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Abstract
Object—The obese Zucker rat (OZR) model of the metabolic syndrome is partly characterized by
moderate hypercholesterolemia in addition to other contributing co-morbidities. Previous results
suggest that vascular dysfunction in OZR is associated with chronic reduction in vascular nitric
oxide (NO) bioavailability and chronic inflammation, both frequently associated with
hypercholesterolemia. As such, we evaluated the impact of chronic cholesterol reducing therapy
on the development of impaired skeletal muscle arteriolar reactivity and microvessel density in
OZR and its impact on chronic inflammation and NO bioavailability.

Materials and Methods—Beginning at 7 weeks of age, male OZR were treated with
gemfibrozil, probucol, atorvastatin or simvastatin (in chow) for 10 weeks. Subsequently, plasma
and vascular samples were collected for biochemical/molecular analyses, while arteriolar
reactivity and microvessel network structure were assessed using established methodologies after
3, 6 and 10 weeks of drug therapy

Results—All interventions were equally effective at reducing total cholesterol, although only the
statins also blunted the progressive reductions to vascular NO bioavailability, evidenced by greater
maintenance of acetylcholine-induced dilator responses, an attenuation of adrenergic constrictor
reactivity, and an improvement in agonist-induced NO production. Comparably, while minimal
improvements to arteriolar wall mechanics were identified with any of the interventions, chronic
statin treatment reduced the rate of microvessel rarefaction in OZR. Associated with these
improvements was a striking statin-induced reduction in inflammation in OZR, such that
numerous markers of inflammation were correlated with improved microvascular reactivity and
density. However, using multivariate discriminant analyses, plasma RANTES, IL-10, MCP-1 and
TNF-α were determined to be the strongest contributors to differences between groups, although
their relative importance varied with time.

Send Correspondence to: Jefferson C. Frisbee, Ph.D. Center for Cardiovascular and Respiratory Sciences Department of Physiology
and Pharmacology Robert C. Byrd Health Sciences Center PO Box 9105 West Virginia University School of Medicine Morgantown,
WV 26505 Phone: (304) 293-6527 Fax: (304) 293-5513 jfrisbee@hsc.wvu.edu.

NIH Public Access
Author Manuscript
Microcirculation. Author manuscript; available in PMC 2012 April 24.

Published in final edited form as:
Microcirculation. 2009 November ; 16(8): 667–684. doi:10.3109/10739680903133722.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusions—While the positive impact of chronic statin treatment on vascular outcomes in the
metabolic syndrome are independent of changes to total cholesterol, and are more strongly
associated with improvements to vascular NO bioavailability and attenuated inflammation, these
results provide both a spatial and temporal framework for targeted investigation into mechanistic
determinants of vasculopathy in the metabolic syndrome.

Keywords
regulation of skeletal muscle perfusion; vascular remodeling; vascular reactivity; rodent models of
obesity; nitric oxide bioavailability; chronic inflammation

INTRODUCTION
Arising from a chronic hyperphagia which originates due to non-functional leptin receptor
gene and an impaired satiety reflex (5,23), the obese Zucker rat (OZR) rapidly develops
insulin resistance, hypertriglyceridemia and a moderate hypertension (43). Combined with
the parallel creation of a pro-thrombotic, pro-oxidant and pro-inflammatory environment,
OZR are considered to be an excellent model for the clinical condition termed the metabolic
syndrome (47). Associated with these systemic pathologies, we and others have defined
numerous impairments to microvascular structure and function in OZR which negatively
impact skeletal muscle perfusion, both under resting conditions (15,18,19), in response to
elevated metabolic demand (18,19,50,51), following recovery from vascular occlusion (15)
and during hemorrhage (16). Chronic treatment of the metabolic syndrome with exercise
(13,52) or of individual contributing elements through pharmacological intervention
(10,16,17,48) have resulted in improvements to microvascular outcomes, as well as to
perfusion responses within skeletal muscle (13,52), and have implicated potential
mechanisms through which these improvements may be manifested. Recently, results from
our laboratory have suggested that the chronic reduction in vascular nitric oxide (NO)
bioavailability that accompanies development of the metabolic syndrome in OZR is well
correlated with the severity of the reduction in skeletal muscle microvessel density (16).
Ongoing studies have also suggested that while this microvascular rarefaction is
hypertension-independent (17), exercise-based interventions that not only increase vascular
NO bioavailability, but also blunt the severity of the chronic inflammatory state in OZR,
may be an excellent predictor of the ability to prevent microvessel loss within the periphery
(13).

