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Abstract: Advanced glycation end products (AGEs) are compounds classified as uremic
toxins in patients with chronic kidney disease that have several pro-inflammatory effects and
are implicated in the development of cardiovascular diseases. To explore the mechanisms of
AGEs—endothelium interactions through the receptor for AGEs (RAGE) in the PKC-B
pathway, we evaluated the production of MCP-1 and VCAM-1 in human endothelial cells
(HUVECsS), monocytes, and a coculture of both. AGEs were prepared by albumin glycation
and characterized by absorbance and electrophoresis. The effect of AGEs on cell viability
was assessed with an MTT assay. The cells were also treated with AGEs with and without a
PKC-B inhibitor. MCP-1 and VCAM-1 in the cell supernatants were estimated by ELISA,
and RAGE was evaluated by immunocytochemistry. AGEs exposure did not affect cell
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viability, but AGEs induced RAGE, MCP-1, and VCAM-1 expression in HUVECs. When
HUVECs or monocytes were incubated with AGEs and a PKC-f inhibitor, MCP-1 and
VCAM-1 expression significantly decreased. However, in the coculture, exposure to AGEs
and a PKC-f inhibitor produced no significant effect. This study demonstrates, in vitro, the
regulatory mechanisms involved in MCP-1 production in three cellular models and VCAM-1
production in HUVECs, and thus mimics the endothelial dysfunction caused by AGEs in
early atherosclerosis. Such mechanisms could serve as therapeutic targets to reduce the
harmful effects of AGEs in patients with chronic kidney disease.

Keywords: AGEs; chronic kidney disease; endothelial dysfunction; PKC-B pathway;
MCP-1; VCAM-1

1. Introduction

The prevalence of chronic kidney disease (CKD) is growing exponentially, and the leading cause of
death among patients with CKD is cardiovascular disease (CVD), with incidence five times greater in
the CKD population than in the general population [1,2]. When the kidneys are unable to remove toxic
compounds from the bloodstream, it leads to the accumulation of uremic toxins and negative
consequences for the body, including endothelial dysfunction [3]. Indeed, all vessel wall cells are involved
in the pathophysiological response to uremia, and endothelial cells in contact with uremic toxins can
have their phenotype changed, which consequently increases the production of pro-inflammatory
molecules such as chemokines and adhesion molecules and thereby contributes to the initiation and
propagation of CVD in patients with CKD [4].

Advanced glycation end products (AGEs) are a heterogeneous group of molecules formed by
non-enzymatic glycosylation reactions among sugars, lipids, and nucleic acids [5,6]. In the first step of
non-enzymatic glycation of proteins by aldehydes and ketones, a Schiff base is formed; after rearrangement
of the bonds of the intermediary products (i.e., Amadori products), AGEs are formed [7]. There are
more than 20 AGEs compounds including the 1,2-dicarbonyl precursor compounds glyoxal and
methylglyoxal, and the end products N-carboxymethyl-lysine and pentosidine. Hydroimidazolone is,
however, the best-characterized compound that serves as a marker of AGEs accumulation in a variety of
tissues [8]. Humans are exposed to two main sources of AGEs: exogenous forms derived from our diet
and endogenous AGEs formed in the body. For exogenous exposure, AGEs formation generally occurs
when foods are processed or cooked at high temperatures. In contrast, endogenous transformation results
from aging, uremia, and exposure to high glucose levels, such as in diabetic patients [5,6]. AGEs have
a high renal clearance in the body, and their main pathway of elimination is through the urine (or through
dialysis in case of renal function replacement) [9]. In addition, in the uremic state, increased AGEs
formation is related to oxidative stress [10], which is generated by an imbalance between pro-oxidant
forces (such as an increase in the ratio of oxidized glutathione to reduced glutathione) and changes in
the anti-oxidant defense system (such as reduced superoxide dismutase/peroxidase activity) [11].

AGE:s exert several potentially deleterious health effects. In the cardiovascular system, their accumulation
contributes to myocardial changes, endothelial dysfunction, arterial stiffness, and atherosclerotic plaque
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formation. The AGEs molecules may bind to collagen and elastin (which is primarily responsible for
vascular elasticity) and accumulate in the matrix of blood vessels in a nonfunctional and disorderly
manner; consequently, changes in endothelial vasomotor tone modulation, platelet adhesion, and cell
proliferation may occur [12]. Another deleterious effect of AGEs as a uremic toxin is nitric oxide (NO)
quenching, with the formation of other free radicals due to inhibition of endothelial NO synthase
(eNOS), which affects the vascular endothelium and its protective functions, particularly vascular
relaxation. The mechanisms that underlie the endothelial effects of AGEs have not been clearly
described, but they may include enhanced expression and activity of receptor for AGEs (RAGE) [13].
The role of AGEs as a deleterious molecule in diabetes has been described in detail. In this condition,
hyperglycemia increases the synthesis of diacylglycerol, which is a critical activating cofactor for the
classic isoforms of protein kinase-C, -, -0, and -0, and consequently increases expression of several
inflammatory and oxidative molecules [ 14]. Additionally, in diabetic nephropathy, AGEs accumulate in
the mesangium and glomerular capillary wall and matrix, and they trigger premature cell senescence via
an oxidative mechanism [15,16].

