5b). Accordingly, db/db CFR was
significantly reduced with isoflurane or adenosine admin-
istration (Fig. 5c¢).

Macrovascular stiffness measurements

Aortic stiffness was measured in 16-week db/db (n = 5)
and control (n = 5) mice by measuring PWV using two
pressure catheters placed in the thoracic aorta and the
abdominal aorta. Compared to control, db/db aorta showed
increased PWV confirming increased aortic macrovascular
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stiffness (Fig. 6a, b). In addition, using pressure myogra-
phy, femoral stiffness was increased as indicated by Ej,.
over a range of physiological pressures from 75 to
125 mmHg (Fig. 6¢).

mRNA expression of elastin and collagen I in coronary
arterioles and aorta

qtPCR analysis was used to examine the expression profiles
of elastin and Alpha-1 typel collagen (collal). Elastin
mRNA expression was significantly increased in septal
coronary arterioles of 16-week diabetic mice compared to
age-matched controls (n =5 of 6-10 pooled coronary
arterioles for each group). Conversely, collal was
unchanged in the coronary arterioles isolated from diabetic
mice (Fig. 7a). Interestingly, we observed a decrease in
elastin mRNA with no change in collal in diabetic aorta
(n =6 for each group) by mRNA analysis (Fig. 7b),
indicating a decrease in the elastin-to-collagen type 1 ratio.

Discussion

This study is the first to report that diabetic coronary
arterioles in db/db mice undergo inward hypertrophic
remodeling at 16 weeks of age that is associated with
reduced coronary vessel wall stiffness and reduced maxi-
mal CFR in vivo. Conversely, aortic PWV in the same
diabetic animals were accelerated and E;,. in femoral

@ Springer

arteries was increased. Both of these indices indicate
increased stiffness of large conduit arteries in db/db mice.
Collectively, these results document a unique pattern of
vessel remodeling in the diabetic coronary microvascula-
ture that differs from macrovessels such as that of the aorta
and femoral artery, shown in this and other studies [46, 48].
This distinct pattern of microvascular remodeling was
accompanied by changes in the elastin-to-collagen ratio: an
increase in elastin expression in coronary arterioles,
decreased elastin expression in the aorta, and no changes in
collagen type 1 in either vascular bed.

There have been virtually no studies of vessel structure
in coronary arterioles in type 2 DM. Traditionally, studies
in this vascular bed focus on altered vasoreactivity and
function [3, 30]. Endothelial dysfunction is an early indi-
cator of vascular complications associated with type 2 DM
[13, 14] and results, in part, from decreased nitric oxide
bioavailability [38, 40]. Endothelial dysfunction in coro-
nary arterioles from db/db mice occurs as early as
12 weeks [2, 7, 18, 39]. Bagi et al. [2] demonstrated
endothelial dysfunction and impaired endothelium-depen-
dent vasodilation in db/db mice at 12 weeks, while Zhang’s
group documented a role for TNF-o, protease-activated
receptor-2 (PAR-2) and the NAD(P)H oxidases in diabetic
coronary arteriole dysfunction [18, 39].

Clinical and experimental studies examining type 2 DM-
induced vascular remodeling are limited to non-coronary
vascular beds, such as conduit arteries or small peripheral
arteries. Rizzoni et al. [42] demonstrated hypertrophic
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Fig. 3 Increased remodeling index and decreased growth index of
isolated coronary arterioles under physiological pressures of 75, 100
and 125 mmHg (a). These indices are calculated as a percent over the
averaged control; thus only db/db values are plotted and statistics are
not performed. Coronary arteriole wall cell numbers were increased in
db/db coronary arterioles when compared to control. Formalin fixed
(constant gravity-fed perfusion) hearts were stained with o-smooth
muscle actin and counter stained with DAPI. Cells with positive
staining for both o-smooth muscle actin and DAPI were counted and
then normalized to medial cross sectional area. Cumulative data from
n = 4 (b).Values are mean £ SEM, *p < 0.05 versus control

remodeling (increased wall thickness and wall-to-lumen
ratio) of small arteries isolated from gluteal biopsies of
diabetic patients. Conversely, Crijns et al. [12], reported
outward remodeling (increased lumen diameter without a
change in medial-CSA) in rat mesenteric resistance arteries

