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INTRODUCTION

1 INTRODUCTION

This doctoral thesis includes two independent projects which are not thematically
related. Therefore, all sections of this thesis have been divided into two separate

independent parts.

1.1 Influence of blue light irradiation on endothelial cells
1.1.1 Role of endothelial cells in angiogenesis

Endothelial cells (ECs) are a single layer of epithelial cell lines in the basement
membrane of blood vessels. They are the main mechanical vascular barrier that
maintains vascular permeability through tight junctions '. Most importantly, ECs play
a dominant role in the whole process of angiogenesis.

Angiogenesis is a complex event that new blood vessels generate from the pre-
existing vasculature. Under hypoxia, injury or other conditions, it is rapidly initiated to
form new blood vessels to deliver enough oxygen and nutrients to the affected sites 2.
The angiogenic process consists of the following steps: firstly, endothelial cells secret
proteolytic enzymes under external stimulations such as pro-angiogenic factors 3.
These enzymes could degrade the vascular basement membrane, which paves the
way for the migration of ECs through the basement membrane to the perivascular
matrix 3. After the migration, these ECs proliferate and adhere to each other around
the perivascular matrix to form the hollow tubular structures 4. Then the perivascular
matrix undergoes remodulation and the ECs are surrounded by vascular smooth
muscle cells and pericytes °. Finally, avascular anastomosis is formed with the newly
formed vascular networks. Thus, this well-regulated process of angiogenesis is highly
dependent on the proliferation, migration and remodeling of ECs. The dysregulation
of angiogenesis, caused by abnormal states of endothelial cells, was found in a wide
range of pathological processes, including atherosclerosis, diabetes, tumorgenesis,

neovascular eye diseases and so on 6.
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1.1.2 Regulatory mechanisms of endothelial cells

1.1.2.1 VEGF singling

VEGF

/

VEFGR2
v z . Tipcell
DIl4

VEGFR2 —— Stalk cell

Endothelial

cell ‘\

D Ty

Figure 1. Molecular mechanisms of VEGF signaling in endothelial tip-stalk
switch during angiogenesis. Modified from Herbert & Stainier, 2011.

During angiogenesis, endothelial cells are regulated by various signaling pathways,
among which vascular endothelial growth factor (VEGF) singling is the most
important and widely studied. Vascular endothelial growth factor receptor 2 (VEGFR2)
is the primary angiogenic signal-receiving receptor . VEGF could also bind to this
receptor inducing the switch of ECs from quiescent cells to tip cells, producing
filopodia and guiding the following endothelial cells 8. After the induction, Delta-like 4
(DLL4) expressed by tip Endothelial cells dynamically compete for the tip cell position
during angiogenic sprouting. Endothelial cells would downregulate the VEGFR2
expression in endothelial cells nearby and switch these cells to a more proliferated
phenotype called stalk cells (Figure 1) 8. When the two adjacent tip cells contact
each other, a tube-like structure will be formed. The VEGF singling controls the tip-

stalk switch process of endothelial cells during angiogenesis. Some in vivo studies
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had proved the curial role of VEGF signaling in angiogenesis and development ",
The knockout of VEGFA or VEGFR2 in the mouse embryo, a member of the vascular
endothelial growth factor family, would result in fatal death due to abnormal function
and development of the circulatory system 213,

1.1.2.2 Metabolism

Metabolic activities of endothelial cells support cell proliferation and migration by
converting nutrients into energy and biomolecules . Studies suggested that
metabolism could also influence the endothelial cells in angiogenesis 4. The energy
metabolism of ECs exclusively depends on glycolysis, a process that converts
glucose into pyruvate with the production of ATP. It was reported that 85% of ATP
was produced by this process in ECs '5-'7. In human umbilical vein endothelial cells
(HUVECS), glycolytic flux was 200 times more than glucose oxidation '8. During
angiogenesis, VEGF could upregulate the expression of glucose transporter 1
(GLUT1), which promotes the uptake of glucose in ECs '°. The phosphofructokinase-
2/fructose-2,6-biophosphatase 3 (PFKFB3), a key enzyme in glycolysis, was
upregulated simultaneously, so the glycolysis of ECs and angiogenesis were
enhanced '8-20. Besides the regulatory role of glucose metabolism in angiogenesis,
fatty acid oxidation (FAO) was shown as the crucial effect in ECs sprouting. Carnitine
palmitoyltransferase 1A (CPT1A) is a rate-limiting enzyme for FAO that regulates the
transfer of fatty acids into the mitochondria for oxidation 2'. Knockdown of CPT1A in
ECs would inhibit the cell proliferation and sprout of tip cells through decrease the
process of FAO and production of deoxy-ribonucleoside triphosphate (dNTP) 22,
Amino acids are other essential nutrients for ECs. Glutamine metabolism is the most
studied among amino acid metabolism in ECs angiogenesis. Glutaminase 1 (GLS1)
is an enzyme that catalyzes the hydrolysis of glutamine to glutamate. One in vivo
study revealed that inhibition of GLS1 attenuated the migration of tip cells and
proliferation of stalk cells, which further inhibited the angiogenic process 22.

1.1.3 Light therapy

Light therapy is an emerging therapeutic approach for different kinds of diseases
using daylight (visible light) and artificial light sources (infrared, ultraviolet or laser). At
present, there are three main types of light therapy: photodynamic therapy (PDT),
photoimmunotherapy (PIT) and photothermal therapy (PTT) 24. PDT and PIT are the
treatments that use light to activate photosensitizer to produce reactive oxygen

5
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species (ROS) or activate immune responses 24, and PTT is defined as a method
that induces cell death through local heat 2°.

The therapeutic effects of light therapy are based on the energy carried by light
quantum, which could induce the photochemical effect and photothermal effect 6.
The photochemical effect is initiated from the activation of intercellular molecules
which absorb the corresponding wavelength photons. During energy level transition,
the above-activated molecules would further provide free radicals, which leads to the
oxidation of the macromolecules such as proteins, lipids and DNA 28,

1.1.4 Light-emitting diode light

Light-emitting diode (LED) is a new semiconductor device that can provide emission
wavelengths from 380 nm to 760 nm. It has the following advantages: It is small, light
and durable from its physical characteristics; It provides a cold light with efficient
energy transformation; Last but not least, it is the most mature device with high
brightness, low energy consumption and long lifetime 2. Nowadays, LEDs are widely
used in biomedicine including medical lighting, diagnosis and treatment 2.

1.1.5 Blue light

Blue light is one component of visible light with wavelength ranges from 380 nm to
500 nm. Due to its high energy, blue light has displayed bactericidal potency similar
to UV light 2°. Moreover, blue light is also known for its anti-inflammatory properties,
which are helpful for the treatment of inflammatory-related diseases such as acne
vulgaris 303" and psoriasis *2. Other conditions like neonatal jaundice 3* and local
pain 34 are also treated with blue light.

The best-known clinical application of blue light is in the treatment of neonatal
jaundice caused by excess bilirubin in the blood, a common physiological condition
that affects 60-70% of newborns worldwide 3°. Due to the simple and effective way
with minor side effects of blue light irradiation, it is the preferred method for treating
neonatal jaundice 6. The bilirubin in the skin after blue light (460 nm) irradiation
would change into a water-soluble isoform which could be excreted through body
fluids, feces and urine 36, The treatment of plaque-induced gingivitis is another
application of blue light. By activating porphyrin in bacterial, blue light (405-420 nm)
could induce oxidative stress damage, including lipid and protein oxidation, oxidative
damage to DNA, which further inhibits bacterial growth 3.
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The potential application of blue light in angiogenesis was revealed by several in vivo
studies. One animal study showed that blue light (470 nm) could increase
angiogenesis and promote wound healing in an ischemia rodent flap model. The
ischemic tissue necrosis was reduced, and flaps showed significantly increased
tissue perfusion at day 7 in the blue LED-treated group 8. Another clinical study
showed that blue light exposure (453 nm) could decrease blood pressure by
increasing circulating nitric oxide thereby improving the EC function 3.

Contradictory, one study showed that blue light (475 nm) did not affect the migration
of ECs or vasculogenesis 4°, and it may inhibit the growth of aortic endothelial cells in

vitro 41,

1.1.6 Aim of the study

This study aimed to detect the effect of blue light irradiation on endothelial cells in

vitro. The first step is to know the influence of irradiation parameters (time and

irradiance) of blue light on cells. After the parameter’s settings have been defined,

endothelial-specific cell functions, including migration, tube formation and sprouting

will be tested after blue light treatment, as they are essential functions for

angiogenesis.

Key questions of the project are:

1. What are the responses of blue light on endothelial cells when applying different
irradiation parameters including irradiance and time?

2. Does blue light affect the angiogenesis-related function of endothelial cells?
Promotion or Inhibition?

3. How does blue light affect the angiogenic functions in vitro? Which genes or

pathways may involve in this regulation?

1.2 Weighted gene co-expression network analysis in the development of
abdominal aortic aneurysm

The present work was published in Biomedicines 2021, 9(5), 546;
https://doi.org/10.3390/biomedicines9050546.

1.2.1 Background

Abdominal aortic aneurysm (AAA) is a common aortic disease characterized by a
localized dilation or bulging of the abdominal aorta 2. Without treatment it causes

high mortality among the aged as most AAA patients remain asymptomatic for years
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or even decades. It is estimated that around 200,000 AAA rupture cases are
diagnosed worldwide annually. The overall mortality after rupture remains
approximately 80% 43-45.

Currently, the indications of AAA treatment are large aneurysms with a diameter of
more than 5.5 cm 45, and aneurysms that expand rapidly in a short period or
compromise the perfusion to distant organs. Open surgical repair (OSR) or
endovascular aortic repair (EVAR) is the only possible measures that provide a
definite treatment. In OSR, patients carry higher perioperative risk and longer
hospital length of stay 47:48(pp1995-2008) while EVAR may have high reintervention rates
because of endoleaks, graft migration which all may lead to secondary rupture 4%
For patients with small AAAs or those who are not eligible for AAA repair, available
treatment approaches are limited to close aneurysm surveillance and adjuvant
medical therapy °'. So far, no effective pharmacological treatments have been
developed to prevent AAA growth or rupture 52%3. Hence, there is a need to elucidate
the possible mechanisms of AAA progression and explore complementary
pharmaceutical treatments.

The molecular mechanisms of AAA pathogenesis are not fully known. Several
studies based on the high-throughput microarray profiling indicated that many
biological processes such as immune response, chronic inflammation, and reactive
oxygen species might be involved 5456 Dozens of genes related to AAA
development were identified through gene expression profiles 5-5°. However, these
studies exclusively focused on the differentially expressed genes (DEGs) between
AAA and control groups, which ignored some essential genes highly correlated to
specific sample traits of AAA.

