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Abstract

Therapeutic neovascularization is a promising therapy option for patients with peripheral arterial disease. We followed in
time the gene expression after induction of hind limb ischemia in mice with different patterns of blood flow restoration
and identified lipocalin 2 (LCN2) as a strongly upregulated factor whose role in neovascularization deserves further
investigation. In this study, we investigated the role of LCN2 in angiogenesis using the hind limb ischemia (HLI) model,

ex vivo angiogenic aortic ring assay, and by assessing the pre-existing collaterals in the pial circulation in both Lcn2™

/—

mice and wild-type (WT) mice. This demonstrated an upregulated mRNA expression of Lcn2 after HLI and reduced

post-ischemic angiogenesis in Lcn2~/~

compared to WT mice. In the aortic ring assay, angiogenic sprouting was

decreased in Lcn2 '~ compared to WT mice. The blood flow recovery and arteriogenesis after HLI and preexisting
collateral density in the pial circulation were similar in Lcn2~’~ and WT mice. In vitro, siRNA-mediated LCN2 knockdown
impaired HMVEC migration and tube formation. These results show that LCN2 is a potential pro-angiogenic factor and
that LCN2 downregulation has a negative effect on angiogenesis in vivo and in vitro.
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Introduction

Peripheral arterial disease (PAD) is a major cause of
morbidity and mortality (1). PAD is caused by
atherosclerosis in blood vessels in the limbs, which
leads to reduced blood flow through the legs. The

current medical treatment of PAD includes
conventional percutaneous and/or surgical
revascularization. However, many patients have

recurrent complaints about restenosis after these
treatments. In addition, some patients are poor
candidates for these endovascular and surgical
approaches due to comorbidities or anatomical
restrictions. For these poor responders and patients
who are not suitable for vascular intervention
approaches, therapeutic neovascularization is a
promising alternative approach.
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Therapeutic neovascularization includes induction of
angiogenesis and arteriogenesis since these two
mechanisms both participate in compensating the
consequences of arterial occlusion. Angiogenesis is the
process of sprouting new capillaries from pre-existing
microvasculature and is driven by ischemia. Ischemia
leads to the activation of, among others, hypoxia-
inducible transcription factors (HIFs), and this induces
the expression of angiogenic genes, including
VEGF-A (2). Inflammatory cells are also important for
angiogenesis (3), as they contribute by secreting cytokines
and chemokines that may affect endothelial functions.

Arteriogenesis is the outward remodeling of collateral
arteries from the pre-existing arteriole network.
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Arteriogenesis is triggered by increased shear stress
against the arteriole wall, which leads to the activation
of endothelial cells such that these cells then express
adhesion molecules and secrete chemokines and
inflammatory cytokines (4). This leads to the induction
of an inflammatory response and recruitment of
leukocytes, including neutrophils (5). The clinical trials,
which targeted vascular remodeling with the obvious
potential targets (such as vascular endothelial growth
factor (VEGF), fibroblast growth factor, or hepatocyte
growth factor) acquired from animal research, have
shown disappointing results (6, 7, 8, 9). Therefore,
further research is required to find factors that are
involved in neovascularization, including both
arteriogenesis and angiogenesis, and may provide new
therapeutic possibilities.

In mice, post-ischemic blood flow recovery patterns differ
for each strain of mice based on their genetic
background (10). The biggest difference is seen
between C57BL/6 and Balb/c mice, whereby C57BL/6
mice show the best blood flow recovery, and Balb/c
mice show the poorest. C57BL/6 mice have more
pre-existing collateral arteries and a good remodeling
capacity after induction of ischemia (11). Balb/c mice
have no preexisting collateral arteries in the pial
circulation and only a few in the intestine. The skeletal
muscles of Balb/c mice show an altered pattern of the
preexisting collateral arteries. Furthermore, after
induction of ischemia, Balb/c mice show a hampered
remodeling response (10, 12, 13). In a previous study in
which we compared C57BL/6 and Balb/c mice (14), we
found a multitude of differences in immune regulatory
genes and found Lcn2 as the highest upregulated. This
finding provides us with a new target for therapeutic
neovascularization.

