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The inability of insulin to increase skeletal muscle capillary
blood volume (CBV) reduces glucose uptake in insulin
resistance (IR). We hypothesized that abnormalities in
endothelial-derived vasodilator pathways are temporally
associated with the development of IR and an impaired
ability to increase skeletal muscle CBV. A comprehen-
sive metabolic and vascular screening assessment was
performed on 10 adult rhesus macaques at baseline and
every 4–6 months for 2 years after starting a high-fat diet
supplemented with fructose. Diet changes resulted in an
80% increase in truncal fat by 4 months. Hyperinsulinemia
and decreased glucose utilization were observed from 4
to 18 months. At 24 months, pancreatic secretory func-
tion and the glucose utilization rate declined. CBV at rest
and during an intravenous glucose tolerance test de-
monstrated a sustained increase from 4 to 18 months and
then abruptly fell at 24 months. Nitric oxide bioavailabil-
ity progressively decreased over 2 years. Conversely,
endothelial-derived vasodilators progressively increased
over 18 months and then abruptly decreased at 24
months in concert with the CBV. The increase in basal
and glucose-mediated CBV early in IR may represent a
compensatory response through endothelial-derived va-
sodilator pathways. The inability to sustain a vascular com-
pensatory response limits glucose-mediated increases in
CBV, which correlates with the severity of IR.

In healthy subjects, increases in serum insulin within and
above the physiologic range increase skeletal muscle blood
flow (1). This response is mediated primarily through insulin
receptor signaling and Akt-mediated activation of endothe-
lial nitric oxide (NO) synthase (eNOS) (2–4). The resulting

increase in NO production leads to changes in precapillary
arteriolar tone and a rapid expansion in the number of
capillaries perfused.

Insulin-mediated capillary recruitment is important for
increasing the vascular surface area for insulin and glucose
delivery and subsequent muscle glucose uptake (5–7). Tech-
niques capable of quantifying skeletal muscle blood flow and
capillary blood volume (CBV) have indicated that insulin-
mediated capillary recruitment is impaired in obesity and
insulin resistance (IR) (8–10). Vascular IR, defined as im-
paired insulin-induced phosphorylation of Akt and eNOS,
has been shown to precede the onset of skeletal muscle
and hepatocellular IR in models of diet-induced obesity
(11). Together, these findings suggest that abnormalities
in vascular function could represent an early link between
obesity and IR.

There remain unanswered questions regarding the caus-
ative link between obesity, microvascular dysfunction, and
IR. Importantly, the temporal course of abnormal skeletal
muscle capillary function has not been defined in clinically
relevant models of obesity. Furthermore, the effect of a high-
fat diet (HFD) on NO bioavailability and the endothelial-
derived hyperpolarizing factors (EDHF) in the epoxyeicosa-
trienoic acid (EET) family of metabolites may have
significant physiologic contributions because they have been
implicated in regulating skeletal muscle CBV (8,12). In this
study, we hypothesized that impairments in skeletal muscle
microvascular blood flow and CBV associated with diet-
induced IR in nonhuman primates would coincide with
alterations in NO-mediated vasodilation and EDHFs, in-
cluding cytochrome P450–derived EETs, soluble epoxide-
hydrolase–derived dihydroxyeicosatrienoic acids (DHETs),
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and lipoxygenase-derived 12- and 15-hydroxyeicosatetraenoic
acids (HETEs) (13–15).

RESEARCH DESIGN AND METHODS

Primate Study Design
The study was approved by the Oregon National Primate
Research Center Animal Care and Use Committee at
Oregon Health & Science University and conformed to
the U.S. Department of Agriculture and the Association
for Assessment and Accreditation of Laboratory Animal
Care guidelines for nonhuman primate care. Ten adult male
rhesus macaques (Macaca mulatta), 9–11 years of age, were
studied while on a standard diet composed of 58% carbohy-
drates, 27% protein, and 15% fat by caloric content. Animals
were restudied at 4, 8, 12, 18, and 24 months after starting
an HFD consisting of 46% carbohydrates, 18% protein, and
36% fat by caloric content and supplemented with a 100-g
fructose drink four times weekly. During follow-up, two
animals were removed from the protocol after 18 months
to fulfill alternative studies.