Within the metabolic syndrome in OZR is an elevation in plasma cholesterol levels that,
while consistent, is more moderate as compared to the profound elevations determined for
plasma triglycerides. Given the severity of many indices of vascular dysfunction in OZR, the
extent to which elevated plasma cholesterol contributes to these impairments in currently
unclear. However, treatment of hypercholesterolemia with 3-hydroxy-3-methylglutaryl
coenzyme A (HMG Co-A) reductase inhibitors (“statins”) has not only the well-documented
impact of lowering circulating plasma LDL and total cholesterol levels (21,35), but also has
been identified as having the beneficial impacts of increasing vascular NO bioavailability
(3,34) and blunting plasma markers of chronic inflammation (11,32,35). Notably, it has been
suggested that improvements to vascular function in human subjects or animals afflicted
with hypercholesterolemia may reflect these pleiotropic effects of statin therapy rather than
the direct impact of anti-cholesterol therapy itself (3,26,31). However, the extent to which
these reflect independent ameliorative effects or effects which are strongly correlated
remains unclear.

The purpose of the present study was to determine the impact of chronic anti-cholesterol
therapy on the temporal development of impairments to microvascular reactivity and
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network structure in skeletal muscle of OZR manifesting the metabolic syndrome. Further,
the present study also attempted to demonstrate differences in treatment effectiveness of
more recently developed statin medications as compared to traditional anti-cholesterol
medications that do not fall into this category. The tested hypothesis was that chronic
ingestion of anti-cholesterol therapies would better maintain microvascular structure and
function in OZR, although the benefit of these effects would be due to improvements in
vascular NO bioavailability and chronic inflammation, rather than effects on plasma
cholesterol per se.

MATERIALS AND METHODS
Animals

Male lean (LZR) and OZR (Harlan) fed standard chow and drinking water (see below) ad
libitum were housed at the West Virginia University Health Sciences Center and all
protocols received prior IACUC approval. At 6–7 weeks of age, LZR and OZR were divided
into five groups within each strain:

1. control (maintained on normal chow)

2. treatment with gemfibrozil [GEM; maintained on chow containing 50 mg/kg/d
gemfibrozil, a fibric acid derivative and PPARα agonist (24)],

3. treatment with probucol [PRO; maintained on chow containing 100 mg/kg/d
probucol, an agent which increases fractional rate of LDL catabolism during
cholesterol elimination. While probucol has moderate anti-oxidant properties, these
appear to be a function of the LDL reducing effects of the drug rather than direct
anti-oxidant effects (24)].

4. treatment with simvastatin [SIM: maintained on chow containing 20 mg/kg/d
simvastatin, a cholesterol lowering agent via potent inhibition of HMG Co-A
reductase (24,53), which also possesses anti-inflammatory properties associated
with improved NO bioavailability (12,26,28)].

5. treatment with atorvastatin [ATOR; maintained on chow containing 10 mg/kg/d
atorvastatin, a cholesterol lowering agent via potent inhibition of HMG Co-A
reductase (24,53), which also possesses anti-inflammatory properties associated
with improved NO bioavailability (4,25)]. The primary difference between SIM
and ATOR may be that SIM has a greater capacity to elevate HDL-C than ATOR
(9,24,28).

Rats were maintained on each of these groups for 3–4 weeks, 6–7 weeks or 10–11 weeks, at
which time animals were used for experimentation (at 10, 13 and 17 weeks of age,
respectively). On the day of the experiment, following an 8 hour fasting period, rats were
anesthetized with injections of sodium pentobarbital (50 mg/kg, i.p.), and received tracheal
intubation to facilitate maintenance of a patent airway. In all rats, a conduit artery was
cannulated for determination of arterial pressure and for infusion of supplemental anesthetic
and drugs, as necessary. Blood samples were drawn from the cannula for determination of
glucose and insulin concentrations (Linco) as well as cholesterol and triglyceride levels
(Waco). Plasma markers of inflammation were determined using commercially available
ELISA systems (Luminex; Linco).

Preparation of Isolated Skeletal Muscle Resistance Arterioles
In all rats, the intramuscular continuation of the right gracilis arteriole was removed and
cannulated (19). Within an individual group (above), vessels were divided into two sub-
groups following an equilibration period. Group 1 examined dilator responses, where

Goodwill et al. Page 3

Microcirculation. Author manuscript; available in PMC 2012 April 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



arteriolar reactivity was evaluated in response to application of acetylcholine (10−10 M –
10−5 M) and sodium nitroprusside (10−6 M) to assess reactivity to NO from both
endothelium-dependent and independent agonists, respectively. Subsequently, vessels were
treated with TEMPOL (10−4 M) to assess the contribution of vascular oxidant tone to
agonist-induced dilation. Group 2 examined constrictor reactivity, and mechanical responses
were determined following challenge with phenylephrine (10−10 M – 10−7 M).
Subsequently, vessels were treated with TEMPOL or L-NAME (10−4 M) to assess the
contribution of vascular oxidant tone and endothelium-dependent NO production to the
adrenergic constriction.