The Lcn2 gene encodes lipocalin 2 (LCN2) protein. LCN2 is
also known as 24p3 in mice and as neutrophil-gelatinase-
associated lipocalin (NGAL) in humans. LCN2 is a 25 kDa
protein that was originally found in the granules of
neutrophils (15). Later research showed that other cell
types also release LCN2 in response to various injuries
(16, 17). LCN2 mediates an innate immune response to
bacteria by iron sequestration (18). In mice, LCN2 is
associated with atherosclerosis in a stage-dependent
manner (19). LCN2/NGAL was increased in
atherosclerotic plaques in mice and humans (20),
especially in unstable plaques in humans (21). In
addition, clinical studies showed that serum levels of
NGAL were higher in patients with coronary artery
disease (CAD) compared to healthy controls (22). These
studies also showed that patients with acute myocardial
infarction had higher levels of NGAL compared to
patients with stable CAD (23). Besides serum changes,
LCN2/NGAL was also detected in patients with PAD, in
human femoral plaques in regions rich in inflammatory
cells, and increased serum levels of LCN2 were associated
with an increased risk for cardiovascular events in PAD
patients (24).

Vascular Biology (2025) 7 e250001
https://doi.org/10.1530/VB-25-0001

LCN2 is an acute-phase inflammatory protein and is
upregulated via different pro-inflammatory factors and
may enhance the atherosclerotic process, leading to
increased cardiovascular risks (25). As intraplaque
angiogenesis is also an important factor in
atherosclerotic lesion development (26) and in rat
brain endothelial cells, LCN2 enhanced angiogenesis
via iron and ROS-related pathways (27), it is unclear
what the exact role of LCN2 in PAD is. Previous
research reported that LCN2 is involved in
inflammation, which is crucial for neovascularization,
although it remained unclear whether this relates to
arteriogenenesis, angiogenesis, or both. Therefore, we
hypothesize  that LCN2 plays a role in
neovascularization. However, whether this relates
more to arteriogenesis/collateral formation or more to
angiogenesis remains to be determined.

To this end, we investigated the role of LCN2 in
neovascularization in vivo using the hind limb ischemia
model and the ex vivo aortic ring assay in Lcn2 knockout
mice, which showed that angiogenesis, but not
arteriogenesis, was affected. To confirm these findings,
human microvascular endothelial cells (HMVECS) were
used to investigate the effect on in vitro angiogenesis after
LCN2 knockdown using siRNAs.

Materials and methods

All animal experiments were performed in compliance
with Dutch government guidelines and the Directive
2010/63/EU of the European Parliament and approved
by the committee on animal welfare of the Leiden
University Medical Center (The Netherlands). Lcn2~/~
mice were kindly made available by Professor T W
Mak from the University Health Network in Canada
(28). Male C57BL/6 and Lcn2 knockout mice from the
age of 8-12 weeks were used in these experiments and
received a high-fat cholesterol-rich diet.

Hind limb ischemia was induced in C57BL/6 and Lcn2 '~
mice. Mice were anesthetized by intraperitoneal injection
of a mixture of midazolam (8 mg/kg), medetomidine
(0.4 mg/kg), and fentanyl (0.08 mg/kg). Subsequently,
surgical unilateral induction of hind limb ischemia was
accomplished by electro-coagulation of the left common
femoral artery proximal to the bifurcation of the
superficial and deep femoral arteries.

To analyze the blood flow in the tissue, Laser Doppler
perfusion imaging (LDPI) (Moor Instruments, UK)
analysis was performed. Mice were anesthetized with
intraperitoneal injection of midazolam (8 mg/kg) and
medetomidine (0.4 mg/kg) before the measurements.
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LDPI was performed before, immediately after, and on
the day 7, 10, 14, 21, and 28 after induction of ischemia.
Perfusion measurements were obtained by the ratio of
ischemic to non-ischemic paw. After each measurement,
anesthesia was antagonized with flumazenil (0.7 mg/kg)
and atipamezole (3.3 mg/kg), except for the final
measurement at day 28, when mice were sacrificed
directly after LDPI measurements when still under
anesthesia and with additional fentanyl (0.08 mg/kg)
painkilling (29).

To unravel the gene pattern after HLI in C57BL/6 mice,
whole-genome expression profiling was performed. Mice
were killed under anesthesia before and at different time
points after induction of HLI (days 1, 3, 7, 14, and 28), and
the adductor muscle group was removed. The tissue of the
adductor muscle was snap-frozen, crushed, and
homogenized over a Qiashredder (Qiagen, Germany).
Total RNA was isolated from the tissue or cells by using
an RNeasy Fibrous Tissue Mini Kit (Qiagen), and RNA
integrity was checked by NanoDrop (ThermoFisher, USA)
and Bioanalyzer (Agilent Technologies, USA).

