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Inflammation-induced vascular insulin resistance is an
early event in diet-induced obesity and contributes tomet-
abolic insulin resistance. To examine whether exercise
and glucagon-like peptide 1 (GLP-1) receptor agonism,
alone or in combination, modulate vascular and metabolic
insulin actions during obesity development, we performed
a euglycemic insulin clamp in adult male rats after 2 weeks
of high-fat diet feeding with either access to a running
wheel (exercise), liraglutide, or both. Rats exhibited in-
creased visceral adiposity and blunted microvascular and
metabolic insulin responses. Exercise and liraglutide alone
each improved muscle insulin sensitivity, but their combi-
nation fully restored insulin-mediated glucose disposal
rates. The combined exercise and liraglutide intervention
enhanced insulin-mediated muscle microvascular perfu-
sion, reduced perivascular macrophage accumulation and
superoxide production in the muscle, attenuated blood
vessel inflammation, and improved endothelial function,
along with increasing endothelial nucleus translocation of
NRF2 and increasing endothelial AMPK phosphorylation.
We conclude that exercise and liraglutide synergistically
enhance the metabolic actions of insulin and reduce vas-
cular oxidative stress and inflammation in the early stage
of obesity development. Our data suggest that early com-
bination use of exercise and GLP-1 receptor agonism
might be an effective strategy in preventing vascular and
metabolic insulin resistance and associated complications
during the development of obesity.

Muscle microvasculature critically regulates insulin delivery
to and action in muscle and is also an important insulin ac-
tion site (1–3). Insulin dilates the precapillary arterioles to
increase muscle microvascular perfusion and facilitate its

own delivery to the muscle interstitium via the nitric oxide
(NO) signaling pathway (4). This feed-forward system that
couples the vascular and metabolic actions of insulin is
blunted in insulin-resistant states, which contributes to the
development of metabolic insulin resistance (5). NO is criti-
cally important in this process because inhibiting NO pro-
duction abolishes the microvascular actions of insulin and
decreases insulin-mediated glucose disposal by up to 40%
(6). This is physiologically important because muscle is a
major insulin action target and responsible for �80–90%
of insulin-stimulated glucose disposal during insulin infu-
sion (7).
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Lifestyle modification is the cornerstone of diabetes pre-
vention and management. Although exercise exerts insulin
sensitization actions via multiple mechanisms, muscle mi-
crovasculature plays an important role in regulating exer-
cise-induced insulin sensitization (8). Exercise is the most
potent physiological factor that increases muscle microvas-
cular perfusion. Even simple handgrip markedly increases
cardiac (9) as well as skeletal muscle (10) microvascular per-
fusion in healthy humans. In rodents, low-frequency con-
traction recruits muscle microvasculature and facilitates
muscle insulin delivery in the absence of total tissue blood
flow increases (11). Muscle contraction also increases the
expression and secretion of the vascular endothelial growth
factor (VEGF) family of proteins, which acts on the capillary
endothelial VEGF receptors (VEGFRs) to stimulate angio-
genesis (12). Importantly, the microvascular actions of exer-
cise in muscle are preserved in insulin-resistant states (13).

The vascular endothelium expresses abundant glucagon-
like peptide 1 (GLP-1) receptors (14). In addition to its
well-characterized glycemic actions, GLP-1 exerts benefi-
cial actions on the vasculature (15). We have shown that
acute GLP-1 infusion increases microvascular recruitment
in human and rodent skeletal muscle (16–18), likely via
protein kinase A–mediated endothelial NO synthase acti-
vation (16,19). This action is independent of insulin
(16,17) and preserved in insulin-resistant states (20,21).
Treatment of rodents with GLP-1 receptor agonist liraglu-
tide for 4 weeks prevented high-fat diet (HFD)–induced
microvascular insulin resistance and attenuated metabolic
insulin resistance (22).

In the current study, we aimed to define whether exercise
(with access to a running wheel) and GLP-1 receptor ago-
nism, alone or in combination, would alter the microvascular
and metabolic actions of insulin during insulin-resistance de-
velopment and the potential underlying mechanisms.

