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Abstract
Rats fed a high fat diet develop increased adiposity and oxidative stress leading to impaired
vasodilation. The purpose of the present study was to examine the effects of high fat-induced
increases in adiposity and oxidative stress on vasoconstrictor reactivity of isolated mesenteric
arteries. We hypothesized that rats with more adiposity would develop oxidative stress-potentiated
increases in iNOS-derived nitric oxide leading to diminished vasoconstriction. Male Sprague-
Dawley rats were fed either a control (Chow) or high fat diet for 6 weeks. The roles of oxidative
stress and iNOS in the impaired vasoconstrictor responses to endothelin-1 were characterized in
small mesenteric arteries. Rats fed the HFD developed significantly more adiposity compared to
Chow rats. Plasma levels of nitric oxide and the inflammatory factor tumor necrosis factor α were
significantly higher in high fat fed rats compared to Chow rats (nitric oxide: 95.36 ± 19.3 vs. 38.96
± 6.7 μM; tumor necrosis factor α: 598 ± 111.4 vs. 292 ± 71.8 pg/mL, respectively). Despite
exhibiting elevated systolic blood pressure compared to Chow rats (153.5 ± 2.4 vs. 137.5 ± 2.7
mmHg), endothelin-1 mediated vasoconstriction was impaired in isolated mesenteric arteries from
high fat fed rats but was normalized by individual or combined inhibition of nitric oxide synthase,
iNOS, or oxidative stress. Therefore, oxidative stress and iNOS are involved in the attenuation of
endothelin-1 mediated vasoconstriction observed in isolated mesenteric arteries from high fat fed
rats.
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Introduction
Increased adiposity is a major risk factor for cardiovascular disease, diabetes, hypertension,
and insulin resistance syndrome [1]. Studies have shown that feeding rats a high fat diet
(HFD; 60–66.5% kcal from fat) for only 2 days results in impaired glycolysis [2], and after
2–4 weeks, obesity, insulin resistance, hyperglycemia, hypertension, and oxidative stress
develop [2–4]. Likewise, prior studies in our laboratory have shown that feeding rats a HFD
(60% kcal from fat) for 6 weeks results in fasting hyperglycemia and oxidative stress [5].
These findings are similar to studies showing a positive correlation between increased
adiposity and oxidative stress in humans [6]. Increases in waist circumferences in particular
are associated with increased mortality [7], although the mechanisms involved are not well-
characterized.
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Superoxide (O2
·−) is a prominent reactive oxygen species (ROS) that can scavenge the

endogenous vasodilator nitric oxide (NO) to form peroxynitrite (ONOO−) [5,8]. Reduced
bioavailability of NO therefore directly leads to increased blood pressure. Nitric oxide
synthase (NOS) is the enzyme responsible for producing NO. There are three distinct
isoforms of NOS: endothelial (eNOS), inducible (iNOS) and neuronal (nNOS) [9]. The
predominant isoform found in endothelial cells of the cardiovascular system is eNOS, which
is therefore an important regulator of local blood pressure and flow [9]. The expression of
iNOS is upregulated in response to inflammatory cytokines that are elevated in many
diseases states, including obesity, and can produce ten-fold higher levels of NO compared to
eNOS [10–12]. The nNOS isoform is found primarily in developing and adult neurons and
will therefore not be discussed further [9]. Prior studies in our laboratory have demonstrated
that eNOS protein expression is not altered by the HFD feeding protocol [5]. Therefore, the
present study will focus on the role of iNOS in vasoconstrictor reactivity following HFD.

In the HFD rat model, impaired vasodilation of mesenteric arteries is mediated by
scavenging of NO by O2

·−, reduced sensitivity to NO, and inflammatory factors [5]. In other
studies, evidence supports a role for O2

·− as a co-stimulator of iNOS protein expression and
activity in isolated rat mesangial and endothelial cells treated with inflammatory cytokines
[13–14]. Elevated activity of iNOS, in turn, has been shown to produce O2

·− [15] leading to
further increases in NO scavenging to form ONOO−. Therefore, the purpose of the present
study was to explore the relationship between oxidative stress and iNOS on vasoconstrictor
responses of rats fed a HFD for 6 weeks.