For array analysis, MouseWG-6 v2.0 Expression
BeadChips (Ilumina, USA) were used, and statistical
analysis of microarray data (SAM) was used for
analysis as described by Nossent et al. (14).

We performed real-time quantitative PCR to validate the
data of array analysis and to confirm the Lcn2 level after
siRNA transfection. RNA was reverse transcribed using a
High-Capacity RNA-to-cDNA Kit (Applied Biosystems,
ThermoFisher, USA). For murine samples, quantitative
PCR was performed on the ABI 7500 fast system, using
commercially available TagMan gene expression assays
for murine Lcn2 (Applied Biosystems). CT values were
normalized against Hprt1. For HMVECS, quantitative PCR
was performed by SYBR Green reagents (Qiagen) on the
QuantStudio™ 5 System (Applied Biosystems), and CT
values were normalized against GAPDH.

Mice were anesthetized with midazolam (8 mg/kg),
medetomidine (0.4 mg/kg), and fentanyl (0.08 mg/kg)
and heparinized. The thoracic aorta was cannulated
retrograde, and the circulation was maximally dilated
by infusion of sodium nitroprusside (30 pg/mL) and
papaverine (40 pg/mL) in PBS at approximately 100
mmHg before vascular casting. After craniotomy,
yellow Microfil (Flow Tech Inc., USA) was infused
under a stereomicroscope. The dorsal cerebral
circulation was fixed with a topical application of 4%
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paraformaldehyde (PFA) to prevent any degradation in
vessel dimensions after Microfil injection. The brains
were fixed overnight in 4% PFA and were subsequently
incubated in Evans Blue (2 pg/mL in 4% PFA) for several
days to improve contrast for visualization of the
vasculature. Digital images were acquired of the dorsal
brain surface and processed with Image]J software (NIH).
Collateral density was calculated by determining the total
number of pial collaterals between the anterior cerebral
artery (ACA)-middle cerebral artery (MCA), ACA-posterior
cerebral artery (PCA), and MCA-PCA, divided by the
dorsal surface area of the cerebral hemispheres.
Uncountable areas due to tissue damage or incomplete
filling were excluded from the analysis (10, 30, 31).

For harvesting tissues, mice were anesthetized by
intraperitoneal injection of a mixture of midazolam
(8 mg/kg), medetomidine (0.4 mg/kg), and fentanyl
(0.08 mg/kg). Subsequently, mice were sacrificed by
exsanguination.

Mice were sacrificed under anesthesia 10 days after
induction of HLI. The adductor and gastrocnemius
muscles from the ligated and non-ligated limbs of both
Len27~ and WT mice were harvested. The adductor
muscle group was fixed in 4% PFA, and
immunohistochemical analysis was performed on
paraffin sections (5 pm) of muscles of both the ligated
and non-ligated limbs of both groups. To detect the
collateral arterioles, sections of the adductor group
muscle were stained with anti-smooth muscle o-actin
(anti-aSMA, Dako). The sections were counterstained
with hematoxylin. The lumen diameter and number of
aSMA-positive vessels were quantified using Image]
software.

The gastrocnemius muscle was snap-frozen in liquid
nitrogen after harvesting. Frozen sections (5 um) of the
ligated and non-ligated limbs of both groups were fixed in
ice-cold acetone and stained with anti-CD31 (Santa Cruz
Biotechnology, USA), followed by a secondary anti-rabbit
antibody conjugated with Alexa 488 fluorochrome
(Molecular Probes). Vectashield  with  DAPI
(Vector Laboratories, USA) was used to stain the cell
nuclei. Staining was quantified from fluorescent images
taken using an LSM700 microscope (Carl Zeiss, Germany)
and contrast-stretched using Zen 2009 software (Carl
Zeiss) (32).

