University of Texas Rio Grande Valley

ScholarWorks @ UTRGV

Health & Human Performance Faculty

Publications and Presentations College of Health Professions

10-31-2016

Regulation of microvascular flow and metabolism: An overview

Michelle A. Keske
Renee M. Dwyer

Ryan D. Russell
The University of Texas Rio Grande Valley, ryan.russell@utrgv.edu

Sarah J. Blackwood

Aascha A. Brown

See next page for additional authors

Follow this and additional works at: https://scholarworks.utrgv.edu/hhp_fac

Cf Part of the Kinesiology Commons, Pharmacology, Toxicology and Environmental Health Commons,

and the Physiology Commons

Recommended Citation

Keske, M.A., Dwyer, R.M., Russell, R.D., Blackwood, S.J., Brown, A.A., Hu, D., Premilovac, D., Richards, S.M.
and Rattigan, S. (2017), Regulation of microvascular flow and metabolism: An overview. Clin Exp
Pharmacol Physiol, 44: 143-149. https://doi.org/10.1111/1440-1681.12688

This Article is brought to you for free and open access by the College of Health Professions at ScholarWorks @
UTRGV. It has been accepted for inclusion in Health & Human Performance Faculty Publications and Presentations
by an authorized administrator of ScholarWorks @ UTRGV. For more information, please contact
justin.white@utrgv.edu, william.flores01@utrgv.edu.


https://scholarworks.utrgv.edu/
https://scholarworks.utrgv.edu/hhp_fac
https://scholarworks.utrgv.edu/hhp_fac
https://scholarworks.utrgv.edu/cohp
https://scholarworks.utrgv.edu/hhp_fac?utm_source=scholarworks.utrgv.edu%2Fhhp_fac%2F35&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/42?utm_source=scholarworks.utrgv.edu%2Fhhp_fac%2F35&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/63?utm_source=scholarworks.utrgv.edu%2Fhhp_fac%2F35&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/69?utm_source=scholarworks.utrgv.edu%2Fhhp_fac%2F35&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:justin.white@utrgv.edu,%20william.flores01@utrgv.edu

Authors

Michelle A. Keske, Renee M. Dwyer, Ryan D. Russell, Sarah J. Blackwood, Aascha A. Brown, Donghua Hu,
Dino Premilovac, Stephen M. Richards, and Stephen Rattigan

This article is available at ScholarWorks @ UTRGV: https://scholarworks.utrgv.edu/hhp_fac/35


https://scholarworks.utrgv.edu/hhp_fac/35

Received Date : 21-Jun-2016
Revised Date :07-Oct-2016
Accepted Date : 21-Oct-2016

Article type » msSymposium Paper - AuPS

Regulation of Microvascular Flow and M etabolism: An Overview

Michelle A. Keské, Renee M. Dwyér Ryan D. Russél| Sarah JBlackwood, AaschaA.
Browrt, Dofghua HY Dino Premilovag Stephen M. Richar8sStephen Rattigdn

! Menzies Institute for Medical ResearéBchool of MedicineUniversity of Tasmania,

Hobart, Australia

Clinicalrand:Experimental Phar macology and Physiology
AUPS Symposia Paper

Word count: 5483

Conflictsef-interests

There are no.conflicts afterest

Correspondence:

Michelle A. Keske (PhD)

Menzies Institutdor Medical Research

This is the author manuscript accepted for publication and has undergone full peer review but
has not been through the copyediting, typesetting, pagination and proofreading process, which

may lead to differences between this version and the Version of Record. Please cite this article
asdoi: 10.1111/1440-1681.12688

This article is protected by copyright. All rights reserved


http://dx.doi.org/10.1111/1440-1681.12688�
http://dx.doi.org/10.1111/1440-1681.12688�

