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ARTICLE INFO ABSTRACT

Keywords: Impaired angiogenesis leads to long-term complications and is a major contributor of the high morbidity in
Angiogenesis patients with Diabetes Mellitus (DM). Methylglyoxal (MGO) is a glycolysis byproduct that accumulates in DM
Diabetes mellitus and is detoxified by the Glyoxalase 1 (Glol). Several studies suggest that MGO contributes to vascular com-
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plications through mechanisms that remain to be elucidated. In this study we have clarified for the first time the
molecular mechanism involved in the impairment of angiogenesis induced by MGO accumulation.

Angiogenesis was evaluated in mouse aortic endothelial cells isolated from Glol-knockdown mice (Glo1KD
MAECs) and their wild-type littermates (WT MAECs). Reduction in Glol expression led to an accumulation of
MGO and MGO-modified proteins and impaired angiogenesis of Glo1KD MAECs. Both mRNA and protein levels
of the anti-angiogenic HoxA5 gene were increased in Glo1KD MAECs and its silencing improved both their
migration and invasion. Nuclear NF-kB-p65 was increased 2.5-fold in the Glo1KD as compared to WT MAECs.
Interestingly, NF-kB-p65 binding to HoxA5 promoter was also 2-fold higher in Glo1KD MAECs and positively
regulated HoxA5 expression in MAECs. Consistent with these data, both the exposure to a chemical inhibitor of
Glol “SpBrBzGSHCp2” (GI) and to exogenous MGO led to the impairment of migration and the increase of
HoxA5 mRNA and NF-kB-p65 protein levels in microvascular mouse coronary endothelial cells (MCECs).

This study demonstrates, for the first time, that MGO accumulation increases the antiangiogenic factor HoxA5
via NF-kB-p65, thereby impairing the angiogenic ability of endothelial cells.

1. Introduction stimulation, ECs begin to proliferate, invade the extracellular matrix
(ECM) thereby contributing to the formation of an immature capillary

Angiogenesis is a vital process occurring in tissue development and structure with deposition of a new basement membrane (BM) and
wound healing in damaged tissues [1]. It is a multistep event that starts pericytes recruitment [3]. Under physiological conditions, angiogenesis
when endothelial cells (ECs) switch from “quiescent” to “angiogenic” is a highly regulated process that is turned on for brief periods and then
phenotype in response to pro-angiogenic stimuli [2]. Following is completely inhibited [4]. The balanced activity between specific pro-

Abbreviations: AG, aminoguanidine; AGEs, advanced glycation end products; BM, basement membrane; DM, diabetes mellitus; DMSO, dimethyl sulfoxide; ECs,
endothelial cells; ECM, extracellular matrix; FBS, fetal bovine serum; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GI, Glo1 inhibitor “SpBrBzGSHCp2”;
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test; MAECs, mouse aortic endothelial cells; MCECs, mouse coronary artery endothelial cells; MGO, methylglyoxal; PARP, Poly (ADP-ribose) polymerase; qRT-PCR,
real time quantitative reverse transcription PCR; RAGE, advanced glycation end products receptor; STD, standard diet; VEGF, vascular endothelial growth factor;
VEGFR2, type 2 vascular endothelial growth factor receptor; WT, wild type

* Corresponding author at: URT of the Institute of Experimental Endocrinology and Oncology “G. Salvatore”, National Council of Research, Naples, Italy.

E-mail address: c.miele@ieos.cnr.it (C. Miele).
1 These authors equally contributed to this study.

https://doi.org/10.1016/j.bbadis.2018.10.014

Received 30 May 2018; Received in revised form 11 September 2018; Accepted 8 October 2018
Available online 18 October 2018

0925-4439/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09254439
https://www.elsevier.com/locate/bbadis
https://doi.org/10.1016/j.bbadis.2018.10.014
https://doi.org/10.1016/j.bbadis.2018.10.014
mailto:c.miele@ieos.cnr.it
https://doi.org/10.1016/j.bbadis.2018.10.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbadis.2018.10.014&domain=pdf

C. Nigro et al.

and anti-angiogenic molecules which can activate or stop this process is
critical for an optimal angiogenic response [3]. The persistent hy-
perglycemic milieu related to DM is associated with the onset and
progression of micro- and macro-vascular complications, most of which
are characterized by impaired vascularization and/or aberrant angio-
genesis [5].

A wide number of studies performed both in animals and humans
demonstrated that chronic hyperglycemia impairs endothelial function
in macro- and micro-vasculature [6]. Indeed, through the activation of
several molecular pathways, hyperglycemia induces excessive genera-
tion of ROS, increased oxidative stress and reduced vasodilation.
Moreover, glucotoxicity induces a low-grade proinflammatory condi-
tion, due to the activation of transcription factors such as NF-«xB [7].

In the last decade, great interest has been paid to MGO, a major
precursor of advanced glycation end products (AGEs) in ECs [8]. MGO
mainly originates as a byproduct of glycolysis by non-enzymatic de-
gradation of triosephosphates [9], with a formation rate of about
125 pmol/kg cell mass per day under normoglycemic conditions [10].
The majority of MGO (> 99%) is detoxified by the glyoxalase system in
healthy conditions [8]. The glyoxalase system is localized in the cytosol
and includes two enzymes: the rate limiting enzyme Glol and the
glyoxalase 2, beside a catalytic amount of reduced glutathione [11]. In
diabetic patients, plasma MGO concentration is increased from 2- to 5-
fold [12] as a consequence of a higher formation rate but also a reduced
detoxification due to the down-regulation of both Glo1 expression and
activity [13,14].

