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Retinol-Binding Protein 4 Induces Inflammation in Human
Endothelial Cells by an NADPH Oxidase- and Nuclear Factor Kappa
B-Dependent and Retinol-Independent Mechanism
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Serum retinol-binding protein 4 (RBP4) is the sole specific vitamin A (retinol) transporter in blood. Elevation of serum RBP4 in
patients has been linked to cardiovascular disease and diabetic retinopathy. However, the significance of RBP4 elevation in the
pathogenesis of these vascular diseases is unknown. Here we show that RBP4 induces inflammation in primary human retinal
capillary endothelial cells (HRCEC) and human umbilical vein endothelial cells (HUVEC) by stimulating expression of pro-
inflammatory molecules involved in leukocyte recruitment and adherence to endothelium, including vascular cell adhesion mol-
ecule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), E-selectin, monocyte chemoattractant protein 1 (MCP-1), and
interleukin-6 (IL-6). We demonstrate that these novel effects of RBP4 are independent of retinol and the RBP4 membrane recep-
tor STRA6 and occur in part via activation of NADPH oxidase and NF-kB. Importantly, retinol-free RBP4 (apo-RBP4) was as
potent as retinol-bound RBP4 (holo-RBP4) in inducing proinflammatory molecules in both HRCEC and HUVEC. These studies
reveal that RBP4 elevation can directly contribute to endothelial inflammation and therefore may play a causative role in the
development or progression of vascular inflammation during cardiovascular disease and microvascular complications of

diabetes.

levated levels of serum retinol-binding protein 4 (RBP4), the

transport protein for vitamin A (retinol) in the blood circula-
tion, correlate with insulin resistance and type 2 diabetes in several
clinical studies (1, 13, 25, 32, 41, 49, 52, 68). Furthermore, studies
in mice have shown that ectopic overexpression of serum RBP4
inhibits insulin signaling in muscle and adipose tissues and causes
systemic insulin resistance, whereas Rbp4~’~ mice have increased
insulin sensitivity (8, 68). Type 2 diabetes is classically thought of
as a metabolic disease, but it is also associated with a 2- to 4-fold-
increased risk of cardiovascular disease (7, 15, 36, 37). In addition,
a majority of patients with type 2 diabetes will develop some type
of microvascular disease, such as retinopathy, within the first 2
decades of disease (26, 59). Together, cardiovascular disease and
microvascular complications are the major causes of death and
disability in patients with type 2 diabetes. Thus, understanding the
factors that contribute to the development and progression of
cardiovascular disease and microvascular complications is neces-
sary to prolong survival and improve quality of life for patients
with type 2 diabetes. Recent clinical studies have linked elevated
serum RBP4 specifically to cardiovascular disease, including hy-
pertension (58), stroke (34, 57), and atherosclerosis (10, 58). In
addition, two studies have reported that patients with proliferative
diabetic retinopathy, which is characterized by destructive retinal
neovascularization and vision loss, have a significantly pro-
nounced elevation of RBP4 compared to patients with mild or no
retinopathy (43, 60). The finding that elevation of RBP4 is corre-
lated with cardiovascular disease and diabetic retinopathy war-
rants investigation into the possible role of RBP4 in the pathogen-
esis of both types of vascular disease.

Chronic vascular inflammation is a major factor in the devel-
opment of atherosclerosis as well as microvascular diseases such as
diabetic retinopathy (7, 20, 24, 27, 39, 55, 62). Vascular inflamma-
tion begins with endothelial expression of proinflammatory cell
surface adhesion molecules, such as vascular cell adhesion mole-

December 2012 Volume 32 Number 24

Molecular and Cellular Biology p. 5103-5115

cule 1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1),
and endothelial-leukocyte adhesion molecule 1 (E-selectin), as
well as endothelial secretion of soluble proinflammatory factors,
such as monocyte chemoattractant protein 1 (MCP-1), and inter-
leukin-6 (IL-6), which act in concert to promote the recruitment
and adherence of leukocytes to the endothelium (24). Cellular
oxidative stress is responsible for the activation of endothelial in-
flammation (24, 27). The primary source of oxidative stress in
endothelial cells is NADPH oxidase, an enzyme that generates the
free radical superoxide (24, 27). Superoxide reacts with other mol-
ecules to form a variety of reactive oxygen species, such as hydro-
gen peroxide and hydroxyl radicals, which promote proinflam-
matory cell signaling, including activation of nuclear factor kappa
B (NF-kB), a transcription factor that induces expression of
proinflammatory genes, such as the VCAM-1, ICAM-1, E-selec-
tin, MCP-1, and IL-6 genes (19, 44, 56). In diabetic retinopathy,
NADPH oxidase and NF-kB activation promote proinflamma-
tory gene expression and induce leukostasis in retinal capillaries
(2, 3,16, 39, 61). In cardiovascular disease, NADPH oxidase acti-
vation and NF-kB-mediated upregulation of VCAM-1 expression
in aortic endothelium are critical early events in the initiation of
atherosclerotic lesions (11, 12, 21, 64).

Clinical studies have recently found a correlation between ele-
vated serum RBP4 level and subclinical inflammation (5, 6, 69),

Received 17 June 2012 Returned for modification 17 July 2012
Accepted 5 October 2012

Published ahead of print 15 October 2012

Address correspondence to Krysten M. Farjo, Krysten-Farjo@ouhsc.edu.
Supplemental material for this article may be found at http://mcb.asm.org/.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/MCB.00820-12

mcb.asm.org 5103


http://mcb.asm.org/
http://dx.doi.org/10.1128/MCB.00820-12
http://mcb.asm.org

Farjo et al.

and other studies have revealed that RBP4 induces inflammation
in macrophages (22, 53). Macrophages are present in adipose tis-
sue during obesity and contribute to chronic adipose inflamma-
tion and insulin resistance (23, 47, 48, 66). RBP4-activated mac-
rophages secrete proinflammatory cytokines that impair insulin
signaling in cocultured adipocytes (22, 53). The proinflammatory
effects of RBP4 on macrophages are mediated in part through
activation of toll-like receptor 4 (TLR4) and c-Jun N-terminal
protein kinase (JNK) signaling and are retinol independent, since
apo-RBP4 (retinol free) and holo-RBP4 (retinol bound) have the
same proinflammatory effects (53). The finding that RBP4 stim-
ulates proinflammatory pathways in macrophages, combined
with previous studies that found that serum RBP4 levels correlate
significantly with the presence of subclinical inflammation (5),
hypertension (58), stroke (34, 57), atherosclerosis (10, 58), and
diabetic retinopathy (43, 60), suggests that elevation of serum
RBP4 may contribute to vascular disease by inducing endothelial
inflammation; however, the effect of RBP4 on endothelial inflam-
mation has not been studied.