In all vessels, following the completion of the above procedures, the perfusate and
superfusate were replaced with Ca2+-free PSS and vessels were treated with 10−7 M
phenylephrine until all tone was abolished. At this time, intralumenal pressure within the
vessel was altered, in 20 mmHg increments, between 0 mmHg and 160 mmHg and the inner
and outer diameter of arterioles was determined at each pressure. These data were used to
calculate arteriolar wall mechanics which were used as indicators of structural alterations to
the microvessel wall (2,20).

Measurement of Vascular NO Bioavailability
From a cohort of rats within the oldest group (17 weeks of age), the abdominal aorta was
removed and vascular NO production was assessed using amperometric sensors (World
Precision Instruments). Briefly, aortae were isolated, sectioned longitudinally, pinned in a
silastic coated dish and superfused with warmed (37°C) PSS equilibrated with 95% O2 and
5% CO2. The NO sensor (ISO-NOPF 100) was placed in close apposition to the endothelial
surface and a baseline level of current was obtained. Subsequently, increasing
concentrations of methacholine (10−10–10−6 M) were added to the bath and the changes in
current were determined. To verify that responses represented NO release, these procedures
were repeated following treatment of the aortic strip with L-NAME (10−4 M).

Histological Determination of Microvessel Density
At the conclusion of all muscle perfusion protocols, the gastrocnemius muscle from the left
leg was removed, rinsed in PSS and fixed in 0.25% formalin. Muscles were embedded in
paraffin and cut into 5 μm cross sections. Sections were incubated with Griffonia
simplicifolia I lectin (Sigma), for subsequent determination of microvessel density (20,21).

Analyses of eNOS Expression and Activity
For determination of NOS expression, skeletal muscle arteries were homogenized and
proteins within the homogenate were separated under denaturing conditions on an 8% SDS-
polyacrilamide gel, after which proteins were transferred to a PVDF membrane and blocked.
Subsequently, blots were incubated with mouse anti-eNOS/NOS Type III mAb (BD
Transduction Laboratories), washed and incubated with appropriate horseradish peroxidase
conjugated secondary antibody. GE Healthsciences ECL advance kits were used to visualize
proteins. Additionally, in the oldest cohort of rats, the ascending and thoracic aorta, along
with non-cannulated carotid, femoral, saphenous and iliac arteries were removed and frozen
in liquid N2, for the subsequent determination of NOS activity using a commercially
available kit (Cayman).

Experimental Protocols
Initially, the right gracilis muscle resistance arteriole was removed for the evaluation of
vascular reactivity and passive mechanical characteristics of the vessel wall, described
above. Upon completion of these procedures, the right gastrocnemius muscle was removed,
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cleared of non-muscular tissue, and its mass was determined. This muscle was then used for
determination of microvessel density, as described above. Finally, the contralateral
gastrocnemius muscle was removed for tissue banking and the aortic and arterial segments
were removed for assessment of NO bioavailability and eNOS expression/activity, described
above.

Data and Statistical Analyses
Mechanical responses of isolated arterioles following challenge with acetylcholine or
phenylephrine were fit with the three-parameter logistic equation:

where y represents the change in arteriolar diameter, “min” and “max” represent the lower
and upper bounds, respectively, of the change in arteriolar diameter with increasing agonist
concentration, x is the logarithm of the agonist concentration and log ED50 represents the
logarithm of the agonist concentration (x) at which the response (y) is halfway between the
lower and upper bounds.

Data are presented as mean±SEM. Statistically significant differences in measured and
calculated parameters in the present study were determined using analysis of variance
(ANOVA). In all cases, Student-Newman-Keuls post hoc test was used when appropriate
and p<0.05 was taken to reflect statistical significance. For analyses of inflammatory
markers between groups, we employed discriminant techniques to eliminate the univariate
nature of ANOVA and issues of independent variable co-linearity which minimizes the
utility of regression techniques. Discriminant analyses are based on canonical correlation to
maximize differences between a priori identified experimental groups. Multiple variables are
arranged into structural equations based upon their ceteris paribus ability to distinguish those
group differences. These stepwise analyses result in a rank ordering of correlation
coefficients in terms of their significance for the establishment of differences between
groups. These produce a series of algebraic functions which explain the differences between
group centroids in the “x” dimension (Function 1), the “y” dimension (Function 2). Each
function explains a specific percentage of the variance between the group centroids.