A Stress/Strain
2.0%10%¢ 1
<
§ 1.5%10% -
=
i 1.0x10°¢ 4
0
8
5 5.0x10%5 —e— Control
-e- db/db
0.0 T T "
0.0 0.1 0.2 0.3
Strain (AD/D,)

Fig. 4 Decreased stress/strain relationship and stiffness of coronary
arterioles isolated from 16-week db/db versus control. The db/db
stress/stain curve was shifted to the right and the slope was reduced

Incremental Elastic

of STZ-treated rats. Other studies of small arteries from
type 2 DM animals revealed disparate results, including
hypertrophic remodeling, decreased lumen diameter, or
increased distensibility with no net growth [1, 42, 45]. We
observed eutrophic outward remodeling in db/db mesen-
teric resistance arterioles (Souza-Smith et al., manuscript
submitted). Thus, it is likely that the type of vessel
remodeling in response to type 2 DM is unique to each
vascular bed, and may be ultimately dependent upon the
local hemodynamic, neurohormonal, and inflammatory
environment.

Our studies show that diabetic coronary arterioles dis-
play a distinct pattern of inward hypertrophic remodeling at
16 weeks defined by a decrease in lumen diameter and
increases in wall thickness and the wall-to-lumen ratio.
Although the increase in medial CSA did not reach sta-
tistical significance, the 28% increase in growth index and
the 62% increase in remodeling index are consistent with
inward hypertrophic remodeling. The increase in wall
thickness may be partially explained by an increased
number of medial VSMCs. This overall pattern of inward
hypertrophic remodeling is reminiscent of that observed in
hypertensive small resistance arteries [27]. However, since
there was no change in arterial blood pressure between db/
db and control mice at 16 weeks, the observed coronary
artery remodeling is blood pressure independent. This
finding is in agreement with a recent study be Schofield
et al. [45] demonstrating that small arteries obtained from
type 2 DM patients exhibited both an increased wall
thickness and wall-to-lumen ratio that were not further
increased in a subset of diabetic patients with hypertension.

We next determined whether the structural remodeling
of the diabetic coronary arterioles was associated with
changes in the passive mechanical properties of the vessel
wall. Circumferential wall stress was decreased in db/db
coronary arterioles, which resulted from increased wall
thickness. Surprisingly, the diabetic coronary arterioles
were less stiff, as measured by E;,. and the stress—strain

B Incremental Elastic Modulus
2.5x1074
m
2.0x1074
% X
< 1.5x1074
174
2 1.0x1074
3
3 === 0
é 5.0x106 g __-==="" -e Control
o © db/db
0 T T T T
50 75 100 125

Luminal Pressure (mmHg)
indicating decreased vascular wall stiffness (a). In addition, incre-

mental elastic modulus was significantly reduced in db/db coronary
arterioles (b). Values are mean = SEM, **p < 0.01 versus control
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Fig. 5 Representative pulse
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Fig. 6 Aortic pulse wave velocities were measured in vivo using two
pressure catheters, one placed in the thoracic aorta and one in the
abdominal aorta. Representative tracings from each pressure catheter
demonstrate the time delay between the thoracic and abdominal
pressure tracings (a). Aortic pulse wave velocities were calculated by
dividing the distance between the pressure catheters (cm) by the time

relationship. These findings are contradictory to that
observed in diabetic macrovessels such as the aorta and
carotid arteries where diabetes-induced collagen modifi-
cations lead to increased vascular wall stiffness [41]. Our
findings are in agreement with those reported in small

@ Springer

delay (s) and were increased db/db mice when compared to controls
(b). Increased stiffness of femoral arteries isolated from 16-week db/
db versus control. Incremental elastic modulus calculated over a range
of pressures (75-125 mmHg) was significantly increased in db/db
femoral arteries (c).Values are mean = SEM, *p < 0.05 versus
control

