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OBJECTIVE

Obesity is associated with microvascular insulin resistance, which is charac-
terized by impaired insulin-mediated microvascular recruitment. Glucagon-like
peptide 1 (GLP-1) recruits skeletal and cardiacmusclemicrovasculature, and this
action is preserved in insulin-resistant rodents. We aimed to examine whether
GLP-1 recruits microvasculature and improves the action of insulin in obese
humans.

RESEARCH DESIGN AND METHODS

Fifteen obese adults received intravenous infusion of either saline or GLP-1
(1.2 pmol/kg/min) for 150 min with or without a euglycemic insulin clamp
(1 mU/kg/min) superimposed over the last 120 min. Skeletal and cardiac
muscle microvascular blood volume (MBV), flow velocity and blood flow,
brachial artery diameter and blood flow, and pulse wave velocity (PWV) were
determined.

RESULTS

Insulin failed to change MBV or flow in either skeletal or cardiac muscle,
confirming the presence of microvascular insulin resistance. GLP-1 infusion
alone increased MBV by ∼30% and ∼40% in skeletal and cardiac muscle,
respectively, with no change in flow velocity, leading to a significant increase in
microvascular blood flow in both skeletal and cardiac muscle. Superimposition
of insulin to GLP-1 infusion did not further increase MBV or flow in either
skeletal or cardiac muscle but raised the steady-state glucose infusion rate by
∼20%. Insulin, GLP-1, and GLP-11 insulin infusion did not alter brachial artery
diameter and blood flow or PWV. The vasodilatory actions of GLP-1 are
preserved in both skeletal and cardiac muscle microvasculature, which may
contribute to improving metabolic insulin responses and cardiovascular
outcomes.

CONCLUSIONS

In obese humans with microvascular insulin resistance, GLP-1’s vasodilatory
actions are preserved in both skeletal and cardiac muscle microvasculature,
which may contribute to improving metabolic insulin responses and cardio-
vascular outcomes.
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Conduit arteries regulate total tissue
blood flow and tissue delivery of nu-
trients, oxygen, and hormones. Micro-
vasculature provides endothelial surface
area for the extraction of nutrients, ox-
ygen, and hormones into the tissue in-
terstitium.Thus,bothconduitarteriesand
microvasculature are vital in the mainte-
nance of tissue health and as such subject
to fine regulation.
Vascular endothelia express abundant

insulin receptors (1) as well as glucagon-
like peptide 1 (GLP-1) receptors (2). Both
insulin and GLP-1 cause vasodilatation.
Insulin through a receptor-mediated and
nitric oxide (NO)-dependent process di-
lates the conduit artery to increase tissue
total blood flow and relaxes the precapil-
lary arterioles to increase microvascular
perfusion in both laboratory animals (3)
and humans (4,5). Similarly, GLP-1, a hor-
mone produced by intestinal L cells in re-
sponse to nutrient ingestion, exerts a
potent vasodilatory effect on the con-
duit and resistance arteries as well as
muscle microvasculature in rats and
healthy humans (6–9).
The vascular effects of insulin are clearly

attenuated in insulin-resistant labora-
toryanimalsandhumans. Insulin-mediated
muscle microvascular recruitment is re-
duced or abolished in rats that receive
lipid infusion (10), are obese (11), or are
fed a high-fat diet (HFD) (6,12). Similarly,
insulin fails to increase conduit artery
blood flow and recruit muscle microvas-
culature in humans with evidence of
insulin resistance such as obesity (5),
diabetes (13), or receipt of systemic
lipid infusion to raise plasma free fatty
acid (FFA) concentrations (14,15). We
recently demonstrated that GLP-1 in-
fusion acutely recruits muscle micro-
vasculature, likely via a protein kinase A
(PKA)-NO–mediated pathway, in labo-
ratory rodents (7,8) and healthy hu-
mans (16,17), alongwith increased brachial
artery diameter and total blood flow
(16,17). In rats fed an HFD or receiving
systemic lipid infusion, acute GLP-1 in-
fusion was able to recruit microvascula-
ture and improve insulin sensitivity in
muscle (6), and treatmentofHFD-fed rats
with GLP-1 receptor agonist liraglutide
for 4 weeks restored vascular insulin
responses and endothelial function (18).
It is unknown whether the vasodilatory
actions of GLP-1 are preserved in hu-
mans with obesity and vascular insulin
resistance.

