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Obesity-Induced Endothelial Dysfunction Is Prevented by
Deficiency of P-Selectin Glycoprotein Ligand-1
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Endothelial dysfunction precedes atherosclerosis and represents
an important link between obesity and cardiovascular events.
Strategies designed to prevent endothelial dysfunction may
therefore reduce the cardiovascular complications triggered by
obesity. We tested the hypothesis that deficiency of P-selectin
glycoprotein ligand-1 (Psgl-1) would improve the endothelial
dysfunction associated with obesity. Psgl-1-deficient (Psgl-1~'")
and wild-type (Psgl-1*") mice were fed standard chow or a high-
fat, high-sucrose diet (diet-induced obesity [DIO]) for 10 weeks.
DIO increased mesenteric perivascular adipose tissue (mPVAT)
macrophage content and vascular oxidative stress in Psgl-1*"*
mice but not in Psgl-1~’~ mice. Pressure myography using mes-
enteric arteries demonstrated that relaxation responses to acetyl-
choline were significantly impaired in DIO Psgl-I** mice,
whereas DIO Psgl-1~/~ mice were protected from endothelial
dysfunction with similar relaxation responses to Psgl-1** or
Psgl-1~"~ mice fed standard chow. The superoxide scavenger
4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy (TEMPOL) partially
recovered impaired endothelial function induced by DIO. A neu-
tralizing Psgl-1 antibody was also effective in preventing endo-
thelial dysfunction and reducing mPVAT macrophage content
induced by DIO. These results indicate that obesity in mice leads
to PVAT inflammation and endothelial dysfunction that is pre-
vented by Psgl-1 deficiency. Psgl-1 inhibition may be a useful
treatment strategy for targeting vascular disease associated with
obesity. Diabetes 61:3219-3227, 2012

besity is epidemic in the United States and is
associated with increased risk for cardiovas-
cular complications (1). Excess visceral adi-
pose tissue may be the primary driver of the
vascular risk associated with obesity because visceral fat
is strongly associated with a chronic, low-grade in-
flammatory state characterized by increased macrophage
activity in adipose tissue (2,3). The mechanism(s) by
which obesity promotes vascular disease is unclear, but
endothelial dysfunction has been demonstrated even in
children with obesity (4,5). Endothelial dysfunction due to
impairment of nitric oxide (NO) activity represents an
early stage of many cardiovascular diseases (6).
P-selectin glycoprotein ligand-1 (Psgl-1) is the primary
leukocyte ligand for P-selectin (P-sel) and an important
ligand for E-selectin (E-sel) (7). Psgl-1 deficiency has
been shown to reduce leukocyte-endothelial interactions
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in obesity and to reduce macrophage accumulation in go-
nadal fat pads (8). The purpose of this study was to de-
termine the effect of Psgl-1 deficiency on endothelial
dysfunction associated with obesity.

RESEARCH DESIGN AND METHODS

Animals. Male C57BL6/J and Psgl-1~'~ mice were originally purchased from
The Jackson Laboratory (Bar Harbor, ME). Psgl-1~'~ were backcrossed to the
CH7BL6/J strain >16 generations before use in these experiments. Mice were
fed a standard laboratory rodent diet (No. 5001, TestDiet, Richmond, IN) or
a high-fat, high-sucrose diet (HFD; D12451, Research Diets Inc, New Brunswick,
NJ) and tap water ad libitum in a temperature-controlled room with a 12:12-h light/
dark cycle. HFD was given for 10 weeks, beginning at age 8 weeks.

At age 18 weeks, blood pressure (BP) was measured in nonanesthetized
mice by tail plethysmography using the BP-2000 Blood Pressure Analysis
System (Visitech System, Apex, NC). All animal use protocols complied with
the Principle of Laboratory and Animal Care established by the National
Society for Medical Research and were approved by the University of Michigan
Committee on Use of and Care of Animals.

Plasma measurements. Plasma samples were collected via ventricular
puncture at time of euthanasia. Commercially available enzyme-linked immu-
nosorbent assay (ELISA) kits were used to measure plasma soluble P-selectin
(sP-sel), soluble E-selectin (sE-sel), monocyte chemoattractant protein-1
(MCP-1), leptin (R&D Systems, Minneapolis, MN), adiponectin (ALPCO Diag-
nostics, Salem, NH), and fasting insulin levels (Crystal Chemical Inc., Wakefield,
MA) according to manufacturers’ instructions. Overnight fasting blood glucose
levels were measured using an Ascensia Contour Blood Glucose Meter and
Ascensia Contour test strips (Bayer Healthcare LLC, Tarrytown, NY). Insulin
resistance was determined using homeostasis model assessment-estimated
insulin resistance (HOMA-IR) index by HOMA-IR equation: [HOMA-IR = fasting
insulin (uIU/mL) X fasting glucose (mmol/L)/22.5] (9).