The interaction of AGEs with RAGE on the endothelium surface, which functions as a signal
transduction receptor, leads to the activation of multiple signaling pathways such as the PKC-3 pathway.
PKC-P activation results in several undesirable pathological effects and has therefore been recognized
as the key mediator in the vascular dysfunction caused by AGEs [6]. Hypothetically, blocking the PKC-f3
pathway should affect the fate of AGEs; hence, this is a potential strategy for use in cases with
increased-AGEs. Recently, we demonstrated with in vitro and in vivo models that exposure of the
endothelium to uremic plasma results in time- and CKD stage-dependent increases in expression of
monocyte MCP-1, VCAM-1, and interleukin-8 (IL-8), which suggests that a link exists among vascular
activation, systemic inflammation, and uremic toxicity [4]. Indeed, during the early stages of atherosclerosis,
stimulation of endothelial cells results in the secretion of various chemokines and adhesion molecules,
which leads to the recruitment of leukocytes, including monocytes, to the vascular wall [17].

In this study, to better understand the mechanisms of AGEs-mediated acceleration of CVD in CKD
patients, we employed an in vitro approach using human endothelial cells (i.e., HUVECs), U937 cells,
and a coculture of HUVECs and U937 cells to investigate the effect of AGEs on the expression of MCP-1
and VCAM-1 and, consequently, on PKC-} activation (known to be involved in diverse cellular
signaling pathways).

2. Results
2.1. AGEs Characterization

To verify AGEs formation after albumin glycation, AGEs were characterized by ultraviolet (UV)
absorption as described by Pongor et al. [18]. The product formed had a UV absorption maximum at
330 nm, which was significantly higher (p < 0.05) than that of bovine serum albumin (BSA) (the UV
absorption control) (Figure 1a). Figure 1b shows the electrophoretic migration of AGEs by basic protein
polyacrylamide gel electrophoresis (PAGE).
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Figure 1. Advanced glycation end products (AGEs) characterization. (a) Absorption spectra
of AGEs and bovine serum albumin (BSA) at 330, 360, 400, and 420 nm. Data are expressed
as mean = SEM of three independent experiments. All p values between AGEs vs. BSA
were <0.05 (ANOVA); (b) Electrophoretic migration of AGEs by PAGE. Samples were
electrophoresed using 10% PAGE for 4 h at 100 V. Gel represents two separate experiments.

2.2. Endotoxin Levels in AGEs

A limulus amebocyte lysate (LAL) assay was performed to exclude the possibility that AGEs and
BSA were contaminated by endotoxins. The levels of endotoxins in BSA and AGEs were 1.2 and
0.75 EU/mL, respectively, which are not considered relevant.

2.3. Effect of AGEs on Cell Viability

An MTT assay was used to assess the viability of HUVECs and U937 cells. HUVECs were cultured
with AGEs and BSA at 0.2 mg/mL, and AGEs had no significant effect on cell viability in either cell

type (p > 0.05).
2.4. Effect of AGEs on RAGE Immunostaining and Protein Expression

Because RAGE is a transmembrane protein, HUVECs were treated with AGEs and stained. As shown
in Figure 2, positive staining was visualized in AGEs-treated cells (Figure 2d). HUVECs treated with either
media alone (Figure 2a) or BSA alone (Figure 2c) were used as negative controls. Staining was RAGE
specific because the secondary antibody alone did not produce any coloration (Figure 2b).

In order to confirm RAGE expression, we examined whether AGEs are associated with an increase
in RAGE protein levels by Western blot analysis. AGEs increased RAGE protein levels after 24 h
incubation (Figure 3). In addition, a decrease in RAGE expression was observed when HUVECs were
incubated with AGEs and a PKC-f pathway inhibitor.
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Figure 2. The effect of AGEs on immunocytochemical staining for the receptor for AGEs
(RAGE) in human endothelial cells (HUVECs). HUVECs were treated with BSA and AGEs
(0.2 mg/mL) or untreated (control) for 24 h and stained for RAGE. Panels show
(a) control cells (untreated cells); (b) secondary antibody alone; (¢) BSA; and (d) AGEs.

Magnification: 200x.
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Figure 3. Effect of AGEs on RAGE expression in HUVECs and inhibition of the PKC-3
pathway. Western blot analysis of RAGE in HUVECs. HUVECs were stimulated with AGEs
or BSA (0.2 mg/mL), with or without PKC-f inhibitor (10 pM) for 24 h. Immunoblotting
for B-actin was used as the protein loading control. RAGE levels were quantitated as the ratio
to B-actin by densitometry. Data are expressed as means £ SEM of four independent

experiments. * p > 0.05, AGEs vs. Control and AGEs vs. AGEsi.

2.5. Effect of AGEs on MCP-1 Expression and Inhibition of the PKC-f Pathway

Figure 4 shows the effect of AGEs on MCP-1 expression (pg/mL) by HUVECs (Figure 4a), U937 cells
(Figure 4b), and a coculture of the two (Figure 4c). Compared with untreated control cells (media only),
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MCP-1 expression increased significantly (p < 0.05) in a time-dependent manner when HUVECs were
exposed to AGEs (0.2 mg/mL) for 3 and 6 h incubations. In addition, a significant time-dependent
decrease (p < 0.005) in MCP-1 expression was observed in HUVECs incubated with AGEs and a PKC-f3
pathway inhibitor. Similar effects were observed in U937 cells incubated with AGEs for 6 h (p < 0.05)
or with AGEs and the PKC-f3 pathway inhibitor (p <0.001). In contrast, in cocultured HUVEC and U937
cells, treatment with AGEs and the PKC-P pathway inhibitor had no significant effect.
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Figure 4. The effect of AGEs on MCP-1 expression in HUVECs, U937 cells, and a HUVEC
+ U937 coculture. Data are expressed as means + SEM of five independent experiments.
(a) Time course (0, 3, and 6 h incubations) of the effect of AGEs (0.2 mg/mL) on MCP-1
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expression in HUVECs and the blockade of the PKC- pathway (AGEs + 10 uM of PKC-f3
inhibitor): * p < 0.05 between control 3 vs. AGEs 3 and between control 6 vs. AGEs 6,
** p <0.005 between AGEs 3 vs. AGEs + inhibitor (AGEsi) 3, and *** p <0.001 between
AGEs 6 vs. AGEsi 6 (ANOVA); (b) Time course of the effect of AGEs (0.2 mg/mL) on
MCP-1 expression in U937 cells and the blockade of the PKC-f3 pathway: * p <0.05 between
control 3 vs. AGEs 3, AGEs 3 vs. AGEsi 3, and AGEsi 6 vs. AGEs 6 (ANOVA); (¢) Time
course of the effect of AGEs (0.2 mg/mL) on MCP-1 expression in a coculture of HUVECs
with U937 cells and the blockade of the PKC- pathway (no significant effect observed).