Obesity has long been linked with hypertension (For review: [16]). Similarly, excess
visceral fat in particular has a well-associated link with hypertension (For review: [17]).
Moreover, simply being overweight puts individuals at a greater risk of developing
increased blood pressure [18]. Our research focus, however, was to examine the chronic
effects of increased adiposity on vasoconstrictor reactivity of mesenteric arteries in our
overweight HFD rat model. We hypothesized that rats with increased adiposity would
develop elevated systolic blood pressure and oxidative stress-potentiated increases in iNOS-
derived nitric oxide (NO) leading to diminished vasoconstriction of the mesenteric arteries.

Materials and Methods
All protocols and surgical procedures employed in this study were reviewed and approved
by the Institutional Animal Care and Use Committees of the University of New Mexico
School of Medicine (Albuquerque, NM, USA) and Arizona State University (Tempe, AZ,
USA).

Experimental Groups
Male Sprague-Dawley rats (140–160 g body weight, Harlan Industries) were divided into
two groups and fed either normal chow (Chow) or high fat (HFD) diets. The chow diet
contained in kcal: 18.9% protein, 57.33% carbohydrates (% sucrose NA), and 5% fat (2018;
Harlan Teklad). The high fat diet contained 20% protein, 20% carbohydrates (6.8% sucrose)
and 60% fat (D12492; Research Diets, Inc.). Rats were maintained on the respective diets
for 6 weeks and the food was replaced every 3–4 days to prevent spoiling. Animals were
housed in identical cages in the same animal facility and exposed to a 12:12h light dark
cycle and had free access to food and water.
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Measurement of Weight Gain and Plasma Indicators of Adiposity, Oxidative Stress,
Inflammation, Nitrates/Nitrites, and Endothelin-1

Animals were weighed at the beginning and end of the 6-week feeding protocol to determine
weight gain in response to each diet. Tail length and waist circumference were also
measured. At the end of the 6-week feeding protocol, systolic blood pressure was measured
by tail vein plethysmography. Tail vein blood samples were collected at the end of the 6-
week feeding protocol and used to measure high density lipoprotein (HDL), total cholesterol
as well as ketone bodies (as β-hydroxybutyrate, an indicator of fatty acid oxidation), using a
portable meter (Cardiocheck PA, Polymer Technology Services, Inc., Indianapolis, IN).
Following deep anesthesia (sodium pentobarbital 200 mg/kg, i.p.), epididymal fat pads were
extracted and weighed to gauge the degree of adiposity [5]. Cardiac plasma samples were
taken to quantify nitrates and nitrites (NOx) as well as tumor necrosis factor alpha (TNFα),
an indicator of inflammation. Plasma NOx and TNFα were measured using commercially
available kits (NOx: 780001, Cayman Chemical, Ann Arbor, MI, USA; TNFα ELISA:
ER3TNFA, Thermo Scientific, Rockford, IL) according to the manufacturer’s protocols.
Plasma superoxide dismutase (SOD) activity was measured following the manufacturer’s
protocol using a commercially available kit (706002, Cayman Chemical, Ann Arbor, MI,
USA). Plasma endothelin-1 was quantified by enzyme immunometric assay (EIA) using a
commercially available kit according to the manufacturer’s protocol (ADI-900-020A, Enzo
Life Sciences, Plymouth Meeting, PA, USA).