RESEARCH DESIGN AND METHODS

Animal Preparation and Experimental Protocols
Adult male Sprague-Dawley rats (�175–200 g) were pur-
chased from Charles River Laboratories (Wilmington, MA),
individually housed at 22 ± 2�C on a 12-h light-dark cycle,
and fed an HFD (60% calories from fat; 5.21 kcal/g; cat. no.
D12492; Research Diets, Inc.) for 2 weeks after 1 week of
acclimatization. Rats were randomly assigned to one of the
following groups: 1) control group (sedentary), 2) liraglutide
group (200 mg/kg subcutaneously twice daily), 3) exercise
group (with ad libitum access to a running wheel [Med Asso-
ciates, Inc., St. Albans, VT] attached to the cage), or 4) lira-
glutide plus exercise group (200 mg/kg subcutaneously twice
daily plus ad libitum access to a running wheel). Rats in con-
trol and exercise groups received an equal amount of saline
injection subcutaneously twice daily. Each rat was supplied a
maximal food amount of 20 g per day with water access ad
libitum. For cages with a running wheel attached, daily run-
ning distance was tracked and recorded automatically. At

the end of the 2-week intervention, rats were studied under
one of the following two protocols.

In protocol 1, rats were fasted overnight and anesthe-
tized with thiobutabarbital (130–150 mg/kg Inactin i.p.;
Sigma-Aldrich). They were placed in a supine position on a
heating pad to ensure euthermia and intubated to maintain
a patent airway. The carotid artery and jugular vein were
cannulated with PE-50 polyethylene tubing for arterial
blood pressure monitoring, arterial blood sampling, and var-
ious infusions. After a 30- to 45-min period to ensure he-
modynamic and anesthesia stability, each rat received a
euglycemic hyperinsulinemic clamp (3 mU/kg/min) for 120
min, with arterial blood glucose determined every 10 min
using an Accu-Chek Advantage glucometer (Roche Diagnos-
tics). Dextrose (30% wt/vol) was infused at a variable rate
to maintain blood glucose within 10% of basal, and the glu-
cose infusion rate (GIR) and GIR area under the curve were
calculated. Hindlimb muscle microvascular blood volume
(MBV), microvascular blood flow (MBF) velocity (MFV), and
MBF were determined using contrast-enhanced ultrasound,
as described previously (23). MBV represents the volume of
microvasculature being perfused and MFV the velocity of
blood flow. MBF is the product of MBV and MFV. Serum in-
sulin, free fatty acid (FFA), and NO levels were measured be-
fore and after insulin clamps, as described previously (22)
and in the Supplementary Material. Rats were euthanized by
anesthetic overdose at the end of the study. Hindlimb mus-
cle, aortas, and epididymal fat pads were rapidly excised,
freeze clamped, and stored at�80�C for later analysis.

In protocol 2, overnight-fasted rats were euthanized us-
ing CO2 overdose. The aorta was quickly removed and used
for endothelial cell isolation and immunofluorescence stain-
ing, as described below. Distal saphenous arteries were dis-
sected and used for determination of endothelial function,
as previously described (24–27).

Mean arterial pressure was monitored via a sensor con-
nected to the carotid arterial catheter (Harvard Apparatus
and AD Instruments) throughout the study. This investiga-
tion conformed to the Guide for the Care and Use of Labora-
tory Animals published by the National Institutes of Health
(28). The study protocols were approved by the Animal
Care and Use Committee of the University of Virginia.

Immunofluorescence Staining of Endothelial Cells
Freshly resected rat aortas were immediately cut into small
pieces (�3mm×3mm) andused for endothelial cell Immuno-
fluorescence staining of reactive oxygen species (ROS), nuclear
factor erythroid 2–related factor 2 (NRF2), and phosphory-
latedAMPKand endothelial NO synthase (eNOS), as described
(29). Cells were freshly transferred from the vessel wall to the
coverslip before immunofluorescence staining.

Immunofluorescence Staining of Perimicrovessel
Macrophage and Superoxide in Muscle
The gastrocnemius was rapidly fixed in 4% paraformalde-
hyde, transferred to 30% sucrose the following day until
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tissue sank, and then embedded in an optimal cutting
temperature compound (Tissue-Tek; Sakura Finetek USA,
Inc.), frozen, and stored at �80�C. Cryosections were
done transversely at 5–6 microns and stored in a freezer
until use. For macrophage immunostaining, tissue sec-
tions were thawed, rehydrated in PBS, and permeabilized
with 0.2% Triton X-100 at room temperature for 1 h. Af-
ter rinsing in PBS and blocking with 10% donkey serum,
the sections were incubated with primary antibody goat
anti-mouse/rat CD31/PECAM-1 antibody in a humidified
chamber overnight at 4�C, followed by secondary staining
with Alexa Fluor Plus 647 donkey anti-goat secondary an-
tibody at room temperature for 1 h. From this step for-
ward, sections were protected from light. The sections
were then rinsed in PBS and incubated with 10% goat se-
rum at room temperature for 1 h, followed with a second
primary staining using rabbit anti-mouse/rat CD68 anti-
body in a humidified chamber overnight at 4�C and sec-
ondary staining with Alexa Fluor 488 goat anti-rabbit
secondary antibody at room temperature for 1 h. For de-
tection of superoxide production in muscle, muscle cryo-
sections were incubated in 2 mmol/L dihydroethidium
solution (Thermo Fisher Scientific, Waltham, MA) for 1 h at
room temperature protected from light.