Mouse aortic ring assays were performed as previously
described (33). Briefly, the thoracic aorta was removed
from WT and Lcn2 ~/~ mice and transferred to a petri dish
containing Opti-MEM (Gibco, ThermoFisher, USA). The
surrounding branching vessels and fat were gently
removed, and the aorta was flushed with Opti-MEM
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(Gibco). Aortic rings of 0.5-1 mm were transported to
fresh Opti-MEM with antibiotics and serum-starved
overnight. Collagen (type I, Millipore, MilliporeSigma,
USA) was diluted to a concentration of 1 mg/mL with
1xDMEM (Gibco) and the pH was adjusted with 5N
NaOH. Ninety-six-well plates were coated with 70 pL
collagen matrix. Rings were transported into the wells,
and after 1 h, 150 uL Opti-MEM supplemented with 2.5%
fetal bovine serum (FBS) (PAA, Austria), penicillin-
streptomycin (PAA, Austria), and 30 ng/mL VEGF was
added to each well. The medium was changed first on
day 3. Microvessel outgrowth was quantified after 7 days
by live phase-contrast microscopy (Axiovert 40C, Carl
Zeiss). Each microvessel emerging from the ring was
counted as a sprout, and individual branches arising
from each microvessel were counted as separate sprouts.

Human microvascular endothelial cells (HMVECS),
derived from the foreskin, were cultured at 37°C in a
humidified 5% CO, environment with HMVECs culture
medium (EBM-2 basal medium (CC-3156)) containing 10%
FBS and EGMTM-2 (Single Quots™ Supplements
(CC-4176), Lonza, Switzerland). Medium was refreshed
every 2-3 days. Cells were passed using trypsin (Sigma,
USA) at 70-80% confluency.

Primary HMVECs were seeded in 12-well plates coated
with 1% fibronectin at 100,000 cells per well in the
HMVECs culture medium to establish subconfluent
cultures. After 24 h, cells were washed with PBS, and
each well was incubated with 900 uL culture medium and
100 pL of transfection medium (94 uL culture medium
with 3 uL of Lipofectamine RNAiMax (Life Technologies,
the Netherlands) and 3 pL of siRNA, incubated for 10 min).
The final siRNA concentration per well was 30 nM. The
siRNA used was SiRNA-LCN2 (AM51331). After the
addition of transfection agents, cells were incubated at
37°C for 48 h according to the manufacturer’s protocol.

Primary HMVECs were seeded in 12-well plates coated
with 1% fibronectin at 120,000 cells per well in the
HMVECs culture medium to establish confluent
cultures. After 24 h, the medium was replaced with the
transfection medium as previously described. Then,
transfection was conducted, and a scratch wound was
performed across the diameter of each well by using a
P200 pipette tip for each well. Next, cells were washed
with PBS and incubated in the starving medium (EBM-2
(Lonza) containing only 1% FBS and 1% gentamicin-
amphotericin of the provided BulletKit). To monitor
scratch-wound closure, live phase-contrast microscopy
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(Axiovert 40C, Carl Zeiss) was used for taking pictures
at 24 and 36 h after introducing the scratch wound.
Pictures were taken in the same location at two
positions in each well. Scratch size was calculated
using the wound healing tool macro for Image]. Each
single scratch assay condition was performed in
triplicate, and the scratch-wound healing assay was
repeated three times.

Tube-formation assay was performed using HMVECs. At
90% confluence, cells were transfected as described above
with Lipofectamine RNAiMax and siRNA-LCN2, or siRNA
negative control. After 24 h, cells were counted and seeded
in a 96-well plate at 15,000 cells per well. Plates were
coated with Geltrex™ (ref: A14132-02, Gibco) for 30 min
before seeding. Photos were taken using live phase-
contrast microscopy at 12 h after seeding and quantified
using the Image]. Each single tube-formation assay was
performed in six wells per condition, and the tube-
formation assay was performed three independent
times. The number of segments, the number of
branches, and the total length of the branches were
analyzed with ImageJ.

HMVECs were seeded in a 96-well plate coated with 1%
gelatin at 5,000 cells per well with culture medium, six
wells per condition. After 24 h, the medium was replaced
with starve medium (EBM-2 (Lonza) containing only 0.2%
FBS and 1% gentamicin-amphotericin of the provided
Bullet Kit) for another 24 h. Then, for the transfection
group, cells were cultured with transfection medium as
previously described, containing lipofectamine with
SiRNA-LCN2 or siRNA negative control. For control
groups, cells treated with culture medium containing
20% DMSO were used as the negative control, and cells
treated with culture medium were used as the positive
control. Six blank wells were filled with culture medium
as blank control. After 44 h of transfection, 10 uL of 5%
MTT (thiazolyl blue tetrazolium bromide, Sigma M5655)
was added directly to each well in each group and
incubation was continued at 37°C, 5% CO,, for 4 h.
Absorbance at 590 nm was measured using a Cytation
5 spectrophotometer (BioTek, USA).

