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The endothelium consists of a single layer of cells that
serves as a barrier between blood and tissues and actively
participates in the regulation of vascular tone and func-
tion (1). The influence of the endothelium on blood flow
in arterioles and capillaries is modulated by the synthesis
and release of a number of endothelial-derived relaxing
and constricting substances such as nitric oxide (NO), pros-
tacyclin (PGI2), and endothelium-derived hyperpolarizing
factors (EDHF) (2). However, the balance or homeostasis
between endothelial relaxing and constricting factors is
disrupted in insulin-resistant states including obesity,
type 2 diabetes mellitus (T2DM), and hypertension, all
of which promote cardiovascular disease (CVD) (1,2). For
example, endothelial cell (EC) dysfunction is caused by im-
pairment of endothelial-dependent vasodilation in various
vascular beds such as skeletal muscle arterioles and capil-
laries. Both conduit arteries and microvessels are very
important for insulin and glucose metabolism as an in-
crease in capillary surface area prompts both insulin and
glucose delivery and subsequent glucose uptake in skeletal
muscle tissue (3,4).

In healthy individuals, systemic and local infusion of
insulin induces NO production to prompt insulin-mediated
capillary recruitment and microvascular blood flow, resulting
in an increase in forearm blood volume (2). One study
demonstrated that endothelial NO synthase inhibition
significantly blunted the insulin-stimulated increase of
ultrasound-assessed femoral blood flow without any changes
in blood pressure and heart rate in rats (5). In parallel,
insulin-stimulated capillary recruitment and glucose up-
take were completely abolished (5), suggesting that local
capillary NO bioavailability plays a key role in the regulation
of insulin-stimulated skeletal muscle capillary recruitment
and glucose uptake.

The three main endothelial-derived relaxing substances
that regulate arteriole and capillary tone are NO, PGI2,
and EDHF (Fig. 1) (1–3). NO is the principal regulator of
flow-mediated dilation, and this process is impaired in
insulin-resistant states (1–3). In addition to NO, ECs also
produce and release PGI2 from cyclooxygenase-derived me-
tabolites in response to shear stress. PGI2 crosses EC mem-
branes and activates vascular smooth muscle cell (VSMC)
adenylyl cyclase and protein kinase A, resulting in VSMC
relaxation (1–3). In contrast to the well-defined NO and
PGI2 pathways, the molecular constituents and mecha-
nism of EDHF-mediated relaxation remain controversial.
Classically, endothelium-derived NO largely mediates large
conduit artery relaxation, whereas EDHF plays an impor-
tant role in modulating vascular tone in small resistance
arteries (6). NO-mediated relaxation is easily impaired,
whereas EDHF-mediated responses are generally preserved
or even enhanced to maintain vascular homeostasis in
insulin-resistant states (7). Thus, EDHF is regarded as a
backup system for NO-mediated responses in the mainte-
nance of tissue perfusion. It is widely accepted that EDHFs
include epoxyeicosatrienoic acids (EETs) derived from a me-
tabolite of cytochrome P450 (CYP) epoxygenase, electrical
communication through gap junctions, endothelium-derived
potassium ions (K+), hydrogen sulfide, and endothelium-
derived hydrogen peroxide (8). The EET pathway, com-
prising four EET isomers (5,6-EET, 8,9-EET, 11,12-EET,
and 14,15-EET) (9) is well established as an important
EDHF. EETs are rapidly metabolized by soluble epoxide
hydrolase to form the generally less active dihydroxyeico-
satrienoic acids (9). After ECs are stimulated with various
agonists, an increase in EC calcium (Ca2+) influx occurs that
can potentially increase Ca2+-sensitive small- and intermediate-
conductance potassium channels (KCa) (10). Following
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activation of KCa on ECs, VSMC hyperpolarization is pref-
erentially evoked through myoendothelial gap junctions by
passage of a current or diffusion of a factor such as K+

through the junctions. This, in turn, activates Kir2.1 inward-
rectifier K+ channels and/or Na+/K+-ATPase on VSMCs to
close voltage-dependent Ca2+ channels resulting in VSMC
relaxation (10,11) (Fig. 1). To this point, myoendothelial gap
junctions provide the means by which hyperpolarization of
ECs is transferred to VSMCs (10) (Fig. 1). Myoendothelial
gap junctions also facilitate EDHF diffusion from ECs to
VSMCs and directly activate VSMC ion channels, resulting
in VSMC hyperpolarization and relaxation (11).