After rinsing off excess reagent, the sections were cover
slipped with antifade mounting medium with DAPI and im-
mediately imaged using a fluorescence microscope (Olym-
pus Spinning Disk Confocal) at ×20 magnification.

Nuclear Factor-kB DNA-Binding Activity Assay
Frozen aortas and gastrocnemius muscle were used for the
determination of NF-kB activity, as previously described
(25,30).

Determination of Protein Expression and
Phosphorylation
Total eNOS, Akt (protein kinase B), extracellular signal–
regulated protein kinases 1 and 2 (ERK1/2), AMPKa,
VEGF, VEGFR1, VEGFR2, b-actin, and phosphorylated
eNOS (Ser1177), Akt (Ser473), ERK1/2 (Thr202/Tyr204), and
AMPKa (Thr172) were determined in aorta and gastrocne-
mius samples collected after insulin infusion using West-
ern blot analysis (29).

Statistical Analysis
All data are presented as means ± SEMs. Statistical analy-
ses were performed with GraphPad Prism 9 (San Diego,
CA), using ANOVA with post hoc analysis or Student t test
as appropriate. A P value of <0.05 was considered statisti-
cally significant.

Data and Resource Availability
The data sets generated or analyzed in this study can be
obtained upon reasonable request from the corresponding
author.

RESULTS

Animal Characteristics
Figure 1 shows animal characteristics after 2 weeks of
HFD with or without intervention (liraglutide, exercise, or
liraglutide plus exercise). Similar to our prior observations
(29), rats receiving HFD alone consumed �20 g food per
day. Liraglutide or exercise alone significantly and simi-
larly reduced the amount of food intake (Fig. 1A) and
HFD-induced body weight gain (Fig. 1B). Both liraglutide
and exercise resulted in lower visceral adiposity, but exer-
cise seemed to be more effective (Fig. 1C). The combined
intervention was much more effective than either liraglu-
tide or exercise alone for reducing body adiposity and pre-
venting body weight gain. Fasting blood glucose levels
were not significantly different among all groups (Fig. 1D).
Use of liraglutide did not alter either daily or mean running
distance (Fig. 1E and F).

Effects of Liraglutide, Exercise, and Liraglutide Plus
Exercise on Metabolic Insulin Response in HFD-Fed
Rats
To assess the impact of the various inventions on metabolic
insulin response, we performed a 2-h euglycemic hyperinsu-
linemic clamp in all animals at the end of the 2-week inter-
vention. We previously showed that in chow-fed rats, the
steady-state GIR was �8–10 mg/kg/min (26,27,31), and
2 weeks of HFD decreased it to �5 mg/kg/min (29). As
shown in Fig. 2, HFD feeding similarly reduced insulin-
stimulated whole-body glucose disposal, with a steady-state
GIR of �5.8 ± 0.5 mg/kg/min. Liraglutide or exercise each
increased insulin-stimulated glucose disposal by�17% (liraglu-
tide 6.8 ± 1.33 mg/kg/min; exercise 6.8 ± 0.73 mg/kg/min),
which was not statistically significant. However, the liraglu-
tide and exercise combination strikingly improved insulin-
stimulated GIRs in HFD-fed rats to the levels seen in chow-
fed rats. This improvement was evident within 30 min and
lasted during the entire clamp course, with a higher steady-
state GIR (10.3 ± 1.22 mg/kg/min; P < 0.05) �80% higher
compared with the HFD alone group (Fig. 2A–C).

Liraglutide alone modestly, and exercise alone or in combi-
nation with liraglutide significantly, lowered fasting serum
insulin concentrations (Fig. 2D). Postclamp serum insulin con-
centrations were significantly lower in all intervention groups
compared with HFD controls (Fig. 2E). The insulin sensitivity
indices (M/I ratios) and the steady-state GIRs corrected by se-
rum insulin concentrations were significantly higher in both
liraglutide and exercise alone groups, with a further increase in
the combination group (Fig. 2E). Although none of the inter-
ventions altered basal serum FFA levels, insulin infusion po-
tently reduced serumFFA levels in all groups (Fig. 2F).