Real-time PCR. RNA from mouse mesenteric arteries was isolated using
a QIAGEN RNeasy Mini Kit (QIAGEN Inc., Valencia, CA). RNA from 100 mg
mesenteric perivascular adipose tissue (mPVAT) surrounding mesenteric
arteries was isolated using QIAzol Lysis Reagent and QIAGEN RNeasy Mini Kit.
The primer sets for specific amplification of interleukin-6 (IL-6), MCP-1, Psgl-1,
leptin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were pur-
chased from Applied Biosystems (Carlsbad, CA). Real-time PCR was per-
formed using an ABI Prism 7000 Sequence Detection System (Applied
Biosystems), with 100 ng RNA and 1 pL primer used per reaction. Results
were analyzed using 7000 System SDS Software and the 2T method (10)
and were presented as fold-change of transcripts for target normalized to in-
ternal control (GAPDH).

Immunohistochemistry. The mPVAT surrounding mesenteric arteries was
collected and fixed in zinc formalin. Macrophages in paraffin-embedded fat
sections were identified with a rat anti-mouse Mac-3 monoclonal antibody
(1:100; BD Biosciences, San Jose, CA), followed by detection with biotin-
conjugated secondary goat anti-rat IgG (1:100; Accurate Chemical & Scientific
Corp., Westbury, NY). Stained cells were counted manually from four ran-
domly chosen fields in each section using Image-Pro software (Media Cyber-
netics, Inc., Bethesda, MD) and expressed as a percentage of total cells per
field.

Vascular superoxide fluorescence microphotography. Vascular superox-
ide was detected using dihydroethidium (DHE) staining. Briefly, unfixed seg-
ments of mesenteric arteries were dissected in cold physiologic salt solution
(PSS) containing (in mmol/L): NaCl, 120; KCl, 4.7; MgSO,, 1.18; CaCl,, 2.5;
KH,PO,4, 1.18; NaHCOg, 25; glucose, 5.5; and EDTA, 0.026 (at pH 7.4). Sur-
rounding tissues and intravascular blood were removed. The vessels were
frozen in optimal cutting temperature compound and transverse sections
(10 wm) were produced using a cryostat. Sections were incubated in a 37°C
incubator for 30 min with 2 pmol/L DHE (Invitrogen, Carlsbad, CA). Images
were obtained with a Leica laser scanning confocal microscope with an
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excitation wavelength of 488 nm and emission wavelength of 597 to 610 nm.
The intensity of fluorescence signal was quantified as arbitrary units using
Image J software (National Institutes of Health, Bethesda, MD).
Immunoblotting. Mesenteric arteries were homogenized and lysed in E-PER
lysis buffer (Thermo Scientific, Inc., Rockford, IL) supplemented with protease
inhibitor cocktail (Roche, Branchburg, NJ). Protein concentration was
assessed using BCA Protein Assay Kit (Thermo Scientific, Inc.), and equal
amounts of protein were resolved by SDS-PAGE and then transferred to
polyvinylidene fluoride membranes by electroblotting. Nitrotyrosine expres-
sion was detected using a mouse anti-mouse nitrotyrosine monoclonal antibody
(Abcam, Cambridge, MA).

Functional and mechanical studies of mesenteric and carotid arteries.
Mice were killed with intraperitoneal pentobarbital (80 mg/kg), and a segment
of small intestine with attached mesentery was removed and placed into a
silastic-elastomer-lined petri dish filled with cold PSS equilibrated with 5% CO,
and 95% O,. The second-order branches of mesenteric artery were dissected,
and surrounding fat and connective tissue were cleared. Vessel segments 2-3
mm in length were mounted onto glass cannulae of a pressure myograph (Living
Systems Instrumentation, Burlington, VT). Cannulae were adjusted to the axial
direction of the vessel until the vessel walls were parallel without any stretch.
Vessels were equilibrated in PSS at 37°C for 60 min at 45 mmHg intraluminal
pressure. The real-time dimension of the vessel wall was detected and analyzed
by a video dimension analyzer (Living Systems).