In the current study, we investigated the direct effect of RBP4
on primary human macrovascular and microvascular endothelial
cells. We show that RBP4 can directly induce production of pro-
inflammatory molecules involved in leukocyte recruitment and
adherence, including VCAM-1, ICAM-1, E-selectin, MCP-1, and
IL-6 in both macro- and microvascular human endothelial cells.
These novel effects of RBP4 are retinol independent and occur, in
part, via activation of NADPH oxidase and NF-«kB. These studies
reveal that RBP4 elevation can directly contribute to endothelial
inflammation and therefore may play a causative role in the de-
velopment or progression of vascular inflammation during car-
diovascular disease and diabetic microvascular complications.

MATERIALS AND METHODS

Expression and purification of recombinant human RBP4. The open
reading frame of human RBP4 was amplified by PCR from a cDNA clone
purchased from Open Biosystems (Thermo Scientific, Lafayette, CO)
(Clone ID LIFESEQ1949554, catalog no. IHS1380-97652535) using the
following primers: forward, 5'-AACTCGAGGAGCGCGACTGCCGAGT
GAGC-3’ (Xhol site underlined), and reverse, 5'-AAGGATCCCTACAA
AAGGTTTCTTTCTGATCTG-3" (BamHI site underlined). The PCR
product was inserted into pET19b vector (Novagen) in frame with the
vector N-terminal histidine tag sequence and confirmed by DNA se-
quencing. pET19b-His-RBP4 was then transformed into Escherichia coli
strain BL21%, and His-RBP4 was purified as described previously (65)
with modifications. LB media (2 X 1 liter) were each inoculated with 10
ml of an overnight culture and grown in flasks shaking at 37°C. When the
optical density of the cultures reached 0.6 to 0.8 at 600 nm, IPTG (isopro-
pyl-B-p-thiogalactopyranoside) was added at a final concentration of 1
mM to induce His-RBP4 protein expression, and the cultures were re-
turned to shaking at 37°C overnight. Cells were harvested by centrifuga-
tion at 4,000 X g (20 min). The combined pellets were resuspended in a
total of 50 ml lysis buffer [50 mM Tris, pH 7.5, 2 mM EDTA, 1 mM
4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF), 0.1%
Triton X-100]. The cell suspension was sonicated 5 times for 20 s, freeze-
thawed twice, and centrifuged at 10,000 X g for 25 min to pellet the
insoluble fraction. RBP4 remained in the insoluble pellet fraction and was
resuspended in 14 ml of 7.5 M guanidine hydrochloride (Gd-HCI). The
suspension was further diluted in 25 mM Tris, pH 9.0, to a final concen-
tration of 5 M Gd-HCI. Dithiothreitol (DTT) (10 mM) was added, and the
suspension was adjusted to pH 9.0. The suspension was stirred vigorously
at room temperature for 4 to 6 h until the solution appeared translucent.
Oxidative refolding was performed by combining the Gd-HCI protein
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suspension (~21 ml) with 80 ml of redox refolding buffer (0.3 mM cys-
tine, 3.0 mM cysteine, I mM EDTA, 25 mM Tris [pH 9.0], prepared fresh
and degassed by nitrogen sparging). For purification of holo-RBP4, an
~10-fold molar excess of retinol dissolved in ethanol was included to
facilitate protein refolding and increase protein yield. For purification of
apo-RBP4, retinol was not added, and the final protein yield was lower
(~50% of holo-RBP4 yield). When holo-RBP4 was purified, all steps after
the addition of retinol in the refolding buffer were carried out in a dark-
room lit by dim red light. When apo-RBP4 was purified, all steps were
performed under normal lab light. The refolding mixture was stirred vig-
orously at 4°C overnight to facilitate RBP4 protein refolding. After refold-
ing, the remaining insoluble protein was removed by centrifugation at
13,000 X g for 20 min. The supernatant containing the refolded protein
was dialyzed in 25 mM Tris, pH 8.0, with 150 mM NaCl. After dialysis, the
protein was incubated with nickel resin for 3 h at 4°C, and His-RBP4 was
purified by nickel affinity chromatography. The eluted His-RBP4 was an-
alyzed by the Bradford method of protein quantification and 250- to
350-nm absorbance spectra to confirm protein quality and the presence/
absence of retinol in apo- and holo-RBP4 preparations. Purified His-
RBP4 was dialyzed into phosphate-buffered saline (PBS), aliquoted, and
stored at —80°C. The endotoxin level in purified His-RBP4 was quantified
by Limulus amebocyte lysate assay test (ToxinSensor; Genscript, Piscat-
away, NJ) to be less than 0.001 endotoxin unit (EU) per wg protein
(0.00043 EU/g, which is similar to the level of endotoxin measured in
ultrapure filtered water and generally considered to be nonimmuno-
genic). Native human RBP4, which was purified from normal human
serum, was obtained from Athens Research Technology (Athens, GA).
Native human RBP4 consisted primarily of holo-RBP4 according to the
wavelength spectrum scan (see Fig. S2A in the supplemental material).

Human endothelial cell culture and treatment with RBP4 and chem-
ical inhibitors. Primary human retinal capillary endothelial cells
(HRCEC) were obtained from Cell Systems Corporation (Kirkland, WA)
and cultured in EGM-MV (Promocell, Germany). Primary human um-
bilical vein endothelial cells (HUVEC) were obtained from Life Technol-
ogies (Grand Island, NY) and cultured in Medium-200 with low serum
growth supplement. HRCEC and HUVEC were plated and maintained on
collagen I-coated tissue culture plates from BD Bioscience (San Jose, CA).
THP-1 monocytes were obtained from the American Type Culture Col-
lection (Manassas, VA) and cultured in RPMI 1640 medium with 10%
fetal bovine serum (FBS) and 0.05 mM beta-mercaptoethanol. For exper-
iments, HRCEC or HUVEC confluent monolayers were incubated in se-
rum-starved medium with 2% FBS for the noted treatment durations. All
experiments were conducted using HRCEC or HUVEC at passages 2 to
10. Cells were treated as indicated with either increasing concentrations of
RBP4 (10 to 100 pg/ml), or bovine serum albumin (BSA) at a dose
equimolar to the highest concentration of RBP4 (100 wg/ml, equivalent to
4.75 uM), or retinoids at equimolar concentrations to RBP4 for dose-
response comparison or were left untreated. When cells were treated with
holo-RBP4 or retinoids, experiments were performed in a darkroom un-
der dim red light, and cells were maintained in the dark for the duration of
the treatment. The NF-«kB inhibitors pyrrolidine dithiocarbamate
(PDTC) and JSH-23, the NADPH oxidase inhibitors diphenyleneiodo-
nium chloride (DPI) and apocynin, lipopolysaccharide (LPS), and poly-
myxin B sulfate (PMB) were purchased from Sigma-Aldrich (St. Louis,
MO). Studies with PDTC, JSH-23, DPI, and apocynin were conducted by
preincubating cells with the inhibitor for 2 h prior to the addition of RBP4.
Studies with PMB were conducted by adding PMB simultaneously with
RBP4 or LPS.