The following tests were performed at each interval:
intravenous glucose tolerance test (IVGTT), DEXA, venous
blood samples for plasma EETs, DHETs, and HETEs, brachial
artery flow-mediated vasodilation (FMD), and contrast-
enhanced ultrasound (CEU) skeletal muscle perfusion imaging
at rest and during a glucose challenge to assess functional
capillary recruitment.

A separate cohort of five obese primates (126 1.5 years)
underwent an additional 2-day study protocol after 33 6 8
months on the HFD. On day 1, CEU skeletal muscle perfu-
sion was performed at rest and during a glucose challenge.
On day 2, CEU skeletal muscle perfusion studies were re-
peated during a fluconazole infusion to inhibit endothelial
production of EETs and HETEs (16–18).

For all protocols, primates were studied after an over-
night fast. Telazol (5 mg/kg i.m.) was used for sedation
during IVGTTs and DEXA scans. Ketamine (10 mg/kg i.m.)
and isoflurane (1.0–1.5%) were used for sedation and anes-
thesia during ultrasound studies.

IVGTT
After an overnight fast, animals received dextrose (600
mg/kg i.v.) over 1 min. Venous blood samples were obtained
at 0, 1, 3, 5, 10, 20, 40, and 60 min after dextrose injection
for measurement of blood glucose (FreeStyle; Abbott Labo-
ratories) and plasma insulin concentration (Immulite
2000; Siemens Medical Systems). The 1-hour IVGTT and
glucose dose was based on extensive experience with this
algorithm in rhesus macaques (19–21). The following pa-
rameters were obtained from the IVGTT: 1) HOMA-IR =
(basal glucose mg/dL 3 basal insulin mIU/mL)/405; 2)
0–60 min insulin area under the curve (AUC) concentration;
3) acute insulin response (AIR) = 1–10 min average in-
sulin concentration; and 4) glucose disappearance rate (KG) =
(Ln [20 min glucose] – Ln [5 min glucose]/15 min 3
100%) as a parameter for insulin sensitivity (21,22). In-
sulin AUC and KG data have been previously reported

(20). From the IVGTT, a disposition index (DI) was calcu-
lated as AIR 3 KG. Previous studies using the AIR and
various measures of insulin sensitivity to calculate the DI
have been shown to predict the development of type 2
diabetes in high-risk groups (23).

DEXA
Body composition was assessed by DEXA (Discovery A;
Hologic, Inc.) to obtain lean mass and fat mass. Percent-
age of truncal fat was calculated as (truncal fat mass/total
truncal mass). Body weight and percentage of truncal fat
data have been previously reported (20).

Plasma Lipids, HbA1c, and Eicosanoid Metabolites
Venous blood samples were collected under anesthesia for
fasting plasma lipids and HbA1c, as previously reported
(20). Separate plasma samples were obtained, and liquid-
chromatography/mass spectrometry was performed for
EETs cis-regioisomers (14,15-, 11,12-, and 8,9-EET), their
corresponding hydrolyzed DHETs (14,15-, 11,12-, and
8,9-DHET), and HETEs (12-, 15-, 18-, 19-, and 20-HETE).

FMD
FMD of the brachial artery was performed to assess NO
bioavailability and has been previously reported (20).

Skeletal Muscle Perfusion and Functional CBV
CEU skeletal muscle imaging of the proximal calf muscles
was performed at rest and after the administration of a
dextrose bolus (600 mg/kg over 1 min) to assess changes
in microvascular blood flow and functional capillary re-
cruitment, as previously reported (8).

Inhibition of Eicosanoid Synthesis
Eicosanoid synthesis was inhibited by an intravenous in-
fusion of fluconazole (2 mg/mL) at 0.05 mL/kg/min starting
45 min before the CEU studies in the second group of
primates. The dose of fluconazole used was four times
higher than that reported in human studies that sup-
pressed eicosanoids by 5–16% (24). Venous blood samples
were collected immediately before baseline CEU to assess
plasma fluconazole levels by ultra-performance liquid
chromatography/mass spectrometry (University of Texas
Health Science Center Fungus Testing Laboratory). Plasma
samples for EETs, DHETs, and HETEs were collected before
and at the completion of the fluconazole infusion.