2015 Australian Physiological Socie@EPR16-0271R1)

University of Tasmania,

Hobart, Tasmania,

7000, Australia

Ph: (03) 62 26 2669

Fax: (03)%62:26:7704

Email: Michelle.Keske@utas.edu.au
Abstract

Skeletal muscle is an important site for insulingguiate blood glucose levels. It is estimated
that skeletal muscle is responsible for ~80% of insmlediatedglucose disposah the post
prandial periodThe classical actionfansulin to increasemuscle glucoseiptake involves
insulin binding te insulin receptors on myocytes to stimulate glucose transportetd @L
translocation to the cell surface membrane, enhancing glucose uptake. However, a
additional role of insulin thatis often underappreciateds its action to increase muscle
perfusion thereby improvingnsulin and glucose delivery to myocgteEither of these
responses. (myocyte aiod vascular) may be impaired in insulin resistanceand both
impairmentsare/apparent inype 2 diabetesresultingin diminished glucose disposal by
muscle.The,aim of this review is to report on the growing body of literasuiggestinghat
insulinrmediated  control of skeletal musagberfusionis an important regulator of muscle
glucose uptake andhat impairmentof microvascular insulin actiorhas important
physiological consequencesrly in the pathogenesis of insulin resistanthis work was
discussedat the 2015 Australian Physiological Socie§ymposium “Physiological

mechanisms controlling microvasculanfl@nd muscle metabolism”.

Key words: Insulin actionplood flow, insulin resistance

I ntroduetion

Skeletal muscle:makes up a high proportion of body mass (40% of total body weight) due to
its important mechanical role in the bodfhe contratile function of skeletal muscle
necessitates increased metabalitivity, the requirements of which are metditerationsn

blood flowto facilitate nutrient delivery and waste removal via an intricate vascular network
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Due to its considerable mass, higletabolic rateand capacity to storglycogen skeletal
muscle is a major site for glucose disposal and thus an important tissue forhelgle

glucose homeostasis.

Since theearly 20 century t has been known that skeletal muscle blood flow increases
dramatically=duringncreasedmetabolic demand.t is becoming clear thahcreasingotal

blood flow to_muscle does natecessarilyimprove nutrient exchangeby myocytes(1, 2)
These consistent findinggrongly suggesthat total muscle blood flownay not betightly
coupled withmmetabolism. Rather, the vascular system in muscle has a further level of
complexitywhich involvesmodulation of blood flow at the microvascular levelcontrol
myocytenutrient exchangelhis review highlighé the growing body of literatursuggesting

that insulirmediated control of the microvasculature in skeletal muscle is an important
physiologi@l*regulator of muscle glucose uptake, ahdt loss of microvascular insulin

actionprecedes‘angotentiallydrives the development of myocyte insulin resistance.

I nsulin and'total" muscle blood flow

Studies fromthe 1930s demonstrated that inswould cause vasodilation andodify blood
flow (3)."However, these studies were conducted with large doses of insulregbléd in
hypoglycaemia. Thusyhether the vascular activity was digeinsulin per se, or due toan
associatedhypoglycaemianduced epinephrine releas@as unclearin the 199s Baron and
colleaguesperformed studies in humans using the euglycaemic hyperinsulinaemic clamp
technique andonfirmedthat insulin was indeed vasoactive and codithte the vascular
network inskeletalmuscle(4, 5). They demonstrated that insulin increasasl leg blood
flow in a dosedependent fashion, arthat this responsevas paralleledoy increases in
muscle glucose uptake. Thuswas Baron and colleagues who championed the ndtaih
insulin-mediated increasein total muscleblood flow augments theanetabolic actionof
insulin by enhancing thelelivery of glucose and insulte the myocytg4, 5). A number of
independentrinvestigatohsve produced similar resulshowing that insulirstimulatestotal
muscle bleod flow in both humai(g-11) andexperimental animalgl2-14).