Vascular reactivity was tested under no-flow conditions. After equilibration,
vascular viability was tested using extraluminal applied norepinephrine (NE;
Sigma, St. Louis, MO) 10~® mol/L plus KCl 125 mmol/L. The vessels were
considered viable when the constriction of the luminal area exceeded 60%.
After washing, vascular contraction was assessed by measuring constriction in
response to cumulatively applied NE (10™8 to 10™* mol/L).

After washing and equilibration, endothelium-dependent relaxation was assessed
by measuring the dilatory response to acetylcholine (Ach; 107? to 10~ mol/L;
Sigma) in NE (10~° mol/L) precontracted vessels. To determine the role of
superoxide, Ach-induced vasorelaxation was examined after vessels were in-
cubated for 30 min in 1 mmol/LL TEMPOL (Sigma), a superoxide scavenger. To
evaluate NO bioavailability, Ach-induced vessel relaxation was assessed after
vessels were incubated for 20 min with the NO synthase inhibitor Nw-nitro-
L-arginine methyl ester (--NAME, 10~* mol/L). Endothelium-independent
relaxation was assessed by extraluminally applied sodium nitroprusside
(SNP 107% to 102 mol/L; Sigma) on the same vessel precontracted with NE
(10™° mol/L).

After the functional analyses, the mesenteric artery was incubated in
Ca*-free PSS for 20 min. Then vascular wall thickness and lumen diameter
were measured at 45 mmHg intraluminal pressure. Media cross sectional area
(CSA) was calculated by subtraction of internal CSA from external CSA with
the following equation: [CSA = (w/4)(De? — Di%)], where De and Di were
external and internal lumen diameters respectively. The media-to-lumen ratio
was calculated by wall thickness/by lumen diameter.

For functional studies of carotid arteries, a segment of right common carotid
artery was dissected and mounted onto pressure myograph. Vessels were
equilibrated in PSS at 37°C for 60 min with 80 mmHg intraluminal pressure,
then the vasoconstriction and vasorelaxation responses to phenylephrine or
Ach (Sigma) were performed.

Fat incubation studies of mesenteric arteries. The mPVAT was collected
from DIO Psgl-1*"* or DIO Psgl-1~'~ mice. mPVAT (0.4 g) was homogenized in
4 mL diethyl maleic acid ester culture medium (Sigma) and centrifuged at
20,0009 at 4°C for 30 min to obtain clear supernatant. The mesenteric artery

collected from standard chow-fed Psgl-1 ** mice was mounted onto a pressure

myograph and 500 p.L fat supernatant was added to the myograph chamber for
incubation. After incubation for 40 min, vascular response to NE, Ach, or SNP
were assessed.

Antibody injections to animals. For antibody injection experiments,
C57BL6/J mice were fed an HFD for 10 weeks beginning at age 8 weeks. After 5
weeks of the HFD, a rat anti-mouse Psgl-1 antibody 4RA10 or isotype control rat
IgG; k (100 pg in 200 nL PBS; BD Biosciences, San Jose, CA) was injected
intraperitoneally once a week for 5 weeks. Vascular function of mesenteric
arteries was examined using the pressure myograph.

Statistical analysis. All data are presented as mean * SE. Statistical analysis
was done using GraphPad Prism software (GraphPad, La Jolla, CA). Results
were analyzed using the unpaired ¢ test for comparison between two groups.
For multiple comparisons, results were analyzed using one-way or two-way
ANOVA, followed by Tukey or Bonferroni post-test analysis. Probability values
of P < 0.05 were considered statistically significant.

RESULTS

Metabolic parameters. Body weight, gonadal fat pad
weight, mesenteric perivascular fat weight, and fasting
blood glucose levels were elevated after 10 weeks of DIO
compared with mice fed the standard diet, irrespective of
genotype (n = 5-7 per group, Table 1). Body weight was
similar between DIO Psgl-1*"* mice and DIO Psgl-1~
mice (P > 0.05). Plasma free fatty acid (FFA) levels in DIO
Psgl-1*"* mice were significantly elevated compared with
other groups (Table 1). Fasting plasma insulin levels and
systolic BP levels were similar between the groups, irre-
spective of diet and genotype (n = 5-7 per group) (Table
1). The HOMA-IR was significantly increased in DIO Psgl—
I mlce compared with standard chow—fed Psgl-1 ** and
Psgl-1""" mice (Table 1). To verify the reliability of BP
measurement using tail cuff, a positive control was per-
formed using NE (0.2 mg/kg) injection subcutaneously.
After the NE injection, the BP increased to 159.1 + 6.3
mmHg compared with 112.0 = 5.1 mmHg in a 0.9% NaCl-
injected group (n = 3 per group, P < 0.01).