In the current study, we evaluated the
effects of insulin and GLP-1 at physio-
logically relevant concentrations on skel-
etal and cardiacmusclemicrovasculature
and conduit arteries as well as their rela-
tions to insulin-mediated whole-body glu-
cose disposal in obese humans. As insulin
and GLP-1 act via different receptors and
signalingpathways (PI 3-kinase vs. cAMP-
PKA pathway) to elicit endothelium-
mediated NO production, we hypothesize
that humans with class I obesity exhibit
vascular insulin resistance but have pre-
served responses to the vasodilatory ac-
tion of GLP-1 in both skeletal and cardiac
muscle microvasculature.

RESEARCH DESIGN AND METHODS

Study Subjects
All volunteers were screened for study
eligibility at the University of Virginia
Clinical Research Unit. At the screening
visit, vital signs, weight, and height were
measured and BMI was calculated. Com-
prehensive metabolic panels, complete
blood counts, lipid profiles, and preg-
nancy tests (if female) were acquired.
Individuals with normal screening pa-
rameters and no exclusion criteria were
invited to participate in the study. Per-
sons with chronic medical illness such
as diabetes, hyperlipidemia, hypertension
or hypotension, anemia, or intracardiac
or intrapulmonary shunt were excluded
from the study. Other exclusion criteria
included a first-degree relative with
type 2 diabetes mellitus (T2DM), current
smoking or having quit smoking within
6 months, use of supplements that could
potentially affect vascular function (e.g.,
fish oil, vitamins E and C), pregnancy or
lactation, or known hypersensitivity to
perflutren.

A total of 15 obese adults (4males and
11 females), mean6 SEM age 26.66 2.2
years and BMI 33.7 6 1.2 kg/m2, par-
ticipated in the study. All women were
studied in the follicular phase in their
menstrual cycles. See Supplementary Table
1 for detailed participant characteristics.

Study Protocols
After study enrolment, participants re-
turned for a treadmill VO2max test using
theBruceprotocol andbodycomposition
measurement using air displacement
plethysmography (Bod-Pod; Life Man-
agement, Concorde, CA). Theywere then
studied in random order under three

separate study protocols, with at least a
2-week interval between the admissions.

For each study, participant was admit-
ted to theClinical ResearchUnit at 0700h
after refraining from exercise and caf-
feine for 24 h and undergoing a fast from
2000 h the night before. A catheter was
placed in the antecubital vein for infu-
sions of normal saline, dextrose, micro-
bubbles, GLP-1, and insulin. A second
catheter was placed distal to the ante-
cubital vein for blood sampling. Baseline
vascular parameters were then deter-
mined, including brachial artery diam-
eter, flow velocity and blood flow, pulse
wave velocity (PWV), and cardiac and
skeletal muscle microvascular blood vol-
ume (MBV), microvascular flow velocity
(MFV), and microvascular blood flow
(MBF), using myocardial contrast echo-
cardiography(MCE)andcontrast-enhanced
ultrasound (CEU). Subject was then stud-
ied under one of the following protocols
(Fig. 1A).

Insulin Protocol

Each participant received a systemic in-
fusion of normal saline for a total of
150 min. After MCE and CEU measure-
ments were obtained at 30 min, a 2-h
hyperinsulinemic-euglycemic clamp (1mU/
kg/min) was begun. Plasma glucose con-
centrations were monitored every 5 min
and maintained at ;10 mg/dL below the
baseline levels to avoid arterial hyperglyce-
mia using 20% dextrose infused at variable
rates. MCE and CEU measurements, bra-
chial artery parameters, and PWVwere
determined again at the end of insulin
clamp.

GLP-1 Protocol

Each subject received a systemic infusion
ofGLP-1ata rateof1.2pmol/kg/min fora
total of 150 min. MCE and CEUmeasure-
ments were repeated at 30 and 150 min.
Brachial artery parameters and PWV
were measured again at 150 min. GLP-1
infusion at the dose selected raised
plasmaGLP-1 concentrations to thepost-
prandial levels and increased brachial ar-
terial blood flow by ;30% (P , 0.005),
skeletalmuscleMBVby;40% (P,0.001),
and cardiac muscle MBV by nearly 60%
(P , 0.001) in healthy young adults
(16).