At that time,however,the effect of insulin to stimulate muscle blood flow weswed as
highly controversial. Manytsdies that reported increases in total didlow used supra
physiological dose®f insulin or requiredextended exposure timéseveral hourspefore
seeing an effect on muscle blood flo8, 15, 16). These findingaisedconcernsabout the
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physiological relevance afisulin-stimulatedblood flow, particularly given that insulin levels
typically remain elevated for only 920 min following a meain healthy peoplé17, 18)
Yki-Jarvinen and colleagues challenged this theory by demonstratingpshéih-stimulated
glucose uptake in skeletal musdecurred before any augmentationtofal muscleblood
flow (19<21)*These findings raised a number of questions regardinignibeect of increased
blood flow on insulinmediated musclenetabolsm (19-21). This temporal discordance
argument '‘against an important vascular role of insulin is indaleto the assumption that
insulin’s vascular action is restricted only to increasesotal muscle blood flow.We,
together with our collaboratof4, 2), hypothesise that modulation of blofidw within the
microvascula network is a more physiologically relevant modef nutrient and hormone

delivery tosthe myocyte than total limb blood flow.
I nsulin and*mierovascular blood flow

As highlighted.above, most studies have focused on insulin’s actitotairmuscle blood
flow. However. the effect of insulinto alterthe distribution of microvascular blood flow
within skeletal"musclenay be more physiologically relevaritotal blood flow in skeletal
muscle iscontrelled by constriction/dilation of the®B™ order arterioles The control of
capillary (microvascularperfusionin skeletal muscle is controlled by th&-8" order
arterioles(see"Figure 1)At any given point irtime, not all capillaries are perfus€d2, 23)
and this Is due vasomotion (24, 25Yasomotiam is a process whereldnd vesselscontract
and dilateat regulartime intervals to modulate blood flow through different capillary
modules tomaintain efficientnutrient supply Therefore, taking a muscle biopsy to count

capillaries is not sufficient to understand the extent of microvascular bmadnflvivo.

In order.b-determine the microvascular actions of insulin in skelatadcle we developed
two techniques=for measuring blood flow at this level of the vasculaiiriré@o. The first
techniquewe developed relies on metabolism of exogenously infuseethylxanthine (1
MX) to 1-methylurate (dMU) by microvascular xanthine oxidase (13, 14,38§. 1MX and
1-MU can*be quantified in plasma using high performance liquid chromatogi@ihy

Xanthine oxidase is located primarily on capillary endothelial cells, and not large arteries

and veins, or in myocytes (32, 33)he disappearance ofMX across the hindleg (A
difference xfemoral artery blood flowganthereforebe used as laiochemical marker for the

extent of microvasculdslood flowin muscle.
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The second techniqueras an adaptation of an ultrasound imaging technique (contrast
enhanced ultrasound, CEU) to skeletal muscle (141134 This technique involves infusion
of albumin or phospholipid microbubbles (pedtacarbongas filled) into thesystemic
circulation -Fhe, microbubblesre a similar in size and rheology to red blood cells, and
importantly,they remairntravascular(42) making them an excellent perfusion tracéne
microbubbles*escillaten size when exposed tdtrasound,and can be destroyedith high
energy pulsesrof ultrasoundhe oscillation andlestruction of microbubbles results in the
generation ofa 'signal that can be measured as acoustic interfsitjowing ultrasonic
destruction of microbubbles, the rate of reappearance of microbubbleslecaore of blood
velocity, while themicrovascularblood volume can be measured by tilateauof tissue
opacification™The contribution of fast filling arteries, arterioles, veins andles can be
backgrounasubtractediue to the higlilow velocity and thus the residual signal reflects only
the microgirculation. Replenishment curves are fitteg $0A(1— e ), wherey is acoustic
intensity, t is the time from the destructive ultrasound pukses plateau video intensity
(microvasculamblood volume), and B is the rate constant, which provides a measure of flow

velocity in the microvasculature.