Circulating levels of sP-sel, sE-sel, MCP-1, and leptin.
To determine the effect of DIO and Psgl-1 deficiency on
a panel of circulating biomarkers, the levels of sP-sel,
sE-sel, MCP-1, and leptln were measured from Psgl- 17, v
DIO Psgl 1+ , Psgl-1""", and DIO Psgl-1~'~ mice. The
levels of sP- sel and sE-sel in mlce fed standard chow were
significantly reduced in Psgl-1 '~ and DIO Psgl 1" mice
compared with Psgl-1*"* and DIO Psgl-1*"* mice (Fig. 14).
DIO did not affect the levels of MCP-1 in either group
(Fig. lA) Leptin levels were 51gn1ﬁcantly increased in DIO
Psgl-1*"* and DIO Psgl-1~/~ mice compared with lean
control groups (Fig. 1A). Other circulating inflammatory

TABLE 1
Metabolic parameters of control and DIO mice
Control DIO

Psgl-1"* Psgl-17~ Psgl-1"* Psgl-17~
Body weight (g) 28.6 = 04 31.7 = 3.0 44.6 = 2.7% 43.8 = 3.27
Blood glucose (mg/dL) 110.9 = 10.5 141.0 = 21.9 270.2 £ 15.9% 222.7 £ 14.7*
Plasma insulin (ng/mL) 1.567 £ 0.3 1.13 + 04 2.156 = 0.3 2.0+ 04
HOMA-IR 047 = 0.1 0.38 = 0.1 5.85 = 2.6* 1.0 = 0.2
Plasma FFA (mEq/L) 0.75 = 0.1 0.71 = 0.1 1.29 = 0.1% 0.86 = 0.1
Plasma adiponectin (ug/mL) 34.75 £ 5.9 33.64 * 6.6 36.16 £ 6.7 35.69 = 3.9
Gonadal fat (g) 0.39 = 0.05 0.81 = 0.23 2.30 = 0.39*% 2.38 = 0.17*
Perivascular fat (g) 0.20 = 0.02 0.25 = 0.03 0.55 = 0.06* 0.56 = 0.05*
Systolic BP (mmHg) 121.0 = 5.0 1103 £ 7.5 112.0 £ 6.9 106.8 £ 2.5

*P < 0.01 compared with corresponding control. 1P < 0.05 compared with corresponding control. £P < 0.01 compared with other groups.
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FIG. 1. Circulating levels, expression of biomarkers, and macrophage content in control and DIO mice (n = 6-8 per group). A: Circulating levels of
sP-sel, sE-sel, MCP-1, and leptin. B: Expression of IL-6, MCP-1, leptin, and Psgl-1 in mPVAT and Psgl-1 in mesenteric arteries (MA). C: Macrophage
content in mPVAT. Arrows: Mac-3—-positive macrophages. Scale bar: 100 pm. *P < 0.01; **P < 0.05. (A high-quality color representation of this
figure is available in the online issue.)
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cytokines, including IL-1B, IL-6, and tumor necrosis factor-a
(TNF-a), were tested but were below detection range.
Expression levels of IL-6, MCP-1, leptin, and Psgl-1.
To characterize the effect of DIO on mPVAT, the mRNA
expression levels of IL-6, MCP-1, leptin, and Psgl-1 were
assessed using real-time PCR. The expression levels of IL-6
and MCP-1 were significantly increased in DIO Psgl-1*"*
mice compared with standard chow—fed Psgl-1*"* mice
and were significantly reduced in DIO Psgl-1~'~ mice
compared with DIO Psgl-1** mice (Fig. 1B). The leptin
levels were significantly increased in DIO Psgl-1"* and
DIO Psgl-1~'~ mice compared with control groups (Fig.
1B). The levels of Psgl-1 in mPVAT and mesenteric arteries
were significantly higher in DIO Psgi-1*"* mice compared
with standard chow—fed Psgl-1*"* mice (Fig. 1B).
Macrophage accumulation in perivascular adipose
tissue. To determine the effect of DIO and Psgl-1 de-
ficiency on perivascular adipose tissue inflammation,
macrophages were quantitated from fat surrounding mes-
enteric arteries using Mac-3 immunostaining (Fig. 1C). The
macrophage content of mPVAT was increased in DIO
Psgl-1*"* mice compared with standard chow—fed Psgl-1*"*
mice, but the mPVAT macrophage content was signifi-
cantly reduced in DIO Psgl-1~/~ mice compared with
DIO Psgl-1*"* mice (Fig. 10).

