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ABBREVIATIONS

Table 1. List of abbreviations used in this study.

Activating transcription factor 4 ATF4
Activating transcription factor 6 ATF6
Adipose stem cells ASCs
AMP-activated protein kinase) AMPK
Angiotensin-converting enzyme ACE
Ankle-brachial index ABI
Atherosclerosis-prone apolipoprotein E-deficient ApoE™"~
B-cell lymphoma 2 Bcl-2
Binding immunoglobulin protein BIP
c-Jun N-terminal kinases JNK
Cardiovascular disease CVvD
Cobalt () chloride CoCl
Critical limb ischemia CLI
cytoplasmic ROS cytoROS
Cyan fluorescent protein CFP
Desferrioxamine DFO

DNA damage-inducible transcript 3 CHOP



Double ligation of the femoral artery

Double-stranded RNA-dependent protein kinase (PKR)-like

ER kinase

Endoplasmic reticulum

Endoplasmic-reticulum-associated protein degradation

Endothelial cells

Endothelium Nitric oxide synthase
Eukaryotic Initiation Factor 2
Femoral nerve

Femoral vein

Fetal bovine serum
Gastrocnemius muscles

glucose transporter 1

Growth arrest and DNA damage-inducible protein
Hypoxia-inducible factor 1-alpha
Immunofluorescence
Immunohistochemistry
Inositol-requiring enzyme 1a
Intermittent claudication
Mesenchymal stem cells
Myocardial infarction

NADPH oxidase

DFLA

PERK

ER

ERAD

ECs

eNOS

elF2

FN

FV

FBS

GM

GLUT1

GADDA43

HIF-1a

IF

IHC

IRE1a

MSCs

MI

NOX



Nitric oxide

Paraformaldehyde

Peripheral Artery Disease
phingosine-1-phosphate
phingosine-2-phosphate
Pluripotent stem cells

Reactive oxygen species
Regulated Ire1-dependent decay
Sarcoplasmic/endoplasmic reticulum Ca?* ATPase
Spermatogonial stem cells
Superficial femoral artery
Unfolded protein response
Vascular endothelial growth factor
Vastus Laterals

Von Willebrand factor

X-box binding protein 1

Yellow fluorescent protein

NO

PFA

PAD

S1P

S1P

IPSCs

ROS

RIDD

SERCAZ2a

SPCs

FA

UPR

VEGF

VL

VWF

XBP1

YFP



1 INTRODUCTION

1.1 Definition of PAD and Epidemiology

Peripheral artery disease, also known as peripheral arterial disease (PAD), is
a chronic circulatory disease characterized by narrowed arteries and reduced
blood flow to the limbs'-4. A hallmark of PAD is endothelial cell (EC) dysfunction
caused by atherosclerosis (AS) or plaque formation in the peripheral blood
vessels in the extremities, consequently leading to tissue ischemia*®. Although
PAD commonly affects the legs, it is also a systemic disease with diverse
clinical manifestations including ischemic heart disease, stroke, abdominal
aortic aneurysm formation, and other severe medical conditions. The mild form
of PAD either is asymptomatic or results in intermittent claudication (IC),
whereas severe PAD is associated with critical limb ischemia (CLI),
characterized by rest pain, ischemic ulceration, foot gangrene, myocardial
infarction (MI), stroke, and limb loss®'3. PAD is diagnosed based on a patient’s
medical history and physical examination. In addition, ankle—brachial index
(ABI) is used to assess the severity of the disease’.

With more than 10% of patients with PAD in their 60s and 70s, age plays a
crucial role in its prevalence'®'®. Furthermore, the incidence of PAD is expected
to rise in the future due to an increase in the global aging population. PAD
shares several risk factors with cerebrovascular and coronary artery disease,

such as smoking, diabetes, obesity, and hypertension'’. Moreover, after



adjusting for known cardiovascular disease (CVD) risk factors, PAD was found
to be associated with an increased incidence of cerebrovascular and coronary
heart disease and mortality’-'®. CLI, the most severe pattern of PAD, is
associated with a 6-month mortality rate of 20% and a 5-year mortality rate of
50%'%-"8, In addition, CLI is associated with a high risk of lower limb amputation

in approximately 10 to 40% of patients'®20.
1.2 PAD Treatment

With the number of elderly individuals estimated to reach 1.5 billion in 20507,
efficient diagnostic methods and better treatment options are necessary for
PAD management. Treatment strategies should aim at reducing both the
symptoms and related cardiovascular events and PAD progression. Changes
in lifestyle, risk factor management, exercise, drug intervention, and surgical
revascularization play a pivotal role in improving a patient’s condition?2-24,