Using both AMX and CEUtechniqueswe were the first to demonstratieat insulin increases
microvascular blood flown skeletal musclén a similar fashionto muscle contractio36,

43) (see Figure 1l)importantly, this microvascular actioof insulin contributes to 50% of
insulin-stimulated glucose disposa finding observed in both humans and experimental
animals (13, 14, 3540). In addition, the microvascular response to insulin can occur
independent.oits effects on total muscle blood flow, and that even low physiological doses
of insulin._produced marked increases in microvascular blood el 30, 36, 39)(44).
Interestinglyyhis insulin-stimulatedincrease irmicrovascular blood flow occurs early (By
min) in ratsand precedestimulationof the insulin signalling cascade in the myocyteioy
significant'increase imuscle glucose uptaka9).

Given thatinsulin is released into the circulation in response to a megdlatisblethat the
vascular actions of insulin occur first to facilitate increased delivery of glucasesumlin
itself to the myocytefor glucose disposalndeed, we haveshown that nsulinimediated
microvascular responses occur whethensulin is infused intravenously (eughgmic

hyperinsuline@mic clamp)35, 45)or secreted from the pancreas following the ingestion of a
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mixed meal37). When taken together, these data highlitpet sensitiveand rapid nature of
insulin’s microvascular actions skeletal muscleand emphasise théntegral rolethat the

microvasculature has normal insulin-mediated muscle glucose uptake.
M echanism of insulin-mediated microvascular recruitment

Local infusion of insulin into the forearm of healthy subjects, at a dose thahaloleave any
significant spiltover to the systemic circulation, can stimulate microvascular blood flow and
is paralleled by increade muscle glucose uptake(4l). In contrast, entral
(intracerebroventricular) administration of insulin in healthy ratesdwt produce any
metabolic or.Bemodymani@ffectsin skeletal muscle(46). Together, these studies suggest
that insuliis effects onmicrovascular blood flow in musclaere mediated by local, rather

than central actions of insulin.

Nitric oxide (NO) has been strongly implicated in insutiediatedvasodilation(47, 48)
Quon and colleaguekave elucidatedhe insulin signallingcascadein cultured vascular
endohelial cels which involves theactivation ofthe insulin receptotRS-1/PI3K/Akt/eNOS
pathwayleading to NO productior49-51). The resulting NO themcts to relaxadjacent
vascular.smeeth muscle cells thus causiuasgodilation Insulin’s ability to stimulate
microvascular blood flowin muscleis inhibited by systemic infusion of the nitric oxide
synthase mhibitor, Nw-nitro-L-argininemethyl ester (ENAME) (39, 48) Importantly,
insulinmediated microvascular recruitment can also be blocked wHeANLIE is infused

locally, implicating local NOS activation in insulirs vascular action®2).

Endothelind_(ET-1) has also beerimplicated in the regation of insulinrmediated
microvasculamlood flow. In addition to NO, insulircan alsostimulateET-1 releasevia a
MAPK-dependent pathway53). Systemic infusion of E-IL into rats can block insukn
mediated microvascular blood flo(®4). The vasodilator effects of insulion large artery
dilation areaugmentedy ET-1 receptor blockade (55, 56)lhus, nsulin causes generation
of both NO ad  ET-1, and it is the balance between these two vasoactive athetts

contributes to the regulation of microvascular blood flowkeletal musclés5, 57).

Epoxyeicosatrienoi@cids (EETs) are signalling molecules formed from arachidonic acid.
New evidence is emerging to suggest tH#ETs are involved in insulinmediated
microvascular ecruitment in skeletal musclparticularly when insulimediated NQlilation

is blunted(58). There is strong evidence that these compounds are one of the endothelial
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derived hyperpolarising factorsausing vasodilation ofkeletal muscle microvasculature
(58). A role for EET production in insulin sensitisation is suggested from a studyXrwom
and colleague$59) showing that CYP2J3 gene delivery in vivo increased EET generation,

reduced blood pressure, and reversed insulin resistance, albeit by an unknown mechanis
I mpaired mierevascular blood flow and insulin resistance