2.6. Effect of AGEs on VCAM-1 Expression and Inhibition of the PKC-f Pathway

Figure 5 shows the effect of AGEs on sVCAM-1 expression (ng/mL) in HUVECs. Expression of
sVCAM-1 increased significantly (p < 0.05) when HUVECs were exposed to AGEs (0.2 mg/mL) for a
24 h incubation period. However, when HUVECs were incubated with AGEs and a PKC- pathway
inhibitor for 24 h, sVCAM-1 expression significantly decreased (p < 0.05).
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Figure 5. The effect of AGEs on sVCAM-1 expression in HUVECs. Data are expressed as
means = SEM of five independent experiments. Time course (0, 12, and 24 h) of the effects
of AGEs (0.2 mg/mL) on sVCAM-1 expression in HUVECs and blockade of the PKC-f3
pathway (AGEs + 10 uM of PKC-p inhibitor): * p < 0.05 between control 24 vs. AGEs 24
and between AGEs 24 vs. AGEs + inhibitor (AGEsi) 24 (ANOVA).

3. Discussion

CKD patients generally experience a reduced lifespan, and CVDs such as atherosclerosis are a leading
cause of death in these patients [19]. AGEs are a group of uremic toxins implicated in the activation of
cellular responses in the events preceding atherosclerosis [20]. One of the main findings in the present
study was that AGEs induced RAGE activation, and this suggests that the interaction between AGEs
and RAGE at the endothelium surface functions as a signal transduction receptor that leads to the
activation of the PKC-B pathway. In addition, when U937 cells (which were used as a model of
monocytes) and endothelial cells were exposed to AGEs in a time-dependent manner, we observed an
increase in the expression of the endothelial cell activation markers MCP-1 and VCAM-1. Furthermore,
when these cells were exposed simultaneously to AGEs and a PKC-3 pathway inhibitor, the expression
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levels of both MCP-1 and VCAM-1 decreased; thus, the PKC-3 pathway appears to be involved in the
production of these molecules. Our data also showed that AGEs had no effect on expression of MCP-1
in a coculture of endothelial cells and U937 cells, which demonstrates that the interactions of both cells
are important for the regulation of MCP-1 expression.

Monocytes play an essential role in the complex sequence of events involved in the initiation and
progression of atherosclerosis. They are present during plaque formation, wherein they engulf lipids and
constitute the major volume of the fatty streak. This early stage of atherosclerosis is characterized by the
focal attachment of monocytes to endothelial cells and their subsequent transendothelial migration into
the vessel wall (monocytes are now called macrophages). Once in the tissue, these macrophages
potentiate the inflammatory response by producing various inflammatory mediators such as reactive
oxygen species and growth factors, including basic fibroblast growth factor, platelet-derived growth
factor, transforming growth factor-beta, and other proinflammatory cytokines and chemokines [21].
Our previous data demonstrated that exposure of endothelial cells to uremic plasma results in time- and
CKD stage-dependent increases in expression of adhesion molecules, such as VCAM-1, and chemokines,
such as MCP-1 and IL-8, which suggested a link between vascular activation, systemic inflammation,
and uremic toxicity [4].

The present study is the first to demonstrate the behavior of monocytes, HUVECs, and a coculture of
monocytes and endothelial cells in response to AGEs and the subsequent activation of the PKC-f3
pathway via RAGE, and our results suggest that this pathway is involved in the regulatory mechanism
of MCP-1 and VCAM-1 expression. MCP-1 is mainly secreted by endothelial cells and monocytes in
response to an inflammatory stimulus (such as AGEs); therefore, we performed MCP-1 analyses in all
three cell models. However, VCAM-1 functions as an attachment protein mainly at the endothelial cell
surface; thus, we performed VCAM-1 analysis in endothelial cells only. In a previous study using rabbit
aortic rings, an AGEs-enriched environment was found to impair endothelial function and increase
inflammatory responses [22]. Moreover, AGEs and RAGE expression were upregulated in an
experimental diabetic mouse model of cardiomyopathy [23]. In scenarios such as these, the resultant
inflammatory environment mediates expression of adhesion molecules such as VCAM-1 and
intercellular adhesion molecule-1 (ICAM-1), as well as chemokines such as MCP-1 [24,25]. PKC-f has
been recognized as a key mediator in AGEs-induced micro- and macro-vascular dysfunctions. The
selective blockage of PKC-B can reduce AGEs-induced macrophage adhesion to HUVECs and
expression of RAGE, ICAM-1, TGF- 1, as well as oxidative stress, which suggests that AGEs induce
cell damage via the RAGE-PKC- pathway [26]. Contrary to this hypothesis, several authors have
suggested alternative mechanisms, such as the MAPK and NF-KappaB pathways [27,28], ROCK1
branch of the Tgf-p pathway [29,30], and RhoA/ROCK [30]. Nevertheless, upregulation of VCAM-1
mRNA has been demonstrated earlier in glomerular endothelial cells blocked with angiotensin II type 1
blocker [31].