RESULTS
Table 1 presents basic characteristics of animal groups within the present study. OZR were
consistently heavier than LZR, and this was not impacted by the anti-cholesterol therapies.
While OZR ultimately developed a moderate hypertension as compared to LZR, the
development of the elevated blood pressure was attenuated in OZR-SIM and OZR-ATOR
groups. Fasting glucose was elevated in all OZR versus age matched LZR after 10 weeks of
age, although glycemic control was improved in OZR-SIM and OZR-ATOR groups, as the
level of blood glucose was associated with reduced plasma insulin with increasing age. The
hypercholesterolemia in OZR was largely abolished as a result of the four anti-cholesterol
therapies, and there was a modest blunting of the hypertriglyceridemia as a result of the
PRO, SIM and ATOR treatments with age. Finally, plasma levels of nitrotyrosine were
elevated with age in OZR versus LZR, indicative of a chronic elevation in oxidant stress,
and this difference was blunted by chronic treatment with probucol, simvastatin and
atorvastatin.

The changes to skeletal muscle microvessel density with time in LZR and OZR, and the
impact of chronic treatment with the anti-cholesterol agents are summarized in Figure 1.
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Microvessel density was not significantly impacted by the evolution of the metabolic
syndrome at 7 weeks of age between LZR and OZR (Panel A), and as such, none of the
pharmacological treatments impacted this relationship. However, with increasing severity of
the metabolic syndrome over time, the degree of microvascular rarefaction was increased
between OZR and LZR (Panels B–D). Chronic treatment with GEM and PRO had minor
impacts on rarefaction in OZR, despite their effectiveness in reducing total cholesterol. In
contrast, chronic treatment with either SIM or ATOR was effective at delaying/blunting the
progression of microvascular rarefaction in OZR at 10, 13 and 17 weeks of age.

At both 7 (Panel A) and 10 weeks (Panel B) of age, regardless of experimental group, both
the arteriolar incremental distensibility and the circumferential stress versus strain
relationship (panel inset) was not different between LZR and OZR (Figure 2). However, in
both 13 week (Panel C) and 17 week (Panel D) old OZR, the slope coefficient describing
this parameter was significantly elevated in OZR as compared to LZR under control
conditions. While the anti-cholesterol therapies did not significantly impact this shift in the
stress versus strain relationship between arterioles of LZR and OZR at 13 weeks of age,
treatment with SIM or ATOR blunted this difference at 17 weeks of age, such that the slope
coefficients exhibited an intermediate phenotype between that for untreated LZR and OZR.

Data describing arteriolar dilation in response to challenge with acetylcholine and the impact
of acute treatment of vessels with TEMPOL on the upper bound of this relationship are
summarized in Figure 3. At 7 weeks of age, the acetylcholine-induced dilator reactivity of
resistance arterioles from LZR and OZR was comparable, regardless of experimental groups
(Panel A) and the impact of anti-oxidant treatment on this response was negligible (Panel
B). A similar situation is present at 10 weeks of age, although separation in the
acetylcholine-induced dilation of resistance arterioles, while not statistically significant
between LZR and OZR, is becoming apparent (Panel C). However, by 13 weeks of age
(Panels E and F), and even more evident at 17 weeks of age (Panels G and H),
acetylcholine-induced dilation was significantly reduced in OZR versus LZR, and this
separation was blunted by treatment with SIM and ATOR. The impact of TEMPOL
treatment on this response also began to demonstrate differences, as treatment of arterioles
from OZR and OZR-GEM with the anti-oxidant resulted in a significant improvement in the
upper bound of the acetylcholine-induced response. In all cases, treatment of vessels with L-
NAME abolished arteriolar responses to acetylcholine, and arteriolar dilation in response to
challenge with sodium nitroprusside was not different between groups (data not shown).

Regardless of the pharmacological intervention imposed, arterial expression of eNOS
between LZR and OZR did not demonstrate a consistent or significant difference between or
within the two strains. Further, there was no evidence of a consistent or significant impact of
age on eNOS expression between LZR and OZR (data not shown).

Figure 4 summarizes arterial eNOS activity and methacholine-induced NO production in the
oldest cohort of LZR and OZR under the conditions of the present study. At 17 weeks of
age, eNOS activity (Panel A) was not significantly different between LZR and OZR, and
treatment with the anti-cholesterol therapies was without consistent effect. Additionally,
methacholine-induced production of NO from arterial strips, assessed using amperometric
sensors, was attenuated in OZR versus LZR (Panel B), although chronic ingestion of SIM or
ATOR increased NO production in response to challenge with methacholine in OZR.