1.2.2 Weighted gene co-expression network analysis

Weighted gene co-expression network analysis (WGCNA) is a bioinformatics
algorithm developed by Horvath et al. . It is a systematic biological method that
describes the gene co-expression pattern between different samples. By constructing
a scale-free weighted network, it can be used to identify gene sets and the candidate
biomarkers or targets of the disease based on the connectivity between gene
modules and sample traits (Figure 2). Compared to the traditional differential gene
expression analyses, which so far focused on genes characterizing the difference
between groups, WGCNA, groups co-expressed genes in an unbiased manner into
modules in which genes are highly related to each other, and these modules could

8
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be further connected to the external information, such as sample characteristics.
WGCNA has been successfully used to identify key modules and hub genes related
to cardiovascular diseases, such as atherosclerosis, heart failure, and acute

myocardial infarction 81-63,

Construct a gene co-expression network
Rationale: make use of gene interaction patterns

\

Identify modules
Rationale: module based analysis

Y

Relate modules to sample information
Rationale: find biologically interesting modules

Y

Study module relationships
Rationale: biological data reduction, systems-level view

\

Find the key drivers in interesting modules
Rationale: experimental validation, biomarkers

Step 1

Step 2

Step 3

Step 4

Step 5

Figure 2. A brief overview of weighted gene co-expression network analysis
(according to Langfelder and Horvath 2008).

1.2.3 Aim of the study

The aim of this project was to bioinformatically explore the underlying molecular

mechanisms of abdominal aortic aneurysm (AAA) progression and to identify

potential drugs targeting the key genes involved in the growth. We base this analysis

on data available from public datasets related to AAA and weighted gene co-

expression network analysis (WGCNA). Accordingly, the following questions were

issued in this project:

1. How were the genes clustered (gene modules) in AAA progression through
WGCNA analysis?

2. What were the biological functions of key modules involved in AAA growth?

3. Which genes in the key modules are the key players in AAA progression and
could be used as drug targets?

4. What compounds or drugs may be potentially used to limit the AAA growth based

on the drug-gene prediction?
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2 MATERIALS AND METHODS

2.1 Influence of blue light irradiation on endothelial cells
2.1.1 Materials
2.1.1.1 Blue light device

The blue light LED device is a wearable medical device provided by URGO RID
(URGO RID, Chenbve, France). It was used in the European project MEDILIGHT
(Figure 3). A mobile software (URGO RID, Chenbve, France) was developed to

control the device via Bluetooth.

Figure 3. The blue light device from the top side (left) and the bottom side

(right).

2.1.1.2 Consumables

Name

Manufacturer

Cell culture plate, 96-well black plate
Cell culture flasks, different sizes

Cell culture plate 6-well, transparent

Cell culture plate 12-well, transparent

Cell culture plate 12-well, black

Cell culture dish, 10 cm

Cell Culture Inserts in Multi-Well Plates (8
um)

Corning, Kennebunk, ME, USA
Greiner Bio-One,
Frickenhausen, Germany
Greiner Bio-One,
Frickenhausen, Germany
Greiner Bio-One,
Frickenhausen, Germany
In vitro Scientific, Mountain
View, CA

Greiner Bio-One,
Frickenhausen, Germany
Thermo Fisher Scientific,
Roskilde, Denmark

10
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Name

Manufacturer

Cryotube Vials

Falcon tube (15 ml, 50 ml)

LightCycler 480 Multiwell Plate 96, white

Pipette tips, with filter (10 pl, 100 pl, 1 ml)

Serological pipettes (5 ml, 10 ml, 20 ml)

p-Slide angiogenesis

Vivaspin 500 centrifugal filter

Thermo Fisher Scientific,
Roskilde, Denmark

Greiner Bio-One,
Frickenhausen, Germany
Roche Diagnostics, Mannheim,
Germany

Eppendorf AG, Hamburg,
Germany

Greiner Bio-One,
Frickenhausen, Germany

ibidi GmbH, Munich, Germany

Sartorius, Goettingen, Germany

2.1.1.3 Chemicals and reagents

Name

Manufacturer

Acrylamide, 2x cryst
AllPrep DNA/RNA/Protein Mini Kit

BrdU Cell Proliferation ELISA Kit

(colorimetric)

Collagen |, Rat Tail

Colorimetric Cell Viability Kit Il (XTT)

Crystal violet
Dimethyl Sulfoxide (DMSO)

Endothelial cell growth medium

FastStart Essential DNA Green Master

FBS, Qualified, HI

Gelatin from bovine skin

Carl Roth, Karlsruhe, Germany
Qiagen, Hilden, Germany
Roche Diagnostics GmbH,

Roche Applied Science,
Mannheim, Germany

Corning, NY, USA

PromoCell, Heidelberg,
Germany

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Munich,
Germany

Provitro, Berlin, Germany
Roche, Basel, Switzerland
Gibco by Thermo Fisher
Scientific, Waltham, MA, USA
Sigma-Aldrich, Munich,

Germany
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Name

Manufacturer

Matrigel Basement Membrane Matrix

METAFECTENE

Methylcellulose
N,N'-Methylene bisacrylamide

Penicillin-streptomycin

Phosphate buffered saline (DPBS)

QuantiTect Primer

QuantiTect Reverse Transcription Kit
ROTI Stock 10x PBS

Sodium acrylate

Sodium formaldehyde sulphoxylate
VA-044

Corning, NY, USA

Biontex Laboratories, Munchen,
German
Sigma-Aldrich,
Germany

Munich,

Carl Roth, Karlsruhe, Germany

Sigma-Aldrich, Munich,
Germany
Gibco by Thermo Fisher

Scientific, Waltham, MA, USA
Qiagen, Hilden, Germany
Qiagen, Hilden, Germany

Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
BIO-RAD, Munich, Germany

2.1.1.4 Instruments

Name

Manufacturer

Cell incubator, Galaxy 170 S
Agilent 2100 Bioanalyzer
Centrifuge, 5920R

HERA freeze

Inverted Microscope DM IRB

Laboratory vacuum pumps

LightCycle®96 PCR Detection System

LUNA Automated Cell Counter

Eppendorf, Hamburg, Germany
Agilent Technologies, Santa
Clara, CA, USA

Eppendorf, Hamburg, Germany
Thermo Fisher Scientific, MA,
USA

Leica Mikroskopie & Systeme,
Wetzlar, Germany

Integra  Biosciences,  Chur,
Switzerland

Roche, Basel, Switzerland
Logos Biosystems, Villeneuve

d'Ascq, France

12
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Name

Manufacturer

Microscope, Axio200M

Power meter 843-R-USB
Safe 2020 Class |l
Cabinets

Biological Safety

SP8 confocal Microscope

Spark Multimode Microplate reader
T100 Thermal Cycler

Water bath, TSGP15D

Carl
Gottingen, Germany

Zeiss Microscopy,
Newport, Irvine, Canada
Thermo Fisher Scientific, MA,
USA

Leica Mikroskopie & Systeme,
Wetzlar, Germany

Tecan, Mannedorf, Switzerland
Bio-Rad, Hercules, USA
Thermo Fisher Scientific, MA,
USA

2.1.1.5 Software

Name Manufacturer

ImageJ NIH Image, NIH Bethesda, USA
AutoScratchSeg MATLAB, Mathworks, MA, USA
AutoWoundSeg MATLAB, Mathworks, MA, USA

GraphPad Prism 8

Leica Application Suite X (LAS X)
LightCycler 96

MEDILIGHT App V2.5

R Studio

SparkControl

SPSS 19.0

ZEN 2 (blue edition) Axio Scan software

Graphpad Prism Software, San
Diego, USA

Leica, Wetzlar, Germany

Roche, Mannheim, Germany
Urgo, Chenbve, France

R Studio, Boston, MA, USA
Tecan, Grodig, Austria

IBM, NY, USA

Carl
Germany

Zeiss, Oberkochen,

2.1.2 Methods

2.1.2.1 Human umbilical vein endothelial cells: isolation and cell culture

Human umbilical vein endothelial cells (HUVECSs) were isolated from fresh umbilical

cords using the methods described by Jaffe et al. 6. Umbilical cords were obtained

13



MATERIALS AND METHODS

from donors from Gynecology and Obstetrics department. HUVEC isolation was
approved by the local ethics committee (Medizinische Ethik-Kommission I,
Medizinische Fakultat Mannheim, 2015-581N-MA). Endothelial cells were isolated
from human umbilical veins by digestion with 1% collagenase V for 8 min at 37°C.
After that, the vein was flushed with sterile endothelial cell growth medium to collect
the endothelial cells. The cells were maintained in the 25 cm? flask pre-coated with 1%
gelatin at 37°C under 5% COa>. The cell culture medium consisted of endothelial cell
growth medium (Provitro, Berlin, Germany) supplemented with 5% FBS, endothelial
cell growth supplement mix (Provitro, Berlin, Germany) and 1% antibiotics (100
units/ml penicillin-streptomycin). Cells from three donors were pooled together to
avoid a batch effect. HUVECs from passages two to five were used for further

experiments.

2.1.2.2 Blue light irradiation

2.1.2.2.1 Irradiation dose measurement

Figure 4. Schematic diagram of blue light power measurements.

To measure the power density received by the cells, the Power Meter 843-R-USB
from Newport Corporation (Newport, Irvine, Canada) was used to quantify the
irradiation energy (Figure 4). The total doses of blue light irradiation, which were
tested in this study, are listed in Table 1.

14



MATERIALS AND METHODS

Table 1. Irradiation parameters were used in the study.

Irradiance (mW/cm?) Time (minute) Fluence (J/cm?)
10 7, 12, 15, 20, 30, 60, 4.2,7.2,9,12, 18, 36, 54, 72
90, 120
20 7, 12, 15, 20, 30, 60, 8.4, 14.4, 18, 24, 36, 72, 108,
90, 120 144
5,7.5,10, 15, 20, 25,40 12 3.6, 54, 7.2, 10.8, 14.4, 18,
28.8

2.1.2.2.2 Blue Light treatment

30 minutes before irradiation, the cell culture medium was changed to provide
optimal nutrition to the cells. Then, HUVECs were treated with different doses of blue
light irradiation as planned. All the experiments were performed inside the cell culture
incubator (37°C, 5% CO2). To avoid any scattering of light, plates with black bottoms
were used, and the right side of the black plates was covered with aluminum foil
(Figure 5) during irradiation. A cycling irradiation mode of 30 seconds on and 30
seconds off was used to avoid overheating.

Figure 5. Schematic diagram of black plates used for the experiments. The left
area was used for irradiation and the right side covered with aluminum foil was used

as the control group without light illumination.

2.1.2.3 Cell viability assay

Cell viability assay was tested using the Colorimetric Cell Viability Kit [l (XTT)
(PromoCell, Heidelberg, Germany) to examine the effect of blue light on HUVECs.
HUVECs were seeded in 96-well black plates (10,000 cells/well) and cultured until

15
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adherence. Later cells were irradiated accordingly and cells were cultured overnight.
Then 50 pL of reaction reagent was added to each well and incubated for 30 minutes.
The absorbance was measured using a microplate reader (Tecan, Mannedorf,
Switzerland) at a wavelength of 490 nm and a reference wavelength of 650 nm.

Results were normalized with non-irradiated controls.

2.1.2.4 Cell proliferation assay

To confirm the effect of blue light on cell proliferation, the colorimetric ELISA-BrdU kit
(Sigma-Aldrich, Munich, Germany) was used for this assay. 10,000 cells/well of
HUVECs were seeded in 96-well black plates and cultured until adherence. Later
blue light irradiation was performed accordingly and cells were cultured overnight.
Then 10 pL of BrdU label solution was added to each well and cells were incubated
for 3 hours. After incubation, the medium was removed and the cells were fixed by
adding FixDenat. Next, the cells were incubated with the anti-BrdU-peroxidase (POD)
antibody for 90 minutes at room temperature. After the removal of excess anti-BrdU-
POD antibody, the cells were washed and the substrate solution was added. Then
the absorbance was measured using a microplate reader (Tecan, Mannedorf,
Switzerland) at the wavelength of 450 nm and a reference wavelength of 630 nm.