We have previously demonstrated that MGO induces endothelial
dysfunction in vitro in aortic ECs and in vivo in C57BL/6 mice [15-17].
Other studies have also shown that high levels of MGO contribute to the
development of cardiomyopathy by increasing inflammation and EC
loss [18], by inducing vascular contractile dysfunction in arterial walls
[19] as well as cell death via NF-xB activation in rat diabetic lens [20].
Moreover, emerging evidence has highlighted the harmful effect of
MGO on angiogenesis. Indeed, it has been demonstrated that the ex-
posure to MGO impairs viability, migration and tube formation of bo-
vine aortic ECs [21], while the overexpression of Glol favours muscle
reperfusion after ischemic insults in diabetic rats [22]. However, the
molecular mechanisms underlying these effects remain to be eluci-
dated.

Hox genes encode for a family of transcription factors highly con-
served which act as master regulators of tissue and organ patterning
[23]. Moreover, they play an essential role in regulating the function of
vascular system. In particular, they coordinate the processes required
for proper vascular formation during development, as well as the
maintenance and repair of the vasculature system throughout life [24].
Hox gene family includes a number of genes with pro- or anti-angio-
genic function. Among the anti-angiogenic Hox genes, it has been
shown that HoxA5 blocks angiogenesis and increases vascular stability
by the upregulation of anti-angiogenic factors, such as p53, and the
downregulation of pro-angiogenic factors, including type 2 vascular
endothelial growth factor receptor (VEGFR2) and Hiflalpha [25]. Ar-
deriu G. et al. have shown that HoxA5 expression in ECs stabilizes
adherens junctions through p-catenin retention [26], thus preventing
the first step of angiogenesis.

In this study, we have investigated the role of Hox genes in the effect
played by MGO accumulation on angiogenic process in ECs.

2. Materials and methods
2.1. Reagents

Media, sera and antibiotics for cell culture were from Lonza
(Walkersville, MD, USA). Protein electrophoresis and Western blot re-
agents were from Bio-Rad (Richmond, VA, USA) and ECL reagents from
Pierce (Rockford, USA). The used antibodies were anti-HoxA5, anti-14-
3-36, anti-MGO from Abcam (Cambridge, UK), anti-NF-kB-p65, anti-
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glyceraldehyde 3-phosphate dehydrogenase (GAPDH), anti-lamin A/C,
anti-actin, anti-vinculin and anti-vascular endothelial growth factor
(VEGF) from Santa Cruz Biotecnology (CA, USA), anti-a-tubulin and
anti-poly (ADP-ribose) polymerase (PARP) from Sigma-Aldrich (St Luis,
MO, USA), anti-caspase-3 and anti-VEGFR2 from Cell Signaling (Leiden,
The Netherlands). TRIzol and SuperScript III were from Invitrogen
(Carlsbad, CA, USA). SYBR Green Supermix was from Bio-Rad. NF-xB
Activation Inhibitor (JSH-23) was from Santa Cruz Biotecnology. The
miRNeasy Mini Kit and QIAquick PCR Purification kit were from
QIAGEN (Hilden, Germany). All other chemicals were from Sigma-
Aldrich.

2.2. Cell culture procedure

MAECs were isolated by Glo1KD mice and their WT littermates, as
described in [27]. Glo1KD mice were kindly provided by M. Brownlee
(Albert Einstein College of Medicine, Bronx, NY) and generated as de-
scribed by El Osta A. et al. [28]. MAECs were cultured as previously
described [15]. The absence of mycoplasma contamination was as-
sessed by MycoAlert Detection Kit by Lonza. Where indicated, 4 mmol/
L or 10 mmol/L Aminoguanidine (AG; Sigma-Aldrich) was added to the
culture medium for 96 h. For the inhibition of NF-kB-p65, cells were
treated with the inhibitor of NF-kB-p65 nuclear translocation JSH-23
60 umol/L 16 h before cell harvesting.

SV40 immortalized MCECs were purchased from Biozol/CELLutions
Biosystems Inc. (Catalogue No.CLU510). Cells were grown in DMEM
media containing 1g/L glucose supplemented with 10% FBS (fetal
bovine serum), 1% penicillin-streptomycin and 1% HEPES and all
growth surfaces were coated with 0.5% gelatin in PBS for 30 min at
37 °C prior to seeding. Where indicated, MCECs were treated either
with MGO 500 pumol/L for 16 h or with GI 10 pmol/L for 48 h. Dimethyl
sulfoxide (DMSO) was used as vehicle of GI.

2.3. Animals, diet and tolerance tests

Six-week-old C57BL/6 male mice were purchased from the Charles
River Laboratories (Milan, Italy). The mice were housed in a tempera-
ture-controlled (22 °C) room with a 12 h light/dark cycle, in accordance
with the Guide for the Care and Use of Laboratory Animals published by
the National Institutes of Health (publication no. 85-23, revised 1996).
Protocols were approved by the ethics committee of the “Federico I1I”
University of Naples. Animals were fed with a high-fat diet (HFD) or a
standard chow diet (STD) for 22 weeks and monitored as previously
described [29]. For insulin tolerance test (ITT), mice were fasted for 4 h
followed by insulin injection (0.75 U/kg body weight, i.p.). For glucose
tolerance test (GTT), mice were fasted overnight and then injected with
glucose (2 g/kg body weight, i.p.). Whole venous blood was obtained
from the tail vein at 0, 15, 30, 45, 60, 90 and 120 min after the injec-
tion. Blood glucose was measured using an automatic glucometer (One
Touch Lifescan, Milan, Italy). At the end of the study, mice were killed
by cervical dislocation. Aortas were isolated, homogenized in QIAzol
Lysis Reagent by the use of Tissue Lyser LT (QIAGEN) and RNA isolated
as following described.