Statistical Methods
Data were analyzed by Prism 5.0 software (GraphPad
Software, Inc.) and Stata 11.2 software (StataCorp LP).
Summary information is expressed as mean 6 SEM.
Owing to the longitudinal study nature and the withdrawal
of two primates from the study protocol after 18 months,
data were analyzed across the 24-month period with longi-
tudinal mixed models. For standardization of data analysis,
we assessed whether the observed changes over time were
linear or had curvature and fit a quadratic function. If the
data fit a quadratic function, then stepwise tests were per-
formed to assess the significance of changes between 0 and
4 months, 4 and 18 months, and then 18 and 24 months.
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After this stepwise testing, Holm correction was applied for
multiple testing. In the absence of a significant quadratic
effect at level 0.05, linear terms were tested, and multiple
comparisons were not performed because the linear fit im-
plies that each time point is significantly different from each
other. When neither the quadratic nor linear models were
significant at P , 0.05, unstructured models were fit and
compared in the same stepwise fashion as above. Unstruc-
tured models were used only for the DI data. The anal-
ysis of capillary blood flow and CBV with fluconazole
testing was analyzed with mixed models with a hetero-
geneous compound symmetric covariance matrix. The av-
erage 12- and 15-HETE and the average 18-, 19-, and
20-HETE data in primates exposed to fluconazole were
analyzed with a Wilcoxon matched-pairs signed rank test,
and the average EETs and DHETs were analyzed with a
paired, Student t test.

RESULTS

Early Response to the HFD (4 Months)
At 4 months, the daily caloric intake increased by 68%
when converting to the HFD (711 6 167 kcal/day vs.
1,195 6 67 kcal/day, P , 0.01). The diet change did
not alter the primates’ average daily activity levels across
the study time points. Systolic and diastolic blood pressure
and lipids were increased after 4 months and have been
previously reported (20). Body weight, glucose and insulin
homeostasis, and DI in response to the HFD are provided in
Table 1. By 4 months, body mass increased by 20%, whereas
truncal fat increased by nearly 80%. These changes were
associated with nearly doubling of the basal insulin levels
and basal IR as measured by HOMA-IR. Small but signifi-
cant changes were noted in basal glucose and HbA1c values.
Figure 1 illustrates the temporal changes in the insulin re-
sponsiveness and the KG data as a measure of insulin sensi-
tivity. At 4 months, there was a marked increase in the
insulin AUC concentration and in the AIR and a simulta-
neous decline in the KG. Together, these features of a
hyperinsulinemic response with impaired glucose clear-
ance indicate the development of obesity-related IR.

Despite the rise in blood pressure, plasma lipids, abdom-
inal obesity, and IR, resting and glucose-stimulated skeletal
muscle microvascular blood flow increased in the first 4
months of the HFD (Fig. 2A). This change was attributable to
a rise in the basal and in the glucose-stimulated CBV (Fig. 2B),
whereas the respective microvascular blood flux rates, b val-
ues, were unchanged (data not shown).

After 4 months of the HFD, there were no significant
changes in eicosanoid-derived vasoconstrictors (18-, 19-,
and 20-HETE) or in the cytochrome P450–derived vasodi-
lator EETs (8,9-, 11,12-, and 14,15-EET) and corresponding
DHETs (Fig. 2C and Table 2 for individual eicosanoid con-
centrations). NO bioavailability was unchanged, whereas a
small but significant increase was noted in lipoxygenase-
derived 12- and 15-HETE vasodilators (P = 0.04, Holm
corrected P = 0.13) (Fig. 2D).

Intermediate Response to the HFD (4 to 18 Months)
Caloric intake was unchanged from 4 to 12 months and
not recorded thereafter. From 4 to 18 months, there were
slight but significant increases in total body weight and
percentage of truncal fat. Mild increases were also noted in
basal glucose and HbA1c, with more substantial increases in
basal insulin and HOMA-IR (Table 1). Despite the increase
in body mass, abdominal obesity, and basal insulin during
this period, no further significant changes were noted in the
overall insulin AUC response, the AIR, or the KG (Fig. 1).