Results were normalized with the non-irradiated control group.

2.1.2.5 Reactive oxygen species measurement

Two approaches were used to measure the change in intracellular reactive oxygen

species (ROS) after blue light irradiation.

2.1.2.5.1 Transduction with the redox sensor

Grx1-roGFP3, a ratiometric fluorescence sensor, could dynamically track the
glutathione redox potential with high sensitivity and temporal resolution 6. The ratio
of emission intensities following excitation at 395 and 485 nm indicates the degree of
sensor oxidation; a higher ratio corresponds to a more oxidized state of glutathione in
cells (Figure 6).
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Track 1 Track 2 Track 1 Track 2

Reduced 395 nm 550 nm 485nm 550 nm Oxidized 395nm 550 nm 485nm 550 nm
XIdIZ

roeGIgIge eX\ fe/r:1 \ % roGFP \ % \ /
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Figure 6. The principle of the assay using Grx1-roGFP3. Modified from Gutscher
et al., 2008.

This sequence of sensor (kindly provided from Dr. Manfred Frey, Steinbeis-
Innovationszentrum Zellkulturtechnik, University of Applied Sciences, Mannheim)
was synthesized by Genewitz (ID: B32523-1/q28382) with BamHI and Xbal
restriction sites and cloned into SIN lentivirus vector pHR'SIN-cPPT-SEW ©7 .

Lentivirus was produced using the methods described by Demaison C et al. .
HEK293T/17 cells were transiently transfected with plasmid pHR’'SIN-roGFP3,
pCMV8.91, and pMD.G using transfection reagent METAFECTENE (Biontex
Laboratories, Minchen, Germany). After 48 hours, cell supernatant was collected
with a centrifugal filter (Vivaspin 500, MWCO 100,000; Sartorius, Goettingen,
Germany). The concentrated supernatant was aliquoted and stored at -80°C.

HUVECs were transduced with the above lentivirus for 48 hours. The transduced
GFP-positive HUVECs were sorted using a BD FACSAria llu (Becton Dickinson,

Heidelberg, Germany) and used for further experiments.

2.1.2.5.2 Measurement using the redox sensor

HUVECs transduced with the lentiviral Grx1-roGFP3 sensor were seeded in 96-well
plates at the concentration of 10,000 cells/well until adherence. Cells were treated
with blue light accordingly. The fluorescence irradiance in each well was detected at
an excitation wavelength of 395 nm and 485 nm and an emission wavelength of 550
nm by using a microplate reader (Tecan, Mannedorf, Switzerland). The fluorescence

ratio 395/485 nm was shown as the results.

2.1.2.5.3 Measurement using the DCFH-DA dye

The production of intracellular ROS was also determined using DCFH-DA as the
fluorescent probe (Sigma-Aldrich, Munich, Germany). HUVECs (10,000 cells/well)

were seeded in 96-well plates and cultured for 24h until adherence. After blue light
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irradiation, the culture supernatant was removed and washed with phosphate-
buffered saline (PBS). Then the cells were stained with 10 yM DCFH-DA in a serum-
free medium for 30 min in the dark. After that, cells were washed three times with
PBS. The fluorescence intensity was detected at an excitation wavelength of 488 nm
and an emission wavelength of 525 nm using a microplate reader (Tecan, Mannedorf,
Switzerland). Final results were shown as the percentage compared to non-irradiated

cells.

2.1.2.6 Migration assay

To determine the migration activity of HUVECs after blue light irradiation, the
migration assay was performed by using two methods: the scratch wound assay and

the trans-well assay.

2.1.2.6.1 Scratch assay

1x108 cells/well HUVECs were grown to 90% confluence on six-well plates. Cells
were starved for 2 hours before the experiment. Cells were then scratch-wounded
using a sterile 20-yL pipette tip and washed twice with phosphate-buffered saline
(PBS) to remove cell debris and cultured with a complete medium. Then cells were
treated with blue light accordingly. The images were taken at different time points (O,
0.4, 6, 9 and 12 h) and analyzed with ImagedJ software (NIH Image, NIH Bethesda,
USA). Wound closure was determined by the equation as follows:

Wound closure (%) = (Original wound area - area at each time point)/Original wound

area.

2.1.2.6.2 Trans-well assay

For the trans-well assay, 24-well trans-well plates with polycarbonate membrane
filters containing 8 ym pores (Corning, New York, USA) were used. 500 pyL normal
cell culture medium was added into the lower chamber and cells were seeded on the
inserts pre-coated with 1% gelatin at a concentration of 8x 10* cells/well. Then cells
were treated with blue light. After 6 hours, the cells in inserts were fixed with 4%
paraformaldehyde for 30 minutes and then cells were washed with PBS two times
and stained with 0.1% Crystal violet for 30 minutes. Later, non-migrating cells were
removed with cotton swabs from the upper surface of the membrane. Five
representative fields were randomly chosen and the numbers of penetrated cells
were counted using Imaged software (NIH Image, NIH Bethesda, USA).
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2.1.2.7 Angiogenesis assay

The angiogenesis ability of HUVECs after blue light treatment was investigated using
two methods: the tube formation assay and the spheroids sprouting assay.

2.1.2.7.1 Tube formation assay

30 pl Matrigel (Corning, NY, USA) was added into 15-well p-angiogenesis slides
(ibidi GmbH, Munich, Germany) and then incubated at 37 °C with 5% CO2 for
30 minutes to polymerize the Matrigel. HUVECs were seeded onto the Matrigel layer
at a density of 5,000 cells/well. Then cells were treated with blue light accordingly.
After 6 hours, tubular structures of endothelial cells were photo-documented using an
inverted microscope (Leica Mikroskopie & Systeme, Wetzlar, Germany) and
quantified with ImagedJ software (NIH Image, NIH Bethesda, USA).

2.1.2.7.2 Spheroids sprout assay
2.1.2.7.2.1 Spheroids generation

GFP-positive HUVECs spheroids were prepared using the hanging drop method ©2.
800 cells/25 pl of cell drops were dispensed on the inner side of a 10-cm dish lid. The
dish was carefully inverted and kept in the cell culture incubator at 37 °C and 5% CO..
The droplets were allowed to form spheroids overnight.

2.1.2.7.2.2 Spheroid sprouting induction

The HUVEC spheroids were collected using a 10 ml pipette to wash off the droplets
with 10 ml PBS gently. Then spheroids were spun down at 200g for 5min and
suspended in collagen medium containing 5 pg/ml collagen from rat tail, serum-free
medium with 20% methylcellulose (Sigma-Aldrich, Munich, Germany). The spheroid-
collagen solution was added into the 15-well p-angiogenesis slides (ibidi GmbH,
Munich, Germany) and incubated in the cell culture incubator at 37 °C and 5% CO2
for 30 min to allow collagen matrix polymerization. Then cells were treated with blue
light accordingly. After 8h, the sprouting was stopped by adding the amplifying
hydrogel solution (AHS). The slides were stored at 4 °C overnight. Table 2 shows the
AHS composition.
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Table 2. Preparation of the amplifying hydrogel solution (AHS).

Solution Concentration Manufacturer

components

40% acrylamide 20% Bio-Rad, Munich, Germany

2% bis-acrylamide 0.05% Bio-Rad, Munich, Germany

16% PFA 4% Electron Microscopy Sciences,
Hatfield, USA

Sodium acrylate 10% Sigma-Aldrich, Munich, Germany

10% VA-044 0.1% FUJIFILM, Osaka, Japan

10x PBS 1x Sigma-Aldrich, Munich, Germany

2.1.2.7.2.3 Spheroid sprouting imaging

The next day, p-angiogenesis slides were incubated in a humidified chamber at
37 °C for 2 hours until the AHS solution polymerized. To avoid oxidation, the AHS
solution was sealed with parafilm. Later, the spheroids-containing gel was taken out
for imaging. The samples were imaged on a Leica SP8 laser confocal fluorescence
microscope (Leica Mikroskopie & Systeme, Wetzlar, Germany) with the excitation
wavelength at 488 nm and emission wavelength at 509 nm. The results were

quantified with ImagedJ software (NIH Image, NIH Bethesda, USA).

2.1.2.8 RNA isolation

Total RNA was extracted using AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. After irradiation with different
doses of blue light, cells were lysed with 600 ul of RLT lysis buffer for 5 minutes.
Lysates of cells were transferred to the DNA spin column tube and centrifuged at
8000 g, 4°C for 30 seconds then equal volumes of 70% ethanol were added to the
flow-through. 700 pl of the liquid was transferred to the RNeasy spin column and
centrifuged at 8000 g, 4°C for 30 seconds. Later the RNeasy spin column was
washed by RW1, RPE successively. The RNA was dissolved by adding 30 pl of

RNAse-free water to the RNeasy spin column and kept at -80°C.

2.1.2.9 RNA quantification and quality control

The isolated RNA was quantified using the Spark microplate reader (Tecan,
Mannedorf, Switzerland). RNA purity was evaluated by the absorbance ratio at

20



MATERIALS AND METHODS

A260/280 with acceptable values of 1.8-2.1. To determine the RNA quality, the
Agilent 2100 Bioanalyzer and the RNA 6000 Nano Kit (Agilent, Waldbronn) were
used. The procedure was done according to the manufacturer’'s instructions. The
results were analyzed with the Agilent 2100 Bioanalyzer and the RNA integrity
number (RIN) was calculated by Agilent software. The RIN ranges from 1 to 10, high
RIN values indicate intact and pure RNA samples.

21.2.10 RNA sequencing

For RNA sequencing, three RNA samples of each group were analyzed with the
BGISEQ-500 method. This work was done by BGI Tech Solutions Co. (Hong Kong,
China).

21.2.1 Bioinformatic analysis of RNA sequencing

To analyze the RNA sequencing data, the R software (version 3.6.3) and NGS
analysis R package systempipeR (version 1.22.0) were used. Quality control and
adapter trimming of raw data were performed using FastQC (version 0.11.5) and
Trim-galore (version 0.4.1) (www.bioinformatics.babraham.ac.uk). Then the resulting
reads were aligned to the reference human genome, GRCh38.p13, and counted
using Kallisto (version 0.46.1). The count data were transformed to log2-counts per
million (logCPM) with the limma package (version 3.44.3). Differential gene
expression analysis was performed by the DESeq2 package (version 1.28.1). Gene
enrichment analysis was made with fgsea package (version 1.14.0) and the
EnrichmentBrowser package (version 2.18.1) using the public pathway database
KEGG (https://www.genome.jp/kegg/pathway.html).

2.1.212 gPCR validation

Total RNA was isolated as described above. cDNA was synthesized by reverse
transcription of the total 500 ng RNA with Reverse Transcription Kit (Qiagen, USA).
All Primers were purchased as DNA Oligo-Primer from Qiagen. Real-time PCR was
performed on a Roche LightCycler480 Real-Time PCR System. The relative amount
of each mRNA was calculated using the 2724¢t, which AACt = ACt “treatment” — ACt
“control.” The information of all primers used in this study is listed in Table 3.
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Table 3. Information of primer used in the study.