Isolation of Mesenteric Resistance Arteries
The mesenteric arcade was removed by performing a midline laparotomy on anesthetized
rats (sodium pentobarbital, 200 mg/kg, i.p.). The arcade was pinned out in a Silastic coated
dissection dish containing ice-cold HEPES buffer (in mM: 134.4 NaCl, 6 KCl, 1 MgCl2, 1.8
CaCl2, 10 HEPES, 10 glucose, pH 7.4) and fifth-order mesenteric resistance arterioles
(~1mm length; 80–120μm, i.d.) were isolated. Isolated arterioles were transferred to a
HEPES filled vessel chamber (Living Systems, CH-1), cannulated with glass pipettes, and
secured with silk ligature. The vessels were then pressurized to 60 mmHg with a servo-
controlled peristaltic pump (Living Systems Instrumentation, Burlington, VT) and the
chamber was placed on a microscope stage for continuous measurement of the inner
diameter of the vessels using video microscopy and edge-detection software (IonOptix,
Milton, MA). Vessels were superfused with warm aerated physiological salt solution (PSS;
37°C) containing (in mM): 129.8 NaCl, 5.4 KCl, 0.5 NaH2PO4, 0.83 MgSO4, 19 NaHCO3,
1.8 CaCl2, and 5.5 glucose at a rate of 10 mL/min. Vessels were exposed to the
vasoconstrictor phenylephrine (PE; 10−6M) followed by the vasodilator acetylcholine (ACh;
10−6M) in the superfusate prior to each experiment to verify vasoconstrictor and vasodilator
viability, respectively.

Western Blots for Inducible Nitric Oxide Synthase (iNOS)
Isolated mesenteric arcades were snap-frozen in isopentane cooled by liquid nitrogen and
stored at −80°C until analysis. Frozen arcades were homogenized using a ground glass
homogenizer containing ice-cold Tris HCl homogenization buffer (10 mM Tris (pH 7.6), 1
mM EDTA, 1% triton X-100, 0.1% Na-deoxycholate, 0.03% protease inhibitor cocktail
(Sigma P2714), and 1 mM phenylmethanesulfonyl fluoride). To remove insoluble debris,
homogenates were spun at 4000g for 10 min at 4°C and the supernatant removed. The
protein concentration of the supernatant was then measured according to the Bradford
method (Bio-Rad, Hercules, CA). Tissue sample proteins (50 μg/lane) were resolved by
7.5% Tris-HCl sodium dodecyl sulfate polyacrylamide gel electrophoresis (Bio-Rad,
Hercules, CA). The separated proteins were transferred to polyvinylidene difluoride
membranes (Bio-Rad, Hercules, CA) and were then incubated in blocking buffer (tween/tris
buffered saline (TTBS) containing 3% bovine serum albumin and 5% nonfat dry milk)
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overnight at 4°C. Following washes in TTBS, membranes were incubated for 4 hours at
room temperature with mouse monoclonal antibody specific for iNOS (1:1500; Cat. 610431;
BD Transduction Laboratories, San Jose, CA) and rabbit polyclonal antibody to β-actin as a
loading control (1:10,000; Cat. Ab13772; AbCam, Cambridge, MA). Membranes were then
washed in TTBS followed by incubation with anti-mouse and anti-rabbit horseradish
peroxidase-conjugated secondary antibodies (1:5000, Cat. PI-1000 and PI-2000,
respectively; Vector Laboratories, Burlingame, CA) for 1 hr at room temperature. After
washes in tris buffered saline (TBS) and a 1-min exposure to Pierce enhanced
chemiluminescence western blotting substrate (Thermo Scientific, Rockford, IL),
immunoreactive bands were visualized by exposure to x-ray film (Kodak X-OMAT, Thermo
Fisher Scientific, Pittsburgh, PA). The developed films were analyzed using ImageJ
software (NIH) and iNOS protein levels were normalized to β-actin protein expression.

Agonist-induced Vasoreactivity
Phenylephrine (PE), acetylcholine (ACh) and human/porcine endothelin-1 (ET1) were
purchased from Sigma-Aldrich (St. Louis, MO, USA) and were prepared in deionized water,
aliquoted, and frozen (−20°C) until use.