2.4. Mouse aortic ring assay

The assay was performed on aortic rings isolated from 8 weeks old
WT and Glo1KD mice, as previously described [30]. Briefly, thoracic
aortas were excised from mice and peri-vascular fibro-adipose tissue
was removed under the stereomicroscope. Aortas were then cleaned
and cut into 0.5-mm rings. They were serum starved overnight to
equilibrate their growth factor responses. Then, two rings per well were
transferred to a 24-well plate coated with 300 pL of Growth factor-re-
duced Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) and overlaid
with additional 300 pL of Matrigel.

The plates were incubated at 37 °C to allow Matrigel to polymerize
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and 10% FBS was added to each well. Media were changed every
2 days. Aortic rings were examined daily, and digital images were taken
on day 5 for analysis of vascular endothelial outgrowth (sprouts).

2.5. Cytoplasmic and nuclear fractionation

Nuclear and cytoplasmic proteins were extracted using the NE-PER
Nuclear and Cytoplasmic Extraction Kit purchased from Thermo Fisher
Scientific (Waltham, Massachusetts, USA), according to the manufac-
turer's instructions.

2.6. Western blot analysis

Total protein lysates were obtained and separated by SDS-PAGE as
previously described [15]. Upon incubation with primary and sec-
ondary antibodies (for full list see above), immmunoreactive bands
were detected by chemiluminescence and densitometric analysis was
performed using ImageJ software.

2.7. RNA isolation and real time quantitative reverse transcription PCR
(qRT-PCR)

Total RNA was isolated from cells and tissues using TRIzol Reagent
and miRNeasy Mini Kit (QIAGEN), respectively, according to the
manufacturer's protocol. After quantification with NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific), 1 ug of total RNA was
reverse transcribed using SuperScript III according to the manufac-
turer's instructions. The differential expression of genes were analyzed
by real time-PCR, as previously described [31], and quantified as re-
lative expression units using the comparative 2~ 2% method for the
analysis of gene expression in cells and the 272 method for the ana-
lysis of gene expression in mice [32]. Cyclophilin A was used as
housekeeping gene. Specific primers used for amplification were pur-
chased from Sigma-Aldrich and listed below:

Cyclophilin A:  Forward 5'-GCAGACAAAGTTCCAAAGACAG- 3'
Reverse 5'-CACCCTGGCACATGAATCC-3'
Glol: Forward 5’-CCCTCGTGGATTTGGTCACA-3’
Reverse 5’-AGCCGTCAGGGTCTTGAATG-3’
HoxAS5: Forward 5-CCCAGATCTACCCCTGGATG-3’
Reverse 5’-CAGGGTCTGGTAGCGAGTGT-3’
HoxD10: Forward 5’-GGCCTTCCAGAAGACAGGA-3’
Reverse 5’- GTGAGCCAATTGCTGGTTGG-3”
HoxA3: Forward 5°- CCGCGGTCTGAAGGCTAC-3’
Reverse 5’- -TGAACCAGGAATGGTCTCC-3’
HoxA9: Forward 5° -AAACCTGAACCGCTCTCGG-3’
Reverse 5° -GTGTAGGGGCATCGCTTCTT-3"
HoxB3: Forward 5° -AAGTGTTAGCCGTCTCTCCG-3’
Reverse 5° -TATTCACATCGAGCCCCAGC-3’
Chip-HoxA5: Forward 5’-ACACACAGGTTTTCTCCCCA-3’
Reverse 5’-GAATTTGATGGCGAGGGACC-3’
NF-kB-p65:  Forward 5’-CTGATGTGCATCGGCAAGTG -3’

Reverse 5’-CTCTTCAATCCGGTGGCGAT-3"

2.8. Cell transfection

1 x 10° MAECs were seeded in 60-mm plates. After 24 h, cells were
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transfected with 5 nmol/L HoxA5 siRNA (Origene, Rockville, MD, USA)
or negative control (scramble) and incubated with complete medium
for 48 h. TransIT-X2 (Mirus Bio LCC, Madison, WI, USA) was used as
transfection reagent, according to the manufacturer's instructions.

2.9. Measurement of MGO

Intracellular MGO concentration was measured in WT and Glo1KD
MAECs extracts by HPLC after derivatization with 1,2-diamino-4,5-di-
methoxybenzene as previously described [33].

2.10. Cell growth assay

5 x 10* cells were seeded in MW-6 and cell growth was monitored
at 0 (18 h from plating), 12, 24, 48, 72, 96 h by automated cell count
with TC10TM Automated Cell Counter (Bio-Rad).

2.11. Transwell migration and invasion assays

Cells were serum starved for 5 h. After trypsinization, 1 x 10 cells/
well were plated on the upper side of 12-well cell culture inserts (BD
Biosciences) with 5um pores polycarbonate membrane for the evalua-
tion of migration in MAECs and with polyethylene terephthalate (PET)
in MCECs. To perform invasion assay, 12-well cell culture inserts with
8 um pores PET membrane were coated with 100 uL. of Matrigel (BD
Biosciences). Culture medium with or without 10% FBS was added to
the bottom of the well, as chemotactic stimulus. Following an overnight
incubation for MAECs or 48 h of incubation for MCECs, the top of the
insert was cleared of cells with a cotton swab; the top and the bottom of
insert were washed 3 times with 1 X PBS. Inserts were incubated 30 min
at room temperature with 11% glutaraldehyde to fix the cells migrated
to the lower side of the insert, and then washed 3 times with 1 x PBS.
Cells were then stained with Crystal Violet and washed with 1 x PBS.
Cells from 4 representative fields from each insert were counted.