qRT-PCR. Cells were pelleted, and total RNA was isolated and puri-
fied using the TRIzol Plus RNA purification kit (Invitrogen Inc.). Reverse
transcription was then performed using the Superscript III system (Invit-
rogen Inc.) to produce cDNA. PCR was then performed in triplicate on
each cDNA sample (myIQ; Bio-Rad) for each gene (Hprt, Veam-1,
Icam-1, Mcp-1, E-selectin, Stra6, Lrp2, TLR2, and TLR4 genes), and
threshold cycle (AC;) values were calculated against the housekeeping
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gene Hprt. Primers for all genes were designed to span introns so as to
avoid amplification from genomic DNA (refer to Table S1 in the supple-
mental material for a complete list of primer pairs). Stratagene human
reference total RNA (composed of total RNA from 10 human cell lines,
with quantities of RNA from the individual cell lines optimized to maxi-
mize the representation of gene transcripts present in low, medium, and
high abundance) was used as a positive control to validate quantitative
reverse transcription-PCR (qRT-PCR) primer pairs. For reporting of re-
sults, all data were normalized to Hprt, which was assigned an arbitrary
expression level of 10,000, and relative gene expression values were calcu-
lated by the following formula: relative expression = 10,000/22¢7, where
AC; = (gene C;. — Hprt C;). Melt curve analyses were conducted to verify
the purity and size of resultant PCR products. At least 3 distinct biological
samples were examined for each gene and treatment.

Western blot analysis. Cells were lysed in Laemmli buffer (100 mM Tris,
pH 6.8, 200 mM dithiothreitol, 4% sodium dodecyl sulfate, 0.2% bromophe-
nol blue, 1 mM AEBSF, 20% glycerol) and subjected to immunoblotting with
the indicated antibodies. Band densitometry measurements were performed
using Image J software (NIH, Bethesda, MD). The following antibodies were
used: from Cell Signaling Technology, P-Ser536-NF-«kB p65 (catalog no.
3033) and fibrillarin (catalog no. 2639); from Santa Cruz Biotechnology,
VCAM-1 (catalog no. sc-8304), E-selectin (catalog no. sc-14011), RBP4 (cat-
alog no. sc-69795), Nox4 (catalog no. sc-30141), and Nox 2 (catalog no. sc-
20782); from Abcam, total NF-kB p65 (catalog no. ab16502), STRAG6 (catalog
no. ab73490), and ICAM-1 (catalog no. ab27536); from Sigma-Aldrich,
horseradish peroxidase (HRP)-conjugated beta-actin (catalog no. A3854);
and from Novus Biologics, GAPDH (catalog no. NB300-221).

Measurement of proinflammatory molecules in cell culture super-
natants. HRCEC and HUVEC culture media were collected after the in-
dicated treatments, centrifuged at 10,000 X g for 2 min to remove cell
debris, and stored at —20°C. Enzyme-linked immunosorbent assay
(ELISA) kits from R&D Systems, Inc. (Minneapolis, MN) were used to
measure soluble extracellular protein levels of VCAM-1 (catalog no.
DY809), ICAM-1 (catalog no. DY720), MCP-1 (catalog no. DY279), and
IL-6 (catalog no. DY206), and an ELISA kit from RayBiotech Inc. (Nor-
cross, GA) was used to measure soluble E-selectin (catalog no. ELH-
Eselectin-001). All ELISAs were performed according to the manufactur-
er’s instructions.

Leukocyte adhesion assay. HRCEC or HUVEC were grown to con-
fluence in six-well plates and then treated with BSA or RBP4 for 18 h or
tumor necrosis alpha (TNF-a) for 4 h in serum-starved 2% FBS medium.
THP-1 monocytes were added at 1.25 million cells/well and cocultured
with HRCEC or HUVEC for 3 h. Unbound THP-1 monocytes were re-
moved by extensive washing with PBS (4 washes with shaking). Cells were
fixed in 4% paraformaldehyde, bound THP-1 monocytes were visualized
by phase-contrast microscopy at a magnification of X20, and the num-
bers of adherent monocytes per field were determined and averaged from
four random visual fields for each treatment group.

Immunocytochemistry. HRCEC or HUVEC were cultured on colla-
gen I-coated coverslips (BD Bioscience) and then treated with BSA, RBP4,
or TNF-a in serum-starved 2% FBS medium for 12 h. The distribution
pattern of total NF-kB p65 was visualized by fluorescent immunostaining
using a Cellomics NF-kB activation HitKit HSC reagent kit from Thermo
Fisher Scientific (Rockford, IL).

Quantification of nuclear NF-kB. To quantify the nuclear level and
relative transcriptional activity of NF-kB subunit p65 in HRCEC, nuclear
extracts were prepared using a nuclear extract preparation kit from Active
Motif (Carlsbad, CA), and the DNA binding capacity of NF-«B in nuclear
extracts was quantified using an ELISA-based TransAM NF-«B kit from
Active Motif. Briefly, HRCEC were treated in serum-starved 2% FBS me-
dium containing either RBP4 (100 pg/ml) or BSA for 6 h, and nuclear
extracts were prepared. To measure NF-kB DNA binding, nuclear ex-
tracts (10 pg/well) were applied to a 96-well plate coated with immobi-
lized oligonucleotide containing the NF-kB consensus binding site (5'-G
GGACTTTCC-3"). After a 1-h incubation period, nuclear extracts were
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removed, and a primary antibody for NF-kB p65 was added and incu-
bated for 1 h, followed by incubation with a secondary antibody conju-
gated with HRP for 1 h and then in an HRP substrate solution. HRP-
dependent color development was monitored and stopped with the
addition of acid, and the plate absorbance was read at 450 nm using a 1420
microplate reader (PerkinElmer Life Sciences).