This stable phase of IR from 4 to 18 months was
mirrored by a stable phase of skeletal muscle microvas-
cular blood flow and CBV at rest and after a glucose bolus
(Fig. 2A and B), with no changes in eicosanoid-derived
vasoconstrictors (Fig. 2C). There were significant increases
in the cytochrome P450–derived vasodilator EETs and
DHETs (8,9-, 11,12-, and 14,15-DHET) and a nonsignificant
trend for an increase in the lipoxygenase-derived 12- and
15-HETE vasodilators (Fig. 2C and D). Conversely, there
was a significant progressive decline in FMD from 4 to 18
months (Fig. 2D). These data suggest that an increase in
the endothelial-derived eicosanoid vasodilators (cytochrome
P450– and lipoxygenase-derived pathways) may compensate

Table 1—Weight, glucose, HOMA-IR, and DI in response to the HFD

Baseline 4 months 8 months 12 months 18 months 24 months Quadratic term or
linear* P valuen = 10 n = 10 n = 10 n = 10 n = 10 n = 8

Weight, kg 11.0 6 0.6 13.2 6 0.8‡ 13.5 6 0.9 13.7 6 0.9 14.5 6 0.8‡ 14.1 6 0.8 ,0.05

Truncal fat, % 19.1 6 3.0 34.0 6 3.4‡ 34.4 6 3.4 36.6 6 3.5 40.4 6 3.1‡ 38.3 6 2.9‡ ,0.01

Basal insulin, mIU/mL 17 6 3 32 6 12 33 6 11 32 6 7 48 6 13 33 6 11 ,0.01*

HOMA-IR 2.4 6 0.5 5.3 6 1.9 5.9 6 1.9 5.3 6 3.8 8.3 6 2.7 5.6 6 1.7 ,0.01*

Basal glucose, mg/dL 58 6 2 68 6 2 74 6 3 64 6 2 67 6 3 73 6 3 ,0.01*

HbA1c, % 6.2 6 0.3 6.3 6 0.1 6.5 6 0.1 6.6 6 0.3 6.7 6 0.1 6.6 6 0.1 ,0.01*

HbA1c, mmol/mol 44 6 4 45 6 1 47 6 1 49 6 3 50 6 1 49 6 1 ,0.01*

DI, mIU/mL 3 %/min 313 6 64 499 6 172 548 6 165 523 6 130 499 6 83 349 6 127 0.10†

Data are mean 6 SEM. ‡Quadratic fit P , 0.05 with Holm correction P , 0.05. *Fits linear model, each point significantly different.
†Does not fit either quadratic or linear term.
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for the loss of NO bioavailability and may contribute to
stabilizing the vascular response to insulin.

Late Response to the HFD (18 to 24 Months)
After 24 months, weight and abdominal fat content both
remained elevated above baseline values but fell in compar-
ison with 18 months in the eight remaining primates. There
was also a decline in basal insulin and HOMA-IR and an

increase in the basal blood glucose concentration (Table 1).
During IVGTT, there was a decrease in total insulin AUC and
AIR (Fig. 1A and B) and a nonsignificant trend for a decrease
in KG (Fig. 1C). A nonsignificant reduction was also noted in
the DI (Table 1).

Skeletal muscle microvascular blood flow at rest and in
response to a glucose bolus were both significantly decreased
at 24 months compared with 18 months (Fig. 2A and B).

Figure 1—Measures of IR and insulin sensitivity in rhesus macaques at baseline and during follow-up after initiating the HFD. Insulin
concentration AUC (A), AIR (B), and KG (C). †Quadratic fit P < 0.05 with Holm correction P > 0.05. ‡Quadratic fit P < 0.05 with Holm
correction P < 0.05.

Figure 2—Skeletal muscle microvascular perfusion and mediators of vasomotor tone measured in rhesus macaques at baseline and during
follow-up after initiating the HFD. Microvascular blood flow (A) and CBV (B). C: Average plasma concentration of eicosanoid vasocon-
strictors (18-, 19-, and 20-HETE) (left y-axis) and average plasma concentration of eicosanoid vasodilators (8,9-,11,12-, and 14,15-EETs
and corresponding DHETs) (right y-axis). D: Percentage of brachial artery dilation during FMD (left y-axis) and plasma concentration of
eicosanoid vasodilators 12- and 15-HETE (right y-axis). ‡Quadratic fit P < 0.05 with Holm correction P < 0.05. §Unstructured model P <
0.05. †Quadratic fit P < 0.05 with Holm correction P > 0.05. *Fits linear model, each point significantly different.
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This change in microvascular blood flow was attributable
to significant reductions in the rest and glucose-stimulated
CBV. Between 18 and 24 months there was an increase in
the cytochrome P450–derived eicosanoid vasodilators but an
abrupt decline in the lipoxygenase-derived 12- and 15-HETE
vasodilators (P = 0.04, Holm corrected P = 0.13), leading to
an overall decrease in eicosanoid vasodilator concentra-
tions (Fig. 2C and D and Table 2 for individual eicosanoid
concentrations).