Diet-induced obesity and associated insulin resistance
are leading causes of vascular dysfunction and impaired
tissue perfusion (1–3). In this issue of Diabetes, Chadderdon
et al. (12) investigate the temporal changes in skeletal
muscle capillary responses and endothelial-derived vasodi-
lators in a clinically relevant model of high-fat, high-fructose
diet–induced obesity and insulin resistance in primates. This
translational diet induced complex temporal responses in
skeletal muscle capillary blood volume (CBV) that paral-
leled dissociation between NO and eicosanoid endothelial-
derived vasoregulatory pathways. Indeed, there was a
compensatory increase in basal and glucose-stimulated
CBV that was associated with an upregulation of lipoxy-
genase and CYP epoxygenase–derived eicosanoids for up
to 18 months, in contrast to an inexorable decline in NO
bioavailability, suggesting that a compensatory EDHF re-
sponse occurs in the early stage of obesity and insulin
resistance. That a diet-induced deficiency in NO can
upregulate the EDHF response is consistent with the ob-
servation that NO inhibits EDHF responses through in-
hibition of CYP epoxygenase activity and myoendothelial
gap junctions (6,7). After 2 years of the high-fat, high-
fructose diet, an abrupt loss of the compensatory increase
in the lipoxygenase-derived eicosanoid vasodilators

coincided with a drop in skeletal muscle microvascular
blood flow and peak CBV along with progressive worsening
of insulin resistance. Thus, the increase in basal and glucose-
mediated CBV in early stages of insulin resistance may
represent a compensatory response through EDHF that
is lost over time.

This study (12) provides new insights regarding changes
of NO and EDHF in the regulation of skeletal muscle blood
flow and insulin sensitivity. This is translationally relevant
as therapeutic targeting of NO and EDHF also has a po-
tential application for prevention of vascular dysfunction
such as vascular stiffness, hypertension, and coronary heart
disease that are common causes of morbidity and mortality
in T2DM patients. These data highlight a compensatory role
of EDHF in the regulation of insulin-mediated capillary
recruitment and CBV, consistent with previous observations
in other vascular beds. For example, a decrease in EDHF-
mediated vasodilatory responses has been reported in
mesenteric and carotid arteries as well as in the renal circu-
lation of streptozotocin-induced diabetic rats (13–15). Further,
acetylcholine-induced relaxation in sciatic nerve epineu-
rial arterioles is impaired by a reduced EDHF pathway in
Zucker diabetic fatty rats (15–17). Therefore, alterations
in the EDHF pathway can contribute to both endothelial
dysfunction or conversely compensate for the loss in NO
bioavailability, depending on the various underlying path-
ophysiological abnormalities and particular vascular bed
being studied. One limitation of the authors interpretation
of their results is that they should have acknowledged that
NO has been found to inhibit EDHF responses through
inhibition of CYP epoxygenase activity (6,7). Thus, mea-
surement of CYP epoxygenase activity and electrophysiol-
ogy in concert with bioavailable NO in future studies
should help us to understand the interactive mechanisms
involved in regulating insulin-stimulated skeletal muscle
capillary recruitment.

Figure 1—Proposed mechanisms of endothelium-dependent vasorelaxation by NO, PGI2, and EDHF. cGMP, cyclic guanosine monophos-
phate; Cox, cyclooxygenase; eNOS, endothelial NO synthase; PKA, protein kinase A; PKG, protein kinase G; sGC, soluble guanylyl cyclase.
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In conclusion, data in the current study (12) defines
the skeletal muscle microvascular responses during the de-
velopment and progression of insulin resistance in diet-
induced obesity and describes the relationship between
changes in EDHF and NO in the progression of impaired
capillary recruitment and increases in insulin and glucose
delivery to skeletal muscle tissue. These findings indicate
that increasing EDHF may be a potential novel therapeutic
strategy in patients with CVD in T2DM. Further studies
are warranted to more definitively understand the relative
role of NO and EDHF in diet-induced insulin resistance
and T2DM.