Data describing arteriolar constrictor responses in vessels from LZR and OZR following
challenge with phenylephrine under the conditions of the present study are summarized in
Figure 5. At 7 (Panel A) and 10 (Panel C) weeks of age, challenge with increasing
concentrations of phenylephrine produced similar arteriolar constrictor response in OZR
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versus LZR under control conditions, and this relationship was not impacted by any of the
anti-cholesterol therapies. Further, inhibition of eNOS enzymes with L-NAME had no
impact on these responses at either 7 weeks (Panel B) or 10 weeks (Panel D) of age.
However, by 13 weeks of age, OZR began to exhibit an increased constrictor response to
phenylephrine (Panel E), and this effect was even more pronounced at 17 weeks of age
(Panel G). This increased constrictor response was largely unaltered by chronic treatment
with GEM or PRO at either age, although chronic treatment with SIM and ATOR blunted
the augmentation to phenylephrine-induced constriction with age in OZR. Acute inhibition
of eNOS with L-NAME had no effect on the differences in phenylephrine-induced
constriction at 13 (Panel F) and 17 (Panel H) weeks of age between LZR and OZR under
control conditions or following chronic treatment with GEM, but attenuated the impact of
SIM and ATOR on moderating the increased adrenergic reactivity in OZR with age. Acute
application of phentolamine (10−5 M) abolished all arteriolar responses to phenylephrine
(data not shown).

Data describing the changes in plasma markers of inflammation across groups are
summarized in Table 2. As compared to marker concentration in LZR, OZR demonstrated
significant elevations in plasma concentrations of IL-1β, IL-6, IL-10, TNF-α, RANTES,
MCP-1 and VEGF between 7 and 17 weeks of age. In general, GEM treatment had a
minimal impact on these relationships in OZR, regardless of animal age, and PRO treatment
reduced the elevation in RANTES (regulated upon activation normal T-cell expressed and
secreted) at 17 weeks only. In contrast, treatment of OZR with SIM or ATOR altered levels
of all markers by 13 weeks of age, except VEGF, such that their plasma concentration was
significantly different from that in OZR under control conditions. Regardless of treatment,
plasma concentrations of VEGF were elevated in OZR versus LZR.

Figure 6 summarizes data from 17 week old animals from all experimental groups
correlating gastrocnemius muscle microvessel density with plasma total cholesterol (Panel
A) or vascular NO bioavailability (Panel B), with values from individual animals being
presented. As evident from Panel A, plasma total cholesterol is a poor predictor of
rarefaction and does not effectively explain the variability in muscle vascularity in the
present study. In contrast, NO bioavailability, estimated from the magnitude of the upper
bound from the three parameter logistic equation describing the acetylcholine concentration-
response curve for individual arterioles, was a much stronger predictor of muscle
vascularity, as this parameter explained almost 81% of the variability in vessel density in the
present study. This relationship is evident at other ages as well (data not shown).

Table 3 presents the results of stepwise discriminant analysis based on inflammatory marker
data across the experimental groups. These analyses suggest that, while most measured
markers of inflammation were well correlated with microvessel density and NO
bioavailability, IL-10 and MCP-1 were consistent contributors to differences not only across
the experimental groups, but also over time within individual groups. In contrast, plasma
RANTES levels became increasingly significant with time in terms of discriminating
between groups. Alternatively, plasma TNF-α, demonstrated an inverse relationship,
become less significant with time, to the point where it dropped out of the model entirely.
These data are presented graphically in Figure 7. Plasma levels of VEGF, IL-6 and IL-1β,
while well correlated with microvessel density based on univariate analyses did not
contribute to the ability to discriminate between groups, and as such are not presented in
Table 3.

The relationships between these identified markers, NO bioavailability and microvessel
density between 17 week old LZR and OZR is presented in Figure 8. RANTES (Panel A),
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IL-10 (Panel B), MCP-1 (Panel C), and TNF-α (Panel D) all demonstrate a strong
correlation with NO bioavailability and microvessel density across the animal groups.