Data are presented as the mean + SEM. Indicated
differences had the following levels of significance:
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All
tests were performed with a significance level of a = 0.05.
Independent sample Student’s t-tests and one-way
ANOVA tests were performed depending on different
experiment settings, which will be described in the
figure legends.
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Results

Upregulated mRNA expression level of Lcn2
after HLI

To identify factors that are essential in post-ischemic
blood flow recovery, we determined gene expression
profiles in C57BL/6 mice. The recovery of perfusion in
C57BL/6 mice is more rapid than in Balb/c after HLI (34),
which makes it interesting to know which genes are most
upregulated in C57BL/6 mice and may induce vascular
remodeling.

In this study, 3.729 genes in C57BL/6 mice were
significantly up- or downregulated over time, whereas
786 genes were already upregulated at day 1 after
induction of HLI. The gene that was significantly
highest upregulated on day 1 after induction of HLI in
the adductor muscle was Lcn2 (Significance Analysis of
Micro Data (SAM), q < 5%); after day 1 the expression
dropped. In the model of HLI, angiogenesis occurs mainly
in the gastrocnemius muscle, where the ischemia takes
place, and arteriogenesis occurs mainly in the adductor
muscle. To validate the data of the array analysis and to
determine the expression of Lcn2 in the ischemic area, we
performed real-time PCR and quantified the expression
level of Lcn2 in the left (the ligated side) adductor muscle
and in the left gastrocnemius muscle of C57BL/6 mice
(Fig. 1A, B, C, D).

Arteriogenesis in Lcn2 ™/~ mice

To investigate the role of LCN2 in neovascularization, we
studied blood flow recovery after HLI in Lcn2~/~ mice
compared with WT mice. The functional blood perfusion
was measured by Laser Doppler perfusion imaging and
showed the same amount of restoration of blood flow
after HLI in both strains, leading to a rapid induction of
the recovery with flow ratios more than 0.5 at 10 days and
full recovery of the flow after 28 days (Fig. 2A and B).

To rule out the influence of preexisting collateral density
differences on arteriogenesis, the number of collaterals in
the pial circulation of both strains was assessed.
Preexisting collateral density in the pial circulation of
the dorsal cerebral cortex predicts collateral density in
skeletal muscle (10, 30). Preexisting collateral density was
similar between Lcn2~/~ and WT mice (Fig. 2D and E, P =
0.16), which was in accordance with a decrease in paw
perfusion directly after induction of HLI in both WT and
Lcn2 ~'~ mice (Fig. 2C, P = 0.19). Even though the number
of preexisting collaterals was similar, and the paw
perfusion in the ischemic and non-ischemic paw after
induction was similar in both strains, the collateral lumen
area was increased after ischemia in Lcn2~/~ mice, since
the ratio of collateral lumen area between ligated limb
and unligated limb is above 1 (Fig. 2H). However, there
was no significant difference in the histological analysis
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Figure 1

Lcn2 expression in the HLI model (A) heatmap of gene regulation before
and after induction of HLI in C57BL/6 mice (n = 3). The pink-colored lines
show genes that are significantly upregulated on day 1 after induction of
HLI. n, number of mice. (B) Array signal of Lcn2 expression in the
adductor muscle of C57BL/6 mice (n = 3) before and after induction of HLI.
LA, left adductor. (C) Lcn2 mRNA expression in left adductor muscles of
C57BL/6 mice (n = 3) before inducing HLI and after, as measured by RT-
qPCR. (D) Lcn2 mRNA expression in left gastrocnemius muscles of
C57BL/6 mice (n = 3) before and after inducing HLI, as measured by RT-
qPCR. LG, left gastrocnemius. Data are presented as mean + SEM.

of collateral size and number in the Lcn2~/~ mice
compared to WT mice after ischemia (Fig. 2F, G, H).