The conservative treatment approach involves the use of medications to
improve ambulatory activity and modify risk factors for patients. For example,
pentoxifylline promotes tissue oxygenation and improves the blood flow to the
affected area?#26. Angiotensin-converting enzyme (ACE) inhibitors trigger anti-
atherosclerotic effects by increasing nitric oxide (NO) release and inhibiting the
degradation of bradykinin?6-28, Similarly, prostaglandin decreases pain and
promotes healing in patients with severe limb ischemia3'-33,

Surgery is indicated for patients in advanced stages and who can safely tolerate
it'®19.24  Revascularization approaches such as femoral-popliteal bypass
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grafting or endovascular revascularization using balloon angioplasty and
stenting and thrombendarteriectomy and sympathectomy are performed to
relieve symptoms, heal ulcers, prevent amputations and improve the quality of
life?8-31. However, amputation could be considered for uncontrolled infections,
rest pain, and progressive gangrene without the option of revascularization.
Recently, stem cell therapy has emerged as a non-invasive treatment approach,
especially for diabetic patients with PAD, because it reduces the extent of

trauma to the affected limb and may alleviate rest pain.
1.3 Stem Cell Therapy

Regenerative medicine using therapeutic stem cells has emerged as an
alternative strategy, especially for patient’s ineligible for revascularization
procedures, to improve the blood supply to ischemic area?2?’. Stem cells are
classified as

—totipotent cells that can form all kinds of extraembryonic tissues, e.g., zygote.
—pluripotent cells that can generate all kinds of body cells including germ cells,
e.g., embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), i.e.
inner cell mass of the blastocyst;

—multipotent cells that possess the ability to form all kinds of tissue cells, e.g.,
tissue stem cells such as mesenchymal stem cells (MSCs);

—unipotent cells that can form only a single cell type, e.g., spermatogonial stem

cells (SPCs)*".



The most abundantly used stem cells in regenerative medicine are MSCs
because they can be easily cultured and expanded. Adipose-derived stem cells
(ASCs) are mesenchymal stem cells (MSCs) that are obtained from abundant
adipose tissue, adherent on plastic culture flasks, can be expanded in vitro, and

have the capacity to differentiate into multiple cell lineages.

1.4 Clinical Use of ASCs

Adipose stem cells (ASCs) were first identified and isolated in 2001 and have
been used in 187 clinical trials?’28. Since 2007, there has been a tremendous
increase in the use of ASCs in human clinical trials, which reached its peak in
2015. In addition, six trials were registered on ClinicaTrials.gov in the first
quarter of 2019. ASCs have recently been used for treating bone diseases,
respiratory diseases, skin diseases, neurological diseases, autoimmune
diseases, diabetes, and lung and heart diseases®3-3°. ASCs are enzymatically
isolated from the stromal vascular fraction of adipose tissue?’” and can be
directly injected into the wound or blood. Furthermore, ASCs can be
encapsulated in biological material and implanted into the wound3®-38, Several
studies have shown that ASCs can increase the cure rate and reduce the cure
time both in vivo and in vitro®*-37. These benefits could be attributed to ASC
properties such as rapid differentiation into specific cell lineages, including
keratinocytes, fibroblast-like cells, and endothelial cells (EC); and release of
cytokines and growth factors to promote angiogenesis, development, and
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fibroblast migration and production®®-4°. Stem cell therapy using ASCs has also
been extensively used to treat Peripheral artery disease (PAD)%%3'. At
present, the therapeutic potential of Adipose-derived stem cells has been
tested in a small number of patients with PAD. After the injection of ASCs, the
patient’s pain score scale and claudication walking distance have been

significantly improved'’.
1.5 Therapeutic Mechanisms of ASCs

ASCs exert their therapeutic effects via cell migration to the site of tissue
damage and differentiation3%-33, Their ability to migrate is highly significant if the
lesion is widely distributed or when the damaged tissue is inaccessible30-33,
Their ability to repair and regenerate, differentiate into several different cell
lineages, secrete bioactive soluble factors, promote angiogenesis, and anti-
apoptotic activity further contribute to their therapeutic benefits3'-33, In addition,
the anti-inflammatory effect of ASCs protects the organism by reducing the
severity of the inflammatory immune response3. ASCs exert their anti-
apoptotic activity by inhibiting the programmed cell death via paracrine
signaling to preserve the organ function3®. They can secrete antibacterial
peptides, such as Lipocalin-2 and LL-37, in response to pathogen stimuli3®-4",
Soluble factors secreted by ASCs improve tissue vascularity by stimulating
endothelial cells (ECs) to promote new angiogenesis and growth. ASCs
improve the vascularization in injured tissues by inducing the expression of
angiogenic cytokines such as vascular endothelial growth factor (VEGF)?833:34,
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1.6 Role of Hypoxia in inducing Angiogenesis under PAD