DISCUSSION
As a contributing component to the metabolic syndrome, OZR develop moderate
hypercholesterolemia, in addition to other co-morbidities associated with this multi-
pathology state. While previous studies have suggested that elevated plasma cholesterol can
be associated with reduced capillary density (7,42) and blunted angiogenic responses
(36,45), it is presently unclear as to the contribution of inflammatory status in terms of
mediating these effects. Given this, the present study was designed to chronically treat OZR
with multiple mechanistically distinct anti-cholesterol therapies throughout the period in
which microvessel loss is established to better distinguish the role for plasma cholesterol in
terms of its contribution to skeletal muscle microvascular rarefaction, and the role of chronic
inflammation in this process.

The most immediate observation of the current study was that treatment of OZR with the
anti-cholesterol agents all resulted in a comparable reduction in hypercholesterolemia at
each age, despite mechanistically divergent routes of action. Probucol lowers cholesterol by
increasing the fractional rate of LDL catabolism in the metabolic pathway for cholesterol
elimination from the body, and may inhibit early stages of cholesterol biosynthesis (24).
Gemfibrozil, a fibric acid derivative, is a PPARα agonist and can reduce plasma LDL
through multiple routes, including cholesteryl ester transfer protein activity, an increased
binding affinity of LDL to its receptors, and an increased expression of hepatic LDL
receptors (24). Atorvastatin and simvastatin are HMG CoA reductase inhibitors, and as such
exert their anti-cholesterol actions via an inhibition of this rate limiting step in cholesterol
biosynthesis. This inhibition of hepatic cholesterologenesis results in an increased
expression of hepatic LDL receptors, and leads to lowered circulating cholesterol levels
(24,27).

Although each of these therapies was comparable in terms of efficacy in reducing plasma
total cholesterol, considerable divergence was evident for their ability to ameliorate
microvascular rarefaction and improve arteriolar reactivity. From a structural perspective,
despite reductions in total cholesterol, treatment with gemfibrozil (and to a lesser extent
probucol) had a minimal impact on blunting microvascular rarefaction with age in OZR. In
contrast, chronic statin therapy lessened the severity of rarefaction, such that microvessel
density assumed a level that, although reduced from LZR, was consistently improved versus
untreated OZR. This observation is intriguing in that recent studies have identified a
biphasic, lipid-independent, effect of chronic statin therapy on microvessel density.
Specifically, it may be that low-dose statin therapy is associated with a “pro-angiogenic”
environment through activation of Akt and increased NO bioavailability, whereas higher
statin doses can cause angiostatic effects which are potentially mediated through a decreased
protein prenylation and an inhibition of cell growth (4,37,39,49). With regard to mechanics
of the microvessel wall in OZR, an ameliorative effect was also identified, as the severe
reduction in wall distensibility in OZR was modestly attenuated as a result of chronic
ingestion of atorvastatin or simvastatin, with lesser impacts from probucol or gemfibrozil.
These results support those determined previously, as statin therapy has been effective in
reducing wall stiffness in hypercholesterolemia (38,40), although additional studies have
suggested that this effect may be independent of lipid profiles (44), and may better represent
the pleiotropic effects of statins on endothelial function or inflammatory status.

In our previous studies, we have provided evidence suggesting one of the main causative
mechanisms associated with microvascular rarefaction in OZR may be a chronic reduction
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in vascular NO bioavailability (16). The present results support this hypothesis, as both
vascular reactivity to acetylcholine (Figure 3) and methacholine-induced NO production
(Figure 4) were improved with statin therapy in OZR. Further, when data from an age cohort
of animals are summarized, an index of vascular NO bioavailability (upper bound of the
acetylcholine concentration-dilator response relationship) was a strong predictor of
gastrocnemius muscle microvessel density (Figure 6).

The increased vascular NO bioavailability as a result of chronic atorvastatin or simvastatin
treatment was also evident with regard to phenylephrine-induced constrictor reactivity.
Specifically, the increased constrictor response of arterioles of OZR (versus LZR) in
response to adrenergic stimulation was not impacted by chronic anti-cholesterol therapy
with gemfibrozil. However, chronic treatment of OZR with atorvastatin, simvastatin or
probucol blunted the upper bound of this response, although responses were still increased
versus those in LZR. This may have been due to an increased vascular NO bioavailability, as
acute application of L-NAME, while having minimal impact on phenylephrine-induced
arteriolar constriction in OZR (±gemfibrozil), increased the upper bound of this relationship
in OZR treated with either of the other three agents. These data clearly suggest that chronic
treatment with anti-cholesterol agents of the “statin” family will increase the vascular NO
bioavailability (and reduce vascular oxidant stress) in OZR, and that this relationship can
impact both vascular reactivity (both dilator and constrictor) and microvascular network
structure.