Angiogenesis in Lcn2 ™/~ mice

To assess the effect of Len2 deficiency on ischemia-driven
angiogenesis, the numbers of capillaries, as well as the
average size of capillaries, were quantified in both
ischemic and non-ischemic gastrocnemius muscles
(Fig. 3A). The Lcn2~/~ mice showed a decrease of 18%
(P < 0.05) in capillary density (Fig. 3B) and of 25% (P <
0.001) in the capillary size (Fig. 3C) in the ischemic paw as
compared to WT mice. As reduced post-ischemic
angiogenesis was observed in vivo in Lcn2 /-
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Blood flow recovery and pre-existing collateral bed in Lcn2™~mice (A)
representative Laser Doppler perfusion imaging (LDPI) images of
paws from WT and Lcn2 ~/~ mice after induction of HLI in the left limb. (B)
Quantification of LDPI measurements of Lcn2~~ (n=10)and WT (n=9)
mice over time. Data are calculated as the ratio of ligated to non-ligated
paws. n, number of mice. (C) Quantification of LDPI measurements of
Lcn2~~ and WT directly after induction of HLI. (D) Pial collateral density
was calculated in WT and Lcn2 =/~ mice. (E) Representative images of
the pial circulation in WT and Lcn2~'~ mice. White asterisks indicate
collateral arteries between the anterior, middle, and posterior
cerebral arteries (ACA, MCA, and PCA, respectively). (G)
Immunohistochemical staining of paraffin-embedded adductor
muscle of WT (n = 9) and Lcn2 ~~ (n = 10) mice, using anti-aSMA (red)
antibodies. The scale bar represents 100 um. (F) and (H) The ratio of
aSMA* vessel numbers and the lumen areas between ligated (left) and
non-ligated (right) limbs in the adductor muscle. Data were analyzed
using independent sample Student’s t-tests and are presented as mean +
SEM. ns, no significant difference.

mice after HLI, we further performed an ex vivo
angiogenic aortic ring assay to determine sprout
formation ex vivo. The quantified average number of
sprouts (Fig. 4) and angiogenic sprouting was
significantly decreased in Lcn2 ~/~ compared to WT
mice (by 61%, P = 0.0052).

LCN2 knockdown in vitro

To study the role of LCN2 in vitro, human microvessel
endothelial cells (HMVECs) were transfected with small
interfering RNA (siRNA) targeted to LCNZ2, of which
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Angiogenesis in vivo. (A) Representative images of CD31 staining in the
right (non-ischemic) and left (ischemic) soleus muscles of WT (n = 9) and
Lcn2 ~~(n = 10) mice. n: number of mice. (B) Capillary density in soleus
muscles is defined as the number of CD31+ vessels per section. (C)
Capillary size in gastrocnemius muscles of WT and Lcn2 ~~ mice. Data
were analyzed using independent sample Student’s t-tests and are
presented as mean + SEM, *P < 0.05, **P < 0.01, ****P < 0.0001.

angiogenesis function was assessed with scratch assay,
MTT assay, and tube formation. HMVECs were treated
with lipofectamine as the control in the following
angiogenesis experiments.
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Ex vivo sprouting angiogenesis. (A) Quantification of neovessel outgrowth
from 7-day collagen-embedded aortic rings from WT (n=3) and Lcn2 ™/~

(n =3) mice. n: number of mice. (B) Representative images of aortic rings.
Data were analyzed using independent sample Student’s t-tests and are
presented as mean + SEM. **P < 0.01.
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Scratch assay after LCN2 knockdown

To investigate the migration effect of LCN2 knockdown,
scratch assays were performed after siRNA transfection.
The siRNA-LCN2 group showed decreased migration area
compared to the control/lipofectamine group (as shown
in Fig. 5D, 20% downregulated in 24 h migration
area, P = 0.013; 27% downregulated in 36 h migration
area, P = 0.015).

MTT assay after LCN2 knockdown

To investigate whether LCN2 knockdown affects
proliferation function, we performed an MTT assay
after siRNA transfection. The value of absorbance
represents the cellular proliferation/viability after
different treatments. As shown in Fig. 6A, HMVECs
transfected with siRNA-LCN2 did not show a difference
with the control group or control/lipofectamine group.

