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A B S T R A C T

The association of obesity with cardiovascular disease is well established. However, the interplay of obesity and
vascular dysfunction in peripheral tissues such as skeletal muscle, which plays a key in role metabolic homeo-
stasis, requires further study. In particular, there is a paucity of data with regard to sex-differences. Therefore,
using a murine model (C57BL/6) of high-fat diet-induced obesity and insulin resistance, we investigated changes
in vascular function in gluteus maximus muscle of female and male mice. Diet-induced obesity resulted in al-
terations in microvascular function. Obese male mice displayed impaired vasoconstriction in second order arte-
rioles compared to lean, male mice, whereas arterioles of obese, female mice displayed significant impairments of
both vasodilation and vasoconstrictor responses compared to lean, female mice. Overall, this study identifies
distinct differences in how obesity impacts the female and male murine response to skeletal muscle vascular
function. This work advances our understanding of sex-specific risk of metabolic complications of obesity and
indicates the need for expansion of this study as well as detailed investigation of sex-specific differences in obesity
pathology in the future.
1. Introduction

The epidemic increase in obesity continues to contribute to the rise in
cardiovascular disease globally [1, 2]. Obesity is the number one risk
factor for diabetes, which itself confers cardiovascular risk [3].
Furthermore, obesity has been associated with cardiovascular disease
including microvascular disease, coronary artery disease, and valvular
heart disease [4, 5, 6].

The link between obesity and cardiovascular disease is highlighted by
factors such as marked increases in blood pressure and systemic vascular
resistance, vascular inflammation, and hyperinsulinemia [7]. During
positive energy balance, white adipose tissue (WAT) undergoes hyper-
trophy or hyperplasia [8] to accommodate excess energy intake. While
this response of the WAT is an adaptive response to maintain homeo-
stasis, chronic activation of these pathways results in changes in adipo-
kine profiles that become dysregulated in the obese adipose tissue,
leading to induction of inflammation and oxidative stress pathways [9].
Moreover, adipokines and cytokines produced in WAT activate
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intracellular pathways that initiate and maintain inflammation as well as
promote insulin resistance in peripheral tissues, such as skeletal muscle,
and dampen insulin signaling in the vasculature and metabolic organs
[10].

Functionally, the negative interplay of obesity and the vascular
physiology has been demonstrated [11]. During the development of
obesity-induced insulin resistance using isolated aortas and saphenous
arterioles of male rats, Zhao et al. (2015) showed that the microvascu-
lature of skeletal muscle became insulin resistant after only 3 days of high
fat feeding and microvascular vasodilation was impaired by four weeks
[12]. Several other studies have also assessed microvascular function in
models of diet-induced metabolic syndrome or diabetes, showing
impaired microvascular function and endothelial dysfunction in the late
stages of metabolic disease [13, 14]. Moreover, it was shown that
changes in vascular function were more pronounced in pre-diabetic fe-
males in comparison to males in isolated mesenteric vasculature [15],
suggesting sex-specific differences in the impact of obesity on micro-
vascular health.
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Despite these studies, our overall understanding of the effect of
obesity on microvascular function in both sexes is lacking and requires
further investigation to identify new targets to prevent cardiovascular
damage in the face of obesity. In particular, understanding the impact
of obesity on non-cardiovascular vascular beds, such as skeletal muscle,
is limited with studies restricted to males. This is of particular interest
given the pivotal role of skeletal muscle in metabolic homeostasis and
thereby obesity. Therefore, to further our understanding of how
microvascular function is impaired in obesity and impacted by sex, we
used in vivo intravital microscopy (IVM) to assess vascular function in a
murine model of diet-induced obesity and insulin resistance in gluteus
maximus, a non-sex specific skeletal muscle. These investigations pro-
vide insight into the link between obesity and the microcirculation to
identify potential therapeutic targets to mitigate obesity-
induced vascular dysfunction and identify sexual dimorphism in
pathology.