GLP-1 1 Insulin Protocol

Each participant received a systemic
infusionofGLP-1at a rateof 1.2pmol/kg/
minforatotalof150min.AfterMCEandCEU

care.diabetesjournals.org Wang and Associates 635

https://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc19-1465/-/DC1
https://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc19-1465/-/DC1
http://care.diabetesjournals.org


measurements were obtained at 30 min,
subject received a 2-h hyperinsulinemic-
euglycemic clamp as detailed in the insulin
protocol. MCE and CEUmeasurements,
brachial artery parameters, and PWV

were determined again at the end of
insulin clamp.

During each study, subjects remained
supine and vital signs were measured
every 30 min. Blood samples were

collected at baseline and then every
30 min for glucose, insulin, and FFA meas-
urements. Additional samples were col-
lected at 0, 30, and 150 min for GLP-1
measurements.

Figure 1—Study protocol, plasma biochemical parameters, and GIRs.A: Study protocol: each subject received an intravenous infusion of either normal
saline or GLP-1 (1.2 pmol/kg/min) for 150 min with or without a euglycemic insulin clamp (1 mU/kg/min) superimposed over the last 120 min. BA,
brachial artery measurements. B: Plasma glucose concentrations. C: Plasma insulin concentrations. D: Plasma FFA concentrations. E: Plasma GLP-1
concentrations. F: Steady-state GIRs during insulin infusion and GLP-1 1 insulin infusion. G: Steady-state GIRs corrected by plasma insulin
concentrations. Compared with 0 min, *P , 0.05. Compared with insulin protocol, #P , 0.05.
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The study protocols were carried out
in accordance with the 2013 Declara-
tion of Helsinki of the World Medical
Association and were approved by the
University of Virginia Institutional Re-
view Board. Each participant gave writ-
ten informed consent before study
enrolment.

Measurement of Microvascular
Parameters in Cardiac and Skeletal
Muscle

MCE and CEU were performed with the
subject in the left decubitus position
using a SONOS 7500 ultrasound system
and an S3 phased array transducer (Phil-
ips Medical Systems, Andover, MA) as
previously described (14,19–21). Defi-
nity microbubbles (Lantheus Medical
Imaging, North Billerica, MA) were in-
fused systemically to trace the microvas-
culature. Once the blood microbubble
concentrations reached steady state
(within 2–3 min), intermittent ultrahar-
monic imaging was performed with the
pulsing intervals of 1, 2, 3, 4, 5, and
8 cardiac cycles in the cardiac muscle
(mechanic index 0.8) and 1, 2, 3, 4, 5, 8,
12, 16, and 20 cardiac cycles in the
skeletal muscle (mechanic index 1.5).
At each pulsing interval, three images
were captured digitally. Cardiac imag-
ing included the apical two-, three-, and
four-chamber views. The skeletal mus-
cle imaging was performed in the left
forearm in a transaxial plane 5 cm distal
to the antecubital fossa. All images
were analyzed using the QLAB soft-
ware (Philips Medical Systems) to de-
termine the MBV and MFV as previously
described (16,20,21). MBF was calculated
as the product of MBV and MFV. For
cardiac muscle microvascular parame-
ters, mean MBV, MFV, and MBF values
from all three apical views are reported.
The baseline coefficient of variability of
MBV among three admissions were 316
4% in skeletal muscle and 20 6 3% in
cardiac muscle.

Measurement of Brachial Artery
Parameters
Brachial artery diameter and blood flow
velocity were determined using a SONOS
7500 ultrasound as previously described
(14,19–21). The left brachial artery was
imaged;5cmproximal to theantecubital
crease using an L11-3 linear array
transducer with a transmit frequency of

7.5 MHz. The diameter was measured
during peak systole, and the flow ve-
locity was determined using pulsed-
wave Doppler. Brachial artery blood
flow (Q

.
) was calculated from the aver-

ages of three diameter (d) and velocity
(v) measurements using the equation
(Q
.
) 5 vp(d/2)2.

Measurement of PWV
Aortic arterial stiffness was assessed by
carotid-femoral PWV. PWV was calcu-
lated from the time taken for the arte-
rial pulse to propagate from the carotid
to the femoral artery by applanation
tonometry using the SphygmoCor sys-
tem (AtCor Medical). The stiffer the
aorta, the shorter the PWV.