Following equilibration of isolated mesenteric arteries in heated PSS for 30-min (37°C; 10
mL/min), arteries were superfused for 1 hour with either a control PSS solution or PSS with
the addition of inhibitors of NOS, iNOS or oxidative stress alone or in combination as
described below. Vasoconstrictor responses were determined by exposing vessels to
increasing concentrations of PE (10−9 to 10−5 M, 3 min each step) or ET1 (10−12 to 10−8 M,
3 min each step) in the superfusate. Vasodilatory responses to ACh (10−8 to 10−5 M, 3 min
each step) were measured in arteries pre-constricted to 50% of resting inner diameter using
increasing concentrations of PE in the superfusate. The inner diameter was continuously
monitored from bright field images using video microscopy and edge-detection software
(IonOptix, Milton, MA). Following the concentration response curves, arteries were
superfused for 30-min with calcium-free PSS containing (in mM): 129.8 NaCl, 5.4 KCl, 0.5
NaH2PO4, 0.83 MgSO4, 19 NaHCO3, 5.5 glucose, and 3 EGTA to obtain the passive inner
diameter from which percent vasoconstriction or vasodilation was calculated.

The synthetic SOD and catalase mimetic, chloro[[2,2′-[1,2-ethanediylbis[(nitrilo-
κN)methylidyne]]bis[6-methoxyphenolato-κO]]]-manganese (EUK-134; 10 μM; Cayman
Chemical Company, Ann Arbor, MI) [19] was used to determine the role of oxidative stress
in the impaired vasoconstriction to ET1. In prior studies, acteylcholine-mediated
vasodilation was shown to be dependent on eNOS in arteries from Chow rats [5]. Pre-
exposure of arteries to the non-specific inhibitor of NOS Nω-nitro-L-arginine (LNNA; 100
μM; Sigma) or the iNOS selective inhibitor N6-(1-iminoethyl)-L-lysine dihydrochloride
(LNIL; 10 μM; Cayman Chemical) was used to determine the role of NOS- and iNOS-
derived NO in the vasoconstrictor and vasodilator responses of arteries from Chow and HFD
rats. Specificity of the iNOS inhibitor, LNIL, was verified in preliminary experiments
showing no effect of iNOS inhibition on acetylcholine-mediated vasodilation of mesenteric
arteries from Chow rats (data not shown). Additional experiments to assess the combined
effects of LNNA or LNIL and EUK-134 on vasoconstrictor responses were performed.

Statistics
Data are expressed as means ± SEM. Analysis of Variance (ANOVA) was used to compare
changes in blood pressure, weight gain and the plasma indicators of adiposity, oxidative
stress, inflammation, nitrates/nitrites, and endothelin-1 within and between groups (Tables
1–2). Percent vasoconstriction to PE and ET1 were calculated as the percent difference of
inner diameter observed at each concentration vs. calcium free values. Percent vasodilation
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to ACh was calculated as the percent reversal of tone elicited by PE as well as inherent
myogenicity. This was determined by measuring the difference in intraluminal diameter
observed at each concentration of ACh vs. the inner diameter observed in a calcium free
solution. Data for all dose response curves were arcsine transformed to approximate a
normal distribution and analyzed using two-way repeated measures analysis of variance
(ANOVA). Where significant effects occurred, individual groups were compared using
Student-Newman-Keuls post hoc analysis. A probability of ≤0.05 was accepted as
statistically significant for all comparisons.