Retinoid treatment and quantification of intracellular retinoids.
HRCEC were grown to confluence in T75 flasks and then treated with
holo-RBP4 (100 pg/ml) or an equimolar dose of each retinoid (retinol,
retinal, or retinoic acid) for 6 h. All experiments involving the treatment of
cells with holo-RBP4 or retinoids were performed in a darkroom under
dim red light, and cells were maintained in the dark for the duration of the
treatment. Cells were washed extensively in PBS and collected using a cell
scraper. Cells were further washed by centrifugation and resuspension in
fresh PBS. Each sample of cells was split in half to divide the sample evenly
for analysis of retinoids on two separate high-performance liquid chro-
matography (HPLC) columns. Cells were pelleted, all PBS was removed,
and cell pellets were stored at —80°C. For retinoid quantification, cells
were resuspended in 200 pl PBS and sonicated. Neutrally charged reti-
noids were extracted with 300 wl ethanol and 300 pl hexane. For measure-
ment of intracellular retinol, retinal, and retinyl ester, samples were ana-
lyzed by HPLC (Waters 515 HPLC pump and 2996 Photodiode Array
Detector; Waters Corporation, Milford, MA) using a normal-phase 5-pm
column (Lichrosphere SI-60; Alltech, Deerfield, IL) and isocratic solvent
of 11.2% ethyl acetate, 2.0% dioxane, and 1.4% octanol in hexane. Reti-
noic acid was extracted as described previously (51). For measurement of
intracellular retinoic acid, samples were analyzed by HPLC using a re-
verse-phase 3.5-pum column (Waters C,) and a solvent gradient of 0 to
80% methanol for 5 min, followed by 80 to 100% methanol for 5 to 10 min
and finally 100% methanol for 10 to 14 min. The peak of each retinoid
isomer was identified based on its absorption spectra and retention time
on the column compared to pure retinoid standards. The quantification
of each retinoid isomer was calculated from the area of each retinoid peak
using synthetic purified retinoid standards for calibration with Empower
software (Waters Corporation).

RESULTS

RBP4 induces expression of proinflammatory molecules in hu-
man endothelial cells. Recombinant His-tagged human RBP4
was purified in the presence of retinol to generate holo-RBP4 (Fig.
1A and B). We first examined whether RBP4 induces expression of
proinflammatory molecules in primary human retinal capillary
endothelial cells (HRCEC) by quantitative reverse-transcription
PCR. HRCEC were treated for 24 h with increasing concentrations
of purified recombinant holo-RBP4 spanning the range of RBP4
levels measured in the serum of normal, obese, insulin-resistant,
and type 2 diabetic patients, and the expression of proinflamma-
tory genes was analyzed by qRT-PCR. We specifically evaluated
the expression of VCAM-1, ICAM-1, E-selectin, and MCP-1,
since these proinflammatory molecules have been shown to be
significantly elevated in serum during cardiovascular disease and
diabetic retinopathy (39, 55). RBP4 significantly and dose de-
pendently upregulated the mRNA levels of VCAM-1, ICAM-1,
E-selectin, and MCP-1 in HRCEC (Fig. 1C to F). Maximum effects
were observed with 100 pg/ml RBP4, although significant induc-
tion of proinflammatory gene expression was also observed fol-
lowing treatment with as little as 10 to 25 pwg/ml RBP4 (Fig. 1C to
F). This suggests that even slight elevations of RBP4 can impact
proinflammatory gene expression in endothelial cells.

We next examined the effects of RBP4 treatment on the protein
levels of proinflammatory factors. HRCEC were treated either
with increasing concentrations of holo-RBP4 for 24 h to deter-
mine the dose dependency of changes in protein levels or with the
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FIG 1 RBP4 induces expression of proinflammatory cell adhesion molecules and monocyte chemoattractant protein-1 in human endothelial cells in a
dose-dependent manner. (A) Representative Coomassie blue staining and Western blot analysis of purified recombinant human holo-RBP4 (1 pg per lane). Lane
1, Coomassie blue-stained gel; lane 2, Western blot with RBP4 antibody. (B) UV spectrum analysis of purified recombinant holo-RBP4 demonstrates a
retinol/RBP4 ratio of approximately 0.9, indicating that the majority of the purified RBP4 consists of holo-RBP4. (C to F) Quantitative RT-PCR analysis for
mRNA expression of VCAM-1, ICAM-1, E-selectin, and MCP-1 in human retinal capillary endothelial cells (HRCEC) treated with increasing concentrations of
holo-RBP4 (10 to 100 pg/ml) or BSA or left untreated (Unt.). Significant differences compared to BSA treatment: ¥, P < 0.05; **, P < 0.01; ***, P < 0.001 by

one-way analysis of variance (ANOVA) with Tukey’s post hoc test.

highest dose of holo-RBP4 (100 wg/ml) for 4, 8, 24, and 48 h to
examine the time dependency of changes in protein. Cell lysates
were analyzed by Western blotting, and cell culture media were
analyzed by ELISA to quantify changes in extracellular soluble
forms of proinflammatory proteins. RBP4 increased the cellular
and extracellular level of VCAM-1 protein in a dose- and time-
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dependent manner (Fig. 2A, D, G, and K). RBP4 also increased
E-selectin protein levels in a dose-dependent manner (Fig. 2B and
H), although the increase in cellular E-selectin protein peaked at 4
h post-RBP4 treatment (Fig. 2E), while extracellular soluble E-
selectin continued to accumulate with increasing RBP4 incuba-
tion time (Fig. 2L). MCP-1, a secreted proinflammatory molecule,
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FIG 2 RBP4 increases cellular and extracellular protein levels of proinflammatory molecules in HRCEC in a dose- and time-dependent manner. (A to C)
Western blots of VCAM-1 (A), E-selectin (B), and ICAM-1(C) from HRCEC treated with BSA or increasing concentrations of RBP4 for 24 h. (D to F) Western
blots of VCAM-1 (D), E-selectin (E), and ICAM-1 (F) from HRCEC treated with RBP4 at 100 pg/ml for the indicated times of 0 to 48 h. (G to J) ELISA-based
quantification of soluble extracellular levels of sVCAM-1 (G), E-selectin (H), SICAM-1 (I), and MCP-1 (J) from HRCEC media following treatment with
increasing concentrations of holo-RBP4 or BSA or no treatment (Unt.). (K to N) ELISA-based quantification of soluble extracellular levels of sVCAM-1 (K),
E-selectin (L), SICAM-1 (M), and MCP-1 (N) in HRCEC media following treatment with holo-RBP4 at 100 jvg/ml for the indicated times of 0 to 48 h. Significant
differences compared to BSA treatment: ¥, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way ANOVA with Tukey’s post hoc test.

was increased in response to RBP4 treatment in a dose- and time-
dependent manner (Fig. 2J and N). RBP4 treatment did not in-
crease the steady-state cellular protein levels of ICAM-1 (Fig. 2C
and F); however, extracellular soluble ICAM-1 levels were in-
creased in a dose- and time-dependent manner by RBP4 treat-
ment (Fig. 2I and M). IL-6 secretion was also dose-dependently
increased by RBP4 treatment (see Fig. S7A in the supplemental
material). The highest dose of RBP4 (100 pg/ml) increased extra-
cellular levels of sVCAM-1, E-selectin, sSICAM-1, MCP-1, and
IL-6 approximately 400-fold, 30-fold, 3-fold, 5-fold, and 3-fold,
respectively. However, a concentration of 25 pg/ml was sufficient
to increase levels of sVCAM-1, sICAM-1, MCP-1, and IL-6 by
150-fold, 2-fold, 4-fold, and 2-fold, respectively.