The overall 24-month pattern of metabolic data, skeletal
muscle CBV, and vasodilator and vasoconstrictor profiles
suggests that eicosanoid-derived vasodilator concentrations
may serve as a compensatory response to obesity to increase
the skeletal muscle CBV and participate in stabilizing the
degree of IR. The simultaneous fall in the eicosanoid-derived
vasodilator concentrations and the skeletal muscle CBV at
24 months suggests that the loss of this vascular compen-
satory response, along with the first signs of pancreatic
insufficiency, contributes to the severity of IR.

Skeletal Muscle Microvascular Response to Glucose
During Eicosanoid Inhibition
A separate cohort of five obese primates on the HFD (age-
matched to the prior cohort) was studied to assess the effect
of eicosanoid inhibition on basal and glucose-stimulated
skeletal muscle blood flow and CBV. The metabolic profile
of these primates is noted in Table 3. The fluconazole
plasma concentration before starting the IVGTT was
11.4 6 1.8 mg/mL and above the expected human peak
plasma range of 4–8 mg/mL after a 400-mg oral dose (25).
Treatment with fluconazole resulted in attenuation of the
microvascular blood flow and CBV responses to a glucose
bolus compared with studies performed in the absence of
fluconazole a day prior (Fig. 3A and B). Fluconazole pro-
duced an acute reduction in lipoxygenase-derived 12- and
15-HETE vasodilators and in 18-, 19-, and 20-HETE vaso-
constrictor concentrations, whereas cytochrome P450–
derived vasodilator EETs (8,9-, 11,12-, and 14,15-EET)
and their corresponding DHETs were unchanged (Fig.
3C–E). Individual responses are provided in Fig. 4 to ap-
preciate the effect of fluconazole on 12- and 15-HETE and

the relationship to glucose-stimulated CBV. A paradoxical rise
in 12- and 15-HETE associated with the highest glucose-
stimulated muscle CBV was noted in one animal. In all other
animals, fluconazole reduced 12- and 15-HETE concentra-
tions with an associated low glucose-stimulated CBV.

Temporal associations were noted in the rise and fall
of 12- and 15-HETE and the glucose-stimulated peak CBV
across all time points, including the fluconazole experi-
ments. To further investigate a significant association,
a random-effects linear regression model was used to
assess each CBV measure versus the paired average 12- and
15-HETE concentration. A significant association was noted
that suggests that a doubling of the average 12- and
15-HETE concentration is associated with a 13% increase in
the glucose-stimulated peak CBV (P , 0.05).

DISCUSSION

Insulin-mediated changes in skeletal muscle blood flow
and functional CBV are important in facilitating skeletal
muscle glucose uptake and are known to be impaired in IR
states (4,5,8–10). In this study, we have temporally cor-
related skeletal muscle perfusion, endothelial-derived va-
sodilator pathways, and IR in nonhuman primates in
order to characterize the microvascular response during
the development of diet-induced obesity. Our correlative
data suggest that the skeletal muscle CBV response to
diet-induced obesity is complex and involves a dissocia-
tion between NO and eicosanoid endothelial-derived vaso-
regulatory pathways. Early in the development of obesity
and IR, an increase occurs in basal and glucose-stimulated
CBV that suggests a compensatory response of the vascu-
lature to stabilize the degree of IR. Although correlative,
our data suggest that the mediators of this compensatory
response are predominantly the lipoxygenase-derived ei-
cosanoid vasodilators and the cytochrome P450 eicosa-
noids because these compounds progressively increase
for 18 months while NO bioavailability progressively de-
clines. After 2 years of an HFD, the abrupt loss of the
compensatory increase in the lipoxygenase-derived eicosa-
noid vasodilators coincided with a drop in skeletal muscle