One of the profound implications for hypercholesterolemia is the genesis of an elevated state
of inflammation (8,29,30), that can be associated with evolution of peripheral vasculopathy
(34,41,46). While inherent in the treatment of hypercholesterolemia is a reduction of plasma
cholesterol, amelioration of inflammation, and improved outcomes, a key observation from
the present study was that although each treatment was effective in reducing cholesterol in
OZR, there was a considerable disparity in terms of these other processes. In the OZR model
of the metabolic syndrome, we (13) and others (1,33) have clearly demonstrated an elevated
state of inflammation and that specific markers of inflammation can be strongly correlated
with vascular outcomes (positively or negatively, depending on marker and outcome). As
the metabolic syndrome is, by definition, composed of multiple pro-inflammatory
pathologies (8), changes in multiple markers of inflammation between groups were each
significant (Table 2). Further, given that indices of microvascular dysfunction were also
tightly associated with animal group, as well as NO bioavailability and inflammatory state
severity, significant correlations were also determined between individual markers of
inflammation and specific indices of vascular dysfunction. While interesting from a
conceptual standpoint, these results are largely uninformative with respect to evaluating
mechanistic bases of inflammation-induced vascular dysfunction in OZR. Further, additional
insight cannot effectively be gleaned from multivariate regression techniques, as the
independent variables (i.e., markers of inflammation) demonstrate a greater co-linearity
amongst themselves than with an outcome (e.g., microvessel density).

As a result, we incorporated the use of discriminant analyses (Figure 7 and Table 3), a
classification technique for evaluating how multiple variables contribute to differences
between experimental groups and one which is specifically designed for accurate hypothesis
development. These analyses result in a rank ordering of ceteris paribus correlation
coefficients in terms of significance for the establishment of differences between groups.
The beneficial impact of discriminant analyses is that through a series of iterations, we are
able to identify which parameters are most significant, and also which parameters are
significant only because they operate through the magnitude of others. As an example, while
results from ANOVA or regression suggest that IL-1β or IL-6 are correlated with low NO
bioavailability, they suffer from considerably co-linearity with other predictive markers,
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limiting their utility. In contrast, discriminant analyses suggests that these markers may be
less important than RANTES, MCP-1, IL-10, and TNF-α, and may not directly contribute to
differences between LZR and OZR under control conditions and following chronic anti-
cholesterol therapy. These parameters identified from discriminant analyses can be used for
the more targeted model development and future hypothesis testing. It is important to
emphasize that these procedures do not result in an identification of the four key markers
contributing to vasculopathy in the metabolic syndrome. Rather, given the limited data set
employed in the present study, these analyses indicate how four markers, each of which
demonstrates a strong univariate association with the vascular outcomes vary over time in
terms of their ability to discriminate an outcome between experimental groups. With
ongoing study and the inclusion of additional discriminating elements, the results of these
procedures will change, although the ultimate goal is the convergence on a more stable
predictive model with increasing iterations.

One of the interesting observations of the present study was while chronic treatment with the
anti-cholesterol agents reduced total cholesterol in OZR to levels that were comparable to
that in LZR, treatment with either of the two statin medications had the additional benefit of
also reducing mean arterial pressure and improving glycemic control (i.e., insulin
sensitivity) as well as providing a modest lowering of the hypertriglyceridemia in OZR.
Given that the statin medications were also the most effective in terms of improving
microvascular outcomes in the present study, it may be that the combination of these
associated beneficial impacts of statin therapy on the other contributing pathologies of the
metabolic syndrome in OZR also represented substantial mediators of the improvement to
microvascular function. While an appealing possibility, the current data only allow for
speculation on this hypothesis, as additional control experiments would be required to
evaluate the role for these additional elements. However, this is an area of investigation that
may warrant additional investment.