In this study, we observed increased expression of MCP-1 and VCAM-1 in HUVECs, and MCP-1 in
monocytes, following treatment with AGEs, and this is consistent with the findings of several recent
studies that postulate endothelial dysfunction as the initiating step towards vascular pathologies such as
atherosclerosis [32]. Indeed, exposure of the endothelium to uremic toxins leads to changes in cellular
phenotype and production of several proinflammatory molecules coupled with rapid degeneration of the
cardiovascular system [33,34]. As previously mentioned, an inflammatory environment such as this,
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mediates expression of adhesion molecules and chemokines. This is believed to contribute to the high
proportion of monocytes/macrophages (approximately 50% of the cell population) within the
arteriosclerotic plaques [35].

AGEs-RAGE-induced oxidative stress is central to expression of MCP-1 since anti-RAGE
antibodies, SRAGE, and N-acetylcysteine inhibit VCAM-1 expression [36]. Indeed, the RAGE-AGEs
interaction activates the redox sensitive transcription factor NF-kB, which leads to gene expression and
the release of proinflammatory molecules such as interleukin IL-1a, IL-6, and TNFa [36,37]. In order
to represent the scenario after monocyte attachment to the endothelium surface, we developed a
coculture model. Our data demonstrated no effect of AGEs treatment on MCP-1 production in the
coculture model. We hypothesize that, at least in vitro and in a reduced environment (i.e., not in contact
with others cells types), following attachment of the monocytes to the endothelial layer the signaling
effect produced by MCP-1 in the pre-atherosclerotic state is no longer necessary. In contrast, Nam et al. [38]
demonstrated that, in a coculture of THP-1 and endothelial cells treated with glycolaldehyde-induced
AGE:s, the production of IL-6 and MCP-1 significantly increased in comparison to cells cultivated
isolate, suggesting a synergistic effect of AGEs on intercellular interactions. Furthermore,
Lukacs ef al. [39] reported that the addition of enriched monocytes to unstimulated HUVECsS resulted in
a synergistic increase in the production of both IL-8 and MCP-1, and that monocytes cultured with
IFN-gamma-preactivated HUVECs exhibited only a minor additional increase in IL-8 and MCP-1
production compared with unstimulated HUVECs.

We acknowledge that the present study has some limitations and that further work will be required.
As described above, there are more than 20 AGEs compounds, and it will be necessary to investigate
which of these is directly involved in the activation of PKC-B and, consequently, the production of
MCP-1 and VCAM-1. Additionally, it will be important to use other methodologies, to evaluate not only
the secretion (concentration in pg/mL or ng/mL) of these molecules but also their expression. Furthermore,
other pathways, such as the NF-kB pathway, could also contribute to the production of these molecules
in monocytes and endothelial cells, and these should be studied. There are also other PKC-f inhibitors,
and these could be applied to further investigate PKC-f activity. In relation to AGEs-RAGE binding,
AGE:s are not an exclusive ligand of RAGE, and other ligands should therefore be tested to quantify the
antigenicity of AGEs and assess their potential to participate in endothelial dysfunction in CKD patients.
Although U937 cells are commonly used as a model of monocytes, it will also be interesting to
investigate the effect of AGEs in others cell lines such as THP-1 or in monocytes extracted from human
peripheral blood. Finally, the proposed model represents only a small part of the huge atherosclerotic
process, and more studies are clearly necessary to understand all of the mechanisms involved.
Nonetheless, when taken together, our observations provide an insight for similar future studies.

4. Experimental Section

All the experiments were conducted in accordance with the guidelines of the Ethical Committee in
Health of Universidade Federal do Parana (registry number 1139.064.11.06, CEP/SD), with the Helsinki
Declaration of 1975, promulgated by World Medical Association. Informed consent for use of umbilical
cords was obtained from the donors.
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4.1. Preparation and Characterization of AGEs

AGEs and BSA (Sigma-Aldrich, St. Louis, MO, USA) were prepared as previously described by
Iwaschima et al. [40]. Briefly, AGEs were prepared by addition of D-glucose with BSA in sterile
phosphate-buffered saline (PBS; pH 7.4). Unmodified BSA treated under the same conditions without
glucose was used as a control. Both solutions were incubated for 7 weeks at 37 °C in a 5% CO2
atmosphere, with weekly monitoring and pH adjustment to 7.4. Subsequently, AGEs and BSA were
dialyzed (6-8-KDa membrane; Spectra, Rancho Dominguez, CA, USA) against PBS (pH 7.4) for a period
of approximately 16 h and at 4 °C with constant stirring. Next, the dialyzed filtrates of both solutions
were aliquoted and stored at —20 °C until total protein determination [41]. Absorbance was determined
at 670 nm (Tecan, Méannedorf, Switzerland). AGES and BSA were characterized by spectrophotometry
(Tecan, Ménnedorf, Switzerland) by comparing the absorbance at 330, 360, 400, and 420 nm,
as previously described by Pongor et al. [18]. For cell treatment, AGEs and BSA were applied at
0.2 mg/mL [26]. AGEs and BSA were also characterized by basic protein polyacrylamide gel
electrophoresis (PAGE) as previously described [42]. Briefly, 10 pg of sample was electrophoresed in
10% resolving gel at 100 V for 4 h at room temperature with inverted poles, and the bands were
visualized after Coomassie blue staining.

