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Abstract

The inability to augment capillary blood volume (CBV) in response to insulin or glucose is
thought to contribute to insulin resistance (IR) by limiting glucose uptake in key storage sites.
Understanding the mechanisms that contribute to impaired CBV augmentation early in the onset
of IR may lead to new future therapies. We hypothesized that inactivity alters the balance of
vasoactive eicosanoids and contributes to microvascular IR. In ten activity-restricted (AR) and six
normal-activity (NA) adult male rhesus macaques, contrast-enhanced ultrasound of skeletal
muscle blood flow and CBV was performed at baseline and during intravenous glucose tolerance
test (IVGTT). Plasma was analyzed for vasoconstrictor hydroxyeicosatetraenoic acids (HETES)
and the ratio of vasodilatory epoxyeicosatrienoic acids (EETS) to their less biologically active
dihydroxyeicosatrienoic acids (DHETS) as an indirect measure of soluble epoxide-hydrolase (SEH)
activity. AR primates were IR during IVGTT and had a 45% lower glucose-stimulated CBV
response. Vasoconstrictor 18-HETE and 19-HETE and the DHET/EET ratio were markedly
elevated in the AR group and correlated inversely with the CBV response. Additionally, levels of
18-HETE and 19-HETE correlated directly with microvascular IR. We conclude that a shift
towards increased eicosanoid vasoconstrictor tone correlates with abnormal skeletal muscle
vascular recruitment and may contribute to IR.

INTRODUCTION

In healthy subjects, euglycemic hyperinsulinemia and carbohydrate-rich meals increase
skeletal muscle blood flow through insulin receptor signaling and activation of endothelial
nitric-oxide synthase.1~8 This response leads to an increase in capillary blood volume (CBV)
and a higher functional capillary surface area, which in-turn facilitates insulin-mediated
glucose uptake.l: 68 Insulin resistance (IR) and obesity limit the insulin-mediated expansion
of CBV, which is thought to contribute to reduced glucose uptake.8-10 Furthermore, we have

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

Address correspondence to: Scott M. Chadderdon, MD, Knight Cardiovascular Institute, UHN 62, Oregon Health & Science
University, 3181 SW Sam Jackson Park Road, Portland, OR 97239, P — (503) 494-8750, F — (503) 494-8550, chadderd@ohsu.edu.

Conflict of Interest
There are no conflicts for any of the authors of this study.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chadderdon et al.

Page 2

demonstrated that inactivity, in the absence of obesity, reduces the CBV response to a
glucose challenge and strongly correlates with the degree of IR.11

Vasoactive compounds other than nitric-oxide are thought to participate in the metabolic
regulation of CBV. Metabolism of arachadonic acid through cytochrome P-450 enzymes
produce epoxyeicosatrienoic acids (EETSs), a family of endothelial-derived vasodilators that
can influence skeletal muscle blood flow.11-15 These vasodilatory EETs are converted by
soluble epoxide hydrolase (SEH) enzymes to less biologically active dihydroxyeicosatrienoic
acids (DHETS).1* Inhibitors of SEH have been shown to increase skeletal muscle blood flow
and CBV and to improve insulin sensitivity.12 13.15.16 Alternative metabolism of
arachadonic acid through separate cytochrome P-450 enzymes produce the vasoconstrictors
18, 19, and 20-hydroxyeicosatetraenoic acids (HETES) that are associated with
hypertension.17: 18 While we have previously shown that the concentration of 14,15-EET
may be suppressed in inactive and IR primates,!! little is known about HETEs and measures
of sEH activity in regulating skeletal muscle blood flow and their contribution to IR in a
non-human primates. We hypothesized that an imbalance in vasoactive arachadonic acid
metabolites toward a more vasoconstrictive pattern in activity-restricted IR primates would
correlate with abnormal CBV response to glucose and measures of IR.

