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Abstract

Adiponectin, an adipocyte-derived protein, exerts anti-atherosclerotic effects on the vascular
endothelium. Recently adiponectin protein has been reported in murine vascular endothelial cells,
however, whether adiponectin is present in human vascular endothelial cells remains unexplored.
We sought to examine 1) adiponectin protein in vascular endothelial cells collected from older
adults free of overt cardiovascular disease; 2) the relation between endothelial cell adiponectin and
in vivo vascular endothelial function; and 3) the relation between endothelial cell adiponectin,
circulating (plasma) adiponectin and related factors. We measured vascular endothelial function
(brachial artery flow-mediated dilation using ultrasonography), vascular endothelial cell
adiponectin (biopsy coupled with quantitative immunofluorescence) and circulating adiponectin
(Mercodia, ELISA) in older, sedentary, non-smoking, men and women (55 — 79 years). We found
that higher endothelial cell adiponectin was related with greater flow-mediated dilation (r=0.43,
P<0.05) and greater flow-mediated dilation normalized for shear stress (r=0.56, P<0.01), but was
not related with vascular smooth muscle responsiveness to nitric oxide (r=0.04, P=0.9). Vascular
endothelial cell adiponectin was not related with circulating adiponectin (r=-0.14, P=0.6).
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Endothelial cell and circulating adiponectin were differentially associated with adiposity,
metabolic and other factors, but both were inversely associated with renal function (r=0.44 to 0.62,
P <0.04). In conclusion, higher endothelial cell adiponectin levels are associated with higher
vascular endothelial function, independent of circulating adiponectin levels in older adults.
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1. Introduction

Atherosclerosis is a major cause of morbidity and mortality in the Western world. A key
early event in the development and progression of atherosclerosis is vascular endothelial
dysfunction. Adiponectin, an adipocyte-derived protein, is known to exert anti-
atherosclerotic effects on the vascular endothelium and has been found to accumulate in the
endothelium of injured vessels (Ouchi et al. 2001). In vascular endothelial cell cultures,
adiponectin stimulates nitric oxide (NO) production by increasing phosphorylation of
endothelial NO synthase (eNOS) via phosphatidylinositol (PI) 3-kinase-dependent pathways
(Cao et al. 2009; Chen et al. 2003; Xi et al. 2005). In isolated vessels, adiponectin has
recently been reported to improve NO bioavailability and decrease vascular O,™ production/
eNOS uncoupling in both human arteries and veins by increasing PI3/Akt-mediated
phosphorylation of eNOS and BH4-mediated eNOS coupling (Margaritis et al. 2013).
Adiponectin-related production of NO and eNOS phosphorylation are mediated through
AdipoR1 and AdipoR2 receptors (Cheng et al. 2007), both of which are expressed in human
endothelial cells (Tan et al. 2004). A third adiponectin receptor is T-cadherin, which is
highly expressed in endothelial cells (Hug et al. 2004).

Recently, adiponectin protein has been reported in endothelial cells collected from mouse
thoracic aorta (Komura et al. 2013) and in murine endothelial cell lines (Rutkowski et al.
2014), but whether adiponectin is present in human vascular endothelial cells remains
unexplored. Colombo et al have developed a technique to collect vascular endothelial cells
from peripheral blood vessels (arteries or veins) in humans (Colombo et al. 2002) and have
validated the use of quantitative immunofluorescence to measure vascular endothelial
protein levels. We have recently used this technique to examine protein levels of factors
known to influence vascular endothelial function (e.g., eNOS, superoxide dismutase,
NADPH oxidase, xanthine oxidase and nuclear factor k B in human vascular endothelial
cells) (Hwang et al. 2013; Silver 2007; Silver et al. 2010). We are not aware of any studies
examining adiponectin protein in human vascular endothelial cells and its relation to in vivo
vascular endothelial function.