We confirmed that RBP4-induced changes in protein expres-
sion were not due to endotoxin (lipopolysaccharide) contamina-
tion of purified recombinant RBP4, which contained less than
0.001 EU/pg protein (data not shown). HRCEC were treated with

December 2012 Volume 32 Number 24

holo-RBP4 at 100 pg/ml for 24 h in the absence or presence of
increasing concentrations of polymyxin B, which binds to and
neutralizes endotoxin. In a control experiment, HRCEC were
treated with purified LPS (100 ng/ml) for 24 h in the absence or
presence of increasing concentrations of polymyxin B. Polymyxin
B blocked LPS-mediated increase of cellular VCAM-1 protein (see
Fig. S1A in the supplemental material) and secreted MCP-1 (see
Fig. S1B). In contrast, polymyxin B had no significant effect on
RBP4-mediated increase of cellular VCAM-1 or secreted MCP-1
(see Fig. S1A and B in the supplemental material). Moreover, na-
tive RBP4 purified from human serum had the same proinflam-
matory potency as recombinant RBP4 (see Fig. S2C through H in
the supplemental material), demonstrating that no other bacteri-
ally derived immunogenic components are responsible for the
effects of recombinant RBP4.

RBP4 induces endothelial inflammation. To determine if
RBP4-induced expression of proinflammatory genes was suffi-
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FIG 3 RBP4 increases leukocyte adherence to human endothelial cells. Con-
fluent monolayers of HRCEC were treated with either holo-RBP4 (100 g/
ml), BSA, or TNF-a (100 ng/ml) for 18 h. THP-1 monocytes were then added
and cocultured for 3 h. (A) Representative phase-contrast images (magnifica-
tion, X20) of monocyte adherence to HRCEC after the indicated treatment.
Adherent monocytes are apparent as small bright circular bodies above the
HRCEC layer. (B) Adherent monocytes were counted per visual field at mag-
nification of X20. The graph shows the means = standard deviations from 4
different visual fields for each treatment group (adherent leukocytes in TNF-a
positive control were 205 % 25 per visual field). ***, P < 0.001 versus BSA
treatment by one-way ANOVA with Tukey’s post hoc test. Untreat, untreated
cells.

Untreat

cient to promote monocyte adherence to endothelial cells, we per-
formed leukocyte adherence assays to quantify monocyte adher-
ence to HRCEC. Cells were either left untreated or treated with
BSA/RBP4 for 18 h, and then THP-1 monocytes were cocultured
with HRCEC for 3 h. Cells were washed in PBS with gentle agita-
tion to remove unbound monocytes and imaged by phase-con-
trast microscopy. We observed that RBP4 significantly increased
monocyte adherence to HRCEC monolayers, demonstrating that
RBP4 stimulates in vitro leukostasis (Fig. 3A and B).

RBP4 induces proinflammatory molecules through activa-
tion of NF-kB. Previous studies have shown that NF-kB can in-
duce expression of VCAM-1, ICAM-1, MCP-1, E-selectin, and
IL-6 (19, 56), the same proinflammatory genes induced by RBP4
treatment. Thus, we reasoned that RBP4 induction of proinflam-
matory genes may be mediated through activation of NF-kB. To
investigate this, we determined if RBP4 treatment induced NF-«kB
activation in HRCEC by evaluating the nuclear translocation of
NF-kB subunit p65. We observed a marked increase in the nuclear
localization of NF-kB in response to holo-RBP4 treatment (Fig.
4A). We also quantified the nuclear level and DNA-binding activ-
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ity of NF-kB subunit p65 in RBP4- versus BSA-treated HRCEC
using an ELISA-based NF-kB transcription factor assay. We
found that holo-RBP4 significantly increased nuclear levels of
NF-kB subunit p65 protein and its DNA-binding activity (Fig.
4B). RBP4 also caused a significant increase in activation of NF-kB
subunit p65 through phosphorylation at Ser536 (Fig. 4C). To de-
termine if RBP4-mediated induction of proinflammatory mole-
cules is dependent on activation of NF-kB transcription, we pre-
treated HRCEC with two different chemical inhibitors of NF-kB,
pyrrolidine dithiocarbamate (PDTC) and JSH-23, for 2 h prior to
the addition of holo-RBP4. Pretreatment with either PDTC or
JSH-23 significantly reduced RBP4-mediated induction of cellular
VCAM-1 protein (Fig. 4D and E) and extracellular soluble protein
levels of VCAM-1, E-selectin, ICAM-1, and MCP-1 (Fig. 4F
through I) and IL-6 (see Fig. S7B in the supplemental material).
These data demonstrate that RBP4 induction of proinflammatory
molecules is at least partially dependent on NF-«B activation.
RBP4 induces proinflammatory molecules through an
NADPH oxidase-dependent mechanism. Since NADPH oxidase
activation is the main source of oxidative stress in endothelial cells
and contributes to NF-kB activation (27), we investigated whether
RBP4-induced changes in gene expression could be the result of
NADPH oxidase activation. We observed that Nox2 and Nox4
protein expression was increased in a dose-dependent manner by
treatment with holo-RBP4 in HRCEC (Fig. 5A and B). To deter-
mine if RBP4-mediated induction of proinflammatory molecules
is dependent upon NADPH oxidase activation, we pretreated
HRCEC with two specific chemical inhibitors of NADPH oxidase,
diphenyleneiodonium (DPI) and apocynin, for 2 h prior to the
addition of holo-RBP4. Pretreatment with either DPI or apocynin
significantly reduced RBP4-mediated induction of cellular
VCAM-1 protein (Fig. 5C and D) and extracellular soluble
VCAM-1, E-selectin, ICAM-1, and MCP-1 (Fig. 5E through H)
and IL-6 (see Fig. S7B in the supplemental material). This dem-
onstrates that RBP4 activates NADPH oxidase as a mechanism to
increase oxidative stress and proinflammatory gene expression.
RBP4-induced endothelial inflammation is retinol indepen-
dent. The classically studied and well-defined function of serum
RBP4 is to deliver retinol to target tissues (9, 38). Retinol and its
enzymatically derived retinoid derivatives, most notably retinoic
acid, are known to exert many effects on cellular biology, includ-
ing the ability to bind nuclear receptors and activate gene expres-
sion (9). Thus, it is important to discern whether the effects of
RBP4 on endothelial cells are retinol dependent. To investigate
this question, we first measured the expression of the RBP4 recep-
tor, stimulated by retinoic acid gene 6 (STRA6), in HRCEC by
qRT-PCR and Western blotting. We found an extremely low level
of STRA6 mRNA present in HRCEC (20-fold less than the HPRT
housekeeping gene), and STRA6 mRNA expression level was un-
changed by treatment with holo-RBP4 (Fig. 6A). Moreover,
STRAG6 protein expression was undetectable by Western blotting
(Fig. 6B). To determine if holo-RBP4 delivered retinoids to
HRCEC, we performed HPLC to quantify the level of retinoid
isomers in HRCEC following treatment with holo-RBP4 or an
equimolar concentration of BSA, retinol, retinal, or retinoic acid.
No intracellular retinoids were detected after treatment with BSA
(datanot shown). Treatment with each retinoid isomer resulted in
a significant increase in intracellular retinoids (Fig. 6C). In con-
trast, treatment with holo-RBP4 did not significantly increase in-
tracellular retinoids, and only a small amount of retinol was de-
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FIG 4 RBP4 activates NF-«kB and stimulates proinflammatory protein expression at least partially through an NF-kB-dependent mechanism in HRCEC. (A)
Nuclear translocation of NF-kB p65 detected by immunocytochemistry in HRCEC after treatment with holo-RBP4 (100 .g/ml), BSA, or TNF-a for 12 h;
untreat, untreated cells. (B) The relative nuclear transcriptional activity of NF-kB p65 was quantified using the ELISA-based TransAM NF-kB assay. HRCEC
were treated with BSA or holo-RBP4 (100 pg/ml) for 6 h, and nuclear extracts were prepared and analyzed. Western blots of beta-actin, GAPDH, and fibrillarin
demonstrate the enrichment and quality of nuclear extract preparations. Lane C, cytosolic extract; lane N, nuclear extract (10 pg protein/lane). (C) HRCEC were
treated with either BSA or holo-RBP4 (100 pg/ml) for 24 h, and phosphorylation of NF-kB p65 at Ser536 was quantified by Western blotting and band
densitometry analysis. (D through I) HRCEC were pretreated with NF-kB inhibitors PDTC (100 or 500 uM) or JSH-23 (10 or 50 uM) for 2 h prior to the addition
of holo-RBP4 at 100 pg/ml for 24 h. (D through E) Western blots of VCAM-1 following treatment with RBP4 in the absence or presence of PDTC (D) or JSH-23
(E). (F through I) ELISA-based quantification of soluble extracellular levels of sVCAM-1 (F), sSICAM-1 (G), MCP-1 (H), and E-selectin (I) in HRCEC media.
Significant differences compared to RBP4 treatment alone: ¥, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way ANOVA with Tukey’s post hoc test. Significant
difference compared to BSA treatment (panels B and C): ¥, P < 0.01 by Student’s  test.