Gene Symbol Qiagen category number
VEGFA QT01010184
KDR QT00069818
NOS3 QT00089033
PLA2G4A QT00085813
PTGS2 QT00040586
CDKN1A QT00044233
TP53 QT02377634
CDK2AP1 QT00226198
CASP9 QT00036267
BAX QT00031192
GAPDH QT01192646

2.1.3 Statistical analysis

Statistical analyses were performed using Graphpad Prism. Variables were
summarized as mean t standard deviation (SD). The unpaired Student's t-test was
used to determine statistical significances between two groups. The number of
technical and experimental replicates can be found in the figure legends for each
experiment. P values less than 0.05 were considered significant and represented
graphically as *, P<0.05; **, P<0.01; ***, P<0.001, unless otherwise indicated.

2.2 Weighted gene co-expression network analysis in the development of
abdominal aortic aneurysm

The present work was published in Biomedicines 2021, 9(5), 546;
https://doi.org/10.3390/biomedicines9050546.

2.2.1 Materials

2.2.1.1 Software

Name Version Access

R 3.6.3 https://www.r-project.org
R studio 1.4.1023 https://rstudio.com
Cytoscape 3.8.2 https://cytoscape.org
cytoHubba 0.1 http://apps.cytoscape.org
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2.2.1.2 R package

Name Version Access
sva 3.12 https://bioconductor.org
limma 3.38.3 https://bioconductor.org
WGCNA 1.69 https://cran.r-project.org
ggcorrplot 0.1.3 https://cran.r-project.org
clusterProfiler 3.10 https://bioconductor.org
ggalluvial 0.11.1 https://cran.r-project.org
ggplot2 3.2.1 https://cran.r-project.org
2.2.1.3 Data source
GSE Dataset Platform Organism Sample number
GSE17901 GPL4134 Mouse AAA day7: 7,

AAA day14: 5,

AAA day28: 6
GSE12591 GPL7215 Mouse Control: 6, AAA: 5
GSE7084 GPL 570 Human Donor: 10, AAA: 9
GSE47472 GPL 10558 Human Donor: 8, AAA: 14
GSES57691 GPL 10558 Human Donor: 10, AAA: 49

2.2.2 Methods
2.2.2.1 Data sources and data preparation

We performed a systematic search in the gene expression omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/) to find the abdominal aortic aneurysm (AAA)
associated gene expression datasets. Datasets GSE17901, GSE12591, GSE7084,
GSE4742 and GSE57691 were downloaded and used for further analysis. The whole
workflow of this study was shown in Figure 7. In the explore dataset GSE17901,
mouse aneurysmal aortic samples consisting of the entire suprarenal aorta were
taken on day 7, day 14, and day 28 from ApoE-/- mice treated by angiotensin Il or
saline %°. Gene expression profiles of 18 AAA samples were selected for weighted
gene co-expression network (WGCNA) analysis. The GSE12591 dataset collected
mouse aortas exposed to saline (n = 6) or angiotensin Il (n = 12) %8, The GSE7084
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included control aortic samples from organ donors (n = 10) and full-thickness
abdominal aortic wall samples from AAA patients (n = 9) %. The GSE47472
contained full-thickness aortic wall specimens from AAA neck tissue (n = 14) and
non-aneurysmal neck tissues from organ donors (n = 8). The GSE57691 included
full-thickness abdominal aortic wall samples from AAA patients (n = 49) and normal
full-thickness abdominal aortic wall specimens from organ donors (n = 10) %°. Mouse
dataset (GSE12591) and human datasets (GSE7084, GSE47472, and GSE57691)
were used to validate the hub genes. Each dataset above was processed by
background correction including removal of batch effect using “sva” R package and

quantile normalization with the “limma” R package "° for further analysis.

Abdominal Aortic Ane
Explore Dataset

— -

ApoE” Mouse

with AAA
(GSE17901)

v

(GSE7084,
GSE47472,
GSE57691)

Weighted Gene
Co-expression Network
Analysis

+ Validation
Key Modules
of AAA
DGIdb Database

A
Functional Enrichment @

STRING & CYTOSCAPE

Figure 7. Flowchart of analysis in the study. GSE17901 was a mouse dataset
containing AAA samples collecting on day 7, day 14 and day 28, which was used for
exploring the key modules and hub genes related to AAA progression. Hub genes
were identified through the STRING database and Cytoscape software. Key genes
were further selected from the hub genes and validated in the mouse (GSE12591)
and human (GSE7084, GSE47472 and GSE57691) AAA datasets. Finally, potential
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drugs or compounds targeting these key genes were screened in the DGldb
database. AAA: abdominal aortic aneurysm.

2.2.2.2 Construction of the weighted co-expression network

We used the “WGCNA” R package to perform the weighted co-expression network
analysis %. In the explore dataset GSE17901, the top 25% variance genes were
selected for the following step analysis. The “pick Soft Threshold” function was used
to determine the soft-thresholding power and construct a scale-free network. After
that, gene co-expression modules were identified using the one-step network
construction method and labeled with different colors. The reassign threshold was set

at 0.25, and the minimum number of genes in each module was 30.

2.2.2.3 Selection of key modules

To explore the modules significantly associated with AAA progression, we calculated
the relevancy between module eigengene (ME), which summarizes each module’s
gene expression profiles. The correlation results were shown using the “ggcorrplot” R
package ’'. Furthermore, Gene Significance (GS) was quantified by the absolute
value of the association between the gene expression and sample traits. In every
module, measurement of module membership (MM) was defined as the correlation of
the ME and gene expression profile. Modules with significance (p-value<0.05) and
relationship (correlation>0.6 or <-0.6) were defined as key modules of AAA
progression and used for hub gene selection.

2.2.2.4 Functional enrichment analysis of the key modules

To understand the biological meanings of genes in AAA-related key modules, we
conducted Gene Ontology (GO) function enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis with the
“clusterProfiler” R package 2. The top 10 results of each analysis were shown for
visualization, results of adjusted p-value < 0.05 were considered a statistically

significant difference in enrichment analysis.

2.2.2.5 Identification of hub genes in key modules

Hub genes are those that have a high degree of intramodular connectivity . In this
study, hub genes were defined as the top 10% of genes in key modules with the
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highest connectivity. Then, we uploaded these genes into the search tool for the
retrieval of the interacting genes (STRING) website (www.string-db.org) for protein-
protein interaction analysis with setting the confidence > 0.4 73. Cytoscape software
was used for network visualization and hub gene selection 7. The top 10 hub genes
in each module were selected with the maximal clique centrality (MCC) method using
cytoHubba plugin software in Cytoscape "°.

2.2.2.6 Hub genes validation and key genes selection

The validation of hub genes was performed by comparing the normalized gene
expression value between control and AAA groups. The validate datasets GSE12591,
GSE7084, GSE47472, and GSES7691 were downloaded and preprocessed as
mentioned before. In the GSE12591 mouse dataset, the gene expression of the
selected hub genes in AAA and controls were compared, and genes with P<0.05
were confirmed as the key genes. In the GSE7084, GSE47472, and GSE57691
human datasets, genes were extracted as described for dataset GSE12591. Genes
with p<0.05 were confirmed as the key genes. Common genes in both the mouse
dataset and human datasets were defined as the final key genes of AAA progression.

2.2.2.7 Predication of drug-gene interaction

The Drug—Gene Interaction Database (DGldb) (http://www.dgidb.org/) is an online
database of drug-gene interaction data aggregated from various sources, including
several drug databases (DrugBank, PharmGKB, ChEMBL), clinical trial databases,
and literature from PubMed 6. The selected key genes that were considered the
potential pharmaceutical targets for AAA treatment, were imported into DGIdb to
explore existing drugs or small organic compounds. Results were displayed using the
R packages “ggplot2” 77 and “ggalluvial” 7.

2.2.3 Statistical analysis

Statistical analyses were performed using Graphpad Prism. Variables were
summarized as mean t standard deviation (SD). The unpaired Student's t-test was
used to determine statistical significances between two groups. The number of
technical and experimental replicates can be found in the figure legends for each
experiment. P values less than 0.05 were considered significant and represented
graphically as *, P<0.05; **, P<0.01; ***, P<0.001, unless otherwise indicated.
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3 RESULTS

3.1 Influence of blue light irradiation on endothelial cells

3.1.1 Effect of blue light on cell viability

To gain a preliminary understanding of the blue light irradiation on endothelial
cells, we exposed HUVECs to different irradiation times, which was modified
according to previous studies (Parameters are shown in the Table in method
part) 7981, Using the XTT assay with a broad range of irradiation times, we
found HUVECs responded biphasically to the blue light exposure. Short
irradiation times increased the cell viability, while treatment over a longer
duration decreased the cell viability (Figure 8). The highest cell viability was
obtained with 12 min irradiation. Here cells showed a 20.2% increase with
irradiance 10 mW/cm? as compared to control. An 18% rise was observed
with irradiance 20 mW/cm? as compared to the control. The cell viability
dropped to 71% (10 mW/cm? group) and 62% (20 mW/cm? group) compared

to control after 2 hours irradiation (Figure 8).
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Figure 8. Changes in the cell viability of HUVECs following different blue

light fluences. XTT assay at 24 hours after irradiation. Normalized
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absorbance was calculated versus non-irradiated controls. Data are shown as

mean = SD (n = 3 repetitions).

Furthermore, we narrowed the intervals of the irradiation times. The biphasic
curve showed that the time point with the highest cell viability was 12 mins (13%
increase in 10 mW/cm? group, 9% increase in 20 mW/cm? group). The cell
viability also decreased with the prolongation of blue light irradiation (Figure

9).
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Figure 9. Cell viability changes of HUVECs after different durations of
blue light irradiation. XTT assay was performed 24 hours after irradiation.
Normalized absorbance was calculated versus non-irradiated controls. Data

are shown as mean = SD (n = 3 repetitions).

The biphasic effect of blue light on HUVECs was further confirmed with BrdU
assays. The result showed a similar trend: the cell proliferation was promoted
after short times of irradiation, especially after 12 mins irradiation (7.6% and
7.4% compared to control, with 10 mW/cm? and 20 mW/cm?, respectively), At
30 minutes it decreased to 91% and 86% as compared to controls, with 10

mW/cm? and 20 mW/cm? respectively (Figure 10). Again, the time point of 12

28



RESULTS

mins with 10 mW/cm? and 20 mW/cm? showed the most apparent promotion

effect on cell viability and proliferation.
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Figure 10. Changes in the cell proliferation of HUVECs following
different blue light fluences. BrdU assays were performed 24 hours after
irradiation. Normalized absorbance was calculated versus non-irradiated

controls. Data are shown as mean + SD (n = 3 repetitions).

To further explore the effect of irradiance on HUVECs, we performed the XTT
assay with different irradiances for 12 minutes. Figure 11 showed that: 1.
With the increase of irradiances, a biphasic response was observed in the cell
viability assays; 2. Low irradiance of blue light illumination promoted cell
viability. Here 10 mW/cm? over 12 mins showed the most increase (7.2%).
The cell viability decreased to 84.7% when cells were irradiated with 40
mW/cm?. Based on these results, two parameters were chosen for the
following experiments: a low fluence group (10 mW/cm? * 12 min, 7.2 J/cm?)

and a high fluence group (40 mW/cm? * 12 min, 28.8 J/cm?).
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Figure 11. Changes in the cell viability of HUVECSs following irradiance
over the fixed time point of 12 minutes of XTT assay at 24 hours after
irradiation. Normalized absorbance was calculated versus non-irradiated

controls. Data are shown as mean + SD (n = 3 repetitions).