2. Materials & methods

2.1. Animal Care

Animal use was approved by the Animal Care and Use Committee
of the University of Northern British Columbia and performed in
accordance with the Canadian Council of Animal Care (CCAC) guide-
lines for the use of Laboratory Animals. Mice (C57BL/6, Charles River
Laboratories, Wilmington, MA, USA) were housed at 21 �C with a 12-
hour light/dark cycle and were fed standard rodent chow (Rodent
LabDiet, 5001, Leduc AB, Canada) ad libitum unless stated. Mice
acclimatized for one week prior to beginning experimental proced-
ures. Experiments were conducted in both male and female mice and
using two cohorts: vascular function was evaluated by IVM (a ter-
minal procedure) in cohort 1 in the fed state and in cohort 2 in the
fasted state.
2.2. Diet-induced obesity

2.2.1. Mouse model
Starting at seven weeks of age, mice were fed standard rodent chow

diet (13% kcal as fat, Rodent LabDiet, 5001, Leduc AB, Canada) or high
fat diet containing 45% kcal as fat (D12451, Research Diets, New
Brunswick NJ, USA) ad libitum for 14–16 weeks. Body weight was
measured weekly. Blood was sampled from the saphenous vein of mice in
a fasted (16 h fast) and random fed state between 09:00 and 11:00. Blood
glucose was measured biweekly using a hand held glucose monitor
(Lifescan, Burnaby BC, Canada). Body composition (fat and lean mass)
was determined by time domain nuclear magnetic resonance [16]
(TD-NMR, minispec LF50, Bruker, Billerica, MA, USA) every four weeks.
Fasted and fed plasma insulin (heparinized blood collection tubes, Ul-
trasensitive Insulin ELISA, ALPCO, Salem NH, USA), glucose tolerance
(oral glucose tolerance test, 2 g/kg D-glucose, described below) and in-
sulin sensitivity (insulin tolerance test, 1.5U insulin/kg, described below)
were assessed after 12 weeks of feeding.

2.2.2. Insulin tolerance test
Fasted mice (4 h) were given an intraperitoneal (ip) injection of in-

sulin (1.5U/kg, Humalog, Eli Lilly, Indianapolis, IN) and blood was
sampled (1–2 drops) from the saphenous vein and used to test blood
glucose; blood glucose (mmol/L) was measured at 0, 10, 20, 30, 60, and
120 minutes post insulin injection using a handheld glucometer (Life-
scan, Burnaby BC, Canada).

2.2.3. Oral glucose tolerance test
Fasted mice (16 h fast) were given 2 g/kg D-glucose in water by oral

gavage and blood glucose (mmol/L) was measured at 0, 10, 30, 60, 120
and 180 minutes post glucose load.
2

2.3. In vivo assessment of microvascular function by intravital microscopy

2.3.1. General animal preparation
Vascular function was assessed by IVM, which allows for real-time

functional assessment of the microcirculation in vivo (adapted from
Bearden et al. 2004) [17], in male and female mice after 14–16 weeks of
high fat or chow feeding in the fed or fasted state. Mice were anesthetized
with sodium pentobarbital (initial dose of 60 mg/kg ip with top-up doses
given subcutaneously at 15 mg/kg/h) or isoflurane with an induction
rate of 2–3% and supplemented as needed with a maintenance rate
0.5–1% to maintain a surgical plane. All chemicals were purchased from
Sigma Aldrich unless otherwise noted (Oakville, ON, Canada).

2.3.2. Preparation of gluteus maximus muscle
Once anesthetized, mice were placed under a stereomicroscope. The

left gluteus maximus area of the mouse was shaved and cleaned to
remove the fur. The gluteus maximus muscle was chosen over the cre-
master muscle, as used in other experiments such as Payne et al. (2003)
[18], because the cremaster is only found in males and we performed
these experiments in both males and females. The skin covering the
muscle area was cut away and the proximal edge of the gluteus maximus
muscle cut parallel to the spine and reflected away from the mouse
ensuring preservation of the vascular supply to the tissue. The muscle
was then positioned to lay flat and the proximal edge pinned down on a
Sylgard (Dow Corning, Midland, MI, USA) board. Physiological saline
solution (PSS) made of bicarbonate (18.0 mM) and basic salt solution
(131.9mM NaCl, 4.7 mM KCl, 2.0 mM CaCl2�2H2O, 1.17 mM
MgSO4�7H2O) at pH 7.4 was superfused over the muscle tissue to mimic
physiological conditions. The solution was kept at a temperature of 37 �C
using a heated perfusion reservoir (Radnoti, USA).

2.3.3. Intravital microscopy
The prepared mouse was moved onto the intravital microscope

(modified model 20T, Zeiss) and the muscle preparation was allowed to
equilibrate under PSS flow. Brightfield illumination (ACH/APL
condenser; numerical aperture 0.32) was used to observe arterioles
through a Zeiss UD40 objective (numerical aperture 0.41) coupled to a
video camera (C2400; Hamamatsu, Japan), with a final magnification on
the video monitor (model PVM-132; Sony, Japan) of 950X. The vessel
diameter was measured as the distance between luminal edges by using a
video caliper (modified model 321; Colorado Video Inc, Boulder, CO, US)
with spatial resolution of at least 2 μm. Data were collected at 40 Hz using
PowerLab coupled to a computer (AD Instruments, Australia).