2.12. Chromatin immunoprecipitation assay

5 x 10° cells were fixed for 10 min at room temperature with 1%
(v/v) formaldehyde and -crosslinking reaction was stopped with
125 mmol/L glycine for 5min. Formaldehyde and glycine were re-
moved by centrifugation (3 min at 13,000 rpm). SDS and HBSS buffer
were added to the cells and the DNA was sonicated using the Bioruptor®
sonicator (Diagenode, Seraing, Belgium). Cellular debris was removed
by centrifugation, then equal amount of DNA was immunoprecipitated
using anti-NF-kB-p65 antibody (Santa Cruz Biotecnology) and with
anti-mouse IgG beads (Thermo Fisher Scientific). Immuneprecipitated
fragments were washed with dialysis buffer, IP wash buffer and TE
buffer. Fragments were eluted at 37 °C for 45 min with elution buffer
and then de-crosslinked O.N. with 5 mol/L NaCl at 65 °C. Proteins were
removed using proteinase K and 1 mol/L Tris-HCl/0.5 mol/L EDTA. The
immunoprecipitated DNA was purified with QIAquick PCR Purification
Kit according to the manufacturer's instructions, and quantified by
Real-Time PCR using specific primer sets flanking the expected p65
binding site on HoxA5 promoter.

2.13. Cloning strategy and luciferase assay

NF-kB-p65 binding site on HoxA5 promoter was amplified by PCR
using the following primers: forward primer: 5-Kpn1GAATTGGCCCT
GCTGCTG-3’ and reverse primer: 5-Sacl1GAATTTGATGGCGAGGG
ACC-3’, where Kpnl and Sacl indicate the restriction sites added to the
sequence. The purified fragment was cloned into the pGL3 luciferase
promoter vector (Promega, Madison WI, USA). Amplification of the
reporter construct was performed using DH5 alpha E. coli cells (New
England Biolabs). 250 ng reporter construct (pGL3 NF-kB-p65 binding
site) was transfected in Hela cells in presence or not of 250 ng NF-kB-
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Fig. 1. Formation of tube-like structures of EC sprouting from aortic rings of WT and Glo1KD mice. Tube formation by ECs was monitored ex vivo in aortic rings
isolated from mice (n = 5) and embedded in Matrigel. Representative images of aortic rings from three 8-week old WT (a—c) and three age-matched Glo1KD (d—f)

mice on day 5 after embedding are reported at 10 X magnification.

p65-pRc/CMV vector. To normalize the luciferase activity, 50 ng of a
control plasmid encoding a Renilla luciferase gene was cotransfected
into the cells. After 24h, cell lysates were assayed for Firefly and
Renilla luciferase activity using a single luciferase reporter assay Kkit,
according to the manufacturer's instructions.

2.14. Statistical procedures

Data are expressed as means + SD or + SEM as indicated. All ex-
periments were performed at least three times. Comparison between
groups was performed using Student's t-test. A p value of < 0.05 was
considered statistically significant.

3. Results
3.1. Effect of Glo1KD on angiogenesis in MAECs

Angiogenesis has been assessed ex vivo in the aortic rings from
Glo1KD mice and their WT littermates by sprouting assay. As shown by
the images in Fig. 1, tube formation of ECs sprouting from the aortic
rings of Glo1KD mice (panels d-f) is impaired compared to the aortic
rings of WT mice (panels a—c).

MAEC:s isolated from the aortae of Glo1KD and WT mice have been
characterized by measuring both Glol expression and MGO con-
centration. As shown in Fig. 2a, Glol mRNA levels are reduced by 50%
in Glo1KD MAECs compared to WT MAECs. This reduction is paralleled
by a 5-fold increase of intracellular MGO concentration (Fig. 2b) and a
1.5-fold increase of MGO-modified proteins (Fig. 2¢ and d), in Glo1KD
MAECs as compared to WT MAECs. Treatment of Glo1KD MAECs with
10 mmol/L AG for 96 h is able to reduce the formation of MGO-mod-
ified proteins (Fig. 2c and d).

The main steps of the angiogenic process, i.e. proliferation, migra-
tion and invasion, have been then separately investigated in vitro
(Fig. 3). GlolKD MAECs are characterized by a slower cell growth
compared to WT MAECs. The proliferation, indicated as fold of cell
number over time 0, is significantly reduced in Glo1KD MAECs starting
from 48h (Fig. 3a). The cleavage of Caspase-3 and its downstream
target PARP have been evaluated as apoptosis marker (Fig. S1), in-
dicating that the reduced proliferation of Glol1KD MAECs is not

76

dependent on apoptosis.

Migration ability of MAECs has been quantified as the fold increase
of migrated cell number in response to 10% FBS, used as pro-angiogenic
stimulus, over the number of migrated cells in the absence of FBS
(basal). Migration of WT MAEGs is ca. 8-fold increased in response to
FBS. Conversely, this ability is increased by only 2-fold in response to
FBS in Glo1KD MAECs (Fig. 3b). Moreover, while FBS induces a ca. 6-
fold increase of invasion in WT MAECs, Glo1KD MAECs are not able to
invade the Matrigel-coated membrane following exposure to FBS
(Fig. 3c). Thus, both migration and invasion are significantly impaired
in Glo1KD MAECs compared to WT MAECs.

3.2. HoxAb5 involvement in Glo1KD mediated impairment of angiogenesis in
MAECs

The expression levels of anti- and pro- angiogenic Hox genes, known
to be expressed in adulthood, have been measured in WT and Glo1KD
MAECs and are reported in Table 1.