tected in HRCEC treated with holo-RBP4 (Fig. 6C). This confirms
that the RBP4 receptor STRA6, which functions to take up retinol
from holo-RBP4, is not present in HRCEC and that RBP4-medi-
ated inflammation in HRCEC is STRA6 independent.

Since the treatment of HRCEC with retinoids alone in the cell
culture media caused an increase in intracellular retinoids, we
were able to investigate the possibility that retinoids directly con-
tribute to the induction of proinflammatory molecules. To test
this, we evaluated the expression of proinflammatory molecules in
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endothelial cells following treatment with retinol, retinoic acid,
holo-RBP4, or BSA alone. Retinol treatment was unable to in-
crease cellular VCAM-1 protein levels (see Fig. S3A in the supple-
mental material). Likewise, treatment with retinol or retinoic acid
did not significantly increase the extracellular soluble protein lev-
els of VCAM-1, ICAM-1, E-selectin, or MCP-1 (see Fig. S3C
through F in the supplemental material).

To further investigate if retinol is responsible for the effects of
holo-RBP4 in endothelial cells, we independently purified apo-

mcb.asm.org 5109


http://mcb.asm.org

Farjo et al.

A B
RBP4 (ug/mL)

BSA 10 25 60 100

RBP4 (ug/mL)
x0a BSA10 25 60 100

75—

5

kDa

Nox2

50—

L

\ - (-actin
E SVCAM-1 sICAM-1
300
I
E 200
g
g 100
Kk
kK *kk
i |l| 0
BSA: + - - - - BSA: + - - - -
RBP4: - + + + + RBP4: - + + + +
Apocynin: - - 500 1000 . Apocynin: - - 500 1000 -
DPI: - - - -2 DPI: - . = -2

L
DD e ew 3-actin

BSA: + - -
RBP4: - + + Apocynin: - - 100 500 1000
DPI: - - 20 RBP4: - - + + + +
kDa 150— BSA: = # - - - -
kDa
VCAM-1 el | | ey
100— o
50— . WPEPEP NP -actin
G MCP-1 H E-Selectin
60
50
7 i
= E 4
2
. £ 30
g 8
g 3 20
w
10
BSA + °
RBP4 -  + + + + BSA:  + - -
Apocynin: - - 500 1000 - RBP4: - + +
DPI: - = - - 20 DPI: - - 20

FIG 5 RBP4 activates NADPH oxidase protein expression and stimulates proinflammatory protein expression via an NADPH oxidase-dependent mechanism
in HRCEC. (A and B) HRCEC were treated with BSA or increasing concentrations of holo-RBP4 for 24 h, and cell lysates were analyzed by Western blotting for
Nox2 (A) and Nox4 (B). (C through H) HRCEC were pretreated with NADPH oxidase inhibitors DPI (20 uM) or apocynin (500 or 1,000 wM) for 2 h prior to
the addition of holo-RBP4 at 100 pg/ml for 24 h. (C and D) Western blots of VCAM-1 following treatment with RBP4 in the absence or presence of DPI (C) or
apocynin (D). (E through H) ELISA-based quantification of soluble extracellular levels of sVCAM-1 (E), sSICAM-1 (F), MCP-1 (G), and E-selectin (H) in HRCEC
media. Significant differences compared to RBP4 treatment alone: *, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way ANOVA with Tukey’s post hoc test.