2.3.4. Baseline measurements (dose-response curves)
As described previously [17], second order arterioles (one per mouse)

were studied as they are ideally positioned for the control of blood flow
within the muscle; serial dilutions (10�9 M to 10�5 M) of acetylcholine
(ACh) and phenylephrine (PE) were used to verify vasodilatory and
vasoconstrictor vasomotor response respectively. Once equilibrated for
45–60 min following surgery, resting diameter was measured. Vascular
activity was then recorded while superfusing increasing concentrations
of ACh or PE over the tissue. At each concentration, arteriolar diameter
was allowed to stabilize for two minutes, after which the diameter was
recorded. Following the response to 10�5 M concentration, the tissue was
superfused with PSS for 15 min to washout the chemicals, allowing
resting diameter to be restored prior to testing additional chemicals. At
the conclusion of each experiment, 10�2 M sodium nitroprusside (SNP)
was used to measure maximal diameter of the arteriole.

2.4. Data analysis

Body mass (g), blood glucose (mM), insulin tolerance (area under the
curve following an insulin tolerance test), and arteriole diameter (μm)
are expressed as mean � standard error of the mean. Analyses were
performed using students t-tests or 2-way ANOVAs followed by
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Bonferroni or �Sid�ak post hoc comparisons using GraphPad Prism 9.0
software (La Jolla CA, USA). Significance was declared if *p < 0.05, **p
< 0.01, ***p < 0.001.

3. Results

3.1. Induction of obesity and insulin resistance with 12 weeks of high fat
feeding

Twelve weeks of high fat feeding induced obesity and insulin resis-
tance (Figure 1); body weight increased significantly in the high fat diet
(HFD)-fed mice compared to chow-fed mice in both male and female
cohorts (Figure 1A, B). Male and female HFD mice had significantly
higher serum insulin levels compared to chow-fed control mice in the fed
state for comparable glucose levels. Notably, males had a more severe
3

phenotype than females (Fig. 1C, D). Insulin tolerance tests revealed that
both male and female HFD mice were insulin insensitive compared to
chow-fed mice (Figure 1E, F). For example, male and female HFD mice
had significantly impaired reduction in blood glucose levels 20 min post
insulin challenge compared to chow-fed controls (Fig. 1E, F).

3.2. Microvascular function is impaired in male and female obese, insulin
resistant mice

3.2.1. Normal (fed) state
We observed no difference in baseline andmaximal vessel diameter of

second-order arterioles in male mice fed HFD compared to regular chow
(Figure 2A). In contrast however, maximal vessel diameter was signifi-
cantly smaller in females mice fed HFD compared to regular chow-fed
controls (Figure 2B).
Figure 1. Body weight and carbohydrate meta-
bolism in male and female C57BL6 mice fed chow
and high fat diet for 12 weeks (n ¼ 12 per group).
Body weight measured over 14 weeks of chow or
high fat feeding, in male (A) and female (B) mice.
Blood glucose (mmol/L) levels (C) and plasma
insulin (ng/mL) (D) measured after 12 weeks of
chow or high fat feeding in male and female
mice, in the fed (random fed) and fasted (16hr
fast) state. Plasma insulin measured in the fed
and fasted state (D). Blood glucose (mmol/L)
levels expressed over time and as area under the
curve (AUC) in response to an insulin tolerance
test (ip 1.5U/kg) in male (E) and female (F) mice
fed chow or high fat diet for 12 weeks. *p < 0.05,
**P < 0.01, ***p < 0.001, ****p < 0.0001.