Insulin resistance is defined as a reduced biological response to if@&ylié1) Given the
evidence "detailed aboveegarding insulin’svascular actions,it is logical that the

development ofyinsulin resistance also includea@modynamic mechanism

Laakso and celleaguémve demonstrated thalbese, insulin resistapeople display reduced
total muscleinsulin-mediated vasodilatiod). Othershave reported a raionship between
insulin resistance and endothel@dsunction (62-64). While these stlies have restricted
measureentsto large blood vessel responséde insulin microvascular responséo insulin

also appear to be reduced during obeaityg insulin resistanceDe Jongh and colleagues
assessed microyvascular function in skin of healthy lean and obese individuals in résponse
insulin (65). . The obese, insulin resistant cohort showed reduced inseliated

microvaseular-blood flow in skin and this correlated with whole body insulin reses(@ay:

Vasoconstrictors such as-methylserotonin (26) andET-1 (54), inhibit both nsulin-
stimulated microvasculdood flow andglucose uptakén vivo. Theloss ofvascular insulin
action is alserapparentduring acute infusion of factors known to be elevated in various
insulin resistant statesuch asTNFao (29) andelevatedree fatty acidgelevatedby infusion

of Intralipid and heparin(66). In addition, &ironic animal models ofinsulin resistance
includingthe highfat-fed (27), Zucker obesé€28), and Zucker Diabetic fatt§84) ratsdisplay
reduced microvasculand metabolic responsesitsulin. Activity restrictedinsulin resistant
primates alsalisplay impaired muscle microvascular responsesnarked insulin secretion
elicited byan.intravenous glucose tolerance {&st). Insulin infusion in humas(35) or the
ingestionof.asmixed mea(37) similarly actto increasemicrovasculablood flow andthese

microvascular.responsareblunted in obese insuliresistant subject85, 37).
Together, these studies highlight tmepbrtant link betweemicrovascular and metabolic
actionsof insulin in muscleandimplicate thelossof microvascular insulisensitivityin the

development and progression of myodyigulin resistance
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Microvascular-induced muscle insulin resistance

The mechanisms of skeletal muscle insulin restgtaare multifactorial, howevemost
investigators have focuseh myocyteinsulin actiont is important to note that ost animal
modelsused to investigat@sulin resistance develdmwth myocyteand microvasculansulin
resistance However,we and othex have evidence demonstrating that therovasculature
canbecome_insulin resistant prior thanges irmyocyte insulinsensitivity suggestinghe

vasculaturetign earlycontributorto development of insulin resistan@s3-71).

We have reeentlgharacterised twdietaryanimalmodelsthat developmicrovasculainsulin
resistance68;.:69) The first of these models the moderatelyaiseddietary fat model, in
which dietary fat in ratss increasedfrom 5% © 9% wt./wt. (68), rather thanthe more
commonb5- to 7-fold increaseemployed inmany studies(27, 72, 73) The second model we
have characterised is the high deli ratin which dietary NaCl is increased froi3% to
8.0% wt./wt(69). After a four-week dietary interventionboth of these animal models
develop whole body, skeletal muscle and microvascular insulin resistangeo when
compareddorcontrol rats. Insuimediated myocyte glucose uptakenormal inboth ofthese
animalmodelsswhen assessed using the condlantpump-perfused hindleg technique. In
this ex vivg preparationthe vasculature igully intact, but does rodilate in response to
insulin, enablinginsulin and glucoselelivery to the myocytein the absence of insukin
mediated changes in blood flog@8). The reduction in insulistimulated muscle glucose
uptakein vivo therefore igdriven bymicrovascular, rather than myocytesulin resistancén
these two animal model$hesedataposition thdoss of normal microvascular function as an

earlyeventin the development of muscle insulin resistance

Theendothelial IRS2 knockoumhousedisplaysmicrovascular insulin resistaneadimpaired
insulinrmediated.muscle glucose uptakevivo, and this is associatedth reduced activation
of eNOS inthe vascular endotheliurfir1). When muscles from these animate incubated
with insulin in vitro (where delivery to the myocyte occurs by diffusion and wiatthe
vasculature)myocyte glucose uptake comparable to control animalShese data implicate
reduced €NOS activation byinsulin as a contributor to reduced insuimediated

microvascular recruitment and muscle glucose uptakis/o.