Effects of Liraglutide, Exercise, and Liraglutide Plus
Exercise on Microvascular Insulin Resistance
Given that insulin action in muscle microvasculature is
closely coupled with themetabolic effects of insulin inmuscle
(32,33), we examined insulin-mediated microvascular perfu-
sion. Consistent with our previous studies (21,22,25), insulin
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failed to induce muscle microvascular recruitment in HFD-
fed rats, as indicated by a lack of increase in either MBV or
MBF during insulin infusion (Fig. 3). Exercise, but not liraglu-
tide, enabled a marked increase in insulin-mediated increases
in muscle MBV and MBF without altering MFV, suggesting
that exercise effectively rescued muscle microvascular insulin
sensitivity inHFD-fed rats. Combined liraglutide and exercise
intervention did not further increase microvascular insulin
responses when compared with exercise alone (Fig. 3A–C).
The increase in insulin-mediated muscle microvascular re-
cruitment was paralleled by a significant increase in serum

NO levels (Fig. 3D) in the exercise alone and combination
groups. We did not measure NO levels at all time points be-
cause we previously demonstrated robust parallel increases in
plasma NO content and insulin-mediated microvascular re-
cruitment (22).

Mean arterial pressure was comparable among all groups
during the entire infusion period (Fig. 3E). When data from
all groups were pooled together, insulin-mediated increases
in muscle MBV correlated positively with steady-state GIRs
(P < 0.01) (Fig. 3F). In addition, both insulin-mediated
microvascular perfusion (at all points measured) and

Figure 1—A–F: Animal characteristics: daily food intake (A), body weight gain (B), body adiposity (C), fasting blood glucose level (D), and
daily (E) and mean (F) running distance of rats with access to running wheel (n = 8–12 per group). Values are mean ± SEM. *P < 0.05,
**P < 0.01 vs. HFD alone group; #P < 0.05, ##P < 0.01 vs. HFD plus liraglutide (Lir) group; $P < 0.05 vs. HFD plus exercise (Ex) group us-
ing ANOVA with Tukey post hoc analysis.
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steady-state GIRs correlated inversely with body weight
(Supplementary Fig. 1) and visceral adiposity (Fig. 4 and
Supplementary Fig. 2).

Effects of Liraglutide, Exercise, and Liraglutide Plus
Exercise on Signaling Proteins in Aorta and Muscle
The findings that liraglutide and exercise differentially modu-
lated microvascular insulin responses but synergistically en-
hancedmetabolic insulin actions in HFD-fed rats prompted us
to analyze the signaling intermediates involved in insulin ac-
tion in both the aorta (Supplementary Fig. 3) and skeletal
muscle (Supplementary Fig. 4). Exercise or liraglutide alone

significantly enhanced insulin-mediated Akt phosphorylation
in aortas, whereas the combination did not. No significant dif-
ferences were observed in insulin-stimulated eNOS or ERK1/2
phosphorylation in the aorta among the groups. In skeletal
muscle, neither insulin-mediated Akt nor ERK phosphoryla-
tion differed among the groups. AMPK phosphorylation was
comparable among all groups in both the aorta andmuscle.

We also examined the protein expression of VEGF and its
receptors in the muscle because insulin resistance is associated
with decreased capillary density inmuscle (34,35), which could
affect muscle microvascular perfusion. Neither exercise nor lir-
aglutide, alone or in combination, affected muscle protein

Figure 2—A–F: Effects of exercise, with or without liraglutide (Lir), on metabolic insulin responses: time course of GIRs (A), area under the curve
(AUC) of GIRs (B), steady-state GIRs (C), serum insulin concentrations (D), insulin sensitivity indices (M/I ratios) (E), and serum FFA concentrations (F)
(n = 6–12 per group). Values are mean ± SEM. *P < 0.05, **P < 0.01 vs. HFD alone group; #P < 0.05 vs. HFD plus Lir group; $P < 0.05 vs. HFD
plus exercise (Ex) group using ANOVAwith Tukey post hoc analysis. @P< 0.001, @@ P< 0.0001 vs. respective baseline using Student t test.
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expression of VEGF or its receptors (VEGFR1 and VEGFR2)
(Supplementary Fig. 4A and E–G).