There are some reports of a positive relation between circulating (plasma) adiponectin and
vascular endothelial function (Ouchi et al. 2003; Saarikoski et al. 2010; Tan et al. 2004).
There are also reports of an inverse relation of circulating adiponectin with adiposity and
glucose, and a direct relation with HDL cholesterol (Belalcazar et al. 2012; Cnop et al.
2003). Interestingly, higher circulating adiponectin has also been linked with decreased renal
function (Kawamoto et al. 2010; Kruger et al. 2011) and markers of anemia (red blood cell
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count, hematocrit, and hemoglobin) (Aso et al. 2009; Aso et al. 2012; Kawamoto et al.
2011). However, it is not known whether endothelial cell adiponectin is similarly related
with these factors and with circulating adiponectin levels. In older adults, vascular
endothelial function is impaired, but the underlying mechanisms are incompletely
understood. Investigating the influence of endothelial cell adiponectin on vascular function
in human aging is important because it can potentially lead to strategies to improve vascular
endothelial dysfunction.

Therefore, in the current investigation we sought to examine for the first time: 1)
adiponectin in vascular endothelial cells collected from older adults free of overt
cardiovascular disease; 2) the relation between vascular endothelial cell adiponectin and
vascular endothelial function measured in vivo in response to reactive hyperemia using
brachial high resolution ultrasonography (flow-mediated dilation; FMD); and 3) the relation
between vascular endothelial cell adiponectin, circulating (plasma) adiponectin, and related
factors.

2. Methods

2.1 Subjects

We studied 23 older adults (55-79 years; 11 men and 12 women) who were sedentary and
did not smoke or use other tobacco products. Subjects were free of overt cardiovascular and
other clinical disease (e.g., diabetes, liver and renal disease) as assessed by medical history,
physical examination, resting ECG, urinalysis, blood chemistries and hematological
evaluation. All subjects demonstrated normal ECG and blood pressure responses to a graded
exercise test, which was performed on a treadmill on a different day than the vascular
measures. For the graded exercise test, subjects walked for 6 min at a comfortable speed that
corresponded to 70 to 80 % of their age-predicted maximal heart rate to warm-up, followed
by 2.5% increases in the treadmill grade every two minutes until volitional exhaustion
(Hwang et al. 2013). None of the subjects were taking antihypertensive or vasoactive drugs
and subjects who were taking antioxidant supplements completed a 4-week washout prior to
enrolling in the study. Women were all postmenopausal, established by absence of menses
for at least 2 years and follicle stimulating hormone >40 IU/L. Postmenopausal women were
not on hormone replacement therapy for at least 1 year prior to data collection.

The study was carried out in accordance with the Declaration of Helsinki (2008) and was
approved by the Institutional Review Boards of the University of Florida, Texas A&M
University, and Scott & White Health System. The purpose, nature and risk of all procedures
were explained to the subjects and their written informed consent was obtained prior to
participation.

2.2 General experimental procedures

All measurements were performed in the morning, after a minimum of 20 minutes of supine
rest in a quiet, semi-darkened, temperature-controlled room. Prior to data collection, subjects
fasted overnight for 12 hours. They also abstained from caffeine and alcohol for 12 hours
and from vigorous physical activity for at least 20 hours.
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2.3 Vascular endothelial function (FMD)

Brachial artery FMD was assessed non-invasively using an ultrasound/Doppler system
equipped with a 7.5 MHz linear transducer (Aplio XV, Toshiba) following established
guidelines (Corretti et al. 2002; Thijssen et al. 2011) as we have previously described
(Hwang et al. 2013).

Briefly, a duplex ultrasound image of the brachial artery (i.e., 2D image and spectral
Doppler waveforms) was obtained ~7 cm proximal to the antecubital fossa while the subject
rested supine with the right arm abducted and fixed in position at heart level. The Doppler
angle of insonation for assessing blood velocity was set <60 degrees. Following image
optimization the vascular transducer was clamped (Flexbar, Flexbar Machine Corporation,
Islandia, NY) in place to prevent movement during data collection. Reactive hyperemia was
induced by inflating a cuff at the widest part of the forearm (E20 and AG 101, D. E.
Hokanson, Bellevue, WA) to 250 mmHg for 5 minutes followed by rapid deflation.