3.1.2 Effect of blue light on redox metabolism and apoptosis in cells

Previous studies suggested that blue light irradiation could increase the
intercellular ROS level 828 so we evaluated ROS changes after blue light
irradiation HUVECs using the Grx1-roGFP3 redox sensor and DCFH-DA dye.
Grx1-roGFP3 is a redox sensor that can be used to detect the oxidation and
reduction reaction in cells dynamically. In this study, the ROS level detected
by the sensor was immediately increased after irradiation (time point: 0.4 h)
(Figure 12), especially in the high fluence treatment group (40 mW/cm? * 12
min) with a 12% increase. In contrast, the low fluence irradiation (10 mW/cm?
* 12 min) only led to a 4.9% ROS increase. This upregulation of ROS

recovered to baseline after 24 hours (Figure 12).
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Figure 12. Dynamic ROS changes of HUVECs as determined with the

redox sensor following blue light exposure to either low fluence (10

mW/cm? * 12 min) or high fluence (40 mW/cm? * 12 min). Data are shown

as mean £ SD (n = 3 repetitions).

And the same ROS changes were observed in the DCFH-DA dye staining

assay. High fluence irradiation (40 mW/cm? * 12 min) increased ROS by 23%

(p<0.01) as compared to the low fluence after irradiation. ROS levels returned

to pre-irradiation level 24 hours post-irradiation (Figure 13). So here, we

found that blue light could increase the ROS production of HUVECs in a

fluence-dependent manner, and the increase of ROS would return to normal

after retreating the blue light irradiation.
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Figure 13. Changes in the ROS levels in HUVECs following exposure to
either low fluence (10 mW/cm? * 12 min) or high fluence (40 mW/cm? * 12
min) using the DCFH-DA assay after irradiation. Normalized fluorescence
was calculated versus non-irradiated controls. Data are shown as mean + SD

(n = 3 repetitions. **p<0.01).

Since ROS overproduction can cause cell death 8, we further evaluated if
blue light irradiation mediated ROS increase led to apoptosis with the above
irradiation parameters. Here, we performed the Annexin V and Pl staining on
the HUVEC cells after irradiation. Annexin V staining could show the early
stage of apoptosis cells and PI indicates the late apoptotic state. The
percentage of apoptosis cells after irradiation was evaluated using a flow
cytometer. From the results (Figure 14A and 14B), no evident apoptosis was
observed after low fluence illumination and in the control group, while the high
fluence slightly increased the number of apoptotic cells by 3.6% as compared

to the control group (p<0.05).
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Figure 14. Apoptosis changes in HUVECs following exposure to either
low fluence (10 mW/cm? * 12 min) or high fluence (40 mW/cm? * 12 min)
after irradiation using flow cytometer. (A) Representative results of
Annexin V PI staining of HUVEC cells following exposure to either low fluence
(10 mW/cm? * 12 min) or high fluence (40 mW/cm? * 12 min) measured by
flow cytometry at 24 hours after irradiation. (B) Quantification of cell apoptosis
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induced by blue light. Annexin V+/Pl- and Annexin V+/Pl+ populations were
considered as apoptotic cells. Data are shown as mean + SD (n = 3

repetitions. *p<0.05).

3.1.3 Effect of blue light on cell migration

To explore whether blue light could also influence cell migration, the scratch
assay was performed. From the images acquired at different time points after
blue light irradiation, HUVECs irradiated by a Ilow fluence
(10 mW/cm2 * 12 min) closed the wound significantly faster than the control
cells after 9 h (p<0.05, compared with the control group), and no significant
difference  were observed in cells irradiated by high fluence

(40 mW/cm? * 12 min) (Figure 15A and 15B).
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Figure 15. Cell migration determined by the scratch assay following
exposure to either low fluence (10 mW/cm? * 12 min) or high fluence (40
mW/cm? * 12 min) after blue light irradiation. (A) Representative images of
the scratch assay were taken at 0, 0.4, 6, 9 and 12 hours after irradiation. (B)
Quantification of data from the scratch assay. Data are shown as mean + SD

(n = 3 repetitions. *p<0.05; ns: not significant).

To further confirm the blue light effect on cell migration, the trans-well assay
was performed. The results of 6 hours after light treatment showed low
fluence irradiation prompted the migration through the membranes, about 38%
increase as compared to control cells (p < 0.01) (Figure 16A and 16B).
Contrary to the findings of the scratch assay, blue light irradiation with a high
fluence inhibited the migration of cells (p<0.05) (Figure 16A and 16B). Taken
together with the two migration assays, we can conclude that blue light

irradiation also induced a biphasic effect on cell migration.
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Figure 16. Cell migration determined by the trans-well assay following
exposure to either low fluence (10 mW/cm? * 12 min) or high fluence (40
mW/cm? * 12 min) after blue light irradiation. (A) Representative images of
the trans-well assay at 6 hours after irradiation. (B) Quantification of data from
the tran-swell assays. Data are shown as mean + SD (n = 3 repetitions.

*p<0.05, **p<0.01)
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3.1.4 Effect of blue light on cell angiogenesis

To analyze the effect of blue light irradiation on the angiogenic function of
HUVECSs, we performed tube formation and spheroid sprouting assays. Figure
10 showed that 6 hours after blue light treatment, longer tube-lengths formed
in the low fluence group (p<0.01 in comparison to the non-irradiated group),
and fewer tubes formed in the high fluence group (p<0.05) (Figure 17A and
17B). Likewise, in the sprouting assay, more sprouting was observed in the
low fluence treated group while sprouting of HUVEC cells spheroids was
inhibited by blue light irradiation at higher fluence (Figure 17C). Here, we

could conclude that blue light affected the cell angiogenic function biophasiclly

in vitro.
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Figure 17. Blue light affects tube formation and sprouting in HUVECs. (A)

Representative images of the tube formation assay of HUVEC cells following
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exposure to either low fluence (10 mW/cm? * 12 min) or high fluence (40
mW/cm? * 12 min) illumination at 6 hours after irradiation. (B) Quantification of
data from tube formation assays. Data are shown as mean + SD (n = 3
repetitions. *p<0.05, **p<0.01). (C) Representative images of the spheroid
sprouting assay of HUVEC cells with GFP following exposure to either low
fluence (10 mW/cm2 * 12 min) or high fluence (40 mW/cm2 * 12 min) at 6

hours after irradiation.

3.1.5 Gene expression analysis of cells with different fluences of blue
light irradiation

Following different fluences of irradiation, gene expression profiling was
performed by RNA sequencing, with three replicates for each condition: non-
irradiated control, low fluence and high fluence treatment. Cells were
harvested and RNA extracted 24 hours after the blue light irradiation. All RNA
samples passed the RNA quality control (RIN >9.8).

The principal components analysis (PCA) showed three distinct clusters
corresponding to non-irradiated control, low fluence and high fluence
treatment, which indicated the differences of the gene expression among the

three clusters (Figure 18).

38



RESULTS

PC3

PC1

O
o

SRS Control

D . 150 10 mW/cm?

PC2 40 mW/cm?

N
©

Figure 18. Principal component analysis (PCA) of RNA-seq data from
HUVECSs in non-irradiated control, low fluence (10 mW/cm? * 12 min) and

high fluence (40 mW/cm? * 12 min) treatment group.

From the gene expression profiling with RNA-seq, 2263 significant genes (p-
value < 0.05) were differentially expressed in the low fluence group compared
to control group of which 1079 genes are downregulated (logFC <0) and 1184
genes were upregulated (logFC >0). In the high fluence vs control group,
1668 significantly expressed genes were screened out (p-value < 0.05),
consisting of 749 down-regulated genes (logFC <0) and 919 up-regulated
genes (logFC >0) (Table 4).

Table 4. The number of significantly differentially expressed (either up-
and down-regulated genes) in HUVECs following blue light treatment
with low fluence (10 mW/cm? * 12 min) and high fluence (40 mW/cm? * 12

min) compared with non-irradiated control.
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Treatment group Significantly differentially expressed genes

Down-regulated genes  Up-regulated genes  Total

10 mW/cm? 1079 1184 2263

40 mW/cm? 749 919 1668

After that, Gene Set Enrichment Analysis (GSEA) was performed using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The
Normalized Enrichment Scores (NES) were used to reveal the pathway or
gene set distributions, and negative or positive NES indicated respectively
down- or up-regulated pathways or gene sets. Table 5 lists the numbers of
de-regulated KEGG pathways in HUVECs with different irradiance of blue

light treatment.

Table 5. The number of differentially expressed KEGG pathways in
HUVECSs treated with low fluence (10 mW/cm? * 12 min) and high fluence

(40 mW/cm? * 12 min) compared with non-irradiated controls.

Treatment group 10 mW/cm? 40 mW/cm?
De-regulated KEGG pathways 92 75
Up-regulated pathways 82 66
Down-regulated pathways 10 9

In the low fluence group, a total of 92 KEGG pathways were de-regulated (p-
value<0.05), 89% of the pathways are up-regulated (NES >0), and only 10
pathways are down-regulated (NES<O0). There are 75 de-regulated pathways
in the high fluence group, of which 66 pathways (88%) are up-regulated
(NES >0) and 9 pathways are down-regulated (NES<0).
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The most affected KEGG pathways (NES >1.5 or NES <-1.5) have been
considered for the subsequent analysis. Table 6 lists these differentially
pathways and their main category (level 1 KEGG category) of biological
function. As described above, most affected KEGG pathways are up-
regulated both in the low fluence group and high fluence group (88.3%, 86.4%,

respectively).

Table 6. Number of the most affected KEGG pathways in HUVECs
treated with low fluence (10 mW/cm2 * 12 min) and high fluence (40

mW/cm2 * 12 min) compared with non-irradiated control.

Treatment group 10 mW/cm? 40 mW/cm?
Most affected KEGG pathways 60 59
Up-regulated pathways 53 51
Down-regulated pathways 7 8
Level 1 KEGG category 60 59

Cellular Processes 3

Environmental Information Processing 11

Genetic Information Processing 1

Human Diseases 15

Metabolism 4 33
Organismal Systems 26 2

In the low fluence group, the biggest part of the level 1 KEGG functional
category was the “Organismal systems” (43.3%), followed by the “Human
Diseases” (25%) (Table 6). Furthermore, the “Signal transduction” pathway
occupies the highest proportion (18%) (Figure 19) in the level 2 KEGG
functional category, in which the “Hippo_singaling pathway” was down-
regulated and the other 10 pathways are up-regulated. “Metabolism”
pathways have the highest percentage of level 1 KEGG functional categories

in the high fluence group (55.9%), especially the “Carbohydrate metabolism”
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(25.3% in the level 2 KEGG functional category) in which all the pathways are
up-regulated (Figure 20).

Based on the above results, we focused on the VEGF pathway (NSE = 1.61)
in the low fluence group. In the high fluence group, the enriched p53 pathway
(NES =2.04) was chosen, as they were reported to play essential roles in

angiogenesis (Figure 21A and 21B).
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Figure 19. KEGG pathway enrichment analysis of low fluence (10 mW/cm? * 12 min) versus the non-irradiated control

group. Significantly different functional KEGG categories (NES >1.5 or <-1.5 and p < 0.05) are shown.
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Figure 20. KEGG pathway enrichment analysis of high fluence (40 mW/cm? * 12 min) versus the non-irradiated control

group. Significantly different functional KEGG categories (NES >1.5 or <-1.5 and p < 0.05) are shown.
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Figure 21. Gene set enrichment analysis of the interested pathways. (A) VEGF
signaling pathway was up-regulated in the low fluence (10 mW/cm? * 12 min) group.
(B) p53 signaling pathway was up-regulated in the high fluence (40 mW/cm? * 12 min)

group.