Effects of Liraglutide, Exercise, and Liraglutide Plus
Exercise on Perimicrovessel Macrophage
Accumulation and Superoxide Production in Muscle
Given the critical role of macrophage in the pathogenesis
of insulin resistance, we evaluated the effects of liraglutide
with or without exercise on muscle CD681 macrophage

accumulation inmuscle. Figure 5 shows the number of CD681

cells was comparable in HFD-fed rats with or without liraglu-
tide treatment, but exercise resulted in a significant decrease
in CD681 cells (P< 0.01). The combined liraglutide and exer-
cise intervention seemed to be more potent in decreasing the
accumulation of CD681 cells in muscle, but the difference
between combination and exercise alone groups was not sta-
tistically significant. Double staining of muscle microvessels
with CD31, an indicator of endothelial cells, antibody suggested

Figure 3—Effects of exercise, with or without liraglutide (Lir), on muscle microvascular insulin responses. A–E: Hindlimb muscle microvas-
cular perfusion was measured using contrast-enhanced ultrasound, with Definity microbubbles as microvascular tracer, before and during
insulin clamp (at 0, 30, 60, and 120 min): MBV (A), MFV (B), MBF (C), serum NO levels (D), and Mean arterial blood pressure (E) (n = 7–12
per group). Values are mean ± SEM. *P < 0.05 compared with respective baseline (0 min) using ANOVA with Tukey post hoc analysis.
F: Correlation between final MBVs (120 min) and steady-state GIRs by simple linear regression analysis. Ex, exercise; VI, video intensity.
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that the CD681 cells were predominantly accumulated in the
perivascular region. Similarly, exercise and the combined inter-
vention each markedly decreased superoxide levels in muscle,
predominantly in the microvessels (Fig. 6). Overall, exercise
seems to be the primary driver in the combined intervention
group in reducing macrophage accumulation and superoxide
production.

Effects of Liraglutide, Exercise, and Liraglutide Plus
Exercise on Endothelial Cell Oxidative Stress and
AMPK and eNOS Phosphorylation in the Setting of
HFD Feeding
We previously demonstrated that inflammation-induced
microvascular insulin resistance occurs early in diet-induced
obesity (25), and HFD feeding potently induces endothelial
cell oxidative stress (29). To examine the impact of various
interventions on endothelial oxidative stress, we used immu-
nostaining of CellROX Green Reagent, which is weakly
fluorescent in a reduced state and exhibits bright green pho-
tostable fluorescence upon oxidation by ROS, to indicate the
levels of ROS production and oxidative stress inside the en-
dothelial cells. All three interventions significantly reduced
endothelial CellROX Green fluorescence, and exercise, either

alone or in combination with liraglutide, tended to be more
effective (Fig. 7A and B). Double staining of endothelial cells
with MitoTracker Deep Red, which localizes mitochondria,
showed extensive colocalization with CellROX Green stain-
ing, suggesting mitochondria were the major source of
endothelial ROS. The transcription factor NRF2 translo-
cates to and accumulates in the nucleus upon activation
by oxidative stress to induce transcription of target genes
that contain the antioxidant response element (36,37). As
shown in Fig. 7C and D, the endothelial florescence of
NRF2 in HFD-fed rats was not affected by liraglutide alone
but was significantly enhanced by exercise with or without
liraglutide. Colocalization with DAPI staining revealed a
markedly increased nuclear accumulation. We also stained
the cells for phosphorylated AMPK, which functions as a
central regulator of cell survival in response to stressful
stimuli, including oxidative stress, and its downstream sig-
naling molecule eNOS (Fig. 7E–H). Liraglutide alone re-
sulted in a significant increase in the phosphorylation of
AMPK (Thr172) and eNOS (Ser1177), whereas exercise alone
had a more potent increasing effect. The combined inter-
vention further increased endothelial AMPK, but not eNOS
phosphorylation, when compared with exercise alone.