Results
Diet-induced Alterations in Blood Pressure, Weight Gain and Plasma Indicators of
Adiposity, Oxidative Stress, Inflammation, Nitrates/Nitrites, and Endothelin-1

Rats fed the HFD for 6 weeks gained significantly more weight attributed to increased
adiposity (Table 1). This is evidenced by larger waist circumferences and epididymal fat pad
masses (Table 1). These increases were not attributed to overall growth since the tail lengths
were similar between HFD and Chow-fed rats (Table 1). Consistent with ingesting a HFD,
rats in this group had elevated plasma ketone levels concomitant with decreased high density
lipoprotein (HDL) and total cholesterol concentrations compared to their Chow-fed
counterparts (Table 1). Systolic blood pressure was also significantly higher following the
HFD (Table 1). Plasma concentrations of nitrates/nitrites (NOx) and TNFα were
significantly greater, whereas plasma superoxide dismutase (SOD) activity was significantly
less in the HFD rats compared to the Chow rats (Table 2). Plasma levels of endothelin-1
were not significantly different between Chow and HFD rats (Table 2). Protein expression
of iNOS in mesenteric arcade homogenates was not significantly different between groups
(Figure 1).

Agonist-induced Vasoreactivity
Responsiveness to PE in isolated mesenteric arteries was not affected by the HFD (Figure 2,
left panel). In contrast, responsiveness to ET1 was significantly attenuated in the HFD rats
compared to the Chow-fed controls (Figure 2, right panel). In fact, arteries from HFD rats
required a significantly larger dose of ET1 to reach EC50 compared to those from Chow-fed
rats, 10−8.71±0.04 vs. 10−9.09±0.15 M (p<0.05, n=5–6), respectively. ET1-mediated
vasoconstriction was normalized in arteries from HFD rats by inhibition of ROS using the
SOD and catalase mimetic, EUK-134 (Figure 3, top right panel). The impaired
vasoconstriction was also normalized to the same degree using either the nonspecific
inhibitor of NOS, LNNA, or the specific inhibitor of iNOS, LNIL (Figure 3, bottom right
panel). The combined inhibition of ROS and NOS, or iNOS specifically, significantly
improved vasoconstriction in HFD arteries (Figure 4, right panels) whereas vasoconstriction
in Chow arteries was only improved with the combined inhibition of ROS and nonspecific
inhibition of NOS (Figure 4, top left panel).

Discussion
Feeding rats a HFD for 6 weeks results in symptoms associated with metabolic syndrome:
weight gain, increased adiposity, fasting hyperglycemia, oxidative stress, and impaired
endothelium-mediated vasodilation [5]. The impaired vasodilation was attributed to
inflammatory factors, O2

·−-mediated scavenging of NO, and decreased sensitivity to NO [5].
In obesity, iNOS expression and activity are upregulated in response to inflammatory
cytokines [10–12] a process that can be co-stimulated by O2

·− [13–14]. As a result of these
observations, we hypothesized that rats with increased adiposity would develop oxidative
stress-potentiated increases in iNOS-derived nitric oxide (NO) leading to diminished
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vasoconstriction. The major conclusions from the present study are: 1) Plasma NOx and
TNFα are higher, whereas plasma superoxide dismutase activity is lower, in HFD rats and
2) Oxidative stress and iNOS impair ET1-mediated vasoconstriction in isolated mesenteric
arteries from HFD rats.

Rats fed a HFD for 6 weeks develop larger waist circumferences (Table 1). In humans,
increases in waist circumference are associated with increased mortality [7]. Moreover,
indices of altered lipid metabolism are evident in the HFD rats: elevated ketone bodies with
reductions in total and HDL cholesterol (Table 1). Adipose tissue is a source of many factors
that could alter the vasoreactivity of nearby arteries and may therefore regulate local blood
pressure as well as systemic blood pressure. The release of inflammatory cytokines rises in
individuals with increased central adiposity leading to a state of chronic inflammation
[20,21]. Consistent with these findings in humans, HFD rats likewise have increased
circulating levels of the inflammatory cytokine TNFα (Table 2). Oxidative stress is also
elevated in humans with increased adiposity [6]. In studies of mice, higher quantities of
perivascular adipose tissue in particular results in impaired vasodilation of the abdominal
aorta that was attributed to O2

·− [22]. Similarly, small mesenteric arteries from HFD rats
with increased perivascular adipose tissue [personal observation] also exhibit impaired
vasodilation resulting from O2

·−-mediated scavenging of NO [5]. These findings support an
important regulatory role for adipokines in the regulation of vascular reactivity.