3.1.6 Verification of genes in interested pathways with qPCR

We selected the genes which are essential in each pathway as reported. The
validation was performed with RNA samples derived 24 h after blue light irradiation.
QPCR results partially matched the RNA sequencing results. We found in the VEGF
pathway two genes enriched in the low fluence group, PLA2G4A and PTGS2 were
highly expressed after low fluence blue light irradiation. In the enriched p53 pathway
of the high fluence group, CASP9 and BAX were significantly up-regulated (Figure
22A and 22B).
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Figure 22. qPCR validation of genes in the interested pathways. (A) qPCR
validation of genes in the VEGF signaling pathway and comparison with RNA-seq
data. Fold change was normalized with control. n = 3 repetitions, *p<0.05, ***p<0.001.
(B) gqPCR validation of genes in the p53 signaling pathway and comparison with
RNA-seq data. Fold change was normalized with control. *p<0.05, ***p<0.001.

3.2 Weighted gene co-expression network analysis in the development of
abdominal aortic aneurysm

The present work was published in Biomedicines 2021, 9(5), 546;
https://doi.org/10.3390/biomedicines9050546.

3.2.1 Construction of weighted gene co-expression network

After the data preparation of the explore dataset GSE17901 using the “WGCNA”
package, we included 17 samples to construct a weighted co-expression network.
Soft power 9 was selected as the soft thresholding to construct a weighted adjacency
matrix (scale-free R2 = 0.85) (Figure 23A). 15 co-expression modules were obtained,
among which the turquoise module (1394 genes) was the biggest cluster, followed by
the blue module (897 genes), brown module (793 genes), and yellow module (586

genes) (Figure 23B).
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Figure 23. Construction of gene co-expression network by WGCNA. (A)
Determination of soft-thresholding power for scale-free network construction. Here,
we set the coefficient threshold at 0.85, and the soft-threshold was 9. (B) Cluster
analysis of dendrogram and identification of co-expressed modules. In this study, we
got 15 related co-expression modules.

3.2.2 Construction of module-trait relationships and detection of key modules

The mouse AAA samples consisting of the entire suprarenal aorta in the explore
dataset GSE17901 were collected on day7, day14, and day28. Some aneurysmal
samples were caused by local dissection of the suprarenal aorta %°. The connection
between sample traits above and modules was calculated by the correlation between
ME and sample traits. As is shown in Figure 24, blue (R?: -0.64, p:0.006), green (R?:
0.61, p:0.01), and brown (R? 0.61, p:0.009) modules were strongly related to the
time trait, representing the progression of AAA. Blue (R2: 0.77, p: 0.0003) and green
modules (R% -0.85, p: 0.00002) also significantly correlated with the dissection
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sample trait. We defined these three modules as key modules which were highly
correlated with AAA.
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Figure 24. Identification of the key modules associated with AAA progression.
Green, blue and brown modules were highly correlated (Correlation > 0.6 or -0.6 and
P-value < 0.01) to the time of sample collecting which stands for AAA progression.
Green and blue modules were also related to the occurrence of dissection in some of
the murine vessel specimens (Correlation > 0.6 or -0.6 and P-value < 0.01). AAA:

abdominal aortic aneurysm.

3.2.3 Functional enrichment analysis of genes in the module

To understand the biological functions of key modules related to AAA progression,
we further performed GO and KEGG enrichment analysis on genes in each key
module. The top 10 results of GO enrichment analysis showed that genes in the blue
module (count > 25) were mainly involved in the organelle fission, regulation of
mitotic cell cycle, nuclear division, mitotic nuclear division and cell chemotaxis

(Figure 25A). Genes in the green module (count > 10) engaged in the regulation of
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GTPase activity, positive regulation of GTPase activity and Protein processing
(Figure 25B). Brown module enriched genes involved in cellular metabolic processes,
especially cofactor metabolism, purine-containing compound metabolism, and purine

nucleotide metabolism, fatty acid metabolic process, coenzyme metabolic process

(count > 30) (Figure 25C).
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Figure 25. Gene ontology enrichment analysis of key modules of AAA
progression. (A) Blue module. (B) Green module. (C) Brown module. Count: the
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number of genes in the given GO term. Gene ratio: the percentage of total genes in
the given GO term.

From the KEGG enrichment analysis, the fluid shear stress and atherosclerosis
pathway were enriched in the blue module (rich factor = 0.09), which is highly related
to the progression of AAAs (Figure 26A). Genes in the green module were clustered
in the regulation of lipolysis in the adipocyte pathway (rich factor = 0.13) (Figure
26B). The most enriched pathway in the brown module was the citrate cycle (TCA
cycle) pathway, of which the rich factor was 0.54 (Figure 26C).
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Figure 26. KEGG pathway enrichment analysis of key modules of AAA
progression. (A) Blue module. (B) Green module. (C) Brown module. Count: the
number of genes in the given KEGG pathway. Rich factor: the ratio of the number of
genes annotated in a pathway to the number of all genes annotated in this pathway.

3.2.4 Identification of hub genes in the key modules

To explore the hub genes which may regulate the AAA development, the top 10%
genes with high connectivity in each module were imported into the String online
database for protein-protein interaction (PPl) detection. The PPl networks were
formed in the Cytoscape software. With the cytoHubba plugin using the MCC method,
the top 10 hub genes were identified from the key modules, namely, in the blue
module (Ccr5, Fpr2, Ccr2, Fpr1, P2ry12, Hcar1, Ppbp, Aif1, Sirpb1b, Clec4n), green
module (Gnai1, Adcy5, Adcy3, Rnase2a, Cxcl13, Clca1, Ear10, Ear1, Npr1, Ccl11),
and brown module (Lpl, Dgat2, Fasn, Acacb, Lpin1, Acsl1, Mogat1, Lep, Ucp3, Pdk4)
(Table 7).

Table 7. Top 10 ranked genes in key modules with the MCC method in

cytoHubba.
Catalog Key Modules
Blue Green Brown

Ccrb Gnai1 Lpl

Top 10 Fpr2 Adcy5 Dgat2

Gene Ccr2 Adcy3 Fasn
Fpr1 Rnase2a Acacb
P2ry12 Cxcl13 Lpin1
Hcar1 Clca1 Acsl1
Ppbp Ear10 Mogat1
Aif1 Ear1 Lep
Sirpb1b Npr1 Ucp3
Clec4n Ccl11 Pdk4
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3.2.5 Hub genes validation and key genes selection

To further evaluate the hub genes identified above, we compared the gene
expression from the mouse dataset GSE12591, which used the same mouse
angiotensin ll-induced AAA model as the explore dataset GSE17901. Ccr5 and
P2ry12 in the blue module were significantly upregulated and Hcar1 was significantly
down-regulated in the AAA group compared with the control group (Figure 27A). In
the green module, Adcy5 and Adcy3 were the significantly expressed genes in the
AAA group (Figure 27B). All significantly expressed genes (Dgat2, Fasn, Acacb,
Lpin1, Acsl1, Mogat1, Ucp3, Pdk4) in the brown module were down-regulated in the
AAA group (Figure 27C).
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Figure 27. Validation of gene expression from hub genes in mouse dataset
GSE12591. (A) Ccr5, P2ry12 and Hcar1 were differentially expressed in the blue
module. (B) Adcy5 and Adcy3 were differentially expressed in the green module. (C)
Dgat2, Fasn, Acacb, Lpin1, Acsl1, Mogat1, Ucp3 and Pdk4 were differentially
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expressed in the brown module. *: p <0.05, **: p<0.01, ***: p<0.001 (Wilcoxon rank-

sum test).

In the human AAA datasets GSE7084, GSE47472, and GSES57691, all of the
significantly expressed genes were identified by comparing the full thickness

abdominal aortic wall samples between healthy organ donors and AAA, shown in

Table 2. Considering the individual differences within each sample, genes expressed

significantly in every human dataset were defined as human key genes. CCRS,
ADCYS5, ADCY3, ACACB, LPIN1, ACSL1, and UCP3 were the common genes that
showed up both in the mouse AAA dataset and human AAA dataset, and these were

selected as the key genes in AAA progression.

Table 8. Significantly expressed hub genes in human AAA datasets.

Key Modules
Datasets
Blue Green Brown
CCR5, CCR2, GNAI1,
GSE7084 NA
FPR2, FPR1, AIF1 RNASE2, NPR1
GNAI1,
CCR2, FPR2,
GSE47472 RNASE?2, LPIN1, UCP3
PPBP
CLCA1, LYVE1
ADCYS5,
CCR2, FPR2, ACACB,
ADCY3,
GSE57691 PPBP, CLECB6A, LPIN1, ACSL1,
CXCL13,
SIRPB1 LEP
CLCA1, CCL11
GNAI1,
RNASE?2,
CCRS5, CCR2,
NPR1, CLCA1, ACACSB,
FPR2, PPBP, AlF1,
Human LYVE1, ADCY5, LPIN1, ACSL1,
CLECG6A, SIRPBH1,
ADCY3, LEP, UCP3
FPR1
CXCL13,
CCL11
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3.2.6 Predication of drug-gene interaction

From the above analysis, seven key genes (CCR5, ADCY5, ADCY3, ACACB, LPIN1,
ACSL1, and UCP3) were selected as the potential druggable targets for AAA
treatment. These genes were imported into the DGIdb database for predicting drug-
gene interaction. The results showed that 35 potential target drugs/compounds might
be used for AAA treatment. 23 drugs targeting CCR5, among which maraviroc had
the highest prediction score; seven drugs target ACACB, two drugs each target
ACSL1 and ADCY5, and one drug targets LPIN1 (Table 9, Figure 28).

No potential drugs were identified for ADCY3 and UCP3 in the database. These 2

may also be considered potential targets in AAA treatment.

Drug Gene Module

ACACB

ADCY5 s
<@ I‘

Firsocostat

CCR5

Brown

Green

LPIN1

Figure 28. Gene-drug interaction prediction of key genes. Five key genes:
ACACB, ACSL1, ADCY5, CCR5 and LPIN1 were targeted in the DGIdb database.