Table 2—Temporal change in eicosanoid vasodilators in response to HFD

Metabolite Baseline 4 months 8 months 12 months 18 months 24 months
Quadratic term or
linear* P value

Avg HETE, ng/mL 6.06 6 2.29 8.31 6 2.50† 9.12 6 2.82 10.5 6 3.73 13.2 6 4.04 5.30 6 1.60† 0.04
12-HETE, ng/mL 11.5 6 3.93 15.8 6 3.7† 17.4 6 4.29 19.8 6 6.27 25.0 6 6.14 10.1 6 2.08† 0.04
15-HETE, ng/mL 0.61 6 0.19 0.81 6 0.21† 0.84 6 0.24 1.18 6 0.43 1.38 6 0.31 0.48 6 0.12† 0.02

Avg EET and DHET, pg/mL 171 6 19 155 6 13 162 6 15 189 6 20 187 6 14‡ 345 6 38‡ ,0.01
8,9-EET, pg/mL 66 6 8 59 6 9‡ 59 6 7 69 6 7 141 6 21‡ 387 6 61‡ ,0.01
8,9-DHET, pg/mL 119 6 31 96 6 6 88 6 6 106 6 9 81 6 9 75 6 4 ,0.01*
11,12-EET, pg/mL 79 6 9 78 6 12 73 6 8 89 6 9 153 6 26‡ 462 6 78‡ ,0.01
11,12-DHET, pg/mL 285 6 63 240 6 16 227 6 17 242 6 21 204 6 24 180 6 10 ,0.01*
14,15-EET, pg/mL 141 6 10 145 6 21 232 6 50 307 6 84 242 6 36 698 6 119 ,0.01*
14,15-DHET, pg/mL 336 6 47 314 6 14 294 6 20 323 6 18 301 6 26 270 6 13 ,0.01*

Data are mean 6 SEM. Avg, average. ‡Quadratic fit P , 0.05 with Holm correction P , 0.05. †Quadratic fit P , 0.05 with Holm
correction P . 0.05. *Fits linear model, each point significantly different.
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microvascular blood flow and peak CBV along with pro-
gressive worsening of IR.

This study is the first to have characterized the temporal
changes in the endothelial-derived eicosanoid vasodilators
(EETs, DHETs, and 12- and 15-HETE) in relation to skeletal
muscle CBV responses in obesity-related IR. It should be
noted that the vasoregulatory pathways of NO, cytochrome

P450 eicosanoids, and the lipoxygenase-derived 12- and
15-HETE were selected based on preclinical studies sug-
gesting a link between these endothelial-derived metabo-
lites, microvascular function, and cardiometabolic disease
states (13,15,26–28). NO is known to play a major role in
normal insulin-mediated capillary recruitment (4,5). During
euglycemic hyperinsulinemia, EETs act independently or in-
directly through eNOS to produce skeletal muscle capillary
recruitment (12). We have additionally demonstrated that
abnormalities in both NO and eicosanoid compounds are
associated with IR and impaired CBV responses to glucose
in a nonobese and weight-matched primate model of inac-
tivity (8).

In this current study, the HFD resulted in obesity and
an unexpected paradoxical increase in both the basal and
glucose-stimulated skeletal muscle blood flow and CBV.
On the basis of the concept that an increase in CBV
augments the capillary surface area for insulin and glucose
transport, one would have predicted an improvement in
glucose homeostasis (an elevated KG) with these CBV
changes. Instead, there was a progression of IR at 4 months,
indicated by an increase in the insulin AUC concentration
and a simultaneous fall in KG suggesting a further impair-
ment in glucose homeostasis. These findings suggest that

Table 3—Metabolic profile of rhesus macaques on HFD
for >2 years before fluconazole test

Weight, kg 12.8 6 1.0

Truncal fat, % 37.8 6 2.8

Basal insulin, mIU/mL 37 6 10

HOMA-IR 6.5 6 2.1

Basal glucose, mg/dL 67 6 4

HbA1c, % (mmol/mol) 6.2 6 0.2 (44 6 2)

Insulin AUC, mIU/mL 3 min 5,373 6 728

AIR, mIU/mL 130 6 17

KG, %/min 2.55 6 0.3

DI, mIU/mL 3 %/min 337 6 63

A separate cohort (N = 5) underwent an additional 2-day study
protocol after 336 8 months on the HFD. Data are mean6 SEM.