Figure 4—Relationship between visceral adiposity and microvascular or metabolic insulin responses. Bilateral epididymal fat pads in each rat
were resected, and weights were normalized to whole body weight. A–D: Correlations between visceral adiposity and MBV at 30 min of insulin
clamp (A), visceral adiposity andMBV at 60min of insulin clamp (B), visceral adiposity andMBV at 120min of insulin clamp (C), and visceral adi-
posity and steady-state GIRs (D), all by simple linear regression analysis. Ex, exercise; Lir, liraglutide; VI, video intensity.
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Effects of Liraglutide, Exercise, and Liraglutide Plus
Exercise on Vascular Inflammation and Endothelial
Dysfunction
The observation of increased perimicrovessel macrophage ac-
cumulation and endothelial cell ROS levels prompted us to
examine vascular NF-kB p65 DNA-binding activity. Liraglu-
tide for 2 weeks did not, whereas exercise slightly decreased

NF-kB p65 DNA-binding activity in the aorta. However, the
liraglutide and exercise combination markedly reduced vascu-
lar NF-kB p65 DNA-binding activity (Fig. 8A). None of the
interventions altered NF-kB p65 DNA-binding activity in
muscle. Importantly, this decrease in vascular inflammation
was associated with improved endothelial function, assessed
using the distal saphenous artery, which is a small resistance

Figure 5—Effects of exercise, with or without liraglutide (Lir), on HFD-induced perivascular macrophage accumulation in the skeletal muscle. A and
B: Representative immunofluorescence staining images (A) and quantification (B) of CD681 cells. CD31 antibody was used to stain for endothelial
cells (n = 4 per group). For each sample section, four randomly selected fieldswere photographed, andCD681 cells were counted and averaged. Val-
ues aremean ± SEM. **P< 0.01 vs. HFD alone group, ##P< 0.01 vs. HFD plus Lir group using ANOVAwith Tukey post hoc analysis. Ex, exercise.
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arteriole that feeds the muscle microvasculature (Fig. 8B).
Acetylcholine induced significantly more vasodilation at
10�5 M in rats receiving exercise interventions with or
without liraglutide, and the differences seemed to be pri-
marily driven by exercise. Longer duration of liraglutide
treatment, such as for 4 weeks, has been shown to fully
rescue endothelial function during HFD (22).

DISCUSSION

The current study demonstrated that, although GLP-1 recep-
tor agonism and exercise each improved metabolic insulin
sensitivity, they synergistically enhanced insulin-mediated

glucose disposal in a rodent model of early diet-induced obe-
sity. The combination of exercise and liraglutide intervention
was associated with a marked improvement in perimicroves-
sel macrophage accumulation and superoxide production,
endothelial oxidative stress, vascular inflammation, and en-
dothelial dysfunction.

We limited the study intervention to 2 weeks because
these animals exhibit significantly higher visceral adiposity
without excess weight gain, along with increased fasting
plasma insulin concentrations, normal fasting plasma glu-
cose levels, decreased insulin-mediated microvascular re-
cruitment and whole-body glucose disposal, and increased

Figure 6—Effects of exercise (Ex), with or without liraglutide (Lir), on HFD-induced superoxide production in the skeletal muscle. A and B:
Representative dihydroethidium (DHE) staining (A) and quantitative analysis of the red signal (B) in both skeletal muscle and muscle vascu-
lature from HFD-fed rats with various interventions (n = 3 per group). For each sample section, three randomly selected fields were photo-
graphed, and fluorescence intensity was measured and averaged. Values are mean ± SEM. **P < 0.01 vs. HFD alone group, #P < 0.05
vs. HFD plus Lir group using ANOVA with Tukey post hoc analysis. AU, arbitrary units.
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Figure 7—Effects of exercise (Ex), with or without liraglutide (Lir), on endothelial intracellular oxidative stress and AMPK (pAMPK) and eNOS
phosphorylation (peNOS). Aortic endothelial cells were freshly isolated from rats at the end of interventions. A and B: Representative immunoflu-
orescence staining images (A) and quantification of intracellular ROS levels (B). CellROX Green Reagent was used for ROS-induced oxidative
stress detection, and MitoTracker Deep Red was used to stain mitochondria. C and D: Representative immunofluorescence staining images (C)
and quantification of NRF2 (D). E and F: Representative immunofluorescence staining images (E) and quantification of pAMPKa-1/2 (Thr172) (F).
G and H: Representative immunofluorescence staining images (G) and quantification of peNOS (Ser1177) (H). For each sample, four to five ran-
domly selected fields were photographed, and fluorescence intensity was measured and averaged (n = 4 per group). Values are mean ± SEM.
*P < 0.05, **P < 0.01 vs. HFD alone group; ##P < 0.01 vs. HFD plus Lir group; $$P < 0.01 vs. HFD plus Ex group using ANOVA with Tukey
post hoc analysis. AU, arbitrary units.
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endothelial ROS content (29). These findings are consis-
tent with the fact that obesity is an inflammatory state
and that the vascular endothelium is constantly exposed to
circulating inflammatory and insulin resistance–inducing
factors, clearly demonstrating the importance of excess
body weight in vascular inflammation and oxidative stress
and suggesting that preventing excess weight gain might

have contributed to the salutary vascular and metabolic ef-
fects observed in the current study. This approach avoids
the confounding of excess and prolonged weight gain and
allows for a closer examination of the relationship among
vascular inflammation, microvascular insulin responses,
and metabolic insulin actions in muscle. Rats receiving
HFD alone rather than chow-fed rats were used as the