RBP4 (retinol-free RPB4) and confirmed the absence of retinol by
spectrophotometric wavelength scan analysis (data not shown).
We tested the effects of treating HRCEC with apo-RBP4 versus
holo-RBP4. Similar to treatment with holo-RBP4 (Fig. 2), treat-
ment with apo-RBP4 increased VCAM-1, Nox2, and Nox4 pro-
tein in a dose-dependent manner (Fig. 6D and E) and also in-
creased activation of NF-kB through phosphorylation at Ser536
(Fig. 6F). In addition, apo-RBP4 induced a dose-dependent in-
crease in extracellular soluble MCP-1, VCAM-1, ICAM-1, E-se-
lectin, and IL-6 that was comparable to the level of induction by
holo-RBP4 (Fig. 6G through J; see Fig. S7A in the supplemental
material). Similarly, pretreatment with NF-kB or NADPH oxi-
dase inhibitors also blocked apo-RBP4-mediated induction of
proinflammatory factors (see Fig. S4 and S7 in the supplemental
material).

RBP4-induced endothelial inflammation occurs in HUVEC
via NF-kB and NADPH oxidase-dependent pathways. Previous
studies have shown that endothelial cells can be divided into at
least two distinct subtypes, microvascular and macrovascular,
which often differ in their cellular homeostatic properties and
responses to stimuli (28-30, 35, 63), yet both micro- and macro-
vascular reactivities are impaired in patients with type 2 diabetes
(14, 20). Since elevation of serum RBP4 has been linked to insulin
resistance in type 2 diabetes (25, 32, 68) as well as in microvascular
and macrovascular diseases (10, 34, 43, 57, 58, 60), it is important
to determine how RBP4 affects both subtypes of endothelial cells.
To establish if RBP4 exerts similar proinflammatory effects in ma-
crovascular endothelial cells, we analyzed the effects of RBP4 on
the expression of proinflammatory molecules and the activation
of NF-kB and NADPH oxidase in human umbilical vein endothe-
lial cells (HUVEC).

Similar to our results in HRCEC, upregulation of VCAM-1,
ICAM-1, and MCP-1 mRNA was observed in HUVEC treated
with holo-RBP4 (see Fig. S5A through C in the supplemental ma-
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terial). In HUVEC, RBP4 induced a dose-dependent increase in
VCAM-1, E-selectin, Nox2, and Nox4 protein (Fig. 7D) and a
dose-dependent increase in extracellular soluble protein levels of
VCAM-1, ICAM-1, MCP-1, and IL-6 (Fig. 7A through C; see Fig.
S7D in the supplemental material). Maximum effects were ob-
served with 100 wg/ml of apo- or holo-RBP4, although signifi-
cantly increased expression of proinflammatory factors was also
observed following treatment with as little as 10 to 25 j.g/ml RBP4
(Fig. 7A through C; see Fig. S7D in the supplemental material).
RBP4-mediated induction of MCP-1 was especially robust, as a
concentration of 10 pwg/ml increased MCP-1 levels 6-fold com-
pared to cells treated with BSA alone (Fig. 7C). The RBP4-medi-
ated increase in proinflammatory factors was sufficient to induce
leukocyte adherence to HUVEC (see Fig. S5D and E in the supple-
mental material). RBP4 activated NF-kB subunit p65 in HUVEC,
as demonstrated by increased nuclear translocation and phos-
phorylation at Ser536 (Fig. 7E and F). Similar to what was ob-
served in HRCEC, RBP4-mediated induction of proinflammatory
molecules in HUVEC was dependent on NF-kB and NADPH ox-
idase (Fig. 8). Moreover, the proinflammatory effects of RBP4 on
HUVEC were retinol independent, since apo-RBP4 and holo-
RBP4 had similar potency levels (Fig. 7A through C; see Fig. S7D
in the supplemental material) and STRA6 protein expression was
undetectable in HUVEC by Western blotting (see Fig. S6B in the
supplemental material).

DISCUSSION

Clinical studies have linked elevation of serum RBP4 to vascular
inflammation and vascular disease (10, 34, 43, 57, 58, 60). How-
ever, the significance of RBP4 elevation in the pathogenesis of
vascular disease is unknown. Endothelial inflammation is a key
component in the pathogenesis of both atherosclerosis and micro-
vascular complications of diabetes (20, 39, 55, 62). Endothelial
inflammation is initiated by the production of proinflammatory
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FIG 6 RBP4-mediated activation of NF-kB, NADPH oxidase, and proinflammatory molecules is retinol independent. (A) Quantitative RT-PCR analysis of
STRA6 mRNA expression in HRCEC following 24 h of treatment with RBP4 (100 pg/ml) or BSA or no treatment (Untr.). STRA6 mRNA expression is shown
relative to HPRT housekeeping gene expression and is 20-fold less abundant than HPRT. (B) STRA6 protein expression was undetectable by Western blotting
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FIG 7 RBP4 induces NF-kB, NADPH oxidase, and proinflammatory molecules in human umbilical vein endothelial cells. (A through C) ELISA-based
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(100 pg/ml), BSA, or TNF-a for 12 h. Untreat, untreated cells. (F) HUVEC were treated with either BSA or apo-RBP4 (100 g/ml) for 24 h, and phosphorylation
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P < 0.01; ***, P < 0.001 by one-way ANOVA with Tukey’s post hoc test; T, P < 0.01 by Student’s ¢ test.

molecules, including cell adhesion molecules, VCAM-1, ICAM-1,
and E-selectin, which serve as docking proteins for leukocyte ad-
herence, and soluble proinflammatory factors such as MCP-1 and
the cytokine IL-6 that attract circulating leukocytes to inflamed
endothelium (24, 39, 55). The present study is the first to show
that elevation of serum RBP4 induces expression of all of these key
proinflammatory factors in both primary human microvascular
and macrovascular endothelial cells, resulting in a significant in-
crease in leukocyte adherence. Furthermore, we establish that
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RBP4 induces inflammation in endothelial cells by a novel mech-
anism that is unrelated to its role as a carrier of retinoids and
involves activation of NADPH oxidase and NF-kB, two key sig-
naling molecules known to be involved in the induction of endo-
thelial inflammation during diabetic retinopathy and atheroscle-
rosis (2, 11, 12, 16, 27, 39, 64). These data suggest that RBP4
elevation may directly contribute to vascular inflammation and
the development and/or progression of vascular diseases such as
atherosclerosis and diabetic retinopathy.
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FIG 8 RBP4-mediated induction of proinflammatory proteins in HUVEC is via activation of NADPH oxidase and NF-«kB. (A through C) HUVEC were
pretreated with NF-«B inhibitors PDTC (100 or 500 M) or JSH-23 (10 or 50 wM) or with NADPH oxidase inhibitors DPI (20 M) or apocynin (500 or 1,000
M) for 2 h prior to the addition of holo-RBP4 at 100 g/ml for 24 h. ELISA-based quantification of soluble extracellular levels of SSCAM-1 (A), sVCAM-1 (B),
and MCP-1 (C) in HUVEC media. Significant differences compared to RBP4 treatment alone: *, P < 0.05; **, P < 0.01; ***, P < 0.001 by one-way ANOVA; f,
P < 0.01 by Student’s t test. (D and E) Western blots of VCAM-1 in HUVEC following RBP4 treatment in the presence or absence of PDTC (D) or DPI (E).