Figure 3—Skeletal muscle microvascular perfusion and eicosanoids in rhesus macaques in response to fluconazole. Microvascular blood
flow (A) and CBV (B). *P < 0.01 vs. rest CBV; †P = 0.03 vs. day 1 peak CBV. C: Average 12- and 15-HETE eicosanoid vasodilators. ‡P <
0.05 for pre- vs. postfluconazole values on day 2. D: Average 18-, 19-, and 20-HETE eicosanoid vasoconstrictors. §P < 0.01 for pre- vs.
postfluconazole values on day 2. E: Average eicosanoid vasodilators (8,9-, 11,12-, and 14,15-EETs and corresponding DHETs).
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early in the development of obesity-related IR, eicosanoid-
derived vasodilators act as a compensatory mediator to pro-
mote expansion of CBV and maintain functional capillary
recruitment.

Between 4 and 18 months, the degree of IR stabilized
(defined by the plateau phase of insulin secretion and KG),
and skeletal muscle blood flow and CBV at rest and after
the glucose challenge remained elevated. During this pla-
teau phase of IR and CBV stability, a further increase
occurred in eicosanoid-derived vasodilators (both the cy-
tochrome P450– and lipoxygenase-derived metabolites),
but there was a simultaneous decrease in FMD, a measure
of NO bioavailability. The shifting pattern of vasodilatory
mechanisms suggests that a progressive upregulation of
eicosanoid vasodilators may be necessary to maintain the
compensatory vascular response to the loss of NO, as
previously suggested (26). We did not test whether inhib-
itors of eicosanoid production reversed the augmentation
in functional CBV during the plateau phase because these
findings were not anticipated a priori.

At 24 months, there was a simultaneous fall in the resting
and glucose-stimulated peak CBV and in the lipoxygenase-
derived eicosanoid vasodilators that occurred when IR
abruptly worsened. Although the resting and glucose-
stimulated peak CBV were not markedly different from
baseline values at 24 months, the fall between 18 and
24 months indicates the loss of the preceding compensatory
vascular response. This fall in the CBV and the eicosanoid
vasodilatory response from the previously compensated
state coincided with worsening microvascular IR (reduced
glucose-stimulated peak CBV) and appears to contribute to
the progression of impaired glucose homeostasis (reduced
KG and DI) in concert with early pancreatic insufficiency
(reduced AIR). Furthermore, inhibition of the lipoxyge-
nase-derived 12- and 15-HETE vasodilators in our age-
matched, obese primates after 33 months of the HFD clearly
demonstrated the relationship between these vasodilators

and the ability to augment the skeletal muscle CBV in re-
sponse to a glucose bolus. In total, these findings lend
further support for the protective effect of eicosanoid va-
sodilators in preserving muscle glucose handling.

The notion that a deficiency in NO can lead to com-
pensatory changes in EDHFs has been suggested in other
models of vascular disease (26,29,30). Cytochrome P450–
derived EETs and lipoxygenase-derived 12- and 15-HETE
vasodilators are upregulated at a time when there is reduced
NO availability in hypertension and hypercholesterolemia
(31–34). An HFD, hyperglycemia, and elevations of
obesity-related cytokines have also been shown to in-
crease 12- and 15-HETE (35–37). That NO is a negative
regulator of the production of EDHFs has also been shown
(38). Taken together, our data and these previously pub-
lished data strongly support that a feedback process
allows a shift between NO and EDHFs as mediators
of vascular tone.

This study has several limitations. Because we are
providing temporal correlations of IR, CBV, and eicosanoid-
derived vasodilatory pathways, we cannot state with
certainty that the increase in CBV during the plateau
phase was entirely responsible for stabilization of IR or
that the fall in CBV at 2 years was the primary reason for
worsening of IR. Our conclusions are instead based on the
preponderance of data over the past 15 years indicating
that CBV is an important determinant of glucose uptake.
Although we believe that the changes in skeletal muscle
perfusion and CBV are functional in nature, we have not
excluded morphologic changes in capillary density. How-
ever, previous studies in rat models of obesity and IR have
indicated that reductions in capillary density are very
small compared with the reduction in functional CBV (9).