Among these, mRNA levels of HoxA5, which plays an anti-
angiogenic function, are ca. 2-fold higher in Glo1KD as compared to WT
MAECs (Table 1). Similarly, also protein levels of HoxA5 are 2-fold
increased in Glol1KD MAECs (Fig. 4) and are associated with a 40%
reduction of VEGFR2 protein, which is known to be a down-regulated
target of HoxA5 (Fig. S2a, b). Conversely, the protein levels of its li-
gand, VEGF, do not change in WT and Glo1KD MAECs (Fig. S2c, d).

Interestingly, chronic treatment with AG significantly reduces
HoxA5 protein levels in GlolKD MAECs (Fig. 4).

To prove the involvement of HoxA5 in Glo1KD dependent impair-
ment of angiogenesis, HoxA5 expression has been transiently silenced
by the use of specific siRNAs. HoxA5 expression levels in scramble-
transfected Glo1KD MAECs are increased by ca. 1.6-fold as compared to
scramble-transfected WT MAECs (Fig. 5a). The transfection of 5 nmol/L
HoxAS5 siRNA induces a 50% reduction of HoxA5 expression in Glo1KD
MAECs (Fig. 5a), thus lowering HoxA5 expression in Glo1KD MAECs to
a similar extent of control scramble-transfected WT MAECs. Interest-
ingly, HoxA5 silencing is able to improve both migration (Fig. 5b) and
invasion (Fig. 5c¢) ability of Glo1KD MAECs.
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Fig. 2. Glol expression, MGO and MGO-modified
protein levels in WT and Glol1KD MAECs. a) Glol
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3.3. NF-kB-p65 role in the regulation of MGO induced HoxA5
overexpression

As possible regulator of HoxA5 expression, the levels of the tran-
scription factor NF-kB-p65 have been evaluated in total protein lysates
of Glo1KD and WT MAECs. The Glo1KD MAECs show an increase of ca.
2-fold in NF-kB-p65, which is reverted by chronic treatment with AG
(Fig. 6a). Fractionation of nuclear from total protein lysates reveals a
1.5-fold increase of NF-kB-p65 in the cytosolic compartment (Fig. 6b)
and a 2.5-fold increase of NF-kB-p65 in the nucleus of Glo1KD MAECs
as compared to WT MAECs (Fig. 6¢).

Next, to test the binding of NF-xB-p65 to HoxA5 promoter, a chro-
matin immunoprecipitation assay has been performed. A bioinformatic
analysis (http://jaspar.genereg.net/) highlighted several predicted NF-
kB-p65 binding sites on HoxA5 promoter. Chromatin from WT and
Glo1KD MAECs has been immunoprecipitated with a NF-kB-p65 spe-
cific antibody and the putative highest scored binding sequence has
been amplified by qRT-PCR to verify and quantify the binding of NF-kB-
p65 to the HoxA5 promoter.

NF-kB-p65 binds HoxA5 promoter in WT MAECs and this binding is
2-fold higher in GlolKD MAECs (Fig. 7a). Furthermore, luciferase
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activity is increased when NF-kB-p65 is co-transfected with the vector
(pGL3 promoter) where NF-kB-p65 binding site (bs) is cloned (Fig. 7b).
Interestingly, the inhibition of NF-kB-p65 obtained by the use of a NF-
kB-p65 nuclear translocation inhibitor, JSH-23, is able to reduce HoxA5
mRNA expression in both WT and Glo1KD MAECs (Fig. 7c).

3.4. Effect of MGO in microvascular ECs

MCECs were used as microvascular EC line and both the exposure to
exogenous MGO and the treatment with GI were performed to test the
effect of MGO increase, as previously reported [15,34]. Migration
ability of MCECs is significantly increased in response to FBS. Con-
versely, migration is impaired in MCECs treated either with MGO
(Fig. 8a) or GI (Fig. 8b). Moreover, NF-kB-p65 protein levels are in-
creased in MCECs treated with MGO, compared to not treated control
cells (Fig. 8c), as well as in MCECs treated with GI, compared to both
not treated and vehicle-treated control cells (Fig. 8d). NF-kB-p65 in-
crease associates with a 1.4-fold increase of HoxA5 expression in
MCECs treated either with MGO (Fig. 8e) or with GI (Fig. 8f).

These data indicate that migration is impaired by MGO also in mi-
crovascular ECs and this associates with the up-regulation of NF-xB-p65
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Fig. 3. Cell growth, migration and invasion assays in WT and Glo1KD MAECs. a) Cell growth of WT (n = 3) and Glo1KD MAECs (n = 3) was tested from time 0 to
96 h by automated cell counter and reported in the graph as fold of cell number over time 0. b) Cells were seeded on the upper side of a 5um transwell insert and
migration ability was tested in presence or not of 10% FBS. Migrated cells were stained with crystal violet and are visible as violet dots in the 4 X magnification
images on the left. ¢) Invasion was tested evaluating the ability of cells to pass through a 8 um transwell insert coated with Matrigel, in presence or not of 10% FBS.

Representative 10 X magnification images are on the left. The graphs on the right of panels (b) and (c) represent the mean +

SEM of the fold increase of migrated

cells (n = 3) (b) or cells that passed through the matrigel and then the transwell insert (n = 5) (c), in response to 10% FBS over the basal migration (b) or invasion (c)
in absence of 10% FBS. Statistical analysis was evaluated using the Student's t-test; *p < 0.05, **p < 0.01, ***p < 0.001.

and HoxA5, as already demonstrated in macrovascular MAECs.