And a total of 35 potential target drugs/compounds were predicted from the database.
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Table 9. Potential target agents identified based on drug-gene interaction in

DGldb database.
Gene symbol  Gene name Target agent Drug-gene Interaction  Query Interaction
Score Score

ACACB Acetyl-CoA Carboxylase Beta CHEMBL378186 NA 4.45 8.74
Adenine NA 4.45 8.74
PF-05175157 NA 4.45 8.74
CHEMBL208943 NA 4.45 8.74
Firsocostat Allosteric modulator 2.22 4.37
Biotin Cofactor 1.33 2.62
Metformin NA 0.11 0.22

ACSL1 Acyl-CoA  Synthetase Long- Adenosine NA 0.89 6.12

Chain Family Member 1 monophosphate

Adenosine NA 0.23 1.61
triphosphate

ADCY5 Adenylate Cyclase 5 CHEMBL401844 NA 2.22 10.2
Aurothioglucose NA 1.48 6.8
Colforsin NA 0.74 3.4

CCR5 C-C motif chemokine receptor 5 Maraviroc Antagonist 31.15 19.47

CCR5 C-C motif chemokine receptor 5 Vicriviroc Antagonist 26.7 16.69
Leronlimab Antagonist 22.25 13.91
CHEMBL207004 Antagonist 17.8 11.13
INCB-9471 Antagonist 13.35 8.34
Cenicriviroc Antagonist 8.9 5.56
AZD5672 Antagonist 8.9 5.56
Aplaviroc Antagonist 8.9 5.56
Ancriviroc Antagonist 4.45 2.78
Vicriviroc Maleate Antagonist 4.45 2.78
Anibamine NA 4.45 2.78
Variecolin NA 4.45 2.78
CHEMBL255858 NA 4.45 2.78
CHEMBL495654 NA 4.45 2.78
PF-232798 NA 4.45 2.78
Nifeviroc NA 4.45 2.78
Aplaviroc Antagonist 2.22 1.39
hydrochloride
CHEMBL41275 Antagonist 2.22 1.39
PF-04634817 Antagonist 2.22 1.39
CHEMBL2018969 Antagonist 2.22 1.39
Mavorixafor NA 2.22 1.39
Ibalizumab Antagonist 1.1 0.7

LPIN1 Lipin 1 Rosiglitazone NA 0.28 3.82
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4 DISCUSSION

4.1 Influence of blue light irradiation on endothelial cells

The purpose of this study was to systematically investigate the impact of LED blue
light with a wavelength of 453 nm on HUVECs in vitro, including cell metabolism,
proliferation, migration and angiogenic functions. Results showed that firstly blue light
irradiation could influence the mentioned biological activities of HUVECs in vitro and
yield a biphasic effect after light treatment. At a low fluence (10 mW/cm? * 12 min, 7.2
Jlicm?), blue light promoted cell metabolism, migration and angiogenic functions of
HUVECs. However, at high fluence (40 mW/cm? * 12 min, 28.8 J/cm?), blue light
irradiation inhibited all the above-mentioned cell activities. Secondly, we found that
blue light increased the intercellular ROS production in a fluence-dependent manner.
Furthermore, we revealed the potential mechanisms of the observed biphasic effect
by RNA sequencing. Several angiogenic related pathways, e.g., MAPK, JAK-STAT,
PI3K-Akt and VEGF- which are known to improve cell viability and migration - were
upregulated in the low fluence group, while Ferroptosis, Necroptosis and the p53
signaling pathways - which are known to regulate above cell activities negatively -
were activated after higher fluences of light irradiation.

4.1.1 Inhibition phase of blue light on endothelial cells

The wavelength of blue light ranges from 380 nm to 500 nm. It possesses some
ultraviolet properties, including the inhibitory effect on bacteria or eukaryotes, as the
wavelength of ultraviolet is between 10nm and 400 nm 8. These inhibition
characteristics induced by blue light are now widely accepted in antimicrobial therapy.
It was reported that blue light could target several bacterial species. For example,
Helicobacter pylori (H. pylori), a gram-negative bacterium found in the human
stomach that may lead to peptic ulcer and gastric cancer could be reduced by 99.9%
after 20 J/cm? of blue light exposure (405 nm wavelength, 100 mW/cm? irradiance) .
Besides targeting gram-negative bacteria, gram-positive bacteria could also be
targeted by blue light. Kawada et al. isolated five acne patient-derived strains of
Propionibacterium acnes (P. acnes), a gram-positive bacterium that causes acne
symptoms and antimicrobial resistance, to assess the bactericidal efficacy of blue
light (407-420 nm wavelengths). With the exposure to blue light for 60 min with an
irradiance of 90 mW/cm? (total influence 324 J/cm?), the viability of P. acnes was
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decreased by 15.7% immediately after the irradiation 24.4% at 60 min post-irradiation
87 In another study on blue light inactivation of oral bacteria Porphyromonas
gingivalis (P. gingivalis), was targeted, a bacterium that may cause periodontal
disease. Exposure to 15 J/cm? with the wavelength of 405 nm blue light lead to
evident inhibition of P. gingivalis (over 75% inhibition) under different irradiation
conditions of 50 mW/cm2 for 300 s, 200 mW/cm? for 75 s and 400 mW/cm? for 38 s
88 Other strains of bacteria were also affected by blue light including S. aureus
(405nm wavelength with 100 mW/cm? * 10 mins) 8 and P. aeruginosa (405nm
wavelength with 5-15 J/cm?) 0. Both were reported to be inactivated by blue light
irradiation. These studies illustrated the inhibitory role of blue light in the antimicrobial
application.

In the field of cancer research, blue light also showed an inhibitory influence on tumor
cells. In an in vitro study carried out by Yan et al., blue light (470 nm wavelength)
induced lower cell proliferation and a remarkable increase of cell apoptosis of human
colorectal cancer cell lines: SW620 and HT29, which were treated by 72 J/cm? to
288 J/cm?. Meanwhile, the cell migration was significantly decreased after blue light
irradiation, which further inhibited the epithelial-mesenchymal transition process °'. In
a similar study, cell viability of HT-29 and HCT-116, two other human colon cancer
cells, was lower (around 10% with 10 mins at 30 mW/cm? and 60% with 30 mins at
30 mW/cm?) after irradiation by 456 nm blue light as compared to control group . In
an in vivo study of v-Ha-ras transgenic induced skin tumor models, blue light (470 nm
wavelength at 5.7 mW/cm?) decreased the tumor incidence rate and tumor size after
daily 1-hour irradiation over 9 weeks 3.

In our study, the inhibitory effect on HUVECs was observed when a higher fluence of
blue light irradiation was applied (i.e., 453 nm wavelength with 12 mins at 40
mW/cm?). This is consistent with the results observed for other types of endothelial
cells. Blue light (425-500 nm wavelength) significantly inhibits the cell growth of
endothelial cells derived from the calf aortas exposed for 18 hours at 42 J/cm? %4. A
study from Sparsa et al. showed the exposure of bovine endothelial cells to blue light
(450 nm wavelength at 10 J/cm?) induced an apparent reduction in cell viability and
an increase in cell death 24 hours after irradiation °. However, one study reported
that treatment with blue light (475 nm wavelength at 40 mW/cm?, 24 J/cm? per day for
3 days) on HUCVECs was ineffective. There was no promotion of cell viability or cell
migration which could be induced by blue light %. This difference may come from the
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parameters of irradiation like wavelength or the different sources of light which were
used.

4.1.2 Mechanisms of inhibitory effect on endothelial cells after blue light
irradiation

To reveal the potential underlying mechanisms of blue light-induced inhibition on
HUVECs, we performed ROS measurements as the excess amount of cellular ROS
leads to oxidation of proteins, nucleic acids, lipids, membranes and organelles,
winducey induces programmed cell death 8297, We also performed Gene expression
profiling by RNA-seq to detect the transcriptomic changes after blue light irradiation.
Firstly, ROS level in HUVECs was significantly upregulated in the high fluence group
after blue light irradiation as detected by a redox sensor and typical DCFH-DA
staining.

We also observed consaecutive increase of cell apoptosis detected by annexin-V
and with Pl staining. This is consistent with the results observed in several in vivo
and in vitro studies. For instance, one study showed that dose-dependent ROS
upregulation occurred both in normal (NHEK) and oral squamous carcinoma (OSC2)
epithelial cells with blue light (380-500 nm wavelengths) irradiation doses of 5-30
Jlcm? 97 Furthermore, blue light (470 nm wavelength) caused ROS accumulation
and DNA damage in human colorectal cancer cell lines SW620 and HT29, which
further induced a remarkable increase of cell apoptosis - which we also found in
HUVECs. In parallel, the cell migration ability of these two tumor cells was affected °'.
King et al. provided details about how blue light related-ROS caused the cell death:
they found that mitochondria-derived reactive oxygen species (ROS) are responsible
for the death of retinal pigment epithelium exposed to blue light (425 nm wavelength
at 10 mW/mm? for 5 mins), as both ROS production and cell death were decreased
when they inhibited the mitochondrial electron transport chain or applied
mitochondria-specific antioxidants to cells %. In another in vivo study investigating
oral gingival tissue exposed to blue light (460 nm wavelength at 400 mW/cm? for 15
mins), the oxidative stress caused by ROS and the oxidized glutathione levels were
significantly increased. These effects could be inhibited by pre-administration of anti-
oxidative stress regent N-acetyl-I-cysteine (NAC), which provides the strategy against
blue light-induced oxidative damage °.

Based on the KEGG pathway enrichment analysis of RNA sequencing data from

cells exposed to high fluences of blue light, we found apoptosis-related pathways-
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Ferroptosis, Necroptosis and p53 pathways were upregulated. Ferroptosis is a
nonapoptotic type of cell death initiated by the lipid peroxidation accumulation and
iron metabolism derived from ROS overload '®. It is characterized by smaller
mitochondria with increased mitochondrial membrane densities, reduced
mitochondria crista, and rupture of the outer mitochondrial membrane '°'. Herein,
ROS overproduction caused by the high fluence of blue light irradiation in this study
would activate the Ferroptosis pathway and cause ferroptotic cell death in HUVECs.
Necroptosis is another form of programmed cell death, mimicking some features of
apoptosis and necrosis 92, A recent study in retinal cells found that blue light (450
nm wavelength at 300lux for 48 hours) induced cell necroptosis by activating the
apoptosis-inducing factor (AIF) '°. p53 pathway — as the last apoptotic related
pathway - regulates the cell resonance to intrinsic and extrinsic stress including
oxidative stress and DNA damage '%4. Both can be triggered by blue light irradiation.
In this study, gene set enrichment analysis further proved the upregulation of this
pathway.

QPCR validation of the p53 pathway showed that CASP9 and BAX were significantly
upregulated in cells irradiated by high-fluence blue light. CASP9 encodes the
Caspase-9 protease required for apoptosis 19519 and BAX is an apoptosis regulator
involved in the p53-regulated apoptosis 0718 Thus, the induction of blue light-
mediated apoptosis may also explain the inhibitory effects observed for the cell
behavior in the study (cell viability, migration and angiogenesis).

Besides the above three enriched pathways, metabolism-related pathways were the
most prominent part in the results of KEGG pathway enrichment analysis, among
which pathways of “Carbohydrate metabolism” and “Lipid metabolism” accounted for
a larger proportion of total enriched pathways. At present no studies have been
published showing that blue light would affect these above two pathways ,
carbohydrate or lipid metabolism plays a crucial role in regulating the biological
activities of endothelial cells . For instance, inhibition of 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 3 (PFKFB3), a key enzyme in carbohydrate
metabolism, would switch proliferating endothelial cells to a quiescent state, which
further disturbs the cell migration and tube formation °%11°, Dysregulation of fatty
acid metabolism, one subtype of lipid metabolism, could disrupt the intercellular
redox homeostasis, including oxidative stress regulation in endothelial cells, which
leads to cell dysfunction and destruction of the vascular barrier 11*.112,
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4.1.3 Promotion phase of blue light on endothelial cells

Our study revealed that low fluence (irradiance at 10 mW/cm? for 12 min) of blue light
(453 nm wavelength) could positively regulate HUVECS’ activities including migration
and angiogenesis. These findings further support the application of blue light
treatment in wound healing because the promotion effect of blue light has also been
described in several in vivo studies about wound healing. For instance, after seven
consecutive days of blue light irradiation (470 nm wavelength at 50 mW/cm? for 10
mins/day), it significantly decreased the size of circular excision wounds in rats
compared to the non-irradiated controls ''3. In another study, blue light (470 nm
wavelength with influence 30J/cm? per day) has been shown to increase
angiogenesis and promotes wound healing in an ischemia rodent flap model. The
necrosis of the ischemic tissues was attenuated and the flaps showed a significantly
increased tissue perfusion at day 7 in the blue LED-treated group . In a clinical
study about the effectiveness of blue light photobiomodulation in chronic wounds, 19
patients were enrolled and treated with a power density of 120mW/cm? and a fluence
of 7.2 J/cm? of blue light. During the 10-week study, 84% of the patients responded
to the treatment. Wounds were reduced with no signs of infection ''4. Most recently,
Stern et al. revealed that 30 mins of blue light (453 nm wavelength at 42 m\W/cm?)
treatment decreased the blood pressure by increasing NO-releasing into circulating
blood in healthy volunteers, which d may also provide a novel field of application for
blue light treatment.