A second limitation is that inhibition of vasodilator
EETs and HETEs during the 4- to 18-month plateau phase
of IR was not performed to test whether the compensa-
tory responses in CBV were due to these eicosanoid-
derived vasodilator compounds and whether they were
requisite for stabilizing IR. Our a priori hypothesis was
that NO and eicosanoid-vasodilators would both be im-
paired as obesity and IR develop; thus, the rapid increase in
the eicosanoid vasodilator pathways and CBV was un-
expected. Furthermore, because the purpose of this study
was to temporally characterize endothelial-derived vaso-
dilator pathways and the microvascular response to diet-
induced obesity, we did not perform mechanistic studies
during the plateau phase because we wanted to understand
the natural history of this complex disease process. Alter-
natively, a mechanistic intervention on age-matched pri-
mates with a metabolic and vascular profile similar to obese
primates near the end of the plateau phase of IR was
performed to demonstrate the effect of eicosanoid-derived
vasodilators on functional CBV recruitment.

Additional limitations in the study include the inability
to test for endothelin-1, a known potent vasoconstrictor
that is upregulated in IR states due to the shift of insulin
receptor signaling toward the mitogen-activated protein

Figure 4—The effect of fluconazole on 12- and 15-HETE concen-
trations and the relationship to glucose-stimulated CBV.
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kinase pathway and away from the PI3/Akt pathway that
promotes NO signaling (39), due to antigen noncross reac-
tivity. For our primary measure of insulin sensitivity, we used
the KG during an IVGTT. Although the hyperinsulinemic-
euglycemic clamp can be considered the gold standard to
define insulin sensitivity (39–41), the hyperinsulinemic
clamp method measures insulin sensitivity at a fixed
dose of insulin and does not recapitulate the physiologic
surge of insulin in response to an intravenous glucose bolus.
Furthermore, the hyperinsulinemic clamp is limited in its
capacity to extract data regarding the b-cell function of
the pancreas. With the simpler IVGTT, we derived measures
of insulin sensitivity (21) as well as the first-phase AIR to
assess b-cell function of the pancreas.

Finally, this study lacks a dedicated age, weight, and
activity-restricted matched control group on a chow diet
to assess the metabolic and skeletal muscle blood flow
alterations that may develop over 2 years. Unfortunately,
only four animals were preselected as controls in this
shared nonhuman primate resource and they were not
well matched for age, weight, abdominal adiposity, or
time in activity-limited single-cage housing to the animals
we monitored. Previous researchers, however, have de-
fined the metabolic characteristics of “successful” and
“nonsuccessful” aging in single-caged housed nonhuman
primates fed a chow diet (21). Primates that age “success-
fully” do not go on to develop age-related type 2 diabetes
and have no significant changes in insulin sensitivity, AIR,
KG, basal or oral glucose-stimulated plasma insulin and
glucose levels, or HbA1c percentage from 10–12 years of
age, despite a slight increase in weight and body fat per-
centage (21). The prespecified “control” group in our shared
resource of primates already demonstrated features of
“nonsuccessful aging,” with multiple features of IR that
included elevated truncal fat percentage, increased insulin
AUC, and elevated HOMA-IR values. As such, these pri-
mates were not serially monitored as a comparative normal
and healthy primate cohort.

Conclusions
In this study, we have defined skeletal muscle microvas-
cular responses during the development and progression
of IR in diet-induced obesity and have also described the
patterns of endothelial-derived vasodilators associated with
these changes. The clinical implications of our findings are
related to the possibility of developing new vascular-targeted
approaches to treating IR because our data suggest that a
vascular response can compensate for other mechanisms of
abnormal glycemic control for a period of time. There are
no currently available therapies focused entirely on main-
taining or supporting vascular endothelial function, skeletal
muscle blood flow, and CBV responses. The ability to
modulate the balance of eicosanoid vasodilators and vaso-
constrictors may be valuable for early treatment of IR, a
notion that is supported by improved insulin sensitivity
found in animal models of metabolic disease (12,42). Future
studies using CEU or similar techniques will be needed to

better understand the contribution of muscle CBV in
clinical trials with these types of agents.
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