4.2. Endotoxin Assay

To exclude endotoxin contamination of AGEs and BSA, a LAL assay test (Thermo Scientific,
Rockford, IL, USA) was performed according to the manufacturer’s recommendations. The absorbance
was measured at 410 nm (Tecan), and all measurements were taken in duplicate.

4.3. Isolation, Culturing, and Characterization of Endothelial Cells

HUVECs were prepared as previously described [4,43]. Briefly, the umbilical vein was cannulated,
and this was followed by enzymatic digestion with collagenase (C6885; Sigma-Aldrich, St. Louis, MO,
USA). Subsequently, endothelial cells were cultured in 1% gelatin (Sigma-Aldrich) in coated flasks with
MEM-199 medium (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco), 30 ng/mL of endothelial cell growth supplement (Sigma-Aldrich), 0.001 pg/mL of human basic
fibroblast growth factor (Sigma-Aldrich), 100 U/mL of penicillin, and 50 mg/mL of streptomycin
(Gibco), maintained in culture flasks, and incubated at 37 °C in a 5% CO2 atmosphere. The HUVECs
were stained with monoclonal anti-human CD31 PE-A (clone JC70A; DakoCytomation) and their
morphological characteristics were evaluated by optical microscopy (Nikon, Melville, NY, USA).
Cells from passage three or four were used in the experiments.

4.4. U-937 Cell Culture

U-937 cells (CRL-1593.2; ATCC, Manassas, VA, USA) were purchased from a commercial tumor
cell line. These cells have been described in several publications and are accepted as proxies for
circulating monocytes, which are difficult to obtain in satisfactory amounts. U-937 cells were cultured
in RPMI 1640 (Gibco) supplemented with 10% FBS (Gibco), 100 U/mL of penicillin, and 50 mg/mL of
streptomycin (Gibco). As the cell grew in the suspension, a ratio of 10° monocytes/mL was maintained



Toxins 2015, 7 1732

in the culture medium every 3 days. The cells were kept in culture flasks and incubated at 37 °C in a 5%
COz atmosphere.

4.5. Cell Viability Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) assay was used to assess
cell viability as previously described [44]. Briefly, HUVECs and U937 cells (10* cells/well) were
plated in a 96-well plate. After 24 h of incubation, the media was changed and the cells were treated
with AGEs and BSA. This media was then replaced with fresh media (100 pL/well) and 10 pL of MTT
(Sigma-Aldrich) solution (5 mg/mL in D-PBS) was added to each well before the plate was further
incubated for 4 h at 37 °C. Subsequently, the media was removed and replaced with dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, St. Louis, MO, USA) to dissolve the crystals of reduced formazan, and the
absorbance was measured at 570 nm (Tecan, Méannedorf, Switzerland).

4.6. Treatment of HUVECs, U937 Cells, and Cocultured HUVEC-U937 Cells with AGEs

HUVECs were plated at 10* cells/well, in a 1% gelatin-coated 96-well plate containing MEM-199
medium, and then incubated at 37 °C in a 5% CO: atmosphere for 8 h. Thereafter, the cells were starved
for 12 h in MEM-199 medium supplemented with 0.3% FBS. For treatment of the cells, AGEs and/or
BSA were diluted at 0.2 mg/mL in Krebs—Ringer phosphate buffer (KRP; pH 7.4) with or without 10 uM
of pan-PKC pathway inhibitor (including PKC-B) G6-6983 (Sigma-Aldrich) for 0, 3, and 6 h [4,38].
HUVECs were also incubated with KRP alone. U-937 cells were plated at 10* cells/well in 96-well plates
and treated as described above. For the coculturing of HUVECs and U-937 cells, HUVECs were plated
at 10* cells/well in a 1% gelatin-coated 96-well plate containing MEM-199 medium. These cells were
starved for 12 h with MEM-199 medium supplemented with 0.3% FBS, and 10* monocytes/well were
subsequently added directly to the HUVECs. Finally, the supernatants of the HUVECs, U-937 cells, and
coculture were collected at 0, 3 and 6 h by simple aspiration of the contents of the wells, and these were
stored at —20 °C for subsequent quantification of MCP-1 and sVCAM. Five experiments were performed
in triplicate for all cell culture models used.

4.7. RAGE Immunostaining

RAGE staining was performed for HUVECs treated with 0.2 mg/mL of AGEs and BSA. First,
25 x 10° cells/well were seeded onto coverslips in a 24-well plate. Once the cells reached approximately
70% confluence, they were treated with AGEs for 24 h and then fixed with 4% paraformaldehyde for
10 min. The coverslips were stained with an anti-RAGE human monoclonal antibody (1:100;
Santa Cruz Biotechnology Inc., Dallas, TX, USA) and then with an antirabbit horseradish peroxidase
(HRP)-conjugated polyclonal antibody (1:1500; Sigma-Aldrich, St. Louis, MO, USA). The reaction was
revealed with 4-chloro-1-naphthol and hydrogen peroxide (H202). The coverslips were mounted on
microscopic glass slides with Entellan (Merck Millipore, Darmstadt, Germany). Images were captured
using a microscope system (Olympus, Tokyo, Japan) with DP2-BSW software (Olympus, Tokyo, Japan).
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4.8. RAGE Western Blot Analysis