Figure 8—Effects of exercise (Ex), with or without liraglutide (Lir), on HFD-induced endothelial dysfunction and blood vessel NF-kB DNA-
binding activity. A: Nuclear extracts from aorta (n = 4–6 per group) and skeletal muscle (n = 7 per group) were assayed for NF-kB DNA-
binding activity. B: Vasodilatory responses to acetylcholine (Ach) were determined using isolated distal saphenous arteries. Each arterial
segment was stretched initially to an optimal tension (5 mN) and then allowed to stabilize at baseline tone. After preconstriction with phen-
ylephrine (PE; 2 mmol/L), vasodilatory responses to Ach were recorded and expressed as percentage of the tension to PE (n = 5–6 per
group). Values are mean ± SEM. *P < 0.05, **P < 0.01 vs. HFD alone group; #P < 0.05, ##P < 0.01 vs. HFD plus Lir group using ANOVA
with Tukey post hoc analysis. OD, optical density.
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control group because HFD feeding significantly blunts
insulin-stimulated microvascular recruitment, whole-body
glucose disposal, and aortic Akt and eNOS phosphorylation
compared with chow feeding at week 2, and this was asso-
ciated with a significant increase in aortic NF-kB activation
and endothelial oxidative stress (25,29).

Although lifestyle modification is effective in diabetes pre-
vention, and exercise increases insulin sensitivity (8), animals
in the exercise group and combination intervention group
consumed a similar amount of food and ran a similar dis-
tance during the study duration. Therefore, the amount of
food consumption and the exercise level are unlikely to have
been the causes of the drastic increase in insulin-mediated
glucose disposal seen in the combination intervention group.
That the combination intervention markedly decreased body
adiposity, reduced serum insulin concentrations, potently
suppressed vascular inflammation and oxidative stress, and
improved endothelial function points to a coordinated and
synergistic effect that led to the marked increase in insulin-
mediated glucose disposal.

Both exercise and GLP-1 receptor agonism are able to re-
duce oxidative stress, but the mechanisms remain to be de-
fined. Both interventions increase NRF2 activity and activate
AMPK, which are two key regulators of redox balance in the
cellular cytoprotective response and are abundantly expressed
in the endothelium (29,38,39). In the current study, liraglu-
tide and exercise each reduced intracellular ROS levels and
increased endothelial AMPK phosphorylation, but exercise
seemed to be a stronger effector. Similarly, exercise is more
effective in inducing NRF2 nuclear translocation. However,
the combination intervention was clearlymore effective in re-
ducing endothelial oxidative stress than either intervention
alone.

Macrophages contribute to tissue inflammation and
play an important role in the pathogenesis of insulin re-
sistance. In the hypothalamus, perivascular macrophages
regulate inflammation and mediate vascular homeostasis
in response to HFD feeding (40). Perivascular macro-
phages in muscle are important in the reestablishment of
functional tissue perfusion after ischemic injury through
the release of inducible NO synthase–produced NO (41).
Importantly, inducible NO synthase–mediated NO signal-
ing disrupts lysosomal function and contributes to obe-
sity-associated defective autophage and insulin resistance
in the liver (42). Our observation of the liraglutide and
exercise combination potently reducing perivascular mac-
rophage accumulation in muscle, along with reduced su-
peroxide production, endothelial oxidative stress, and
vascular inflammation, argues strongly that perivascular
macrophages might be a critical contributor to microvas-
cular inflammation and insulin resistance during obesity
development.