Several clinical studies have found a significant increase in se-
rum RBP4 levels in patients with obesity, insulin resistance, type 2
diabetes, or vascular disease compared to normal subjects; how-
ever, the absolute level of RBP4 measured in patient serum varies
between different clinical studies since there is no standardized
method for measuring serum RBP4 levels (reviewed in reference
31). This has resulted in a rather broad definition of normal/
healthy versus disease serum RBP4 levels, so that RBP4 levels in
normal/healthy subjects range from 10 to 50 pg/ml and levels in
patients with obesity, insulin resistance, type 2 diabetes, or vascu-
lar disease can range from 17 to 150 pg/ml (10, 25, 31, 32, 34, 41,
43,54, 57, 58, 60). Therefore, in the present study we chose to test
awide range of concentrations of RBP4 (10 to 100 pg/ml) encom-
passing the full spectrum of serum RBP4 levels reported in various
clinical studies. This approach allowed us to determine how incre-
mental changes in total RBP4 levels may cause significant changes
in production of proinflammatory molecules. The most signifi-
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cant induction of proinflammatory molecules was achieved with
the maximum concentration of RBP4 (100 wg/ml), although a
much lower concentration of only 10 to 25 pg/ml RBP4 was often
sufficient to cause a significant increase in proinflammatory mol-
ecules compared to controls (Fig. 1, 2, 6, and 7; see Fig. S2 and S7
in the supplemental material). This suggests that endothelial cells
are responsive to small increases in RBP4 levels, which may ex-
plain why clinical studies have found that a relatively incremental
increase in serum RBP4 level (as low as 2.7 to 8 pg/ml increase) is
associated with vascular disease (43, 57, 60).

The best-characterized function of RBP4 is to deliver retinol to
tissues via binding to the RBP4 cell membrane receptor STRA6 (9,
38). A previous study (8) showed that RBP4 binding to STRA6 can
stimulate JAK2/STATS5 signaling to mediate changes in gene ex-
pression and inhibit insulin signaling in adipocytes; however, that
study found that only holo-RBP4 and not apo-RBP4 was capable
of inducing such STRA6-mediated cell signaling. In contrast, we
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demonstrate that RBP4-mediated induction of endothelial in-
flammation was independent of retinol and STRAG6, since (i)
STRA6 protein expression was undetectable in HRCEC and
HUVEG; (ii) treatment with holo-RBP4 did not result in cellular
uptake of retinoids; and (iii) most importantly, apo-RBP4 in-
duced production of proinflammatory molecules to the same ex-
tent as holo-RBP4. Our results are similar to those of a recent
study (53), which showed that RBP4 induces production of pro-
inflammatory cytokines in macrophages through a retinol- and
STRA6-independent mechanism involving the activation of NF-
kB. Thus, RBP4 is capable of exerting retinol-dependent effects
via activation of STRA6 and retinol-independent effects via acti-
vation of different receptors and cell signaling pathways in differ-
ent cell types.

The receptor stimulated by RBP4 in endothelial cells has not
been determined. In macrophages, RBP4-mediated induction of
proinflammatory cytokines is mediated in part by activation of
toll-like receptor 4 (TLR4) signaling (22, 53). TLR4 is expressed in
endothelial cells (4, 46), and TLR4 signaling has the potential to
activate downstream NF-kB signaling (22, 46, 53), so it is possible
that RBP4 acts through TLR4 to mediate NF-kB-dependent in-
flammation in endothelial cells. Other candidate receptors for
RBP4 in endothelial cells include other TLR family members and
a member of the low-density lipoprotein-related receptor family,
megalin (also known as LRP2), which has previously been shown
to bind to RBP4 in kidney epithelium (17) and was reported to be
expressed in endothelial cells (18). However, megalin mRNA is
undetectable by qRT-PCR in HRCEC and HUVEC (see Fig. S6D
in the supplemental material), whereas TLR4 mRNA is present in
both cell types (see Fig. S6D). Future studies will investigate the
cell surface receptor and signaling pathways activated by RBP4 in
endothelial cells and examine vascular inflammation in RBP4
transgenic (RBP4-Tg) mice.

Our finding that apo-RBP4 and holo-RBP4 similarly induce
inflammation in endothelial cells is in agreement with previous
clinical studies (25, 50, 53), which found that increases in apo-
RBP4 (or the ratio of RBP4 to retinol) are most significantly asso-
ciated with insulin resistance and type 2 diabetes. This implies that
the association of elevated serum RBP4 with vascular diseases is
likely independent of serum retinol levels, so that elevation of
RBP4 specifically, and not a coincident increase in serum retinol,
is associated with vascular disease. Therefore, it may be possible to
diagnose subclinical vascular inflammation by simply measuring
total serum RBP4 levels and disregarding the level of serum reti-
nol. Furthermore, if RBP4-induced endothelial inflammation is
reversible upon reduction of RBP4 levels, this strategy could po-
tentially be applied as a therapy for patients at risk for developing
atherosclerosis or microvascular disease. Previous studies have al-
ready found that genetically or pharmacologically lowering RBP4
levels in mice can improve insulin resistance (68). Moreover, clin-
ical studies have shown that exercise or other weight loss interven-
tions that resulted in improved insulin sensitivity also significantly
reduced serum RBP4 levels (5, 32, 33, 45).

In conclusion, we have identified a novel mechanism whereby
elevation of serum RBP4 induces significant endothelial inflam-
mation in primary human microvascular and macrovascular en-
dothelial cells. We show that RBP4-mediated endothelial inflam-
mation is retinol and STRA6 independent and acts via NADPH
oxidase- and NF-kB-dependent pathways. These are the first
studies to provide mechanistic insights into the clinical correla-
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tion of elevated serum RBP4 with macro- and microvascular dis-
eases, such as atherosclerosis and diabetic retinopathy, which de-
velop in part due to chronic low-grade vascular inflammation.
Thus, RBP4 may contribute to cardiovascular disease and diabetic
microvascular complications by inducing endothelial inflamma-
tion. These findings could lead to new diagnostic and therapeutic
approaches to predict and reduce morbidity and mortality in pa-
tients with cardiovascular disease and diabetes.
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