Biochemical Analysis
Comprehensive metabolic panels, com-
plete blood counts, lipid profiles, and
pregnancy tests were assayed at the
University of Virginia Clinical Chemistry
Laboratory. Plasma glucose was mea-
suredusing aYSI glucose analyzer (Yellow
Spring Instruments). Plasma insulin con-
centrations were measured using an
ELISA kit (ALPCO Diagnostics, Windham,
NH). Plasma total GLP-1 concentrations
were measured using an ELISA kit (Milli-
pore, Watford, U.K.). Plasma FFA con-
centrations were measured using an in
vitro enzymatic colorimetric assay with a
Wako HR Series NEFA-HR kit (Wako
Diagnostics, Richmond, VA).

Statistical Analysis
A priori calculation based on our prior
studies in healthy humans (16,17) showed
that a sample size of 14 would have 80%
power (with a 5 0.05) to detect ;30%
difference in muscle MBV. A total of
15 subjects were included in the study,
and all data are presented as mean 6
SEM.Statistical analyseswereperformed
with software package SAS, version 9.4
(SAS Institute Inc., Cary, NC), as previ-
ously described (17). Changes in skeletal
andcardiacmusclemicrovascular param-
eters from 0 to 30 min and from 30 to
150 min were analyzed via piecewise
random coefficient regression. Brachial
artery diameter, flow velocity, blood
flow, and PWV were analyzed by way of
random coefficient regression. A P value
of ,0.05 was considered statistically
significant.

RESULTS

Participant Characteristics and
Biochemical Profiles
Supplementary Table 1 summarizes clin-
ical parameters obtained at the screening
visit. Participants were obese and nor-
motensive and had normal lipid profiles.
Insulin, GLP-1, or GLP-1 1 insulin infu-
sions did not alter subjects’ blood pres-
sure but induced a small (statistically
nonsignificant) increase in heart rate
(Supplementary Table 2), similar to our
prior observations in healthy young
adults (17). Changes in plasma glucose,
insulin, GLP-1, and FFA concentrations
are summarized in Fig. 1. Insulin infusion
raised plasma insulin concentrations by
approximately ninefold (P , 0.001) and
decreased plasma FFA concentrations by
;90% (P , 0.01). GLP-1 infusion alone
increased plasmaGLP-1 levels by approx-
imately threefold to fourfold to levels
seen postprandially, and this was asso-
ciated with a statistically significant de-
crease in plasma glucose concentrations at
30min (from5.26 0.1 to 4.46 0.2mmol/L,
P , 0.001), which remained lower than
baseline during the entire study (Fig. 1B).
Measurementofplasma insulin levelsafter
10 min of GLP-1 infusion demonstrated a
statistically nonsignificant, transient increase
(from mean 6 SEM 56.86 5.8 to 140.6 6
32pmol/L,P50.589),which rapidly returned
back to baseline at 30 min (73.7 6 8.8
pmol/L, P 5 1.000). FFA concentrations
declined slightly during GLP-1 infusion,
but the reduction was statistically signifi-
cant only at 60min (P50.047). InGLP-11
insulin protocol, GLP-1 infusion similarly
increased total GLP-1 by threefold and de-
creased plasma glucose concentrations at
30min (from5.260.1 to4.460.1mmol/L,
P,0.001).Whileplasma insulin levelswere
also transiently increased at 10 min (from
52.7 6 3.9 to 94.0 6 9.7 pmol/L), this
change was not statistically significant
(P5 0.864) and the levels returned back
tobaseline (60.965.4pmol/L) at 30min.
Insulin and GLP-1 coinfusion raised plasma
insulin concentrations and suppressed
plasma FFA concentrations, similar to
the insulin infusion study.

Comparedwiththeinsulin infusionstudy,
superimposing insulin onto GLP-1 infusion
led to a significantly higher glucose infusion
rate (GIR) required to maintain euglycemia
atsteadystate(mean6SEM4.9660.47vs.
4.0860.42mg/kg/min,P50.019). Steady-
state plasma insulin concentrations were
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higher intheGLP-11 insulinprotocol (630.4
6 76.1 pmol/L) than those in the insulin
protocol (470.3 6 24.1 pmol/L). The M/I
ratios, steady-state GIR corrected by
plasma insulin concentrations, were com-
parable between these two protocols
(P 5 0.891).