SUBJECTS AND METHODS

This study was approved by the Animal Care and Use Committee of the Oregon National
Primate Research Center and conform to the Guidelines for the Care and Use of Laboratory
Animals published by the National Institutes of Health. Sixteen adult male rhesus macaques
(Macaca mulatta) 9-12 yrs of age were studied. Ten animals were activity-restricted for a
mean of 6 years in single-cage housing and the remaining six animals that formed the
normal-activity cohort were group-housed in 1-acre corrals. All animals were fed standard
chow diet (Fiber-Balanced Monkey Diet) and underwent the following procedures as
previously described: (1) intravenous glucose tolerance test (IVGTT) for calculation of
insulin area-under-the-curve (AUC) concentration and the homeostatic-model of IR
(HOMA-IR), (2) dual X-ray absorptiometry for assessment of lean muscle mass and truncal
fat percentage, (3) flow-mediated vasodilation for nitric-oxide bioavailability, (4) contrast-
enhanced ultrasound of the skeletal muscle for resting and glucose-stimulated peak skeletal
muscle blood flow and CBYV, and (5) calculation of the microvascular IR index as the change
in insulin concentration divided by the peak CBV (A insulin/CBV) achieved during the
IVGTT.1 Plasma samples were analyzed by liquid-chromatography/mass spectrometry for
freely circulating EETSs cis-regioisomers (14,15-EET, 11,12-EET, 8,9-EET), their
corresponding SEH metabolites (14,15-DHET, 11,12-DHET, 8,9-DHET), and for HETEs
(18-HETE, 19-HETE, and 20-HETE). See supplementary section for details. The ratio of
vasodilatory EETS to their less biologically active DHETs (DHET/EET) was assessed as
indirect measure of SEH activity.

Statistical Analysis

Data were analyzed by Prism (v5.0, GraphPad Software, Inc.) and are expressed as + SE.
Parametric data were analyzed with unpaired student’s #test and Pearson’s product test for
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correlations. Non-parametric data were analyzed with Mann-Whitney-U test and Spearman’s
Rho values for correlations. One-phase decay equations were used to fit curvilinear
associations. Investigators were not blinded to the cohort allocation.

Compared to the normal-activity cohort, activity-restricted primates were similar in age,
weight, lean muscle mass, and truncal fat % (Table 1). Although basal insulin and HOMA-
IR were not significantly different between groups, the activity-restricted group was IR as
indicated by elevated insulin AUC concentration (Table 1).

On contrast-enhanced ultrasound imaging under basal/fasting conditions there was a trend
for lower skeletal muscle microvascular blood flow and a significantly lower CBV in the
activity-restricted versus normal-activity primates (Table 1). During the IVGTT, there was a
reduction in the microvascular response to the glucose bolus in the activity-restricted group
manifest by a lower peak microvascular blood flow that was attributable to a lower peak
CBYV (Table 1). The microvascular IR index was nearly 6-fold higher in activity-restricted
primates.

The endothelial-derived eicosanoid vasodilators (8,9-EET, 11,12-EET, and 14, 15-EET) as
well as the mean concentration of these vasodilators tended to be higher in the normal-
activity primates but was not different between the two cohorts (Table 1). Conversely, each
of the DHETS regio-isomers was elevated in the activity-restricted cohort and the combined
average of the DHETSs metabolites were significantly elevated compared to the normal-
activity primates (Table 1). The overall production of vasodilatory eicosanoids, assessed as
the sum of all EETs and DHETS regio-isomers, was not different between the normal-
activity (845 £ 79 pg/mL) and the activity-restricted primates (1026 + 141 pg/mL) p=0.25,
suggesting that the increase in DHETS concentrations were not due to an increased
production of vasodilatory eicosanoids. As such, the DHET/ETT ratio was assessed as an
indirect measure of sEH activity. Each of the DHET/EET ratios was elevated in the activity-
restricted cohort and the average DHET/EET ratio was significantly elevated (Table 1)
suggesting an up-regulation of sEH activity. The eicosanoid vasoconstrictor concentrations
of 18-HETE,19-HETE, and 20-HETE were elevated in the activity-restricted primates,
though significant elevations were noted in 18 and 19-HETE (Table 1).

The eicosanoid vasoconstrictors 18, 19, and 20-HETE and the DHET/EET ratio all
correlated inversely with the peak CBV during IVGTT (Figure 1). Conversely, both 18-
HETE and 19-HETE correlated linearly with the microvascular IR index (Figure 1).
Although brachial artery FMD was significantly reduced in the activity-restricted cohort
(Table 1), suggesting reduced nitric-oxide bioavailability, no correlations were noted with
microvascular blood flow or measures of IR.

DISCUSSION

Eicosanoids are endothelial-derived vasoactive substances that can influence skeletal muscle
blood flow and functional capillary recruitment.1> Dynamic changes in CBV are thought to
be important for facilitating skeletal muscle glucose uptake.5: 15 Our hypothesis that
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eicosanoid-mediated changes in CBV influence glucose handling are based on findings that
sEH inhibitors improve blood glucose concentrations, modulate CBV, and ameliorate IR in
small animal models of disease.12 1516 The purpose of this study was to examine the
arachadonic acid derived vasodilator and vasoconstrictor pathways in concert with skeletal
muscle blood flow in a primate model of IR produced by inactivity. Our data indicate that
elevated eicosanoid vasoconstrictors (18,19, & 20-HETE) and the indirect measurement of
SEH activity (elevated DHET/EET ratio) are contributors in the pathophysiology of impaired
capillary recruitment and microvascular IR in lean activity-restricted primates. Furthermore,
this study supports the notion of a reflexive shift between reduced physical activity and
alterations in vascular tone as a potential pathophysiologic link between reduced activity,
impaired microvascular capillary function, and IR.11. 17, 19,20