Figure 2. Intravital microscopy conducted on
male and female C57BL/6 mice fed a chow (male
n ¼ 6, female n ¼ 5) or high-fat (male n ¼ 4,
female n ¼ 5) diet for 14–16 weeks. Intravital
microscopy was performed in mice who were in a
fed state prior to the procedure (cohort 1). Vessel
diameter of 2A arteriole after 45-minute equilib-
rium period (baseline) and at maximal dilation
with addition of SNP 10�2 in male (A) and female
(B) mice. Acetylcholine (C, D) and phenylephrine
(E, F) dose response curves illustrating percent
diameter change from baseline arteriole diameter
in male (C, E) and female (D, F) mice. *p < 0.05,
**P < 0.01, ***p < 0.001, ****p < 0.0001.
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Mice fed a HFD exhibited alterations in microvascular function. Male
HFD mice exhibited an impairment of the vasoconstrictor response in
second order arterioles exposed to phenylephrine (p ¼ 0.0278) with
significant differences at concentrations from 10�7 through 10�5 M
compared to chow-fed male mice (Figure 2E) but there was no significant
differences in vasodilatory response to ACh (p ¼ 0.8604) (Figure 2C),
although there was a notably large variation in response to 10�5 M
phenylephrine in chow fed males. Interestingly, female HFD mice dis-
played significant impairments (p < 0.05) of both the vasodilatory and
vasoconstrictor responses; when exposed to ACh (2 way ANOVA across
all concentrations, p ¼ 0.129, with significant differences at 10�7

through 10�5 M) and PE (2 way ANOVA across all concentrations, p ¼
0.0080, with significant differences at 10�8 through 10�5 M) HFD-fed
females differed compared to chow-fed female mice (Figure 2D, F).
3.3. Fasted state

To assess if fasting had any impact on microvascular reactivity, co-
horts of fasted male and female mice were assessed identically to the
experiments outlined for the non-fasted mice. No differences in either
baseline or maximal diameter, regardless of diet consumed, were
4

observed (Figure 3A, B). Additionally, the vasoconstrictor or vasodilatory
responses in second order arterioles were unaffected by diet in both male
(ACh, p ¼ 0.2481, PE, p ¼ 0.9722) and female fasted mice (ACh, p ¼
0.6443, PE, p ¼ 0.9165) (Figure 3C-F).

4. Discussion

The link between obesity, insulin and adipose signaling, and the
microvasculature is at the nexus of understanding adverse vascular
events in obese and/or diabetic patients. Using an animal model of
metabolic disease, our study adds to our understanding of this link by
evaluating differences in female and male microvascular function. Spe-
cifically, using a rodent model of diet-induced obesity and insulin resis-
tance, we demonstrated altered microvascular reactivity in both male
and female C57BL/6 mice fed a high-fat diet compared to chow-fed
control mice. The effects of diet-induced obesity and insulin resistance
on microvascular reactivity were more substantial in obese female mice
compared to obese male mice, thus adding vital insights into sex differ-
ences in microvascular function in the context of metabolic disease.
While further study of the molecular mechanisms driving this difference
is needed, this is an important novel finding which draws attention to



Figure 3. Intravital microscopy conducted on
male and female C57BL6 mice fed a chow (male n
¼ 5, female n ¼ 6) or high fat (male n ¼ 5, female
n ¼ 6) diet for 14–16 weeks and that were in a
fasted state (15–19 h) prior to the procedure
(cohort 2). Vessel diameter of 2A arteriole after
45-minute equilibrium period (baseline) and at
maximal dilation with addition of SNP 10�2 in
male (A) and female (B) mice. Acetylcholine (C,
D) and phenylephrine (E, F) dose response curves
illustrating percent diameter change from base-
line arteriole diameter in male (C, E) and female
(D, F) mice.
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such sex differences. While there are a number of potential pathways
towards impaired insulin sensitivity and subsequent dysregulation of
glucose and lipid metabolism in diabetes, it is notable that the inflam-
matory and endocrine decompensation that develop in obesity is thought
to contribute to microvascular dysfunction, particularly at the level of the
endothelium [19].

After 12 weeks of high fat feeding both male and female animals
were both obese (Figure 1A, B) and insulin resistant, as determined by a
significantly dampened response to an insulin tolerance test (Figure 1E,
F) and significantly elevated circulating insulin levels in the fed state in
females and in the fed and fasted state in males (Figure 1D), thus rep-
resenting an obese, insulin resistant, pre-diabetic state. Obese male mice
had no defined changes in either the basal or maximal vessel diameter
(Figure 2A), however, they did exhibit an impaired vasodilatory
response to acetylcholine with a trend of blunting beginning starting at
10�7 M and continuing through 10�5 M (Figure 2C). Although this did
not reach statistical significance, this may be due to the large standard
deviation at 10�5 M. These results suggest potential impairment in
muscarinic receptor signaling [20] which could be due to a loss of the
number of receptors or uncoupling of the signaling mechanisms, which
5