Changes in Skeletal Muscle
Microvascular Parameters
Figure 2 shows changes of skeletal mus-
clemicrovascular parameters. Insulin in-
fusion alone did not change skeletal
muscle MBV, MFV, or MBF, confirming
the presence of skeletal muscle microvas-
cular insulin resistance. On the contrary,
GLP-1 infusion promptly increased skeletal
muscleMBV from 4.856 0.54 dB at 0min

to 6.53 6 0.49 dB at 30 min (P 5 0.002)
without affecting MFV, leading to a signif-
icant increase inMBF (2.036 0.21 vs. 2.66
6 0.20 dB/sec for 0 vs. 30 min, respectively;
P 5 0.003). MBV and MBF remained el-
evated from 30 to 150 min during the GLP-1
infusion. In the GLP-11 insulin protocol,
GLP-1 infusion similarly increased skel-
etal muscle MBV and MBF at 30 min
(P , 0.001 for both), which was asso-
ciated with a slight, but statistically signif-
icant, reduction inMFV (0.4226 0.009 vs.
0.390 6 0.009 1/s for 0 vs. 30 min, P 5
0.005). Superimposition of insulin infusion
onto GLP-1 infusion did not further in-
creaseMBVorMBF comparedwith GLP-
1 infusion alone (P 5 0.424 and 0.815,
respectively).

Changes in Cardiac Muscle
Microvascular Parameters

Changes of cardiac muscle microvascular
parameters were similar to those of
skeletal muscle (Fig. 3). Insulin infusion
alone had no effect on cardiac muscle
MBV, MFV, or MBF. GLP-1 infusion signif-
icantly increased cardiac muscle MBV and
MBF within 30 min (P , 0.001 for both).
This was associated with a slight, but sta-
tistically significant, reduction inMFV(0.423
6 0.005 vs. 0.406 6 0.005 1/s for 0 vs.
30 min, respectively; P 5 0.009). Cardiac
muscle MBV and MBF remained elevated
from 30 to 150 min during GLP-1 infusion.
InGLP-11 insulinprotocol,GLP-1 infusion
similarly increased cardiac muscle MBV
andMBFwithin30min(P,0.001forboth)

Figure 2—Changes of skeletal muscle microvascular parameters. A: Insulin protocol. B: GLP-1 protocol. C: GLP-1 1 insulin protocol. Dotted lines,
individual data; solid red lines, average. D: Quantitative changes.
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withnosignificant alteration inMFV (0.404
6 0.006 vs. 0.3976 0.004 1/s, P5 0.243).
Addition of insulin infusion to GLP-1 in-
fusion did not further increaseMBVorMBF
compared with GLP-1 infusion alone (P5
0.247 and 0.400 at 30 and 150 min,
respectively).

Changes in Brachial Artery Diameter,
Flow Velocity, and Blood Flow
The ultrasound images of one participant
from the insulin protocol and another
from the GLP-1 1 insulin protocol were
excluded fromanalysis due topoor image
quality. Insulin infusion had no effect on
brachial artery diameter (3.786 0.20 vs.
3.84 6 0.21 mm for 0 vs. 150 min, re-
spectively; P 5 0.304) but resulted in a
statistically significant increase in flow
velocity (5.2760.42vs. 6.8760.78 cm/s

for 0 vs. 150min, P5 0.008). Overall, the
changes in brachial artery blood flow
were not statistically significant (37.88
65.69 vs. 45.6864.26mL/min for 0 vs.
150 min, P 5 0.082). Neither GLP-1
alone nor GLP-1 and insulin coinfu-
sions had a significant effect on bra-
chial artery parameters (Fig. 4).

Changes in PWV
PWV remained unchanged during in-
sulin infusion (5.10 6 0.27 vs. 5.08 6
0.19m/s for 0 vs. 150min, respectively;
P 5 0.931). GLP-1 and GLP-1 1 insulin
infusions resulted in a small, statisti-
cally nonsignificant, increase in PWV
(0.17 6 0.15 m/s, P 5 0.341, and 0.25
6 0.22 m/s, P 5 0.157, respectively)
(Fig. 4).