We studied a subset of ten activity-restricted primates that were part of a larger cohort of
activity-restricted animals in which we first demonstrated that inactivity, in the absence of
obesity, limits the CBV response to a glucose challenge and correlates with the degree of
IR.11 In this original report, a complete assessment of all vasoactive arachadonic acid
metabolites was not performed. It was the initial finding of a lower concentration of 14,15
EET that lead us to a more complete evaluation of EETs, DHETS, and HETEs and their
relationship to CBV and microvascular IR. Thus, a full evaluation of arachadonic acid
vasoactive metabolites was performed in ten out of the original thirteen primates previously
described in which there was a sufficient amount of plasma available to complete testing.
The plasma samples were tested for freely circulating ETTs, DHETS, and HETEs. However,
it should be noted that these vasoactive metabolites can be esterified and reincorporated into
membrane phospholipid pools with future release into the circulation through phospholipase
activity. Thus, circulating concentrations of these metabolites do not reflect the complete
vasoactive eicosanoid pool .18

An important limitation of the study is that we have not provided mechanistic proof that
HETES or an altered DHET/EET ratio are responsible for abnormal CBV responses or
contribute to IR. Instead, we have provided compelling evidence for a relationship between
elevated vasoconstrictors to a reduced CBV and elevated degree of microvascular IR.
Additionally, we have provided evidence for relationship between an elevated DHET/ETT
ratio as an indirect marker of sEH activity with reduced CBV. These relationships support
the notion that a shift in vasoactive arachadonic acid metabolites towards a more
vasoconstrictive profile limit functional capillary recruitment and contribute to vascular IR.
Further long-term studies will be needed to understand the pathophysiologic consequences
that may arise in the mediators of microvascular tone and the impact they have on skeletal
muscle capillary function during the development of obesity.

In summary, we have found that IR with inactivity shifts the plasma eicosanoids to a more
vasoconstrictive profile and these findings may lead to new therapeutic vascular targets for
the treatment of IR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Endothelial Derived Vasodilators and Vasoconstrictors in Normal Activity and Activity Restricted Primates

Normal Activity  Activity Restricted

(N=6) (N =10)
Age, yr 10.1+05 9.9+0.2
Weight, Kg 11.5+0.9 11106
Lean muscle mass, Kg 34+04 3.7x0.6
Truncal Fat, % 234+39 195+29
Basal Glucose, mg/dL 7 58+2 ¥
Basal Insulin, plU/mL 11+2 17+3
HOMA-IR 19+04 2405
Insulin AUC, plU/mLxmin 2225 + 300 4271 +812 ¥
Resting Blood Flow, mL/min/g 0.83+0.14 0.62+0.21
Resting CBV, mL/g 0.074 £0.014 0.045 + 0.009 ¥
Peak Blood Flow, mL/min/g 255+0.7 122+033
Peak CBV, mL/g 0.122 +0.017 0.067 +0.012 *
Microvascular IR Index 347 +15 1986 + 561 *
8, 9-EET, pg/mL 63+2 66+ 8
11, 12-EET, pg/mL 82+6 79+9
14, 15-EET, pg/mL 199 + 56 141 10
Average EETs, pg/mL 115+ 23 95+9
8, 9-DHET, pg/mL 73+6 119+ 31
11, 12-DHET, pg/mL 183+ 19 285 + 63
14, 15-DHET, pg/mL 245+21 336+46 *
Average DHETS, pg/mL 167 +19 247 +327
8, 9-DHET/ETT ratio 1.2+0.1 19+04
11, 12-DHET/ETT ratio 23+04 41+10
14, 15-DHET/ETT ratio 16+03 25+0.3
Average DHET/EET ratio 1.7+£0.2 28+04
Brachial Artery FMD, % 9.8+23 47+13%
18-HETE, pg/mL 518 + 183 4673+ 1138 *
19-HETE, pg/mL 269 + 42 1041 + 215 *
20-HETE, pg/mL 497 £ 116 559 + 142

Abbreviations: IR, insulin resistance; AUC, area under the curve concentration; FMD, flow mediated vasodilation; EETs, DHETSs, HETES, see text.

*
p <0.05.
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