need to be determined by future studies. In obese female mice, no dif-
ferences were observed in basal vessel diameter while stimulation of
maximal vessel diameter with sodium nitroprusside, a nitric oxide
donor, was significantly impaired in obese compared to lean mice
(Figure 2B). Significantly impaired vasodilation was also observed in
obese female mice in an Acetylcholine dose-dependent manner
(Figure 2D). An additional measure of vascular reactivity, vasocon-
striction, was assessed by measuring changes in 2A arteriole diameter in
response to PE. This revealed significantly reduced vasoconstriction in
obese mice compared to lean controls in a dose-dependent manner in
both sexes (Figure 2E, F). Taken together these results show an overall
dampening of vasoreactivity in 2A arterioles of obese mice compared to
lean controls and highlight a substantial effect of obesity and insulin
resistance facilitating vascular dysfunction in female mice. We have
summarized our findings in terms of vessel size and vasoconstriction
and dilation capacity in Figure 4. Previous work by Sivitz et al. (2007)
using multivariate analysis demonstrated sex and obesity are associated
with changes in ACh and SNP responses [21]. These data provide
insight into cardiac disease in women who are much more likely to have
coronary microvascular disease associated with obesity [22]. This is



Figure 4. Summary of findings for A2 arteriole size and vasodilation and vasoconstriction response in female and males mice, fed high fat diet or chow diet in a fed or
fasted state. This figure was created using Biorender.com.
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evidenced in our results by the pronounced differences in vasoreactivity
in female vs male mice (Figure 2C, D). Since the majority of studies
assessing metabolic complications of obesity and vascular reactivity in
rodent models are performed in male mice, these results highlight
important differences in male and female physiology that warrant
further investigations with respect to the underlying mechanism.

Previous work using intravital microscopy (IVM) to assess vessel
function in metabolic disease but has not addressed the integral
component of sex differences. For example, Costa et al. (2011) performed
IVM experiments on a lesser used model, the male Syrian golden hamster
where vasodilatory responses of peripheral vasculature within the cheek
pouch or the male-specific cremaster muscle were assessed [23]. Similar
to our results they showed diminished vasodilation in pre-diabetic mice
in the fed state. Given the interesting sex specific changes we have
observed, the advantage of our model is the assessment of the micro-
circulation in the gluteus maximus muscle, a functional muscle in both
males and females.

Perhaps the most significant findings of our paper are the more sub-
stantial effects of obesity and insulin resistance on vascular reactivity of
obese female mice compared to obese male mice. It is well established
that laboratory mice exhibit sexually dimorphic characteristics in fat
mass gain and fat distribution (a phenomenon also seen in humans [24])
and the metabolic complications of obesity with respect to glucose and
lipid metabolism tend to be more significant in male vs female mice [25,
26]. The anatomical distribution of WAT is different in mice than
humans, however, adipose tissue depots affect metabolism similarly [8].
In humans, females have more subcutaneous fat in the gluteal-femoral
and peripheral regions, whereas males have more visceral fat in the
abdominal region [24, 27]. In experimental mice fed both standard and
6

high fat diets, male mice have significantly more visceral than subcu-
taneous fat, while in females visceral and subcutaneous depots expand in
a similar way [24], thus contributing to the more significant effect on
metabolic decompensation. High fat diet feeding results in males gaining
more fat mass than their female counterparts [24], as we observed
(Figure 1A, B). It is known that adipogenesis and mature adipocyte
function differs between the sexes due to influences from sex hormones;
Estrogen has been shown to play a protective factor in females, helping to
prevent fat accumulation, improve insulin action, as well as reducing
inflammatory signaling [24]. Androgens however, negatively affect
metabolic health in females, with high levels leading to increased risk of
cardiovascular and metabolic diseases [24]. In contrast, in males, an-
drogens improve adipogenesis by heightening insulin sensitivity and
reducing the rate of insulin resistance [24].

Therefore, this study suggests the need to assess the progression of
microvascular dysfunction early in the development of obesity and
metabolic disease as this may identify novel therapeutic targets for the
treatment or prevention of metabolic co-morbidities.

5. Limitations

This initial study highlights an evaluation changes in the microcir-
culation of skeletal muscle in both male and female mice in response to
high fat diet. The sex component is extremely relevant given differences
in male and female mice in the development of diabetes. We recognize
there is future evaluation needed in repetition of these experiments by
other groups and expansion beyond the initial study including potential
remodeling changes of vasculature, hormonal changes across the sexes
and extensive analyses of inflammatory changes in adipose tissue linked

http://Biorender.com
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to microcirculation. This will be explored in subsequent experiments
beyond this initial assessment.
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