RAGE protein expression was performed for HUVECs treated with 0.2 mg/mL of AGEs and BSA
with or without 10 uM of PKC-3 pathway inhibitor for 24 h and subjected to Western blot analysis.
Basically, HUVECs were homogenized with RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl (SDS), 50 mM Tris pH 7.4) supplemented with proteases and
phosphatases inhibitors (Complete Protease Inhibitor 7 x, Cmini and PhosSTOP 10 % (Roche Applied
Science, Indianapolis, IN, USA). Samples were then centrifuged at 14,000 X g for 30 min at 4 °C and
supernatants were collected. The concentration of protein was estimated by using Bradford protein assay
(Biorad, Hercules, CA, USA). Protein (20 pg) was mixed with loading buffer (125 mM Tris-HCI,
pH 6.8; 10% (m/v) SDS; 20% (v/v) glycerol and 0.03 mM bromophenol blue), boiled for 5 min, separated
by 12% SDS-PAGE, and finally transferred to a polivinilidene fluoride (PVDF) membrane. The
membrane was blocked for 1 h at room temperature in a blocking buffer containing 3% nonfat dry milk and
0.3% (v/v) Tween 20 in phosphate buffered saline (PBS). After blocking, the membrane was incubated
overnight at 4 °C with rabbit anti-RAGE monoclonal antibody (1:1000; Santa Cruz Biotechnology Inc.,
Dallas, TX, USA), and 1 h at room temperature with anti-B-actin antibody, followed by incubation with
sheep anti-rabbit IgG polyclonal horseradish peroxidase (HRP)-conjugated (1:10,000) and goat
anti-mouse IgG polyclonal antibodies (HRP)-conjugated (1:4,000) (Sigma-Aldrich, St. Louis, MO, USA)
for 1 h at 37 °C. The membrane was then washed with PBS, 3 times for 5 min. The bound antibodies
were visualized with enhanced chemiluminescent reporter system (ECL). The expression of RAGE was
detected as a single band approximately at 42 kDa and B -actin as loading control was detected as a
single band at 46 kDa.

4.9. MCP-1 and VCAM-1 Supernatant Levels

MCP-1 and VCAM-1 were measured by using an enzyme-linked immunosorbent assay (ELISA) with
commercially available antibodies (R&D Systems, Minneapolis, MN, USA). The concentrations (pg/mL)
were calculated with reference to the standard curves generated with the corresponding recombinant
molecule. The ELISA system had a measuring range from 31.25 to 2.000 pg/mL for MCP-1 and from
0.03 to 2 ng/mL for VCAM-1. The intra-assay and inter-assay coefficients of variation (CV) for MCP-1
and VCAM-1 were 6.0% and 8.2%, and 6.2% and 8.1%, respectively. The manufacturer’s recommended
protocol was applied and the recommended concentrations were used. The absorbance was read at
450 nm with a reference filter at 570 nm in a microplate reader (Tecan). All measurements were
performed in quintuplicate.

4.10. Data Analysis

Statistical analyses were performed using the statistical packages JMP (version 8.0; SAS Institute Inc.,
Cary, NC, USA) and SigmaStat (version 3.5; Systat Software Inc., Erkrath, Germany). Significant
differences were determined by using Student’s z-test or ANOVA for paired data, and Mann—Whitney
and ANOVA on ranks for unpaired data. Values were expressed as means = SEM of three or five
independent experiments. P values < 0.05 were considered statistically significant.
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5. Conclusions

In conclusion, this study is the first to demonstrate in vitro a regulatory mechanism involved in the
production of MCP-1 and VCAM-1 in three cellular models that mimic the endothelial dysfunction
caused by AGEs in the early events of atherosclerosis. We believe that this mechanism could serve as a
therapeutic target for reducing the harmful effects of uremic toxicity in CKD patients.

Acknowledgments

This work was supported by grants from Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico (CNPq, +55-61-3211-9000), Coordenacao de Aperfeicoamento Pessoal de Nivel Superior
(CAPES, +55-61-2022-6801), Demanda Social Program (DS), and Apoio a Pés-Graduacao (PROAP).

Author Contributions

Andréa E. M. Stinghen and Roberto Pecoits-Filho participated in the design of the study, and analyzed
and interpreted the data. Lisienny C. T. Rempel, Alessandra Becker-Finco, Rayana A. P. Maciel, and
Bruna Bosquetti carried out the experiments. Andréa E. M. Stinghen performed the statistical analysis.
Wesley M. de Souza and Larissa M. Alvarenga provided advice on the experiment and supported the
interpretation of results. Andréa E. M. Stinghen and Wesley M. de Souza drafted and edited the
manuscript. All authors read and approved the content of the manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Meijers, B.K.; de Preter, V.; Verbeke, K.; Vanrenterghem, Y.; Evenepoel, P. P-cresyl sulfate serum
concentrations in haemodialysis patients are reduced by the prebiotic oligofructose-enriched inulin.
Nephrol. Dial. Transplant. 2009, 25, 219-224.

El Nahas, M. Cardio-Kidney-Damage: A unifying concept. Kidney Int. 2010, 78, 14—18.

3. Stinghen, A.E.M.; Pecoits-Filho, R. Vascular damage in kidney disease: Beyond hypertension.
Int. J. Hypertens. 2011, 2011, 232683, doi:10.4061/2011/232683.

4. Stinghen, A.E.M.; Goncalves, S.M.; Martines, E.G.; Nakao, L.S.; Riella, M.C.; Aita, C.A;
Pecoits-Filho, R. Increased plasma and endothelial cell expression of chemokines and adhesion
molecules in chronic kidney disease. Nephron Clin. Pract. 2009, 111, c117—c126.

5. Schwedler, S.; Schinzel, R.; Vaith, P.; Wanner, C. Inflammation and advanced glycation end products
in uremia: Simple coexistence, potentiation or causal relationship? Kidney Int. 2001, 59, S32—-S36.

6. Semba, R.D.; Nicklett, E.J.; Ferruci, L. Does accumulation of advanced glycation end products
contribute to the aging phenotype? J. Gerontol. A Biol. Sci. Med. Sci. 2010, 65, 963-975.