ECG R-gated duplex ultrasound images of the brachial artery were digitally recorded
(Vascular Imager, Medical Imaging Applications, LLC, Coralville, I1A) for one minute to
establish pre-occlusion baseline and for 2 minutes after cuff deflation to assess peak dilatory
response (the maximum brachial artery diameter). End-diastolic diameters were analyzed
(Brachial Analyzer, Medical Imaging Applications, LLC, Coralville, 1A) and individual
post-occlusion diameters were averaged (bin: 3 R-gated diameters) to determine the peak
diameter. FMD was expressed as absolute change in mm (maximum diameter baseline
diameter) and as % change ([(maximum - baseline diameter)/baseline diameter] x 100). To
quantify the hyperemic response, blood velocity was calculated by tracing the first 15 post-
occlusion spectral Doppler envelopes and 15 baseline spectral Doppler envelopes using the
Toshiba ultrasound system software. Blood flow (ml/min) was calculated as mean blood
velocity x [(baseline diameter)2/4] x 7 x 6 x 1071, Shear stress (dyne/cm?) was calculated as
8 x U x mean blood velocity/baseline diameter, where |1 was blood viscosity, which was
assumed to be 0.035 dyne/cm? (Mitchell et al. 2004).

To assess vascular smooth muscle responsiveness to NO, a measure of endothelium-
independent dilation, brachial artery images were acquired at baseline and for 10 minutes
following sublingual nitroglycerin (0.4 mg) administration as previously described (Christou
et al. 2012). Maximum brachial response to nitroglycerin expressed as % change was
calculated as ([(maximum - baseline diameter)/baseline diameter] x 100). Ultrasound images
were analyzed by an investigator who was blind to subject identity.

2.4 Vascular endothelial cell collection and adiponectin immunostaining

Endothelial cells were collected from an antecubital vein by sequentially advancing and
retracting two sterile J-shaped guidewires (Daig, Inc., Minnetonka, MN) ~ 10 cm through an
18 gauge intravenous catheter as previously described by our group and others (Colombo et
al. 2002; Hwang et al. 2013; Shenouda et al. 2011; Silver 2007; Silver et al. 2007; Silver et
al. 2010). Cells were recovered from the wires by washing with a dissociation buffer and
centrifugation. Cells were fixed with 4% paraformaldehyde (USB corporation, Cleveland,
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OH), washed thoroughly with PBS, plated on poly-L-lysine coated slides (Sigma Chemical,
St. Louis, MO), and stored at —80°C until the immunofluorescence staining was performed.

For immunofluorescence staining, fixed vascular endothelial cells were rehydrated with PBS
containing 50 mmol/L glycine. After blocking non-specific sites with 5% donkey serum
(Jackson Immunoresearch, West Grove, PA), slides were incubated with a primary antibody
for adiponectin (Santa Cruz, Dallas, TX) followed with a secondary antibody with Alexa
Fluor 488 goat anti-rabbit IgG (Invitrogen, Carlsbad, CA). To allow identification of
endothelial cells, slides were also incubated with a primary antibody for von Willebrand
factor (DAKO, Carpinteria, CA) and a secondary antibody with Alexa Fluor 555 donkey
anti-rabbit 1gG (Invitrogen, Carlsbad, CA). Finally, to determine nuclear integrity, slides
were mounted with Vectashield containing the nuclear stain DAPI (Vector Laboratories,
Inc., Burlingame, CA). To minimize the potential confound of inter-batch variability in
staining, 2 slides of human umbilical venous endothelial cells (HUVEC) were stained in
each batch and endothelial cell adiponectin levels are reported relative to average HUVEC
intensity in that batch.

For analysis, cells were examined with a fluorescence microscope (Eclipse 80i, Nikon
Instruments, Inc., Melville, NY) at x100 magnification using the same exposure time.
Images of endothelial cells (identified by the presence of von Willebrand factor staining)
with intact nuclei (confirmed by DAPI staining) were digitally captured by a coolSNAP ES2
camera (Photometrics, Tuscon, AR). Endothelial cell adiponectin levels were measured by
quantifying Alexa Fluor 488 intensity while correcting for background fluorescence (NIS
Elements software (version 3.2), Nikon Instruments, Inc., Melville, NY) and are reported as
intensity per HUVEC intensity.

2.5 Plasma adiponectin, renal function, and other blood measures

Plasma adiponectin (hexameric and high-molecular-weight forms) was measured using a
commercially-available ELISA kit (Mercodia, Sweden). Standard blood chemistries,
hematological evaluation, and renal function including blood urea nitrogen and serum
creatinine tests were performed by a clinical laboratory using conventional assays.
Creatinine clearance was based on a 24-hour urine collection.