4.1.4 Mechanisms of promotion effect on endothelial cells after blue light
irradiation

In this study, four angiogenesis-related pathways- “JAK-STAT signaling pathway”,
‘MAPK singling pathway”, “PI3K-Akt signaling pathway” and “VEGF signaling
pathway” were upregulated in the KEGG pathway enrichment analysis, all of which
may explain the promotion effects of low influence blue light irritation on cell viability,
migration and angiogenesis. The JAK-STAT signaling pathway is essential for basic
developmental processes including cell proliferation and differentiation 5116, Many
studies have proved robust angiogenic effects of this pathway on endothelial cells. It
mediates the cell degradation of the basement membrane and extracellular matrix
proliferation, migration and proliferation during angiogenesis 7. MAPK signaling
pathway is a pathway activated by pro-angiogenic factors FGF and VEGF, enhancing
cell migration and proliferation in the early stages of angiogenesis 811, The PI3K-
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Akt signaling pathway and VEGF signaling pathway are the two well-known
pathways regulating multiple cellular processes during angiogenesis 29121, We found
three genes in the VEGF pathway which were significantly increased and could be
validated by qPCR analysis. The first gene is PTGS2, also known as
cyclooxygenase-2 (COX-2). It has been reported to be involved in VEGF-mediated
angiogenesis of HUVEC cells through activating the p38 MAKP and JNK kinase
pathway ', Interestingly, we also found these pathways to be upregulated in the
KEGG enrichment analysis. The second upregulated gene, PLA2G4A (alias for
cPLA2 gene) has so far no direct connection with blue light or angiogenesis. Only
one study has indicated that cPLA2 was regulated by MAP kinase '°°, which was
found upregulated after low fluence irradiation.

The third upregulated gene is NOS3, nitric oxide synthase 3, which controls nitric
oxide production (NO) '?2. Several studies have focused on nitric oxide production
(NO) under blue light illumination, as NO plays a vital role in maintaining vascular
homeostasis 123124, One study showed blue light (420-453 nm wavelengths at 58
mW/cm?)-induced NO formation in human skin in vitro and in vivo '5. A recent
clinical study showed that 30 mins of blue light (453 nm wavelength at 42 m\W/cm?)
treatment could promote NO-release into circulating blood followed by a decrease in

blood pressure in healthy volunteers 3°.

4.2 Weighted gene co-expression network analysis in the development of
abdominal aortic aneurysm

The present work was published in Biomedicines 2021, 9(5), 546;
https://doi.org/10.3390/biomedicines9050546.

4.2.1 Key modules of AAA progression

WGCNA is a systematic biological method that identifies the gene co-expression
clusters among samples in an unbiased manner. This study used WGCNA analysis
to identify the key gene clusters called modules involved in AAA progression. Among
the 15 co-expression modules obtained by WGCNA analysis, the blue, green, and
brown modules were most related to AAA progression. Based on the functional
enrichment analysis of these key modules, we found genes in the blue module were
mainly enriched in the cellular process, particularly the regulation of the mitotic cell

cycle. The mitotic cell cycle is a process that proliferating cells go through a regular
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cycle of events, which is also known as cell division 2. There have been several
studies to imply the association between the mitotic cell cycle and aortic diseases.
The results from Butt et al. showed that significantly expressed genes in the
peripheral blood between individuals with AAA and healthy organ donors were
enriched in this process '?7. Another study showed that genes upregulated in acute
type A aortic dissection, a disease that shares some similarities with AAA,
significantly clustered in the biological process of the mitotic cell cycle 28, The most
enriched pathway of the blue module was fluid shear stress and atherosclerosis. This
finding was consistent with several studies. Abnormal blood flow-induced shear
stress was reported to contribute to the growth or rupture of AAA 2°130 And the
studies from Cornuz et al. and Golledge et al. revealed the potential connections
between atherosclerosis and AAA development 42131, The GO analysis of the green
module showed that the biological process of GTPase activity was involved in AAA
development. It was reported that dysregulation of GTPase activity would affect the
proliferation and migration of endothelial cells and vascular smooth cells, further
leading to the AAA progression 32133, KEGG pathway enrichment of green module
demonstrated that the regulation of lipolysis in adipocytes pathway might also be
engaged in the growth of AAA, as some studies indicated the associations of lipolysis
and adipocytes with AAA 34136 The functional enrichment analysis of the brown
module revealed that some metabolic processes or pathways are also involved in
AAA progression. Cofactor metabolism was the most enriched process in this study,
which was in agreement with previous studies indicating that cofactors like cobalamin
(vitamin B12) and glutathione could limit the progression of AAA 137138 These
findings confirmed the involvement of the mitotic cell cycle, GTPase activity, and
metabolic process in the pathogenesis of AAA. However, other GO analyses like
organelle fission and purine-related metabolic process, pathways including
pancreatic secretion, propanoate metabolism and pyruvate metabolism need further

investigation in the future.

4.2.2 Hub genes related to AAA progression

In WGCNA analysis, hub genes are defined as genes with high correlation in
candidate modules ©°. In our study, we selected the hub genes by a combined
analysis of gene intramodular connectivity and protein-protein interaction in the
STRING database and Cytoscape software. Then the chosen hub genes were further

confirmed in mouse and human datasets through differential gene expression
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analysis. Finally, we identified seven key genes: CCR5 from the blue module,
ADCY5 and ADCY3 from the green module, ACACB, LPIN1, ACSL1, and UCP3
brown module. CCR5 was a member of C-C motif chemokine receptors, a key
receptor during HIV-1 infection 13°. It is expressed in many immune cells, including
macrophages, T cells, and natural killer cells. CCR5 and its ligands regulate the
inflammatory response by affecting the biological activities of the above-mentioned
immune cells 0. The results from GSE12591 identified Ccr5 as a differential gene
upregulated in the mouse aortas with aneurysms °¢, and CCRS5 signaling in the
macrophages pathway was enriched by functional analyses of differential genes in
GSE7084%’. Patients with AAA frequently had CCR5 Delta 32 deletion mutations and
were vulnerable to rupture of aneurysms '#'. Thus, CCR5 may be a potential
biomarker for the selection of AAA patients who need active intervention. The hub
gene ADCYS5 was one of the differential expression genes in the murine dissecting
AAA %2 so it may also play a role in the growth of AAA. ADCY3 is an enzyme that
regulates cyclic adenosine monophosphate (CAMP). It was reported that loss of
ADCY3 increased the risk of obesity and type 2 diabetes '3, and the single
nucleotide polymorphisms of this gene are related to hypertension 44, which are the
risk factors that may lead to AAA development. For the hub genes LPIN1, ACSL1
and UCP3, these three genes were related to adipocyte differentiation and muscle
growth '45-147 " so dysregulation of these genes may lead to AAA progression as
adipocyte, and vascular smooth muscle cell play an essential role in the development
of AAA 135148 According to the reviewed literature, the remaining key gene ACACB
had no apparent connection with AAA. This, however, requires further investigation

to clarify its function in AAA progression.

4.2.3 Predicted drugs for AAA treatment

So far, there is no effective drug therapy for the prevention of AAA progression or
rupture. Hence, we used seven identified key genes as drug targets for drug-gene
interaction. A total of potential 35 drugs or compounds were predicted from the
DGIdb database. We checked these 35 candidates from the literature and the
ClinicalTrials.gov (https://clinicaltrials.gov/), the largest clinical trials database
containing over 329,000 trials worldwide. Five targetable drugs (PF-05175157,
firsocostat, and metformin targeting ACACB; maraviroc targeting CCR5; rosiglitazone
targeting LPIN1) were found to be used for AAA treatment. PF-05175157 and

firsocostat are two novel acetyl-CoA carboxylase (ACC) inhibitors for lipid disorder
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(Alkhouri et al. 2020; Huard et al. 2020), which could potentially rebalance
dysregulated lipid metabolism in AAA to limit the development of the disease.
Metformin is the first-line oral antidiabetic drug, which had been proved to improve
the prognosis of cardiovascular diseases by reducing inflammation and oxidative
stress (Esfahanian et al. 2012; Isoda et al. 2006; S. A. Kim and Choi 2012). Several
epidemiological studies have indicated that metformin use could decrease yearly
AAA growth (Afonso et al. 2017; Francisci et al. 2019). Rosiglitazone (RGZ) is a
potent peroxisome proliferator-activated receptor-y (PPAR-y) agonist that can protect
against ischemia/reperfusion injury due to its anti-inflammatory effects (Yue Tian-li et
al. 2001). It has been reported that RGZ reduces stent-induced neointimal formation
by decreasing the inflammatory responses and vascular smooth muscle hyperplasia
(Wu et al. 2017). It could also inhibit the growth and rupture of mouse aortic
aneurysms induced by angiotensin Il and high cholesterol through the same anti-
inflammatory effect (Jones Alun et al. 2009). For the ADCY3 and UCP3 genes, no
drugs were predicted to be evaluated as potential targets in AAA treatment in further
studies.
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5 SUMMARY

5.1 Influence of blue light irradiation on endothelial cells

Blue light irradiation at 453 nm regulated cell biological activities of HUVCEs,
including cell metabolism, proliferation, migration and angiogenic functions. With low
fluence light treatment, cell viability, migration, and angiogenesis were promoted by
activation of related angiogenic pathways, especially the VEGF pathway.

In contrast, high fluence blue light irradiation showed the opposite effect on the
above-mentioned cell activities. This inhibiton was mediated through the
upregulation of apoptosis and the p53 signaling pathways. From the data of our study,
it can be speculated that blue light should be applied for wound healing especially in
limb ischemia since it may enhance local angiogenesis if used at low fluence. In
further studies, we will investigate if the inhibitory part of blue light may be used for
the treatment of hemangioma or melanoma by suppressing or even reducing

angiogenesis.

5.2 Weighted gene co-expression network analysis in the development of
abdominal aortic aneurysm

Our study using WGCNA analyses identified seven key genes (CCR5, ADCYS5,
ADCY3, ACACB, LPIN1, ACSL1, UCP3) in three modules correlated to AAA
progression. From the functional enrichment analysis, the Mitotic cell cycle, GTPase
activity, and metabolic process were involved in the pathogenesis of AAA. The
therapeutic potential of several predicted drugs for the treatment of AAA could be

further explored.
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