7. Piperi, C.; Adamopoulos, C.; Dalagiorgou, G.; Diamanti-Kandarakis, E.; Papavassiliou, A.G.
Crosstalk between advanced glycation and endoplasmic reticulum stress: Emerging therapeutic
targeting for metabolic diseases. J. Clin. Endocrinol. Metab. 2012, 97, 2231-2242.



Toxins 2015, 7 1735

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Thornalley, P.J.; Rabbani, N. Highlights and hotspots of protein glycation in end-stage renal disease.
Semin. Dial. 2009, 22, 400—404.

Alhamdani, M.S.; Al-Azzawie, H.F.; Abbas, F.K. Decreased formation of advanced glycation
end-products in peritoneal fluid by carnosine and related peptides. Perit. Dial. Int. 2007, 27,
86—89.

Yubero-Serrano, E.M.; Woodward, M.; Poretsky, L.; Vlassara, H.; Striker, G.E. Effects of sevelamer
carbonate on advanced glycation end products and antioxidant/pro-oxidant status in patients with
diabetic kidney disease. Clin. J. Am. Soc. Nephrol. 2015, 10, 759-766.

Meerwaldt, R.; Zeebregts, C.J.; Navis, G.; Hillebrands, J.L.; Lefrandt, J.D.; Smit, A.J.
Accumulation of advanced glycation end products and chronic complications in ESRD treated by
dialysis. Am. J. Kidney Dis. 2009, 53, 138—150.

Zieman, S.; Kass, D. Advanced glycation end product cross-linking: Pathophysiologic role and
therapeutic target in cardiovascular disease. Congest. Heart Fail. 2004, 10, 144-149.

Linden, E.; Cai, W.; He, J.C.; Xue, C.; Liz, Z.; Winston, J.; Vlassara, H.; Uribarri, J. Endothelial
dysfunction in patients with chronic kidney disease results from advanced glycation end products
(AGE)-mediated inhibition of endothelial nitric oxide synthase through RAGE activation. Clin. J.
Am. Soc. Nephrol. 2008, 3, 691-698.

Brownlee, M. The pathobiology of diabetic complications: A unifying mechanism. Diabetes 2005,
54,1615-1625.

Tanji, N.; Markowitz, G.S.; Fu, C.; Kislinger, T.; Taguchi, A.; Pischetsrieder, M.; Stern, D.;
Schmidt, A.M.; D’Agati, V.D. Expression of advanced glycation end products and their cellular
receptor RAGE in diabetic nephropathy and nondiabetic renal disease. J. Am. Soc. Nephrol. 2000,
11,1656-1666.

Liu, J.; Huang, K.; Cai, G.Y.; Chen, X.M.; Yang, J.R.; Lin, L.R.; Yang, J.; Huo, B.G.; Zhan, J;
He, Y.N. Receptor for advanced glycation end-products promotes premature senescence of proximal
tubular epithelial cells via activation of endoplasmic reticulum stress dependent p21 signaling.
Cell. Signal. 2014, 26, 110-121.

Tumur, Z.; Shimizu, H.; Enomoto, A.; Miyazaki, H.; Niwa, T. Indoxyl sulfate upregulates expression
of ICAM-1 and MCP-1 by oxidative stress-induced NF-kappaB activation. Am. J. Nephrol. 2010,
31,435-441.

Pongor, S.; Ulrich, P.C.; Bencsath, F.A.; Cerami, A. Aging of proteins: Isolation and identification
of a fluorescent chromophore from the reaction of polypeptides with glucose. Proc. Natl. Acad. Sci.
US4 1984, 81, 2684-2688.

Recio-Mayoral, A.; Banerjee, D.; Streather, C.; Kaski, J.C. Endothelial dysfunction, inflammation
and atherosclerosis in chronic kidney disease a cross-sectional study of predialysis, dialysis and
kidney-transplantation patients. Atherosclerosis 2011, 216, 446—451.

Jaipersad, A.S.; Lip, G.Y.; Silverman, S.; Shantsila, E. The role of monocytes in angiogenesis and
atherosclerosis. J. Am. Coll. Cardiol. 2014, 63, 1-11.

Aiello, R.J.; Bourassa, P.A.; Lindsey, S.; Weng, W.; Natoli, E.; Rollins, B.J.; Milos, P.M.
Monocyte chemoattractant protein-1 accelerates atherosclerosis in apolipoprotein E-deficient mice.
Arterioscler. Thromb. Vasc. Biol. 1999, 19, 1518-1525.



Toxins 2015, 7 1736

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Xu, B.; Chibber, R.; Ruggiero, D.; Kohner, E.; Ritter, J.; Ferro, A. Impairment of vascular
endothelial nitric oxide synthase activity by advanced glycation end products. FASEB J. 2003, /7,
1289-1291.

Kaneko, M.; Bucciarelli, L.; Hwang, Y.C.; Lee, L.; Yan, S.F.; Schmidt, A.M.; Ramasamy, R.
Aldose reductase and AGE-RAGE pathways: Key players in myocardial ischemic injury.
Ann. N.Y. Acad. Sci. 2005, 1043, 702—709.

Liu, Y.; Ma, Y.; Wang, R. Advanced glycation end products accelerate ischemia/reperfusion injury
through receptor of advanced end product/nitrative thioredoxin inactivation in cardiac microvascular
endothelial cells. Antioxid. Redox Signal. 2011, 15, 1769—-1778.