In humans at high risk of developing diabetes, liraglutide
treatment was associated with 80% less likelihood of devel-
oping diabetes (43). In the current study, liraglutide did not
alter insulin-mediated microvascular perfusion, endothelial

function, or vascular NF-kB DNA-binding activity, but it de-
creased endothelial ROS levels and increased endothelial
AMPK and eNOS phosphorylation. That liraglutide treat-
ment reduced body adiposity, which negatively correlated
with insulin-mediated MBV, suggests that liraglutide treat-
ment longer than 2weeks is required to improvemicrovascu-
lar insulin responses. Indeed, simultaneous treatment of rats
on an HFD with liraglutide for 4 weeks fully restored micro-
vascular insulin response, improved endothelial function,
and attenuated metabolic insulin resistance (22). This is
in line with the observation that treatment of HFD-fed
ApoE�/� mice with liraglutide for 4 weeks improved endo-
thelial function and suppressed vascular smooth muscle cell
proliferation by activating AMPK signaling in the aortic wall
and inducing cell-cycle arrest (44). With a shorter duration of
treatment (2 weeks), our data suggest that exercise is more
effective in restoring the microvascular action of insulin and
reducing vascular inflammation and oxidative stress and is
the main driver in the combination intervention. It is cer-
tainly likely that the effect size seen with liraglutide treat-
ment is too small to be detected in the liraglutide alone
group and is beingmasked by the larger effect size of exercise
when combined.

Exercise decreased basal insulin concentrations and in-
creased mortality-to-incidence values, suggesting improved
insulin sensitivity. That insulin-mediated muscle microvascu-
lar perfusion did not further increase, but insulin-stimulated
glucose disposal drastically increased, in animals receiving
the combination intervention suggests that improvement in
insulin-mediated microvascular perfusion only partially con-
tributes to insulin-mediated glucose disposal. Indeed, prior ev-
idence suggests that the microvascular actions of insulin
contribute up to 40% of insulin-mediated glucose disposal (6),
and expansion of muscle MBV with adiponectin (24,45,46) or
GLP-1 (21) or restoration of microvascular insulin action
using liraglutide (22) or salicylate (25) improves insulin-
mediated glucose disposal by 30–40% in HFD-fed animals.
Because insulin resistance occurs at both endothelial andmyo-
cytic levels, and endothelial insulin resistance occurs sooner
thanmyocytic insulin resistance (5,15), longer intervention
is needed to further restore muscle insulin responses. A
previous study showed that HFD feeding takes 8 weeks to
increase muscle NF-kB activity but only 1 week in the aorta
inmice (47).

Despite a drastic increase in insulin-mediated glucose
disposal in the combination intervention group, insulin-
mediated muscle Akt phosphorylation did not differ among
all groups. This is not surprising because, although Akt is a
key insulin signaling intermediate, there is no clear func-
tional dose-response effect between Akt phosphorylation
and muscle insulin action. One study showed in humans
with obesity and diabetes reductions of �60% in insulin-
mediated glucose disposal and �50 and 40% in IRS-1– and
IRS-2–associated PI3-kinase activity, respectively, but nor-
mal insulin activation of Akt isoforms in muscle (48). In ro-
dents that received lipid infusion, insulin-stimulated Akt
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phosphorylation either did not change (31) or changed in
an isoform-specific pattern, in that insulin-mediated Akt1
phosphorylation was reduced by 55%, Akt2 phosphoryla-
tion paradoxically increased by �40%, and Akt3 phosphory-
lation did not change (49). In mice fed an HFD, the basal
level of Akt phosphorylation was paradoxically increased,
likely from HFD-induced hyperinsulinemia (50).

A limitation of the study is the use of aortic endothelial
cells, aortas, and small resistance arterioles instead of en-
tirely microvessels and microvascular endothelial cells.
However, the current approach allowed us to examine the
impact of various interventions on conduit as well as re-
sistance vessels, given the well-known effects of HFD on
vascular inflammation and function in these vessels, and
changes in conduit and resistance vessel functions subse-
quently affect microvascular perfusion. Additionally, it is
very difficult to isolate a sufficient amount of endothelial
cells from skeletal muscle for the proposed signaling stud-
ies. Also, endothelial cells across the arterial tree seem to
respond to inflammatory and insulin resistance–inducing
factors similarly in the literature, likely because of the
unique geographical location (lining the vessel) and a spe-
cific barrier function between the circulatory compart-
ment and tissue interstitium, and as such, all endothelial
cells irrespective of location are constantly exposed to cir-
culating factors.

In conclusion, both liraglutide alone and exercise alone
increased muscle insulin sensitivity during obesity devel-
opment, but the combination of both synergistically and
drastically improved metabolic insulin sensitivity, along
with markedly reducing perivascular macrophage accumu-
lation and superoxide production in muscle, endothelial
oxidative stress, and vessel inflammation. Our data argue
strongly that early combinational intervention with exer-
cise and GLP-1 receptor agonism could effectively prevent
insulin resistance and associated metabolic disarrays.
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