Recent evidence suggests an important role of muscle capillary demsitsulin action.
Musclespecific vascular endothelial growth factor (VEGF) knockout animals have reduced
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skeletal musclecapillary density and display whole body and muscle insulin resistance
vivo (70). However,when muscle samples are isolated and incubateassess myocyte
insulin action,their degree of myocyte insulin sensitivity was similar to control animals
Similarly, humanswith reducedskeletal musclecapillary densityare alsomuscle insulin
resistant(74)sWhen capillary density in muscle is enhanced with prazosin, muscle glucose
uptake improves without any measurable effects on muscle insulin signallgggssug

enhanced'vascular delivery of insulin and glucose to the myocyte (75).

Thus,changesrin diete(g.elevateddietaryfat or sodium)jmpairedeNOS activation, or even
reduced muscle capillary density can impair insaliediated microvascular functioaven in

the presence of normal myocyte insulin sensitivity.

Transport of insulin from the vasculatureinto theinter stitial space

Another potential radimiting step for insulin’s metabolic actions in skeletal musclenés t
movement.ef.insulin from theasculatire to the interstitial spacé has been consistently
shown that,theoncentratia of insulin in the interstitial space in skeletal mugsle50%
lower thansthetconcentration in plasn(@6-78). Given that thetime-course for insulin
mediated glucese uptake in skeletal muscle is delayed in insulin resistadcg/pe 2
diabetesthere may be delay in the transit of insulin from the vasculature to the interstitium
in these patholags(79).

In cell culture experimengsnsulin transportinto thevascularendothelium is insulin receptor
mediated(80, 81) In addition,transendothelialtransport of insulin islependent on Pig,
MAPK and cSrcfamily tyrosine kinasesigndling pathways and activation @NOS (82).
Importantly, inflammatory gtokines such as TNFand IL-6, which are elevated during
states of insulin resistance, impair insulin uptake into the endoth€8@in Thus, these
findings.suggesthat impaired or delayed insulin delivery to the interstitial space in contact
with myoeeytes isa potentialmechanisnin the development of insulin resistantt®wever,
whethertransendothelial transport of insulin is a rate limiting step for glucose uptake in

insulin resistanmuscle still remains to be confirmauvivo (84).

Conclusions

A large body of work over the pastio decades hademonstratedhat hhe microvascular
effects @ insulin are an important component of its capacity to increase glucose disposal in
skeletal muscleEven in the presence of normal myocyte insulin sensitivity, any disruption of
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this microvascular actioof insulin significantly reduces glucose disposal by skeletal muscle
Thus, microvasculaderived insulin resistances likely to be one of the firspathogenic
changesin the development of insulin resistance, and is therefore an important @rget f
early detection to prevent progression to type 2 diabetes and to inform patienfrcare
importantquestion that remains is whether correcting this microvascular defect (i.e. restoring
insulinrmediated microvascular responses) can effectively imsatin resistance antype 2

diabets. This'is an area we and othare actively investigating.
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FIGURE LEGEND

Figure 1: Underbasal conditions ~ 13®f capillaries are perfused in skeletal muscle. During
contraction,arterioles {through to 8) dilate and capillaries fully recruit in an intensity
dependentfashion. In the presence of insulin, approximateéfyo2apillaries are perfused,
changesn bulksflow may also occur during hyperinsulinemia. During states of insulin

resistance, insulimediated capillary perfusion of skeletal muscle is markedly impaired.
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