arteries (from subcutaneous gluteal biopsies) from hyper-
tensive patients in which decreased stiffness was demon-
strated by a decreased elastic modulus [27]. A similar
pattern of stiffness was also reported in cerebral arterioles
from hypertensive rats [4].
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Type 2 DM in the db/db model is due to leptin receptor
(IepR) deficiency. Leptin signaling promotes VSMC
growth in vitro [47] and deficiencies in either leptin or its
receptor limit neointimal growth following arterial injury
[8]. However, we observed both increased medial thickness
(Fig. 2b) and VSMC number (Fig. 3b) in db/db coronary
arterioles, suggesting that VSMC growth occurred despite
leptin receptor deficiency. We cannot rule out the possi-
bility that the decreased mechanical stiffness was second-
ary to leptin receptor defects. To address this concern, we
used in vivo aortic PWV as a clinically relevant index of
aortic stiffness. Aortic PWV was increased in db/db aorta,
indicating increased wall stiffness (Fig. 6a, b). In addition,
using pressure myography, E;,. was increased in diabetic
femoral arteries (Fig. 6¢). Since conduit artery stiffness has
been routinely reported in both animal models of diabetes
and human diabetic patients, these results indicate that type
2 DM rather than LepR deficiency is responsible for the
distinct changes in mechanical properties between macro-
vessels versus microvessels in db/db mice. This conclusion
is further supported by preliminary studies in the leptin-
LepR-independent Ossabaw pig type 2 DM model, in
which we also observed inward hypertrophic coronary
arteriole remodeling and reduced mechanical stiffness
(Trask et al., unpublished observations).

The exact molecular mechanisms that regulate these
distinct differences in remodeling and mechanical proper-
ties are unknown. In general, changes in passive biome-
chanical properties of the vessel wall and vessel stiffness
are determined by the content and composition of the ECM
(collagen, elastin) and in VSMC function (see Stehouwer
and Ferriera [49] for a comprehensive review). Alterations
in fibronectin, elastin, and profibrotic regulatory molecules
and matrix regulating enzymes influence overall vessel
stiffness. ECM remodeling is influenced by both hemody-
namic forces as well as extrinsic factors, such as hyper-
glycemia, renin-angiotensin system (RAS), cytokines and
growth factors [57]. Both processes are dictated by a
complex interplay between growth factors, vasoactive
agents, increased reactive oxygen species (ROS) produc-
tion, and advanced glycation end-products (AGEs) [20]. It
is likely that the net impact of these processes may differ in

coronary versus non-coronary arterioles. For example,
coronary VSMC have much higher proliferative and
migratory properties compared to femoral artery VSMC
[28, 35].

In the present study, we were able to reliably measure
two mRNA targets (elastin and collagen) from pooled
coronary arterioles despite very limited amounts of tissue.
Accordingly, we found that decreased coronary arteriole
stiffness was associated with an increase in the ratio of
elastin-to-collagen mRNA expression, while increased
aortic stiffness was associated with a decreased ratio of
elastin-to-collagen mRNA expression. Since we observed
no differences in collagen type 1 mRNA expression
between db/db and control mice in either vascular bed, the
changes in the ratio reflect reciprocal changes in elastin.
Conversely, Garcia and Kassab reported concomitant
increases in both elastin and collagen in stiffer right cor-
onary conduit arteries in pigs subjected to right ventricular
hypertrophy, although a disproportionate increase in col-
lagen reduced the elastin-to-collagen ratio by about half
[19]. The small amount of tissue obtained from coronary
arterioles (<1 pg per vessel) prevented us from performing
a more comprehensive analysis of the ECM protein
expression. However, it is generally accepted that there is a
direct correlation between steady-state elastin mRNA lev-
els and elastin protein synthesis and secretion [17, 29, 43,
51]. It is possible that elastin degradation [16] or post-
transcriptional repression through microRNA [37] could
lead to a discrepancy between mRNA and protein levels. It
is also likely that AGE-dependent collagen cross-linking
contributes to increased arterial stiffness in the aorta and
femoral artery, as shown by Levy’s group [55]. Although
beyond the scope of the present manuscript, future pro-
teomic studies will allow us to more fully identify the
molecular mechanisms that wunderlie vessel-specific
remodeling.

While this structural remodeling is blood pressure
independent, it is possible that myocardial mechanics
affect the passive structural and biomechanical properties
of coronary arterioles. Unlike surface coronary arteries,
septal arterioles are embedded in cardiac muscle and,
therefore, undergo repeated mechanical compression with