Consistent with the impaired vasodilation observed in prior studies [5], HFD rats in the
present study were found to have elevated systolic blood pressure (Table 1). However,
plasma nitrates/nitrites (NOx) were elevated (Table 2), which if indicative of bioavailable
NO, would act to oppose vasoconstriction and protect against elevations in blood pressure.
In prior studies, isolated mesenteric arteries from these HFD rats were shown to have
elevated oxidative stress as measured by DCF fluorescence, a dye sensitive to peroxynitrite
(ONOO−), hydrogen peroxide, and hydroxyl radicals [5]. Therefore, it is possible that the
increased plasma NOx also represents elevated peroxynitrite (ONOO−), a product formed by
O2

·−-mediated scavenging of NO. Similar elevations in blood pressure and NOx have been
observed in mice fed a HFD for 4–8 weeks. In these studies, the increased NOx production
was attributed to iNOS [12]. As mentioned, iNOS expression and activity are upregulated in
response to inflammatory cytokines [10–12] and can be co-stimulated by O2

·− [13–14]. The
diminished superoxide dismutase (SOD) activity and increased TNFα observed in HFD rats
support a similar mechanism following HFD although iNOS protein expression was not
significantly different from Chow rats (Figure 1).

In contrast to PE, which showed no difference in reactivity between groups (Figure 1, left
panel), vasoconstriction to ET1 was significantly attenuated in mesenteric arteries from
HFD rats (Figure 1, right panel) resulting in a higher EC50 for arteries from HFD rats
compared to Chow rats. The difference in sensitivity to these vasoconstrictors may be
related to the pathways through which they elicit vasoconstriction. Phenylephrine elicits
vasoconstriction through activation of the adrenergic receptor on vascular smooth muscle
cells to activate inositol 1,4,5-triphosphate resulting in the release of calcium from
intracellular stores [23]. Similarly, endothelin-1 binding to the endothelin A or B (ETA or
ETB) receptors on vascular smooth muscle cells elicits vasoconstriction through activation
of 1,4,5-triphosphate and the release of calcium from intracellular stores [24,25]. Unlike
phenylephrine, however, endothelin-1 may also bind to ETB receptors on the vascular
endothelium resulting in vasodilation through the production of NO [26]. Therefore, with
increased adiposity, alterations in the expression pattern or sensitivity of the ETA and ETB
receptors may lead to reduced sensitivity to this vasoconstrictor, but normal sensitivity to
PE. Since responses to ET1 were normalized following inhibition of either ROS or NOS,
differences in the expression patterns of the ETA or ETB receptors are unlikely. Plasma
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levels of ET1 were not significantly different between Chow and HFD rats (Table 2)
suggesting that at similar levels of ET1, vasoconstrictor responses to ET1 would be impaired
in either intact or isolated mesenteric arteries from HFD rats. At first glance, this diminished
vasoconstrictor reactivity to ET1 appears to contradict the overall increase in blood pressure
observed in the HFD rats. However, it is important to note that in vivo the combined effect
of multiple endogenous vasoconstrictors and vasodilators, along with potential regional
heterogeneity in sensitivity to these vasoactive agents, help to explain the increased systemic
blood pressure in animals with impaired mesenteric vasoconstriction.