Tube formation assay after LCN2 knockdown

To further explore the angiogenic function of LCN2
in vitro, we performed a tube formation assay after
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Scratch assay with HMVECs in vitro. (A)
Representative images of HMVECs treated with
culture medium as the control group after
scratching. T: the time lag between scratching
and photograph, or the migration time.
(B) Representative images of HMVECs after
scratching. HMVECs were treated with culture
medium and lipofectamine as the control/
lipofectamine group. (C) Representative images
of HMVECs after scratching. HMVECs were
transfected with siRNA-LCN2. (D) Quantification
of migration area at 24 and 36 h after scratching.
Data were analyzed with one-way ANOVA tests
and presented as mean + SEM of four
independent experiments, *P < 0.05.
(E) Quantification of LCN2 expression after
SiRNA-LCN2 transfection in HMVECs with
RT-qPCR. Experiments were performed three

SIRNA
LCNZ
T=36h

LCN2 expression

&9 times. Control/lipofectamine group: HMVECs
é}"& \’-'\9 were treated with culture medium and
S § lipofectamine. siRNA-LCN2 group: HMVECs were

transfected with siRNA-LCN2 following the
protocol.

siRNA transfection and evaluated vasculogenesis ability
by the measurement of the number of segments, the
number of branches, and the total length of branches
(Fig. 6B). The data showed that LCN2 knockdown via
siRNA-LCN2 transfection impaired the capillary-like
formation capacity of HMVECs, which was reflected in
the measurement of the number of segments with 43.8%
(P =0.008) decrease and the total length of branches with
27.9% decreased (P = 0.009) compared to the control
group. In Fig. 6C, the images from the control group
and the control/lipofectamine group both present a
more continuous network structure than the siRNA-
LCN2 group.

Discussion

In the present study, we demonstrate that Lcn2 is
upregulated after induction of ischemia in C57BL/6
mice and that Lcn2 plays a role in angiogenesis but has
no functional involvement in arteriogenesis. Microarray
analysis revealed that gene expression levels of Lcn2
were the highest significantly induced gene in C57BL/6
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Figure 6

MTT assay and tube formation assay with HMVECs in vitro. (A)
Quantification of HMVECs viability. HMVECs were treated with culture
medium as a control group; HMVECs were treated with medium and
lipofectamine as a control/lipofectamine group; HMVECs were
transfected with siRNA-LCN2 as a siRNA-LCN2 group. Experiments were
performed four times and results are presented as mean + SEM.

(B) Quantification of tube formation assay with HMVECs. Cells with
different treatments were defined as control group, control/
lipofectamine group, or siRNA-LCN2 group. #Segments, number of
segments; #Branches, number of branches; Tot length, total length of
branches. Experiments were performed three times. Data were analyzed
with one-way ANOVA tests and presented as mean + SEM, **P < 0.01.
(C) Representative images of tube formation assay of HMVECs transfected
with siRNA-LCN2 or not.

mice 1 day after induction of HLI. Our data indicate that
Lcn2 mRNA upregulation occurs both in the adductor
muscle where arteriogenesis occurs, as well as in the
gastrocnemius muscle, where angiogenesis occurs upon
induction of HLI. The histological evaluation of ischemic
gastrocnemius after HLI showed a decreased angiogenic
response in Lcn2 knock-out mice compared to wild-type
mice. In addition, in the ex vivo angiogenic sprouting
assay, the Lcn2 knock-out mice showed a decreased
angiogenic response. Unexpectedly, we did not observe
any effects on the arteriogenic response in the Lcn2
knock-out mice after induction of HLI.

The murine HLI model is a classical method to investigate
post-ischemic neovascularization, commonly employed
as a model for PAD in humans (35). Previously our
group published (19) that Lcn2 is involved in
atherosclerotic lesion forming and stability, which
revealed the potential of Lcn2 interference in PAD
therapy. We show here that Lcn2 deficiency leads to an
impaired angiogenic response, whereas no effect on
arteriogenesis was observed. Post-ischemia
neovascularization is a complex process involving
inflammatory and vascular cells. For example,
macrophage polarization during inflammation is
widely studied in neovascularization. For example,
Jetten et al. showed in a Matrigel angiogenesis model
that anti-inflammatory M2 but not pro-inflammatory
M1 macrophages promote angiogenesis (36, 37).
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However, it was found that Lcn2~/~ mice display higher
expression of M1 markers and fewer M2 markers in
adipose tissue and liver after a high-fat diet (38). It is
highly possible that the inflammatory microenvironment
of ischemic muscle in Lcn2™/~ mice presents a similar
pattern, thus inducing Lcn2~/~ mice with impaired
angiogenesis ability. Hence, in ensuing investigations,
the examination of the M1/M2 marker ratios within
plaques of Lcn2~/~ mice in the HLI model will yield
pivotal elucidations.