Vascular superoxide and nitrotyrosine in mesenteric
arteries. As a measure of local oxidative stress, vascular
superoxide was measured from cross-sections of mesen-
teric arteries using DHE staining (Fig. 2). Superoxide
staining was significantly increased in mesenteric arteries
of DIO Psgl-1""* mice compared with standard chow—
fed Psgl-1™"" mice; however, superoxide staining in DIO

Psgl-1~"" mice was reduced compared with DIO Psgl-1*/*
mice and was not different between standard chow-fed
Psgl-1*"* or Psgl-1~"~ mice.

Protein expression levels of nitrotyrosine were de-

termined by immunoblotting. Nitrotyrosine protein ex-
pression in mesenteric arteries was increased in DIO
Psgl-1*"* mice, but not in standard chow-fed Psgi-1""* mice
and DIO Psgl-1~"" mice (Fig. 2F).
Morphology and vascular function of mesenteric and
carotid arteries. The morphologic properties of mesen-
teric arteries were characterized in Ca®*-free conditions.
No significant differences were detected in baseline lumen
diameter, wall thickness, media-to-lumen ratio, and media
cross-sectional area among the groups (Table 2).

NE-induced concentration-dependent contractile responses
in mesenteric arteries were similar between Psgl-1**
mice and Psgl-1~'~ mice fed both standard chow and
HFD (Fig. 3A). Endothelium-independent vasorelaxation
responses to SNP were also similar between the groups
(Fig. 3B). Endothelial-dependent vasorelaxation was evalu-
ated with Ach. Vasorelaxation responses to Ach were
significantly reduced in DIO Psgl-1** mice compared with
standard chow-fed Psgl-1*"* mice; however, DIO Psgl-1~"~
mice were protected against endothelial dysfunction with
responses similar to standard chow-fed Psgl-1"* and
Psgl-1~"~ mice (Fig. 3C). Ach-induced vasorelaxation was
inhibited in all groups after preincubation with .-NAME
(Fig. 3D). The bioavailability of NO was determined by
differences in Ach-induced maximal vasorelaxation in the
presence and absence of L-NAME. NO-mediated relaxation
was significantly reduced in DIO Psgl-1""* mice compared
with standard chow—fed Psgl-1** mice, whereas
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FIG. 2. Vascular superoxide detection by DHE fluorescence and nitrotyrosine by immunoblottir_lg. Representative sections of confocal micrographs

of sections of mesenteric arteries from control Psgl-1*"* (A), DIO Psgl-1*"* (B), control Psgl-1

~ (C), and DIO Psgl-1~"" mice (D). E: Pooled data

of DHE fluorescence. F: Nitrotyrosine (N-Tyr) content in mesenteric arteries. Scale bar: 50 pm. n = 5 per group, *P < 0.05 compared with DIO Psgl-

1 +/+

1~ mice, control Psgl-
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TABLE 2
Morphologic properties of mesenteric arteries
Control DIO
Psgl-1""* Psgl-1-"~ Psgl-1""* Psgl-1~"~

Wall thickness (p.m) 16.8 = 1.3 17.6 £ 0.9 19.0 £ 0.9 17.8 £ 0.9
Lumen diameter (pm) 186.2 = 18.1 194.5 = 9.2 174.6 = 7.6 188.6 = 11.1
Media-to-lumen ratio (%) ; ) 19.6 = 34 184 £ 1.8 222 + 1.7 19.0 £ 0.9
Media cross-sectional area (10°X pm?) 10.6 = 0.9 11.6 + 0.4 115 = 0.5 11.6 + 1.2

NO-mediated relaxation in DIO Psgl-1~/~ mice was not
significantly different than in standard chow—fed Psgl-1~"~
or Psgl-1** mice (Fig. 3E).