3.5. Expression levels of HoxA5 and NF-kB-p65 in vivo in a model of DM

Vascular tissue from HFD-fed mice was used to validate in an in vivo

model of DM the expression of the molecular players shown to be
crucial in the MGO-induced alteration of angiogenesis. As reported in
Table 2, HFD-fed mice show higher body weight and glycaemia, de-
velop glucose intolerance and insulin resistance as demonstrated by
glucose and insulin tolerance tests, respectively. More interestingly, the
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Table 1

mRNA levels of Hox genes. The expression of pro- and anti-angiogenic Hox
genes was evaluated in MAECs by qRT-PCR. mRNA levels in Glo1KD MAECs are
shown as the mean # SD of the expression units relative to WT MAECs (REU).
Cyclophilin A was used as housekeeping gene. Data were obtained from 8
(HoxD10, HoxA3, HoxA9, HoxB3) and 12 (HoxA5) independent experiments.
Statistical analysis was evaluated using the Student's t-test.

mRNA expression (REU) p value
Anti-angiogenic genes
HoxA5 1.87 + 0.37 0.00000003
HoxD10 1.16 = 0.77 n.s.
Pro-angiogenic genes
HoxA3 2.21 = 1.48 n.s.
HoxA9 1.54 =+ 1.1 n.s.
HoxB3 1.03 + 0.56 n.s.
HoxAS5 PR e, * — P
300 - EX S 13
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< 250 A
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Fig. 4. Protein levels of the antiangiogenic factor HoxA5 in WT and Glo1KD
MAECs. Protein lysates obtained by WT and Glo1KD MAECs, treated with 4 or
10 mmol/L AG for 96 h, were analyzed by Western blot with anti-HoxA5 anti-
body (n = 4). Anti-a-tubulin antibody was used as loading control. Protein
levels were quantified by the densitometric analysis of four independent ex-
periments. The bars in the graph represent the mean * SD. Statistical analysis
was evaluated using the Student's t-test; ** p < 0.01.

expression of both HoxA5 and NF-kB-p65 is significantly increased in
the aortic vascular tissue from HFD-fed mice compared to STD control
mice (Table 2).

4. Discussion

Diabetic vascular complications are associated with angiogenesis
abnormalities. Given the complexity of these alterations, although ex-
tensive research has been performed, the mechanisms underlying the
dysfunctional angiogenesis occurring in diabetes are still not fully un-
derstood [5]. In the present work, we identify HoxA5 as a new player in
the impairment of angiogenesis observed in Glo1KD MAECs.

Previous studies performed in rats have shown that MGO exposure
leads to the impairment of wound healing and the development of
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diabetes-like vascular damage. In particular, MGO treatment is asso-
ciated with cell growth arrest, impaired vasodilation and degenerative
changes in cutaneous microvessels with loss of ECs [35]. Moreover, it
has been demonstrated that the overexpression of Glol inhibits AGEs
formation in bovine ECs [36] and is able to improve hyperglycemia-
induced impairment of angiogenesis in human microvascular ECs [37].
Here, for the first time, we have used a pathophysiological system in
which an endogenous accumulation of MGO occurs into the cell as
consequence of insufficient detoxification by Glol, to investigate the
effect of MGO overload on angiogenesis ex vivo.

MGO levels have been described to be increased from 2 to 5-fold in
diabetic patients [12]. The reduced expression of Glol in Glo1KD
MAECs associates with a 5-fold increase of endogenous MGO con-
centration, thus resulting in an increase of MGO accumulation similar
to that found in diabetic subjects. Therefore, the use of this model, as
well as the inhibition of Glol activity by GI in MCECs, allows us to
bypass the supraphysiological effect linked to the treatment with high
levels of exogenous MGO. Notably, a physiological reduction of Glol
occurs with age and delays wound healing in old mice [38].

Although recent evidence proposes a previously unrecognized role
of other detoxifying enzymes, such as aldose reductase, in the com-
pensation for Glo1 loss [39], we show that the partial deletion of Glo1 is
detrimental for the angiogenic function of ECs ex vivo. Indeed, in our
experimental model, aortae isolated from Glo1KD mice feature an im-
paired EC sprouting ex vivo. The availability of MAECs isolated from
this novel model gave us the possibility to investigate in detail the
mechanistic aspects of Glo1KD effects on angiogenesis, also confirmed
in microvascular MCECs following their treatment with GI or the ex-
posure to MGO. Angiogenesis is a complex highly regulated process,
involving EC proliferation, matrix degradation, cell migration, tube
formation and vessel maturation [1,40]. Isolated Glo1KD MAECs show
a reduced cell growth compared to WT MAECs. Although others have
provided evidence of a pro-apoptotic effect of MGO [41-43], in our
system the reduced cell growth is not dependent on cell apoptosis, as
demonstrated by the lack of Caspase-3 and PARP cleavage in Glo1KD
MAECs. This suggests that the delay in cell growth depends on a de-
crease in cell proliferation. Glol1KD MAECs also show an impaired
ability to invade an ECM extract and migrate through a porous mem-
brane in response to a pro-angiogenic stimulus, indicating that the
partial depletion of Glo1 is responsible for the impairment of different
steps of the angiogenic process in MAECs.

Given the essential role played by genes belonging to the Hox gene
family in regulating physiological processes in adult tissues, including
angiogenesis and wound healing [44], we have focused on them as
candidate mediators of the observed phenotype in Glol1KD MAECs.
Among the Hox genes analyzed, we have found an overexpression of
the anti-angiogenic HoxA5 in Glo1KD as compared to WT MAECs. The
ability of AG to rescue HoxA5 levels would suggest that its over-
expression is a consequence of a MGO-mediated effect. Recent evidence
have demonstrated that murine hemangioma cell growth is reduced by
sustained HoxA5 expression [26], which is also associated to retinoic
acid-induced cell growth inhibition, acting as a downstream mediator
of retinoic acid receptor-f [45]. Moreover, HoxA5 has growth-sup-
pressive properties through the activation of p53 expression [46]. Al-
though these studies highlight a negative effect of HoxA5 on cell
growth, we hypothesize that it may play a role also in the invasion
process. Indeed, migration and invasion tests performed in this study
have been carried out in a time span of 18 h, which is lower than that
necessary to observe the significant delay of cell growth (48h) in
Glo1KD MAECs. Moreover, VEGFR2 protein levels are reduced in
Glo1KD MAEGs, as expected. Indeed, VEGFR2 has been reported to be a
down-regulated target of HoxA5 [25] and the reduction of its protein
levels have also been associated to the inhibition of Glol [21].