2.6 Height, weight and adiposity measures

Subjects were dressed in light clothing and were barefoot. Height was measured to the
nearest mm with a stadiometer. Body weight was measured to the nearest 0.1 kg using an
electronic scale (Tanita, Arlington Heights, IL, USA). Body mass index was calculated as
weight divided by height squared (kg/m?2). Waist circumference was measured with a non-
stretchable tape at the smallest horizontal narrowing between the ribs and iliac crest with the
subject in the standing position. Three measures were taken to the nearest 1 mm.

2.7 Resting blood pressure

Resting blood pressures were recorded over the brachial artery with a semi-automated
device (Dinamap, GE, Salt Lake City, UT).
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2.8 Statistics

3. Results

Statistical analyses were performed using SPSS version 22 (SPSS, Chicago, IL). Statistical
significance for all analyses was set at P< 0.05. Pearson product moment correlation
coefficients were used to examine the bivariate relations between endothelial cell
adiponectin and vascular endothelial function, plasma adiponectin and other factors.
Multiple linear regression was used to examine the independent relation between endothelial
cell adiponectin and vascular endothelial function while controlling for factors related with
both endothelial cell adiponectin and vascular endothelial function. Stepwise linear
regression analysis with P<0.05 used for inclusion and P>0.1 for exclusion of variables was
performed to evaluate all factors that were related with endothelial cell adiponectin and
construct a model with the factors exhibiting the strongest independent relations with
endothelial cell adiponectin.

Study participants ranged in age from 55 to 79 years (64+7 years; mean=SD). Mean values
and ranges for other main subject characteristics are presented in Table 1. Figure 1
demonstrates lack of fluorescence in a negative control endothelial cell stained with the
secondary antibody but without the primary antibody for adiponectin.

Higher endothelial cell adiponectin levels were related with greater FMD and with greater
FMD normalized for post-occlusion shear stress (P=0.047 and P=0.007, respectively; Figure
2A and B). However, there was no relation between endothelial cell adiponectin and
nitroglycerin-induced (endothelium-independent) dilation (r=0.04, P=0.9). Higher
endothelial cell adiponectin levels were also related with lower baseline shear stress and
post-occlusion shear stress (P=0.03 and P=0.03, respectively; Figure 3A and B). Circulating
adiponectin was not significantly related with FMD (r=0.36, P>0.05).

There was no relation between vascular endothelial cell adiponectin and circulating
adiponectin (r=—-0.14, P=0.6). As expected, higher circulating adiponectin levels were
related with lower body mass index, waist circumference and fasting glucose, and higher
HDL cholesterol (P<0.05; Table 2). Endothelial cell adiponectin, however, was not related
with these factors (P=0.2 to 0.6). Both endothelial cell and circulating adiponectin were
related with reduced renal function; endothelial cell adiponectin was positively related with
blood urea nitrogen and serum creatinine (P=0.008 and P=0.04, respectively; Figure 4A and
B), whereas, circulating adiponectin was inversely related with creatinine clearance
(P=0.001; Figure 5). Interestingly, endothelial cell adiponectin was positively related with
red blood cell count, hematocrit and hemoglobin concentration (P<0.02; Figure 6A-C),
whereas, circulating adiponectin was negatively related with these factors (P<0.003; Figure
7A-C).

Based on multiple linear regression analyses, the strength of the relation between endothelial
cell adiponectin and FMD normalized for post-occlusion shear stress slightly decreased after
accounting for baseline shear stress, blood urea nitrogen or serum creatinine (rpar=0.4 to
0.44), but the relation remained significant (P=0.02 to 0.045). When including red blood
cells, hematocrit or hemoglobin as independent variables, these factors and FMD normalized
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for post-occlusion shear stress were not significant predictors of endothelial cell adiponectin
in the model. This could be due to the existing correlations between each of these factors
and FMD normalized for post-occlusion shear stress (r =0.72, P<0.0001). To construct a
model with all the factors exhibiting the strongest independent relations with endothelial cell
adiponectin, we performed stepwise linear regression model and included endothelial cell
adiponectin as the dependent variable and all factors that were related with endothelial cell
adiponectin as independent variables in the analysis. Only FMD normalized for shear stress
(rpart=0.47, P=0.01) and blood urea nitrogen (rpart=0.40, P=0.02) remained in the final model
(R2=0.52, P=0.02).