Prior studies indicated that the mesenteric vascular bed develops increased oxidative stress
following HFD [5]. Rats from the current study likewise show diminished SOD activity
(Table 2), which would lead to increased O2

·− levels. As mentioned, O2
·− can increase iNOS

expression and activity [13,14], which may be a cause of the impaired ET-1 mediated
vasoconstriction seen in this vascular bed. Likewise, increases in the activity of iNOS have
been shown to result in excess production of O2

·− [15]. Inhibition of O2
·− using the SOD and

catalase mimetic EUK-134 normalized vasoconstriction to ET1 in arteries from HFD rats
(Figure 3, top right panel) supporting a role for O2

·− in the impaired response. Moreover,
incubation of arteries with either the non-specific NOS inhibitor LNNA or the specific iNOS
inhibitor LNIL restored vasoconstrictor responsiveness to ET1 in arteries from this group
(Figure 3, bottom right panel). Further support for the interaction between O2

·− and iNOS in
the impaired vasoconstriction is shown in figure 4 wherein the combined inhibition of O2

·−

and NOS, or iNOS specifically, normalized vasoconstriction in arteries from HFD rats. In
contrast, vasoconstriction in Chow arteries was only enhanced with the combined inhibition
of O2

·− and nonspecific inhibition of NOS (Figure 4). Since inhibition of O2
·− alone had no

effect on vasoconstrictor responses in arteries from Chow rats (Figure 3, top left panel)
whereas non-specific NOS inhibition had a tendency to augment vasoconstriction (Figure 3,
bottom left panel), this effect can be attributed to inhibition of NOS.

Taken together, the data suggest a central role of iNOS in altered vasoreactivity following
HFD, however we were not able to detect a difference in iNOS protein levels in pooled
mesenteric arteries (Figure 1). Although activity of iNOS is typically linked to its level of
expression, there are reports of acute regulation of the catalytic activity of the enzyme (e.g.:
[27]). Thus it is possible that iNOS activity rather than expression may be enhanced
following HFD in this model. A link between O2

·− and increased iNOS activity is supported
by both the vasoreactivity studies (Figures 3–4) and by increased circulating NOx (Table 2)
measured in the HFD rats. As mentioned, the elevated NOx levels observed in the HFD rats
reflects both biologically active NO as well as levels of ONOO− produced from the
interaction of O2

·− and NO. Since vasoconstrictor responses were normalized by inhibition
of ROS or iNOS either alone or in combination (Figures 3 & 4), these findings support a
role for uncoupled iNOS-mediated production of O2

·− in the impaired vasoconstrictor
responses to ET1 observed in the overweight rats. Alternatively, our method of collecting
arteries for western blot determinations could have led to a false negative result. To obtain
sufficient protein for a western blot, entire mesenteric arcades containing vessels of varying
sizes were used. This lack of discrimination between smaller arterioles, like the ones used
for the vasoactive studies, and larger arteries may have reduced the sensitivity of the assay
to detect iNOS expressed in the small arterioles.

In conclusion, the major findings of this study are that despite developing higher blood
pressure compared to Chow-fed rats, those fed a HFD for 6 weeks showed impaired
mesenteric artery vasoconstriction as a result of oxidative stress and iNOS. Adipokines may
act locally or systemically to contribute to the regulation of blood pressure in vivo. Since
HFD rats develop more adipose tissue than Chow rats, this increase in available adipokines
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may exert a paracrine effect on mesenteric arteries to affect local blood pressure through
increased ROS and iNOS while maintaining elevated systemic blood pressure.
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Figure 1.
Immunostaining of inducible nitric oxide synthase (iNOS) in mesenteric artery homogenates
from Chow and HFD-fed rats. Densitized values were normalized to β-actin protein
concentrations and are expressed as a ratio (mean ± SEM). n=6 per group. Data are not
significantly different.
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Figure 2.
Agonist-induced vasoconstriction of mesenteric arteries from Chow and HFD rats. Left
Panel: Responses to phenylephrine (PE) were not significantly different between Chow and
HFD rats. Right Panel: Endothelin-1 (ET1)-mediated vasoconstriction was significantly
impaired in arteries from HFD rats compared to Chow fed controls. Data expressed as mean
± SEM. *p <0.005 from Chow curves.
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Figure 3.
Vasoconstrictor responses to ET1 in mesenteric resistance arterioles from Chow (n=5–7)
and HFD-fed rats (n=5–6). Top Panels: Arteries were exposed to the superoxide dismutase
and catalase mimetic EUK-134 (EUK) in the superfusate prior to the concentration response
curve. Responses from Chow and HFD untreated arteries repeated from Figure 2 for
comparison. Data are expressed as means ± SEM. #p<0.05 from Chow curves. Bottom
Panels: Vasoconstrictor responses to ET1 in mesenteric resistance arterioles from Chow and
HFD-fed rats (n= 4–6 per group) in the presence of the non-specific NOS inhibitor LNNA
(100μM) or iNOS specific inhibitor LNIL (10μM). Arteries were exposed to LNNA or
LNIL in the lumen and superfusate prior to the concentration response curve. Responses
from Chow and HFD untreated arteries repeated from Figure 2 for comparison. Data are
expressed as means ± SEM. #p<0.005 HFD LNNA and LNIL curves vs. HFD Untreated
curve.