Acknowledgments. The authors thank Brenda Hunter (Diabetes and
Cardiovascular Research Center, University of Missouri School of Medicine) for
editorial assistance.
Funding. J.R.S. received funding from the National Institutes of Health (R01-
HL73101-01A and R01-HL107910-01) and the Veterans Affairs Merit System
(0018). W.D. received funding from the American Heart Association Midwest
Affiliate (#15GRNT25250015).
Duality of Interest. No potential conflicts of interest relevant to this article
were reported.

References
1. Jia G, Sowers JR. Endothelial dysfunction potentially interacts with impaired
glucose metabolism to increase cardiovascular risk. Hypertension 2014;64:1192–1193
2. Sowers JR. Diabetes mellitus and vascular disease. Hypertension 2013;61:
943–947
3. Vincent MA, Clerk LH, Lindner JR, et al. Microvascular recruitment is an
early insulin effect that regulates skeletal muscle glucose uptake in vivo. Di-
abetes 2004;53:1418–1423
4. Jia G, Habibi J, Aroor AR, et al. Endothelial mineralocorticoid receptor
mediates diet-induced aortic stiffness in females. Circ Res 2016;118:935–943
5. Bradley EA, Richards SM, Keske MA, Rattigan S. Local NOS inhibition im-
pairs vascular and metabolic actions of insulin in rat hindleg muscle in vivo. Am
J Physiol Endocrinol Metab 2013;305:E745–E750

6. Godo S, Sawada A, Saito H, et al. Disruption of physiological balance be-
tween nitric oxide and endothelium-dependent hyperpolarization impairs car-
diovascular homeostasis in mice. Arterioscler Thromb Vasc Biol 2016;36:97–107
7. Kobuchi S, Miura K, Iwao H, Ayajiki K. Nitric oxide modulation of
endothelium-derived hyperpolarizing factor in agonist-induced depressor re-
sponses in anesthetized rats. Eur J Pharmacol 2015;762:26–34
8. Mattace Raso G, Pirozzi C, d’Emmanuele di Villa Bianca R, et al.
Palmitoylethanolamide treatment reduces blood pressure in spontaneously hy-
pertensive rats: involvement of cytochrome p450-derived eicosanoids and renin
angiotensin system. PLoS One 2015;10:e0123602
9. Ellinsworth DC, Shukla N, Fleming I, Jeremy JY. Interactions between
thromboxane A₂, thromboxane/prostaglandin (TP) receptors, and endothelium-
derived hyperpolarization. Cardiovasc Res 2014;102:9–16
10. Frömel T, Fleming I. Whatever happened to the epoxyeicosatrienoic acid-
like endothelium-derived hyperpolarizing factor? The identification of novel
classes of lipid mediators and their role in vascular homeostasis. Antioxid Redox
Signal 2015;22:1273–1292
11. Kang KT. Endothelium-derived relaxing factors of small resistance arteries
in hypertension. Toxicol Res 2014;30:141–148
12. Chadderdon SM, Belcik JT, Bader L, et al. Temporal changes in skeletal
muscle capillary responses and endothelial-derived vasodilators in obesity-related
insulin resistance. Diabetes 2016;65:2249–2257
13. De Vriese AS, Van de Voorde J, Blom HJ, Vanhoutte PM, Verbeke M,
Lameire NH. The impaired renal vasodilator response attributed to endothelium-
derived hyperpolarizing factor in streptozotocin–induced diabetic rats is restored
by 5-methyltetrahydrofolate. Diabetologia 2000;43:1116–1125
14. Leo CH, Hart JL, Woodman OL. Impairment of both nitric oxide-mediated
and EDHF-type relaxation in small mesenteric arteries from rats with
streptozotocin-induced diabetes. Br J Pharmacol 2011;162:365–377
15. Gao X, Martinez-Lemus LA, Zhang C. Endothelium-derived hyperpolarizing
factor and diabetes. World J Cardiol 2011;3:25–31
16. Coppey LJ, Gellett JS, Yorek MA. Mediation of vascular relaxation in epi-
neurial arterioles of the sciatic nerve: effect of diabetes in type 1 and type 2
diabetic rat models. Endothelium 2003;10:89–94
17. Coppey LJ, Gellett JS, Davidson EP, Dunlap JA, Yorek MA. Changes in
endoneurial blood flow, motor nerve conduction velocity and vascular relaxation
of epineurial arterioles of the sciatic nerve in ZDF-obese diabetic rats. Diabetes
Metab Res Rev 2002;18:49–56

2120 Commentary Diabetes Volume 65, August 2016