@ Springer



1132

Basic Res Cardiol (2011) 106:1123-1134

each beat of the heart. During diastole the myocardial
effect on the coronary arteries is small. However, West-
erhof et al. [52] describes two mechanisms during systole
to explain how the contracting myocardium affects the
coronary microvasculature: (1) during systole the con-
tracting myocardium increases ventricular pressure, which
increases intramyocardial pressure, which compresses the
vasculature; (2) during contraction, cardiac muscle fibers
shorten and increase their width, which affects the vascu-
lature by reducing vessel lumen diameter due to com-
pression. Due to this increased extravascular pressure and
myocardial contraction during systole, blood flows through
the coronary circulation primarily during diastole. Kassab
et al. demonstrated that the local mechanical environment
of the left ventricle (i.e. increased loading and increased
intramyocardial pressure) resulted in differences in coro-
nary vessel medial thickness [11]. Moreover, left ventri-
cular diastolic stiffness is increased in db/db mice, largely
due to increased AGE-dependent collagen cross-linking
(Stewart et al., manuscript submitted). Since intravascular
pressure (blood pressure) was not different between control
and db/db mice, as measured by radio telemetry, and db/db
coronary arterioles are exposed to higher extravascular
forces from the stiffer myocardium, it is tempting to
speculate that the inward hypertrophic remodeling and
increase in wall thickness occurs as an attempt to normalize
transmural wall stress. In other words, the decreased
stiffness may occur to buffer the effects of greater extra-
vascular pressure in type 2 diabetic hearts, to limit medial
wall stress. In this scenario, the increased VSMC number
would not only decrease wall stress by increasing medial
thickness but also by deceasing stiffness since VSMC are
considered to be more distensible than collagen [27].

To determine the functional significance of coronary
arteriole remodeling, we directly measured basal and max-
imal CBF by non-invasive transthoracic high-frequency
pulse wave Doppler imaging. Although fluorescence
microspheres are the gold standard for quantitatively mea-
suring flow [53], more recently, non-invasive imaging by
Doppler is used to measure both basal and maximal CBF
over time in the same animal without the requirement of
taking reference blood samples or insertion of catheters for
microsphere delivery (see [23] for a recent review). Two
different methods were used to achieve maximal hyperemia,
adenosine infusion and a transient increase in isoflurane
(1-3%); both methods yielded similar values in maximal
CBF. Since both methods are independent of endothelial
function, it is unlikely that changes in flow-mediated dila-
tion account for the difference between groups. Moreover,
our values obtained for CBF are in keeping with previous
reports [24, 54]. We observed a significant reduction in basal
CBF in diabetic mice, and there was a significant decrease in
maximal CBF in db/db mice, suggesting vascular
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impairment at maximum dilation. Direct calculations of
CFR using maximal hyperemic and basal CBF revealed a
significant impairment in CFR in diabetic mice. While basal
CBF is regulated by a variety of factors including metabolic,
myogenic, and endothelial cell-mediated mechanisms,
maximal CBF is largely dependent on total coronary resis-
tance which is the sum of both passive (structural) and active
(smooth muscle tone) components [15]. We cannot rule out
potential effects of cardiac contraction on microcirculatory
resistance, although these effects have been reported to be
minimal during diastole [52]. Since we did not simulta-
neously measure pressure and flow, we were unable to
directly assess the contribution of pulse pressure to the
changes in CFR. Taken together, our results suggest a good
correlation between coronary arteriole structural remodeling
and reduced CBF and CFR.

In summary, our data show inward hypertrophic
remodeling of coronary arterioles isolated from 16-week
type 2 diabetic mice that is associated with a decrease in
vascular wall stiffness and reduced CBF and CFR. Future
studies are necessary to determine the molecular mecha-
nisms that account for these changes in microvascular
remodeling as well as the relative contribution of neuro-
hormonal agents, inflammation, hyperglycemia and insulin
resistance in coronary remodeling.

Clinical perspective

Coronary artery disease is a common vascular complication
of type 2 DM and a leading cause of morbidity and mortality.
Although atherosclerosis and altered vasoreactivity are
hallmarks of macrovascular and microvascular disease,
respectively, little is known about the impact of structural
remodeling on CBF and perfusion. Using leptin receptor
deficient type 2 diabetic mice, we demonstrate that diabetic
coronary arterioles undergo a unique pattern of structural
remodeling that results in a decrease in luminal diameter and
vessel stiffness that correlate with reduced CFR. These
results raise the possibility that passive structural remodel-
ing may contribute to the higher incidence of myocardial
infarction and myocardial ischemia in type 2 diabetics [22].
We also document increased aortic flow velocities and
increased femoral artery Ej,., confirming that increased
stiffness of large conduit arteries were typically found in
diabetic patients. This may imply that current therapeutic
strategies aimed at reduced arterial stiffness may not be
optimal for treating the coronary microvasculature.
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