4. Discussion

We examined the levels of adiponectin in plasma and vascular endothelial cells collected
from older adults free of overt cardiovascular disease. Our study demonstrates for the first
time that higher levels of endothelial cell adiponectin are associated with higher vascular
endothelial function in human aging and this relation is independent of circulating
adiponectin levels. Another novel finding is the lack of association between circulating and
endothelial cell adiponectin levels. Finally, both circulating and endothelial cell adiponectin
are inversely related with renal function, but are differentially related with adiposity,
metabolic and other related factors.

To our knowledge, the present data are the first to report adiponectin protein in vascular
endothelial cells collected from humans. Our findings are in agreement with two recent
investigations reporting adiponectin protein in freshly-isolated murine aortic endothelial
cells (Komura et al. 2013) and in murine endothelial cell lines (Rutkowski et al. 2014).
Currently, the mechanism of endothelial cell adiponectin uptake is unknown and whether the
adiponectin receptors AdipoR1, AdipoR2 and T-Cadherin are involved remains uncertain.

Our finding of a direct relation between adiponectin measured in human endothelial cells
and FMD provides new insight in the potential role of endothelial cell adiponectin in
modulating nitric oxide bioavailability and vascular endothelial function in vivo. The lack of
association with endothelium-independent dilation suggests that endothelial cell adiponectin
does not influence vascular smooth muscle responsiveness to NO. We are not aware of other
reports of adiponectin protein in human vascular endothelial cells, but previous studies on
circulating adiponectin have demonstrated a significant positive association with
endothelium-dependent dilation (r=0.1 to 0.3) and no association with endothelium-
independent dilation (Margaritis et al. 2013; Ouchi et al. 2003; Saarikoski et al. 2010; Tan et
al. 2004). In our data, circulating adiponectin was not significantly related with vascular
endothelial function, but the magnitude of the correlation coefficient was similar with the
published values reported above. It is possible that the relatively small sample size in our
study might have contributed to the test not reaching statistical significance.

Our data demonstrate no association between circulating and endothelial cell adiponectin
levels suggesting that the total amount of circulating adiponectin is not the driving factor for
endothelial cell adiponectin levels. Furthermore, their discordant relations with other
measures including vascular endothelial function suggest that the significant relation of
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endothelial cell adiponectin to FMD in our study is independent of the effects of circulating
adiponectin. Our findings confirm previous investigations reporting that circulating
adiponectin is inversely related with adiposity and glucose, and directly related with HDL
cholesterol (Belalcazar et al. 2012; Cnop et al. 2003), however endothelial cell adiponectin
is not related with these factors in our study. Our data also confirm that higher circulating
adiponectin levels are associated with lower red blood cell count, hematocrit and
hemoglobin concentration (Aso et al. 2009; Aso et al. 2012; Kawamoto et al. 2011).
Surprisingly, in our study higher endothelial cell adiponectin levels are associated with
higher levels of these factors, but the underlying mechanisms are unknown.

Our results are in agreement with previous reports demonstrating higher levels of circulating
adiponectin are associated with reduced renal function (Kawamoto et al. 2010; Kruger et al.
2011). Consistent with these associations, endothelial cell adiponectin is also inversely
associated with renal function. Based on the current incomplete understanding of the
physiological functions of adiponectin, it is not possible to explain why endothelial cell
adiponectin is inversely related with renal function, while it is positively related with
vascular endothelial function. The mechanisms linking adiponectin (circulating or
endothelial cell) with renal function are not currently known. With reduced renal function
there might be upregulated compensatory production of adiponectin and entry into the
endothelial cell (Turer and Scherer 2012), but this will need to be further elucidated by
future studies. There is some evidence of elevated circulating adiponectin levels being partly
due to low clearance rate by the kidney (Komura et al. 2010), but other studies indicate that
adiponectin is not cleared by the kidney except in cases of severe proteinuria (von Eynatten
et al. 2009).

Although it is unclear why lower levels of baseline shear stress are associated with higher
levels of endothelial cell adiponectin, it is possible that adiponectin levels increase as a
compensatory defense mechanism against atherogenesis. In support of this idea, low shear
stress has been linked to increased uptake of atherogenic blood particles (Zarins et al. 1983)
and atherogenesis (Malek et al. 1999), while adiponectin exerts anti-atherogenic effects
(Okamoto et al. 2002) and has been found to localize in the endothelium of human injured
vessels (Ouchi et al. 2001). Post-occlusion shear stress was also negatively related with
endothelial cell adiponectin, but this association was not significant after controlling for
baseline shear stress (r=—-0.17, P=0.5). This suggests that the relation between post-
occlusion shear stress and endothelial cell adiponectin is modulated by baseline shear stress.

