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Abstract Atherosclerotic plaque formation is often asso-
ciated with pathological angiogenesis. Modified phospho-
lipids, including oxidized lipoproteins such as LDL, are
found to induce adhesion of the monocytes to the endo-
thelial cells and to stimulate their chemotaxis. Effects of
oxidized 1-palmitoyl-2-archidonoyl-sn-glycero-3-phospho-
choline (0x-PAPC) mimic actions of minimally modified
LDL in vivo. Interleukin-8 (IL-8) and interleukin-15
(IL-15) are known to induce both inflammation and angio-
genesis. The goal of our study was to analyze a potential
synergism between ox-PAPC and IL-15 in the in vitro model
of angiogenesis carried out in the human endothelial cells
(HUVECS). Increasing IL-15 concentrations led to forma-
tion of the tube-like structures in the matrigel 3D-model of
angiogenesis (P < 0.05), in contrast to ox-PAPC that
inhibited this process. HUVECs incubation with ox-PAPC
led to reduced IL-15 gene basal expression (P = 0.033)
along with parallel increase, however statistically insignifi-
cant, of basal gene expression of IL-8 (P = 0.086).
Our findings point to the ox-PAPC opposite effects on the
IL-8- and IL-15-mediated angiogenic responses that con-
tribute to pathological angiogenesis induced by ox-LDL.
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Introduction

Oxidized lipids promote cellular endoplasmic reticulum
stress, autophagy, and chronic inflammatory response, all
of which are observed in atherosclerosis [1]. One of these
activated lipids, oxidized 1-palmitoyl-2-archidonoyl-
sn-glycero-3-phosphocholine (0x-PAPC), mimics in vivo
effects of an oxidized low-density lipoprotein, namely
minimally modified LDL (mm-LDL) [2], and it induces
expression of interleukin 8 (IL-8) in human endothelial
cells [3].

Interleukin 15 (IL-15) is a cytokine-detected in the early
phases of different chronic inflammatory processes [4].
Increased expression of IL-15 is observed in the athero-
sclerotic plaques, including endothelial cells [5]. Moreover,
IL-15 is found to induce angiogenesis in vivo [6].

Since angiogenesis is observed in the majority of
inflammatory processes, including atherosclerotic plaque
formation, the goal of our study is to analyze activity of
ox-PAPC in regulation of the IL-15 generation by endo-
thelial cells and IL-15-mediated angiogenesis in the in vitro
models of angiogenesis.

Materials and methods
Culture cell lines

Human umbilical venous endothelial cells (HUVEC) were
isolated as described previously [7] and incubated with one
of the following compounds: 75-150 pg/ml ox-PAPC (Cell
Sciences), 0.2 nM VEGF (Sigma-Aldrich), 0.5 nM bFGF
(Sigma—Aldrich) or 100 U/ml TNF« (Sigma—Aldrich) for
0-24 h. Any cytotoxic effects of the above factors were
estimated by measurement of lactate dehydrogenase (LDH)

@ Springer



348

Genes Nutr (2011) 6:347-351

activity in the medium (Cytotox 96 kit, Promega). Potential
changes in cell proliferation were reflected by the rate of
DNA synthesis, which was measured by bromo-deoxyuri-
dine (BrdU) incorporation into DNA using the anti-BrdU
assay (Roche Applied Science).

The IL-15 gene expression

Quantitative real-time PCR (qQRT-PCR) was performed in
order to investigate regulation of the gene expression, using
GAPDH (GAPDH sense: gccagccgagccacate; antisense:
gcgeccaatacgaccaaa) as the reference gene. Total RNA was
isolated by Trizol method (Invitrogen Life Technologies),
and 1 pg of the generated RNA was used to synthesize
cDNA in the presence of SuperScript reverse transcriptase
(Gibco). The qRT-PCR was performed in a reaction mix-
ture containing QuantiTect SYBR Green PCR (Qiagen)
mix and specific primers (IL-15 sense: ccgtggctttgagtaatga,
and antisense: cagattctgttacattccc) according to the stan-
dard protocol of the Light Cycler system (Roche).

The 3-dimensional angiogenesis model in matrigel
(the 3D matrigel model)

The HUVEC were re-suspended in matrigel (Calbiochem)
(10 x 10° cells per 1 ml) and incubated with investigated
factors for 24 h. Number and length of vascular tubules
were analyzed under optical microscope (x10), photo-
graphed and analyzed by the computer software [7].

Statistical analysis

Descriptive results of continuous variables were expressed
as mean values £ SD. Normal distribution and homoge-
nity of variables were tested before in-depth statistical
analysis. We used the y” test for comparisons of propor-
tions and unpaired ¢ test for comparisons of the quantitative
variables. Statistical significance was set at P < 0.05.
The statistical analysis was performed with Statistica for
Windows from Statsoft.