Dal-Pizzol, F.; Pasquali, M.; Quevedo, J.; Gelain, D.P.; Moreira, J.C. Is there a role for high
mobility group box 1 and the receptor for advanced glycation end products in the genesis of
long-term cognitive impairment in sepsis survivors? Mol. Med. 2012, 18, 1357-1358.

Xu, Y.; Wang, S.; Feng, L.; Zhu, Q.; Xiang, P.; He, B. Blockade of PKC-beta protects HUVEC
from advanced glycation end products induced inflammation. Int. Immunopharmacol. 2010, 10,
1552-1559.

Fukami, K.; Yamagishi, S.; Okuda, S. Role of AGEs-RAGE system in cardiovascular disease.
Curr. Pharm. Des. 2014, 20, 2395-2402.

Basta, G.; Lazzerini, G.; Del Turco, S.; Ratto, G.M.; Schimidt, A.M.; de Catarina, R. At least 2 distinct
pathways generating reactive oxygen species mediate vascular cell adhesion molecule-1 induction
by advanced glycation end products. Arterioscler. Thromb. Vasc. Biol. 2005, 25, 1401-1407.

Bu, D.X.; Rai, V.; Shen, X.; Rosario, R.; Lu, Y.; D’Agati, V.; Yan, S.F.; Friedman, R.A;
Nuglozeh, E.; Schimidt, A.M. Activation of the ROCKI1 branch of the transforming growth
factor-beta pathway contributes to RAGE-dependent acceleration of atherosclerosis in diabetic
ApoE-null mice. Circ. Res. 2010, 106, 1040-1051.

Wang, J.; Liu, H.; Chen, B.; Li, Q.; Huang, X.; Wang, L.; Guo, X.; Huang, Q.
RhoA/ROCK-dependent moesin phosphorylation regulates AGE-induced endothelial cellular
response. Cardiovasc. Diabetol. 2012, 11,7, doi:10.1186/1475-2840-11-7.

Matasui, T.; Nishino, Y.; Maeda, S.; Takeuchi, M.; Yamagishi, S. Irbesartan inhibits advanced
glycation end product (AGE)-induced up-regulation of vascular cell adhesion molecule-1 (VCAM-1)
mRNA levels in glomerular endothelial cells. Microvasc. Res. 2011, 81, 269-273.

Ramli, J.; Calderon Artero, P.; Block, R.C.; Mousa, S.A. Novel therapeutic targets for preserving a
healthy endothelium: Strategies for reducing the risk of vascular and cardiovascular disease.
Cardiol. J. 2011, 18, 352-363.

Bordoni, V.; de Cal, M.; Rassu, M.; Cavvavillan, S.; Segala, C.; Bonello, M.; Ranishta, R.;
Andrikos, E.; Yavuz, A.; Salvatori, G.; et al. Protective effect of urate oxidase on uric acid
induced-monocyte apoptosis. Curr. Drug Discov. Technol. 2005, 2, 29-36.

Diaz-Buxo, J.A.; Woods, H.F. Protecting the endothelium: A new focus for management of chronic
kidney disease. Hemodial. Int. 2006, 10, 42—48.

Ward, M.S.; Fortheringham, A.K.; Cooper, M.E.; Forbes, J.M. Targeting advanced glycation
endproducts and mitochondrial dysfunction in cardiovascular disease. Curr. Opin. Pharmacol.
2013, /3, 654-661.



Toxins 2015, 7 1737

36.

37.

38.

39.

40.

41.

42.

43.

44,

Schmidt, A.M.; Hori, O.; Chen, J.X.; Li, J.F.; Crandall, J.; Zhang, J.; Cao, R.; Yan, S.D.; Brett, J.;
Stern, D. Advanced glycation endproducts interacting with their endothelial receptor induce
expression of vascular cell adhesion molecule-1 (VCAM-1) in cultured human endothelial cells and
in mice. A potential mechanism for the accelerated vasculopathy of diabetes. J. Clin. Investig. 1995,
96, 1395-1403.

Bucciarelli, L.G.; Wendt, T.; Rong, L.; Lalla, E.; Hofmann, M.A.; Goova, M.T.; Taquchi, A.;
Yan, S.F.; Stern, D.M.; Schmidt, A.M. RAGE is a multiligand receptor of the immunoglobulin
superfamily: Implications for homeostasis and chronic disease. Cell. Mol. Life Sci. 2002, 59,
1117-1128.

Naum, M.H.; Lee, H.S.; Seomun, Y.; Lee, Y.; Lee, K.W. Monocyte-endothelium-smooth muscle
cell interaction in co-culture: Proliferation and cytokine productions in response to advanced
glycation end products. Biochim. Biophys. Acta 2011, 1810, 907-912.

Lukacs, N.W.; Strieter, R.M.; Elner, V.; Evanoff, H.L.; Burdick, M.D.; Kunkel, S.L. Production of
chemokines, interleukin-8 and monocyte chemoattractant protein-1, during monocyte: Endothelial
cell interactions. Blood 1995, 86, 2767-2773.

Iwashima, Y.; Eto, M.; Horiuchi, S.; Sano, H. Advanced glycation end product-induced peroxisome
proliferator-activated receptor gamma gene expression in the cultured mesangial cells. Biochem.
Biophys. Res. Commun. 1999, 264, 441-448.

Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 1951, 193, 265-275.

Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4.
Nature 1970, 227, 680-685.

Jaffe, E.A.; Nachman, R.L.; Becker, C.G.; Minick, C.R. Culture of human endothelial cells derived
from umbilical veins. Identification by morphologic and immunologic criteria. J. Clin. Investig.
1973, 52, 2745-2756.

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation
and cytotoxicity assays. J. Immunol. Methods 1983, 65, 55-63.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