Our study has some potential limitations. First, if one assumes that a positive relation exists
between FMD and post-occlusion shear stress, then the positive relation between endothelial
cell adiponectin and FMD and the negative association between endothelial cell adiponectin
and post-occlusion shear stress appear to be contradictory and complicate interpretation of
the results. However, in our data post-occlusion shear stress was not significantly related
with FMD (P=0.8). In addition, based on the mathematical relation of post-occlusion shear
stress to FMD/post-occlusion shear stress, these two factors are negatively related (r=—0.63,
P=0.002); i.e., greater post-occlusion shear stress is associated with lower ratio of FMD/
post-occlusion shear stress. Thus, the relations of adiponectin with vascular endothelial
function and post-occlusion shear stress are not contradictory. Second, due to the limited
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number of endothelial cells that can be obtained in vivo from human subjects, it was not
possible to use Western blotting to measure protein levels. Therefore, quantitative
immunofluorescence was used to measure endothelial cell protein levels, but this approach
has been validated against immunoblotting (Colombo et al. 2002; Silver et al. 2007). Despite
the use of immunofluorescence in our study, several novel relations were identified. Third,
our data are cross sectional, thus they cannot demonstrate a cause and effect relation
between endothelial cell adiponectin levels and vascular endothelial function. However, our
study provides the first evidence in humans supporting a significant association. Future
investigations need to examine the independent effects of increasing or decreasing
adiponectin levels on vascular endothelial function. Fourth, our subjects were older, thus our
results might not be applicable to young adults. Additional studies are needed to investigate
the relation between endothelial cell adiponectin levels and vascular endothelial function in
healthy young adults.

Conclusions

Our data demonstrate for the first time that higher levels of adiponectin in endothelial cells
are associated with higher in vivo vascular endothelial function independent of circulating
adiponectin levels in older adults free from cardiovascular disease. Endothelial cell and
circulating adiponectin are not related, and are differentially related to adiposity, metabolic
and other blood factors. However, both endothelial cell and circulating adiponectin are
inversely associated with renal function. Future studies designed to understand the
mechanism of adiponectin uptake by endothelial cells and the specific adiponectin receptors/
signaling cascade involved in modulating vascular endothelial function could potentially
lead to the development of therapeutic strategies in atherosclerosis.
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Figure 1.
Endothelial cell stained with both the primary antibody for adiponectin and the

corresponding secondary antibody conjugated with the fluorescent tag (A). Negative control
endothelial cell stained with the secondary antibody, but without the primary antibody for
adiponectin (B).
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Figure 2.
Relation between endothelial cell adiponectin, flow-mediated dilation (FMD) (A) and FMD

normalized for post-occlusion shear stress (B).
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Figure 3.
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Figure 4.
Relation between endothelial cell adiponectin, blood urea nitrogen (A) and serum creatinine

(B).
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Figure 5.
Relation between circulating adiponectin and creatinine clearance.
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Relation between endothelial cell adiponectin, red blood cell count (A), hematocrit (B) and

hemoglobin (C).
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Figure 7.
Relation between circulating adiponectin red blood cell count (A), hematocrit (B) and

hemoglobin (C).
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Subject characteristics

Table 1

Mean+SD  Min-Max
Body mass index, kg/m?2 29.446.9 20.0-44.6
Systolic blood pressure, mm Hg 125+13 102-146
Diastolic blood pressure, mm Hg 7748 66-93
LDL cholesterol, mg/dL 109+25 69-162
HDL cholesterol, mg/dL 46+11 30-69
Fasting glucose, mg/dL 95+7 84-109
Fasting insulin, mU/mL 3.0+2.1 2-10
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Correlation coefficients

Table 2

Endothelial cell adiponectin

Plasma adiponectin

Body mass index ns
Waist circumference ns
Fasting glucose ns
HDL cholesterol ns

-0.46"
-0.64
-0.49"

*

0.65

ns: not significant (P=0.2);

*
P<0.05
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