CONCLUSIONS

In addition to confirming the presence
of significant insulin resistance in con-
duit artery and skeletal and cardiac mus-
cle microvasculature in otherwise healthy,
obese humans, the current study convinc-
ingly demonstrated that in the obesity
state the vasodilatory action of GLP-1 is
blunted in the conduit artery but pre-
served in the skeletal and cardiac muscle
microvasculature. This GLP-1–induced
microvascular recruitment (within 30 min)
was clearly independent of insulin, as GLP-1
infusion only slightly raised plasma insulin
concentrations (from 56.86 5.8 to 73.76
8.8 pmol/L during GLP-1 admission and
from 52.7 6 3.9 to 60.9 6 5.4 pmol/L
duringGLP-11 insulin admission,P50.07
and 0.10 respectively). On the contrary,
insulin infusion alone increased plasma

Figure 3—Changes of cardiac muscle microvascular parameters. A: Insulin protocol. B: GLP-1 protocol. C: GLP-1 1 insulin protocol. Dotted lines,
individual data; solid red lines, average. D: Quantitative changes.
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insulin concentrations by ;10-fold within
30 min (P , 0.001) but failed to recruit
skeletal and cardiac muscle microvascula-
ture. As muscle microvasculature provides
the endothelial surface area for substrate

and hormone entry into muscle intersti-
tium, GLP-1 may play a vital role in main-
taining skeletal and cardiac muscle health
via enhancing microvascular perfusion in
the obese state.

While it is known that obesity is as-
sociated with endothelial dysfunction (22)
and vascular insulin resistance (5,23), our
study confirms that insulin resistance is
present in all arterial segments in young
adultswithonly class I obesityandnoother
featuresof insulin resistanceorcardiovascular
risk factors. This is consistent with our
prior report that insulin-mediated mus-
cle microvascular recruitment and in-
crease in brachial artery blood flow seen
in lean humans were blunted in obese
individuals (5). These findings are of
major clinical and socioeconomic impor-
tance. Indeed, our studycohort consisted
of subjects with only class I obesity
(average BMI 33.7 kg/m2) who had no
first-degree relatives with diabetes and
who had normal blood pressure and nor-
mal fasting plasma glucose levels and
fasting lipidprofile.Wewouldtraditionally
consider thispopulationingeneralhealthy
and at only slightly increased cardio-
vascular risks. However, the clear pres-
enceof vascular insulin resistance in these
subjects argues strongly that even class I
obesity engenders a significant cardiovas-
cular risk and lifestyle intervention should
be initiated well before the appearance
of traditional,modifiable cardiovascular
risk factors.

In healthy humans, both insulin and
GLP-1 atphysiological concentrations are
able to dilate brachial artery and recruit
muscle microvasculature to increase skel-
etal and cardiac muscle perfusion (16,17).
Vascular insulin resistance not only blunts
insulin-mediated perfusion but may even
reduce tissue blood flow due to insulin-
stimulated vasoconstriction (24). This
makes ourfindings that insulin-resistant
obese subjects have a robust microvas-
cular response to GLP-1 particularly im-
portant in that GLP-1 may contribute to
skeletal and cardiac muscle health in the
obese state by enhancing skeletal and
cardiac muscle perfusion. Indeed, we
have previously observed in rats that
GLP-1 infusion can acutely increase mus-
cle microvascular perfusion along with
muscle interstitial oxygenation in both
insulin-sensitive and insulin-resistant ro-
dents (6,7). It is of interest to note that
while the slopes of MBV increases (0–
30 min) were similar in skeletal and
cardiac muscle in response to GLP-1
infusion, there was no statistically sig-
nificant correlation between the per-
centage of responses of the twomuscle
beds (r5 0.285, P5 0.31), likely due to

Figure 4—Changes in brachial artery diameter (A), flow velocity (B), blood flow (C), and PWV (D).
Compared with 0 min, *P 5 0.008. sec, second.
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the semiquantitative nature of the mi-
crobubble signal and the heterogeneity
of the responses (95% CI 0.0208–0.0913
vs. 0.0320–0.0680 for skeletal muscle vs.
cardiac muscle, respectively).
In the current study, 11 out of 15 sub-