To determine the role of superoxide in mediating en-
dothelial dysfunction induced by DIO, vessels were in-
cubated with the superoxide scavenger, TEMPOL, for 30
min. Ach-induced vasorelaxation was significantly im-
proved by TEMPOL in DIO Psgl-1*"* mice compared with
vessels without TEMPOL treatment (Fig. 3F"). Endothelium-
independent vasorelaxation responses to SNP were similar
between the groups after TEMPOL treatment (Fig. 3G).
After treatment of TEMPOL, superoxide staining by DHE
in vessels of DIO Psgl-1*"* mice was reduced compared
with vessels without TEMPOL treatment (Fig. 3H).

To assess the potential effect of systemic inflammation
induced by DIO on carotid arteries, the pressure myograph
was used to test vascular function on carotid arteries from
standard chow-fed and DIO Psgl-1*"* mice. Phenylephrine-
induced concentration-dependent contractile responses (Fig.
4A), and Ach-induced concentration-dependent relaxation
responses (Fig. 4B) were similar between the groups.
Direct local effect of mPVAT on vascular function. To
determine the local effect of mPVAT on vascular function,
the mesenteric arteries from standard chow-fed Psgl-1*"*
mice were incubated in mPVAT from DIO Psgl-1** mice or
DIO Psgl-1 ~/~ mice in vitro. After incubation in mPVAT
from DIO Psgl-1*"* mice, the endothelial-dependent vaso-
relaxation responses to Ach were significantly impaired
compared with responses after incubation in mPVAT from
DIO Psgl-1~"~ mice (Fig. 5B). Ach-induced vasorelaxation
was inhibited in both groups after preincubation with
L-NAME (Fig. 5C). Vasoconstriction responses to NE and
endothelial-independent vasorelaxation responses to SNP
were similar between the groups (Fig. 5A and D).

Psgl-1 neutralization is protective against obesity-
induced macrophage accumulation in perivascular
adipose tissue and endothelial dysfunction. To test
the potential therapeutic strategy of Psgl-1 blockade, 5
weekly injections of a Psgl-1-blocking antibody or control
isotype were given to DIO Psgl-1"* mice. After this regi-
men, the macrophage content of mPVAT was significantly
reduced in DIO Psgl-1*"* mice that received the antibody
compared with control isotype-injected DIO Psgl-1*"* mice
(Fig. 6D). This reduced perivascular adipose tissue mac-
rophage content did not affect NE-induced vasoconstric-
tion responses (Fig. 6A4) but did improve Ach-induced
vasorelaxation (Fig. 6B). The endothelial-independent
responses to SNP were similar between the groups (Fig. 6C).

DISCUSSION

Obesity is an inflammatory disease (11) and a risk factor
for cardiovascular diseases (12,13). One of the earliest
detectable vascular abnormalities associated with obesity

diabetes.diabetesjournals.org

is impaired vascular relaxation (4). Impaired vascular
function has been shown to be predictive of later cardio-
vascular complications (14). This early endothelial dys-
function is associated with circulating markers of
inflammation, suggesting interplay between leukocyte ac-
tivity and endothelial properties (15). Currently, weight
loss and physical activity are the most effective means to
prevent or reduce these vascular abnormalities (16);
however, sustained weight loss is difficult to achieve, so
treatments designed to prevent the vascular effects of
obesity are needed.

One of the mechanisms responsible for endothelial
dysfunction in obesity may be accumulation of peri-
vascular fat (17). Epicardial fat that overlays the heart and
coronary arteries, as well as perivascular fat surrounding
large arteries, are associated with vascular lesions (18-20)
and may be causally related to local and systemic ath-
erosclerosis. For example, transplantation of visceral fat to
carotid arteries of atherosclerotic-prone mice triggered
formation of a local atherosclerotic lesion, whereas
transplantation of subcutaneous fat did not (21). An in-
teraction between the visceral or perivascular adipocyte
and infiltrating macrophages may be contributing to the
adverse vascular effects of excess visceral adiposity.

Adipose tissue macrophage content increases in obesity,
and this corresponds to increased expression of adipose
tissue-related inflammatory cytokines (11). Inflamma-
tory adipose tissue is preceded by increased leukocyte-
endothelial interactions within the visceral fat depots
(8,22). Adhesion molecules, including selectins, were up-
regulated in obese adipose tissue and participated in
leukocyte recruitment (22). Mice deficient in Psgl-1 had
reduced visceral adipose tissue macrophage content in the
setting of obesity (8). Leukocyte Psgl-1 deficiency may
therefore protect against the adverse vascular con-
sequences of excess visceral adiposity.