The obtained data suggest that HoxA5 may represent a good target
for answering the question of which mediator may be involved in the
angiogenesis impairment observed in our model. Indeed, both
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Fig. 5. Effect of HoxA5 silencing on migration and

20 - ek invasion ability of Glol1KD MAECs. MAECs were
i transfected with 5 nmol/L of negative control (scr) or
= HoxA5 siRNA (siRNA) where indicated. a) HoxA5
= mRNA levels were measured by qRT-PCR (n = 3).
5 L5 The bars in the graph represent the mean + SD of
~ the expression units relative to Cyclophilin A, used as
2 housekeeping gene. Migration (b) and invasion (c)
% were evaluated as reported in Fig. 3 legend in
%z o scramble and HoxA5 siRNA transfected cells (n = 3).
< '[ Bars in the graphs show the fold increase of migra-
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migration and invasion ability of GlolIKD MAECs are improved by
HoxA5 silencing. This is the first study proving the involvement of
HoxAS5 on impaired angiogenesis as a consequence of MGO accumula-
tion in MAECs. Moreover, the molecular events occurring between
MGO accumulation and HoxA5 overexpression has also been in-
vestigated.

Hox gene expression is commonly regulated via several mechanisms
including microRNAs action, methylation and transcription factor-
mediated regulation [44]. In our cell model, the expression of HoxA5
was not dependent upon either promoter de-methylation nor by mi-
croRNAs known to have HoxA5 as target (data not shown). Never-
theless, we identified several predicted binding sites for the pro-in-
flammatory transcription factor NF-kB-p65, by a bioinformatic
prediction search.

Activation of NF-kB-p65 is well known to contribute to the devel-
opment of chronic disorders, such as diabetes and its associated com-
plications. Indeed, hyperglycemia-mediated vascular complications in-
volve the activation of several biochemical cascades that have been
largely investigated in the last decades, including pro-inflammatory
pathways [47]. Bierhaus et al. have demonstrated that ligands of the
receptor for AGEs (RAGE) induce sustained activation of NF-kB-p65
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both in vitro and in vivo, promoting the production of factors involved
in the accelerated vascular disease [48]. Furthermore, it has been re-
cently demonstrated a direct activation of NF-kB-p65 translocation by
MGO in synovial cells [49].

Accordingly to the increase of NF-kB-p65 expression reported by El
Osta et al. [28] in Glo1KD MAECs, our data demonstrate that NF-xB-
p65 protein levels are higher in Glo1KD than in WT MAECs. This in-
crease is lost when Glo1KD MAECs are chronically exposed to the MGO
scavenger AG, which directly reacts with MGO, thus preventing the
MGO-derived AGEs formation and its damaging downstream effects.
Moreover, NF-kB-p65 is more activated in GlolKD compared to WT
MAECs. These data are strengthened by previous studies in rats and
diabetic patients, demonstrating that the activation of NF-kB-p65 is
associated with an increase of its expression, and the new synthesis of
NF-kB-p65 itself is critical for maintaining the chronic NF-kB-p65 ac-
tivation [48].

Even though our work is based on a peculiar model which allows
the investigation of the specific MGO effect on endothelial cell function,
we also used a HFD-fed mouse model recapitulating the diabetic con-
dition (i.e. hyperglycaemia, impaired glucose tolerance and insulin
resistance) to confirm the up-regulation of both NF-kB-p65 and HoxA5
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Fig. 6. NF-xB-p65 levels in WT and Glo1KD MAECs. a) Whole cell protein lysates from WT and Glo1KD MAECs were analyzed by Western blot with anti-NF-kB-p65
and anti-actin antibodies (n = 9). (b, ¢) Protein lysates from cytoplasmic/nuclear fractionation were evaluated by Western blot with anti-NF-kB-p65 antibody
(n = 6). Cytoplasmic protein normalization was performed using anti-GAPDH antibody (b), nuclear protein normalization with anti-lamin A/C antibody (c). The bars
in the graphs represent the mean + SD. Statistical analysis was evaluated using the Student's t-test; **p < 0.01, ***p < 0.001.
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Fig. 7. NF-kB-p65-dependent regulation of HoxA5
transcription. a) NF-kB-p65 binding on HoxA5 pro-
moter was tested by chromatin immunoprecipitation
assay (ChIP) followed by quantization by qRT-PCR of
a putative high scored NF-kB-p65-consensus se-