Results

All of the investigated ox-PAPC (150 pg/ml) and IL-15
(2 and 8 nM) were safe under our experimental conditions,
since they did not increase LDH concentration in tested
HUVECs compared to the control, un-stimulated cells
(Fig. 1). Physiological amounts of IL-15 (2, 4, and 8 nM)
did not influence cell proliferation (EC) (Fig. 2). However,
increasing IL-15 concentrations led to enhanced formation
of the endothelial tubular-like structures, increased tubular
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Fig. 1 Influence of investigated factors (ox-PAPC and IL-15) on
cytotoxicity in HUVEC (measured as LDH production). The mean
values = SEM; n = 3 done in triplicates. VEGF—vascular endothe-
lial growth factor, bFGF—basic fibroblast growth factor, IL-15—
interleukin 15, ox-PAPC—oxidized 1-palmitoyl-2-archidonoyl-sn-
glycero-3-phosphocholine
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Fig. 2 Influence of IL-15 on HUVEC proliferation (measured as
BrdU incorporation). Presented results are the mean values + SEM;
n = 3 done in triplicates. Incubation with VEGF and bFGF served
as the positive controls. P < 0.005 vs control. VEGF—vascular
endothelial growth factor, bFGF—basic fibroblast growth factor,
IL-15—interleukin 15

number and length in the 3D matrigel model in vitro
(P <0.05) (Figs.3 and 4). The observed angiogenic
effect of 8 nM IL-15 was comparable to the one of the
pro-angiogenic growth factors such as VEGF and bFGF.
Non-toxic amount of ox-PAPC (75-150 pg/ml), which
cellular safety was verified by CytoTox screen (Fig. 1), did
not influence the EC proliferation, but it inhibited the
tubular-like endothelial structures formation in the 3D
model (Fig. 4).

Next, we focused on the ox-PAPC effects over basal
expression of the IL-15 gene in HUVECs. The time-
dependent inhibition of IL-15 expression in the endothelial
cells was found after their incubation with 150 pg/ml
ox-APC as well as 100 U/ml TNFa, a known cellular
endoplasmic reticulum stress-inducing factor (Fig. 5). The
IL-15 gene inhibition was statistically significant after
3.5 h (P = 0.033) or longer incubation time (P = 0.032 at
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Fig. 3 IL-15-induced acceleration of the endothelial tube-like struc-
ture formation. The mean values = SEM; significance (* P < 0.05;
** P < 0.005) vs control, n = 3 done in triplicates. Incubation with
VEGF and bFGF served as the positive controls. VEGF—vascular
endothelial growth factor, bFGF—basic fibroblast growth factor,
IL-15—interleukin 15

7 h). We demonstrated that inhibition of the IL-15 gene
expression was not a result of ox-PAPC toxic effect, since
ox-PAPC at used concentrations did not stimulate the LDH
release up to 24 h of incubation (Fig. 1). In the control,
parallel experiment, there was a time-dependent, not sta-
tistically significant, up-regulation of the IL-8 gene
expression induced by 150 pg/ml ox-PAPC (P = 0.086)
(Fig. 6).
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Fig. 5 The time-depended inhibition of the IL-15 gene expression
in endothelial cells (HUVECs) after incubation with 150 pg/ml
0ox-PAPC. The presented results are mean values = SEM; n = 3 done
in triplicates (* P < 0.05). Control—not-stimulated HUVECs,
VEGF—vascular endothelial growth factor, bFGF—basic fibroblast
growth factor, ox-PAPC—oxidized 1-palmitoyl-2-archidonoyl-
sn-glycero-3-phosphocholine, TNFoa—tumor necrosis factor alpha
served as positive control of stress/inflammation condition

Discussion

Our results demonstrate pro-angiogenic IL-15 activity,
which was described in some previously published obser-
vations [6, 8]. We also verified that the pro-angiogenic
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Fig. 4 The influence of investigated factors on tubule-like structure formation in the 3D model. Example pictures form 3 experiments.
bFGF—basic fibroblast growth factor, IL-15—interleukin 15, ox-PAPC—oxidized 1-palmitoyl-2-archidonoyl-sn-glycero-3-phosphocholine
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Fig. 6 The time-dependent
influence of 150 pg/ml
ox-PAPC on IL-8 gene
expression in HUVECs. The
presented results are mean
values = SEM; n = 3 done in
triplicates (** P < 0.005).
Control—not-stimulated
HUVECS, oxPAPC—oxidized
1-palmitoyl-2-archidonoyl-
sn-glycero-3-phosphocholine,
TNFo—tumor necrosis factor
alpha served as positive control
of stress/inflammation condition
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activity of IL-15 was not associated with increased pro-
liferation of HUVECsS, but it rather promoted capillary
network maturation manifested by the process of the tubule
formation in the 3D matrigel model. Non-toxic amounts of
IL-15 increased the number and length of the endothelial
tubules in a similar fashion as the pro-angiogenic VEGF
and bFGF factors.

In our study, ox-PAPC did not influence the endothelial
cell proliferation. Moreover, it inhibited the tubular-like
structures formation in the 3D model of angiogenesis in the
time-dependent way. Our in vitro observations confirmed
previously reported ox-PAPC inhibitory effect on the
constitutive expression of IL-15 gene in the endothelial
cells [9, our results]. The inhibition of IL-15 expression
mediated by ox-PAPC in HUVECs could provide some
possible explanation on how breakable and immature type
of capillaries form, which are typical for impaired and
pathological angiogenesis associated with atherosclerotic
plaque development [9].

IL-8 is a potent activator of endothelial cells chemotaxis
that promotes angiogenesis [10]. Our results show weak
up-regulation of IL-8 gene by ox-PAPC in HUVECs,
which may also add to the understanding of the impaired
angiogenesis and the atherosclerotic plaque rupture mech-
anism. It is possible that on the one hand ox-PAPC leads to
IL-8 induction and promotes early phase of angiogenesis,
while on the other hand it simultaneously down-regulates
the IL-15 gene expression and inhibits maturation of the
capillary network. Such a pathological mechanism might
result in generation of non-functional, breakable capillar-
ies; which typically characterize unstable atherosclerotic
plaques or tumor vasculature [11].

Our findings may help understand mechanisms of vas-
culature formation driven by modified lipids during the
pathological angiogenesis associated with the atheroscle-
rotic plaque formation.
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