Because endothelial dysfunction represents an early
manifestation of vascular disease, we tested whether
Psgl-1 deficiency would be protective against endothelial
dysfunction in the setting of obesity. In this research, we
studied mesenteric arteries because they are particularly
amenable to analyses with arterial pressure myography.
These arteries also become surrounded by visceral adi-
pose tissue in the setting of obesity and are prone to ath-
erosclerosis (23). This model thus allows us to study
inflammatory characteristics of endogenous visceral adi-
pose tissue and endothelial function involving adjacent
arteries.

We used a 10-week DIO protocol because mice gain
considerable weight and develop clear evidence of adipose
tissue inflammation at this time point (8). Compared with
lean mice, DIO mice in this study developed marked im-
pairment of endothelial function. To perform this measure,

DIABETES, VOL. 61, DECEMBER 2012 3223



OBESITY AND ENDOTHELIAL DYSFUNCTION

v 1)

AA 100+

SNP (10* mol/L)
S o P P T— I ™
o
g 60 é 20+
B S 40
S 20+ (_>\§ 60+
O . [0) i
o T T T T T 1 m 80
9 8 -7 6 5 4 3 100-
NE (10* mol/L)
C D 9
Ach (10" mol/L) Ach (10" mol/L)
-8 6 4 2 -10 -8 -6 -4 -2
_of= - : : ! o= - T~ I R
X X
2= 204 2 204
c c
S 40 S 40
© ©
5 601 (_>§ 604
2 80 & 80
100- 100-
O Control Psgl-1** @ DIO Psgl-1*/* ¥ Control Psgl-17- WDIO Psgl-17/-
E 100 F Ach (10X mol/L)
: s e 4
E§ 80+ __of
£ S 20
c | o |
3.8 =
w2 40 O 40-
<§f g o - g # #
z £ 20 3 60 #
- o)
o & 80
x\X X\X &\/ &\/ 100
N N ; ; -
G_,q\, %Q\' Q%\ Q%q\
4 OQ Ke) ODIO Psgl-1*/* @ DIO Psgl-1**+tempol
S Q
G X
SNP (10" mol/L)
-8 -6 4 2
Py O.
o
= 20
c
S 401
@©
E 60+
[0)
S 80
100-

ODIO Psgl-1*/* @ DIO Psgl-1*/*+tempol
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responses to Ach. F: Concentration response to Ach of MA from DIO Psgl-1 *+* after treatment with TEMPOL. G: Concentration response to SNP of
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it was necessary to clear the tissue surrounding the vessel,
including the adipose tissue. Thus, the dysfunction ob-
served does not require the immediate presence of the
perivascular adipose tissue and likely reflects a chronic
effect of the adipose tissue on the endothelium. Anatomic
measurements of the mesenteric arteries harvested from
the obese and lean mice were similar; however, more
macrophages were present in the perivascular adipose
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reduced endothelial NO bioavailability. The current study
showed that the expression levels of inflammatory bio-
markers are significantly elevated in mesenteric peri-
vascular fat from DIO Psgl-1*"* mice. The carotid arteries,

B Ach (10* mol/L)
9 8 7 6 -5 4 -3

—~~ 0-

o
= 201
C
S 401

0] *
5 60

(O]

804
. *

100 * %

O

SNP (10* mol/L)
9 8 7 6 5 4 3

o
1

20-
40-
60-

Relaxation (%)

80+

100-

@ DIO Psgl-1*/* mPVAT incubation

FIG. 5. Vasoconstriction and vasorelaxation responses of mesenteric arteries (MA) from standard chow-fed Psgl-1*"* mice after incubation in
mPVAT from DIO Psgl-1** mice or DIO Psgl-1~'~ mice. A: Concentration response to NE. B: Concentration response to Ach. C: Concen-
tration response to Ach after preincubation in L-NAME. D: Concentration response to SNP. *P < 0.01 compared with MA incubated in

mPVAT from DIO Psgl-1*"* mice.

diabetes.diabetesjournals.org

DIABETES, VOL. 61, DECEMBER 2012 3225



OBESITY AND ENDOTHELIAL DYSFUNCTION

Contraction (%

T 1

9 8 7 6 5 4 3
NE (10 mol/L)

SNP (10* mol/L)
s & 4 2

1 )

20-
40-
60-

Relaxation (%)

80+

100~

QO Control antibody

B Ach (10* mol/L)
s 6 4

/0)

= 204
40-
60-

Relaxation

80+

100~

404

304

20

104

% Mac3+ cells

Control Ab Psgl-1 Ab

@ Psgl-1 antibody

FIG. 6. Vasoactive responses of mesenteric arteries and macrophage content in mPVAT after anti-Psgl-1 treatment. DIO Psgl-1*'* after 5 weekly
injections of control antibody or Psgl-1 antibody (n = 4 per group). A: Concentration response to NE. B: Concentration response to Ach.
C: Concentration response to SNP. D: Macrophage content in mPVAT. *P < 0.05 compared with control antibody-injected DIO Psgl-1 ** mice.

which lack robust perivascular fat pads, did not show
endothelial dysfunction, suggesting that local perivascular
fat from DIO mice contributes more to vascular dysfunc-
tion than systemic effects in obesity.