Furthermore, in vascular remodeling and angiogenesis,
vascular cells such as smooth muscle cells and endothelial
cells play important roles. Lcn2 can affect both cell types,
since in smooth muscle cells Lcn2 promotes migration
and collagen-1 expression (39). Whereas in endothelial
cells Lcn2 affects VEGF expression (40). VEGF reduction
and less angiogenesis were found after Lcn2 knockdown
in a breast cancer cell line (41, 42). However, the
regulation pathway between Lcn2 and VEGF is still not
clear. LCN2 is also related to endothelial junctional
proteins ZO-1 and VE-cadherin in the study on the
recovery of blood-brain barrier integrity after ischemic
stroke (43). It is reported that LCN2 restored decreased
expression and membrane location of ZO-1 and
VE-cadherin caused by TNFa treatment, thereby
resuming endothelial permeability. In our study,
besides the role of LCN2 on migration and proliferation
of HMVECs, we showed the importance of Lcn2 on
endothelial cell tube formation function ex vivo and
in vitro by downregulating Lcn2 expression. Other
researchers also proved that LCN2 enhanced tube
formation in brain endothelial cells by adding LCN2
(27). Combining the results mentioned above, in the
process of post-ischemia neovascularization, lipocalin-2
also has an effect on vascular cell function.

Angiogenesis consists of initiation, sprouting, tube
formation, and vessel maturation. In this study, we
confirm the importance of Lcn2 in angiogenesis.
Angiogenic sprouting assays showed fewer sprouts in
aortic segments from Lcn2 knock-out mice, suggesting
that the absence of Lcn2 hampered sprouting. With
human cells, we also saw less migration in the scratch
assay after siRNA transfection, indicating LCN2
deficiency impaired cellular motility. In the tube
formation assay, fewer tubes were formed after LCN2
decreased, confirming that LCN2 has an effect on
establishing cell-cell contacts and the formation of new
vessels.

Despite upregulation of Lcn2 in adductor muscle after
ischemia, our experiments showed no functional
involvement in the process of arteriogenesis. Both the
functional blood flow recovery and histological analysis
of collateral arteries after HLI were the same in both
Lcn2-deficient and C57BL/6 control mice. The recovery of
perfusion after femoral artery ligation depends on both
the extent of preexisting collaterals and collateral
remodeling. In our experiments, the density of
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preexisting collaterals was also no different in both
strains. These results were not expected since we did
see a big difference in collaterals and blood flow
recovery between C57BL/6 and Balb/c mice (10, 11, 12).
C57BL/6 mice obtained better angiogenesis and
arteriogenesis than Balb/c mice after HLI surgery. Even
though Lcn2 expression was significantly changed after
ischemia in the adductor and gastrocnemius muscle in
C57BL/6 mice, our study demonstrated that Lcn2 was not
the main contributor to arteriogenesis and collateral
artery formation, but led instead to enhanced
angiogenesis. These results made us question what else
could drive C57BL/6 mice to recover more quickly after
ischemia than Balb/c mice.

C57BL/6 and Balb/c mice are the most widely used inbred
laboratory mouse strains in immune response studies.
In addition to the well-documented immunological
differences between C57BL/6 and Balb/c mice (44, 45,
46), there are also considerable variations in their
nutritional and biochemical responses to inflammatory
stimuli (47, 48). It is reasonable to assume that the higher
basal level of serum total iron in Balb/c mice affects
Lcen2 upregulation. This question requires further
investigation to clarify the differences in blood
recovery between strains and explore the
neovascularization after ischemia.

Conclusion

In this study, the role of LCN2/NGAL in
neovascularization after ischemia was investigated. The
results suggest that after ischemia, LCNZ plays an
important role in angiogenesis, since LCN2 deficiency
has a negative effect on angiogenesis. Surprisingly, no
functional involvement of LCN2 in the process of
arteriogenesis could be demonstrated. LCN2/NGAL is a
potential therapeutic target for angiogenesis induction in
PAD treatment; however, the lack of effect on
arteriogenesis hampers the application as an inducer
for neovascularization in general in PAD.
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