jects were women. While we saw no
difference between obese men and
women, the study design was not pow-
ered to detect a sex difference, and thus
more study is needed. In addition,whether
the current findings can be extrapolated to
humanswithmetabolic derangement such
as T2DM or used to explain the vascular
effects of chronic GLP-1 receptor stimula-
tion remains to be examined. This is im-
portant, as T2DM patients exhibit vascular
insulin resistance, are prone to developing
cardiovascular complications including di-
astolic dysfunctionandheart failure (25,26),
and have reduced functional exercise ca-
pacity (27,28), and improvement in cardiac
and skeletal muscle perfusion may en-
hance their functions. Studies have al-
ready demonstrated that GLP-1 receptor
agonists improve cardiovascular outcomes
in T2DM patients with high cardiovascular
risks (29,30) and rescue insulin-mediated
musclemicrovascular perfusionandoxygen
content in insulin-resistant rodents (18).
In healthy humans, GLP-1 causes va-

sodilation of the microvasculature to
increase tissue perfusion and of the
conduit artery to increase total tissue
blood flow. While GLP-1 infusion can
acutely increase brachial artery flow in
healthy humans (16,17), it failed to do
so in obese humans in the current study.
One possible explanation is the short du-
ration of GLP-1 infusion. In humans with
diabetes, endoplasmic reticulumstress con-
tributes to vascular insulin resistance and
endothelial dysfunction, and stimulation of
the GLP-1 receptor with liraglutide can
ameliorate endoplasmic reticulum stress
and restore insulin-mediated NO synthase
activation in endothelial cells isolated from
patients with diabetes (31). However, it
may take much longer to reach such an
effect in vivo. Sixmonthsof treatmentwith
liraglutide markedly improved brachial ar-
tery flow-mediated dilation and reduced
oxidative stress markers in newly di-
agnosed subjects with T2DM (32), and
treating HFD-fed rats with liraglutide for
4 weeks restored endothelial function;
both support this possibility (18).
Our observation that superimposition

of insulin infusion on top of GLP-1 in-
fusion inducednochange ineitherbrachial

arterial diameter and blood flow or skel-
etal and cardiac muscle microvascular
perfusion is certainly not surprising given
the presence of significant vascular in-
sulin resistance in the study population.
However, we noted a significant increase
in insulin-mediated whole-body glucose
disposal during combined insulin and
GLP-1 infusions compared with insulin
infusion alone. This increase appears to
be due to an increased plasma insulin
concentration, as when the GIRs were
corrected with plasma insulin concen-
trations, theM/I ratios (i.e., GIRs per unit
of insulin) between the two admissions
were comparable. This pattern is similar to
that seen in our recent observations in
healthy humans (17). The higher plasma
insulin levels seen during GLP-1 and in-
sulin coinfusionaremost likely secondary
to reduced insulin clearance after GLP-1
administration (33). In mice with double
deletion of GLP-1 and glucose-dependent
insulinotropic polypeptide receptors, in-
sulin clearance is also increased (34).
Higher plasma insulin concentrations may
lead to higher muscle interstitial insulin
concentrations due to GLP-1–mediated
microvascular recruitment, which increases
muscle insulin delivery (35), and it is the
interstitial insulin concentrations that cor-
relate with insulin-mediated muscle glu-
cose disposal (36).

Similar to our prior observations in
healthy humans (17), insulin, GLP-1, and
GLP-1 1 insulin infusion did not alter
PWV in obese humans in the current
study.As arterial stiffness reflects arterial
elasticity andvascular aging, itmay take a
much longer treatment time to observe a
change. In overweight patients with type 1
diabetes, addition of liraglutide to insulin
treatment for 24 weeks had no impact on
PWV (37), but similar lengths of liraglutide
treatment did reduce arterial stiffness and
improve left ventricular myocardial defor-
mation in subjects with newly diagnosed
T2DM (32). Furthermore, treatment of
early T2DMwith dipeptidyl peptidase 4
inhibitor linagliptin for 26 weeks also
significantly improved PWV (38). Whether
these effects were related to reduction in
weight and plasma insulin levels remains
unclear, as both were associated with
improved PWV in the Slow the Adverse
Effects of Vascular Aging (SAVE) trial (39).
The lack of GLP-1 effects on PWV, as well
as on conduit flow, could also be false
negatives owing to different sensitivity
for detection of an actual effect that

might be present but small. Further
studies are warranted given the high
prevalence of increased PWV in people
with diabetes (40).

In conclusion, obese humans display
insulin resistance in both conduit artery
and skeletal and cardiac muscle micro-
vasculature, but their responses toGLP-1
arepreserved inboth skeletal andcardiac
muscle microvasculature, which may
contribute to improving metabolic insu-
lin responses, tissue health, and cardio-
vascular outcomes in obesity.
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