Sweazea and Walker Page 12

Horm Metab Res. Author manuscript; available in PMC 2012 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Top Panels Vasoconstrictor responses in mesenteric resistance arterioles from Chow (n=4–
7) and HFD-fed rats (n=5–6) to increasing concentrations of ET1. Responses from untreated
Chow and HFD arteries repeated from Figure 3 and Chow and HFD LNNA data repeated
from Figure 5 for comparison. Data are expressed as means ± SEM. #p<0.05 LNNA treated
vs untreated vessels; †p<0.05 LNNA + EUK treated vs untreated vessels. Bottom Panels:
Vasoconstrictor responses in mesenteric resistance arterioles from Chow (n=5–7) and HFD-
fed rats (n=5–6) to increasing concentrations of endothelin-1 (ET1). Responses from
untreated Chow and HFD arteries repeated from Figure 3 and Chow and HFD LNIL data
repeated from Figure 5 for comparison. Data are expressed as means ± SEM. #p<0.05 HFD
LNIL curve vs. HFD untreated curve; †p<0.05 HFD LNIL + EUK curve vs. HFD untreated
curve.
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Table 1

Various Diet-induced Changes

Parameter Chow HFD

Change in body mass (g), n=13–16 172.9 ± 4.6 212.6 ± 7.0**

Waist circumference (cm), n=10–12 16.8 ± 0.28 18.0 ± 0.21**

Tail length (cm), n=10–12 20.3 ± 0.29 20.7 ± 0.22

Epididymal fat pad mass (g), n=11–14 3.46 ± 0.15 5.66 ± 0.31**

Plasma ketone bodies (mg/dL), n=5 4.72 ± 0.31 7.18 ± 0.77*

Plasma total cholesterol (mg/dL), n=9–10 147.8 ± 6.9 121.8 ± 3.5**

Plasma HDL cholesterol (mg/dL), n=9–10 83.3 ± 4.0 62.3 ± 1.9**

Systolic blood pressure (mmHg), n=6–9 137.5 ± 2.7 153.5 ± 2.4**

*
P<0.05 from Chow,

**
P≤0.005 from Chow.
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Table 2

Diet-Induced Vascular Changes

Parameter Chow HFD

Plasma nitrates/nitrites (NOx) (μM), n=4 39.0 ± 6.7 95.4 ± 19.3*

Plasma tumor necrosis factor alpha (pg/mL), n=4–6 292 ± 72 598 ± 111*

Plasma superoxide dismutase activity (U/mL), n=6 6.71 ± 0.53 4.70 ± 0.74*

Plasma endothelin-1 (pg/mL), n=9 3.41 ± 0.2 2.92 ± 0.2

*
p≤0.05 from Chow.
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