*%
* quence on HoxA5 promoter (5-TGGGCTTTTCC-3")
0.6 - — 10 1 reported at the top of the panel. Bars in the graph
9 represent a quantitation of the HoxA5 promoter re-
gion bound by NF-kB-p65 and are shown as the
o 0.5 - s 8 - percent (%) of chromatin recovered by ChIP + SEM
= = of five independent experiments. b) The luciferase
g“ a1 7 activity of empty pGL3 promoter (EV) and pGL3
— 04 - s = promoter containing NF-kB-p65 binding site (pGL3
S g o= 6 NF-kB-p65 bs), co-transfected or not with 250 ng NF-
°\° < s kB-p65 pRc/CMV vector, was measured by luciferase
:;; 03 - @ g 5 assay. Luciferase activity was measured in relative
\& s - light units (RLU). Bars in the graph represent the
| 2 é 4 - T mean * SD of Firefly luciferase activity normalized
E 02 - T ‘S B on Renilla luciferase activity, obtained from three
L;" ’ 5 = 34 independent experiments. c¢) Cells were treated with
Z. = the NF-xB-p65 inhibitor JSH-23 (60 umol/L) and
B 2 HoxA5 mRNA levels were analyzed by qRT-PCR
0.1 - (n = 5). Cyclophilin A was used as housekeeping
1 A gene. Statistical analysis was evaluated using the
T Student's t-test; *p < 0.05, **p < 0.01,
0.0 0 *#%p < 0.001.
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in vivo in the vascular tissue. It has been previously reported that HFD
increases the tissue accumulation of MGO and MGO-derived AGEs in
rodents [50-52]. Moreover, HFD is known to impair angiogenesis, both
in hind limb reperfusion and wound healing models in mice [53-55],
thus indicating the HFD-fed mouse as a suitable model to confirm the
molecular alterations observed in vitro in ECs. Although a systemic up-
regulation of NF-kB-p65 may be expected in HFD, this is the first evi-
dence of HoxA5 over-expression in the vascular tissue of HFD-fed mice.

Within the anti-angiogenic context, NF-kB-p65 activation may be
seen as paradoxical. However, it is noteworthy that while in tumor cells
NF-kB-p65 is mostly oncogenic, its upregulation in ECs is associated
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with angiostatic activity [56]. Indeed, besides exerting a negative effect
on ECM degradation [57] and tube formation [58], NF-kB activation in
ECs induces the expression of not only angiogenic (e.g. VEGF) but also
angiostatic factors (e.g. VEGI) [56]. As a potential mechanism in the
activation of NF-kB, we hypothesize that MGO-induced oxidative stress
may be causative of NF-kB-p65 activation [59], as suggested by our
preliminary data proving a protective effect of the anti-oxidative agent
N-acetyl cysteine (data not shown). Conversely, the hypothesis that
MGO-dependent AGE/RAGE pathway [48] or Glo1KD related NF-kB-
p65 epigenetic modification (i.e. H3K4mel) [28] could also be the
cause for increased NF-kB-p65 in our model requires further
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Fig. 8. Effect of MGO in MCECs. MCECs were exposed to MGO (500 pmol/L) for 16 h (a, ¢ and e) or to GI (10 umol/L) for 48 h (b, d and f). The vehicle of the GI was
DMSO and used to treat control cells. Each experiment was performed in triplicate. a, b) After treatment, MCECs were seeded on the upper side of a 5 um transwell
insert and migration ability was tested in presence or not of 10% FBS. Migrated cells were stained with crystal violet and are visible as violet dots in the 4 x

magnification images on the left. The graphs on the right of panels (a) and (b) represent the mean +

SD of the fold increase of migrated cells in response to 10% FBS

over the basal migration in absence of FBS. ¢, d) Whole cell protein lysates were analyzed by Western blot with anti-NF-kB-p65 and anti-vinculin antibodies. e, f)
HoxA5 mRNA levels were measured by qRT-PCR. The bars in the graphs represent the mean *= SD of the expression units relative to Cyclophilin A, used as
housekeeping gene. Statistical analysis was evaluated using the Student's t-test; ***p < 0.001.

Table 2

Expression levels of HoxA5 and NF-kB-p65 in HFD-fed mice. C57BL/6 mice
were fed with HFD (n = 7) or STD (n = 7) for 22 weeks. At the end of diet
protocol, body weight and fasting glycaemia were analyzed. Glucose tolerance
and insulin resistance were determined by GTT and ITT, respectively, and are
shown in the table as the area under the curve (AUC). mRNA levels of HoxA5
and NF-kB-p65 were measured in the vascular tissue by qRT-PCR and are re-
ported as 2~ *“* (arbitrary units, AU). p value was calculated by Student's t-test.

STD HFD p value
Body weight (g) 345 + 25 446 = 4.3 0.0001
Glycaemia (mg/dL) 105.7 = 8.7 162.4 = 31.0 0.0005
GTT AUC (mg/dL X min) 7,967 * 1053 18,423 + 6225 0.0009
ITT AUC (mg/dL X min) 9,954 * 1473 13,888 + 1761 0.0007
HoxA5 (AU) 0.018 + 0.002 0.024 + 0.003 0.01
NF-kB-p65 (AU) 0.075 =+ 0.005 0.113 + 0.021 0.0007

investigation.

Our study provides the first evidence that NF-xB-p65 binds HoxA5
promoter in MAECs. HoxA5 binding by NF-«kB-p65 is higher in Glo1KD
MAECs as compared to WT MAECs. Moreover, NF-kB-p65 binding to
the promoter positively regulates the expression of the anti-angiogenic
HoxA5 in MAECs. Although this study is mostly based on MAECs, which
are considered macrovascular ECs, we also demonstrate here that MGO
impairs the migration ability and induces the up-regulation of both
HoxA5 and NF-kB-p65 in MCECs, indicating that similar damaging ef-
fects of MGO on the angiogenic function, found in MAECs, also occurs
in microvascular ECs.

5. Conclusion

This study provides a novel mechanism in the understanding of the
damaging specific effect of Glol reduction and concurrent MGO accu-
mulation on angiogenesis, in a normoglycemic microenvironment.
Through the activation of the transcription factor NF-kB-p65, MGO
accumulation induces the overexpression of HoxA5 leading to the im-
pairment of angiogenesis.

The results obtained in this study emphasize the need of identifying
novel strategies able to interfere with these molecular events for the
prevention and treatment of diabetes associated microvascular com-
plications.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2018.10.014.
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