Because we have previously shown that Psgl-1 de-
ficiency leads to reduced adipose tissue inflammation in
the setting of obesity (8) we tested the effect of Psgl-1
deficiency on endothelial dysfunction induced by obesity.
As expected, Psgl-1 deficiency in DIO mice led to reduced
accumulation of macrophages within the perivascular
mesenteric adipose tissue. This was associated with re-
duced vessel wall superoxide content and nitrotyrosine.
Previous research has demonstrated that excessive re-
active oxygen species (ROS) are important in vascular
dysfunction in different animal models of metabolic syn-
drome (24-26), and ROS are produced by multiple cell
types, including endothelial cells, smooth muscle cells, and
infiltrating inflammatory cells in the wvasculature (25).
NADPH oxidases and the mitochondria respiratory chain
are major source of ROS in the vasculature (26,27).

The responsible cellular and enzymatic source of vas-
cular superoxide in our study remains to be determined.
The vessel wall superoxide appeared to be causally related
to the endothelial dysfunction because the obesity-induced
endothelial dysfunction was improved after treatment with
the superoxide scavenger, TEMPOL. However, because
TEMPOL only partially recovered endothelial dysfunction
induced by the HFD, other factors may contribute to re-
duced NO bioavailability. Future in vivo experiments with
TEMPOL or other antioxidants might be useful to reveal
the relative importance of this mechanism.
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Importantly, Psgl-1 deficiency prevented the endothelial
dysfunction induced by DIO, presumably due to reduced
perivascular adipose tissue inflammation and vessel wall
oxidative stress. A supernatant prepared from obese ho-
mogenized fat was sufficient to induce endothelial dys-
function, and this effect was not present when the
supernatant was prepared from obese Psgl-1-deficient fat.
Although this fat supernatant experiment may not be re-
flective of the in vivo setting, because cells are homoge-
nized, it supports the concept that an inflammatory factor
derived from fat triggers local endothelial dysfunction and
that this is reduced in the setting of Psgl-1 deficiency.
Previous research reported that supernatants from in-
flammatory fat showed strong chemoattractant effects on
leukocytes in vitro (28) and that several fat-derived in-
flammatory cytokines, such as IL-13, IL-6, and TNF-«, are
associated with increased NADPH oxidase expression and
endothelial dysfunction (27,29-31). Identification of the
specific downstream factor responsible for the Psgl-1 ef-
fect in our model will require further studies.

To determine whether Psgl-1 inhibition might be effec-
tive therapy for endothelial dysfunction associated with
obesity, DIO Psgl-1*"* mice were treated with weekly
injections of an antibody that blocks interactions between
selectins and Psgl-1. Antibody injections were initiated at
week 5, in the middle of the 10-week DIO protocol, to
determine if Psgl-1 could prevent endothelial dysfunction
while mice were in the process of gaining weight. Psgl-1
blockade in this setting was effective in reducing adipose
tissue inflammation, endothelial dysfunction, and vascular
superoxide production.
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In the present study, we found that the HOMA IR index
was significantly increased in DIO Psgl-1** mice com-
pared with lean control mice, as expected. In DIO Psgl-1—
mice, HOMA-IR showed a trend toward protection, al—
though it was not significant compared with DIO Psgl-1*'*
mice. FFA levels were also significantly decreased in DIO
Psgl-1~"~ mice compared with DIO Psgl-1*"* mice, sug-
gesting that Psgl-1 deficiency may correct other metabohc
abnormalities in the setting of obesity. The underlying
mechanisms responsible for this effect will also require
additional study.

In conclusion, Psgl-1 deficiency is protective against
obesity-induced endothelial dysfunction. Therapies designed
to inhibit Psgl-1 binding to selectins may be useful to
reduce preclinical vascular abnormalities associated with
obesity.
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