In summary, while development of moderate hypercholesterolemia in OZR is associated
with impaired microvascular function, chronic treatment of elevated cholesterol levels does
not per se result in a significant improvement to poor outcomes. Rather, only anti-
cholesterol treatments that improved vascular NO bioavailability and attenuated the chronic
inflammation in OZR (statins) were successful in improving microvascular and perfusion
outcomes, suggesting that total plasma cholesterol itself may be a poor predictor of vascular
outcomes in this model. Chronic inflammation, when combined with vascular NO
bioavailability, may be far stronger than total cholesterol as a predictor of vascular
dysfunction, and the implementation of discriminant analyses for changes to the
inflammatory profile may reflect a more informative means through which future
experiments may be designed.
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Figure 1.
Data (mean±SEM) microvessel density within skeletal muscle of LZR and OZR at 7 weeks
(Panel A), 10 weeks (Panel B), 13 weeks (Panel C) and 17 weeks (Panel D) of age.
Microvessel density data are presented under control conditions and following chronic
treatment of OZR with the anti-cholesterol therapies: gemfibrozil, probucol, simvastatin or
atorvastatin. Microvessel density was determined using fluorescence microscopy following
labeling of microvessel with Griffonia simplicifolia I lectin (please see text for details). *
p<0.05 vs. LZR; † p<0.05 vs. OZR.
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Figure 2.
Data (mean±SEM) describing incremental distensibility and the slope (β) coefficients from
circumferential stress versus strain relationships (inset panels) of skeletal muscle arterioles
of LZR and OZR at 7 weeks (Panel A), 10 weeks (Panel B), 13 weeks (Panel C) and 17
weeks (Panel D) of age. Arteriolar wall mechanics data are presented control conditions and
following chronic treatment of OZR with the anti-cholesterol therapies: gemfibrozil,
probucol, simvastatin or atorvastatin. * p<0.05 vs. LZR; † p<0.05 vs. OZR.
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Figure 3.
Data (mean±SEM) describing skeletal muscle arteriolar dilation in response to increasing
concentrations of acetylcholine of LZR and OZR under control conditions and following
chronic treatment of OZR with gemfibrozil, probucol, simvastatin or atorvastatin. Data area
presented as paired panels, with the left panels summarizing the concentration-response
relationship, and the right panel presenting the contribution of oxidant stress in terms of
impacting acetylcholine-induced dilation where the change in the upper bound of this
relationship is shown following treatment of the arteriole with TEMPOL. Data are presented
for animals at 7 weeks (Panels A/B), 10 weeks (Panels C/D), 13 weeks (Panels E/F) and 17
weeks (Panels G/H) of age. * p<0.05 vs. LZR; † p<0.05 vs. OZR.
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Figure 4.
Vascular eNOS activity (Panel A; presented as the % arginine conversion), and
methacholine-induced NO bioavailability (Panel B; where data present the slope of the
relationship between vascular NO production and methacholine concentration, nM/log M
methacholine) in LZR and OZR at 17 weeks of age. Data (presented as mean±SEM) are
summarized for LZR and OZR under control conditions and following chronic treatment of
OZR with gemfibrozil, probucol, simvastatin or atorvastatin. * p<0.05 vs. LZR; † p<0.05 vs.
OZR.
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Figure 5.
Data (mean±SEM) describing skeletal muscle arteriolar constriction in response to
increasing concentrations of phenylephrine in LZR and OZR under control conditions and
following chronic treatment of OZR with gemfibrozil, probucol, simvastatin or atorvastatin.
Data area presented as paired panels, with the left panels summarizing the concentration-
response relationship, and the right panel presenting the contribution of vascular nitric oxide
production in terms of impacting phenylephrine-induced constriction where the change in
the upper bound of this relationship is shown following treatment of the arteriole with L-
NAME. Data are presented for animals at 7 weeks (Panels A/B), 10 weeks (Panels C/D), 13
weeks (Panels E/F) and 17 weeks (Panels G/H) of age. * p<0.05 vs. LZR; † p<0.05 vs.
OZR.
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Figure 6.
The relation between plasma total cholesterol level (Panel A), or a proxy variable for NO
bioavailability (upper bound of the acetylcholine dose-response relationship; Panel B), and
microvessel density from the different animals in the present study. Each animal used in the
study, across the experimental groups is presented in this figure. The inset text presents the
linear regression equation that best fits these data and the degree to which that equation
explains the variability in the data.
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Figure 7.
Summary plot for the results of the discriminant analyses in the present study. These results
provide the functions 1 and 2 (presented in Table 3) which contribute the majority (>90%)
of the differences between the experimental groups at each age. Specifically, RANTES,
IL-10, MCP-1 and TNF-α play the greatest role in terms of establishing differences between
LZR (light blue), OZR (green), and OZR under the four treatment conditions of the present
study; gemfibrozil (grey), probucol (purple), simvastatin (orange) and atorvastatin (red). The
centroids for each group are presented in the dark blue squares.
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Figure 8.
Relationships between the four most significant markers of inflammation (identified using
discriminant analyses; please see text for details), vascular NO bioavailability, and
gastrocnemius muscle microvessel density for animals in the present study. Data are
presented for RANTES (Panel A), IL-10 (Panel B), MCP-1 (Panel C), and TNF-α (Panel
D), and the same color coding is used as in Figure 4; LZR (light blue), OZR (green), and
OZR+GEM (grey), OZR+PRO (purple), OZR+SIM (orange) and OZR+ATOR (red).
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