Vessel occlusion observed in PAD is commonly caused by the formation of
atherosclerotic plaques. Atherosclerosis initiates with the deposition of lipid
deposits below the vascular endothelium which triggers an inflammatory
response*?. The build-up of plaques may partially occlude the blood vessels
and obstruct the blood flow, resulting in tissue ischemia and hypoxia. Tissue
hypoxia increases the production of reactive oxygen species (ROS)° like
hydrogen peroxide, superoxide, and peroxynitrite*>45. Cytoplasmic ROS
(cytoROS), is produced as a by-product of PAD in the pathological conditions*#-
46, The NADPH oxidase (NOX) family of enzymes are responsible for
generating cytoROS. During angiogenesis in ECs, the NOX-dependent ROS
production induces the expression of hypoxia-inducible factor 1a (HIF1a)-
mediated glucose transporter 1 (GLUT1) expression, hexokinase activity, and
resultant glycolysis in response to low oxygen tension*?4°,

Other sources of cytoROS are nitric oxide synthases (eNOS [endothelium],
NNOS [neuronal], and iINOS [inducible]). CytoROS induces the activity of AMP-
activated protein kinase (AMPK) that regulates cell metabolism including
glycolysis, lipid metabolism, mitochondrial function, cell growth, and
autophagy*4-46.

Blood vessels trigger adaptive responses, including angiogenesis, to restore
blood flow to injured tissue. Angiogenesis, first identified by Folkman in the

1970s, is the process of developing microvessels from pre-existing vessels



either via sprouting angiogenesis or intussusception*?. Angiogenesis is
primarily driven by hypoxia, during which the ECs deliver oxygen and nutrients
to the ischemic tissue and synthesize new capillaries. In addition, hypoxia
increases the expression of several genes, including HIF-14%-48 that augments
the transcription of genes involved in ischemic vascular remodeling, cell
proliferation, and mobilization of bone marrow-derived cells and proangiogenic

factors such as VEGF and eNOS46-48-
1.7 Calcium and ROS

Calcium acts as a second messenger to regulate numerous cell functions,
including cell survival and cell death. In the mitochondria, ROS are produced
as a by-product of mitochondrial respiratory chain activity. The crosstalk
between ROS and calcium signals is bidirectional, wherein ROS regulate
calcium signaling and the latter is implicated in ROS production Figure 1. Under
normal circumstances, Ca?" reduces the mitochondrial ROS production.
However, under hypoxia, abundant cytoplasmic Ca?* is pumped into the
endoplasmic reticulum (ER) lumen by sarcoplasmic/endoplasmic reticulum
Ca?** ATPase (SERCA2a) to promote the production of ROS. Furthermore,
eNOS-produced NO stimulates cytosolic Ca?* uptake by SERCA2a. Excessive
accumulation of ROS, which can ensure normal angiogenesis, causes cell
apoptosis to maintain calcium homeostasis under mitochondrial regulation.
Disruption of calcium—ROS balance at the SR/ER-mitochondrial interface has
been implicated in several diseases*8-53,
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Hypoxia
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@ SERCA-2a
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Figure 1. Schematic representation of angiogenesis under hypoxia and role of different
factors. Under hypoxic conditions, endothelial cells produce high levels of mitochondrial ROS
and cytoROS, resulting in two effects. Firstly, excessive accumulation of ROS activates the
AMPK activity by inducing its phosphorylation. This initiates the mitochondrial apoptosis
program, resulting in the death of numerous endothelial cells. Secondly, ROS increases the
expression of HIF1a, promoting angiogenesis in endothelial cells under hypoxia. During this
process, maintaining the intracellular calcium balance of calcium ions reaches a critical point,
including the endoplasmic reticulum (ER) storage and release of calcium ions into the
cytoplasm, regular transport of extracellular calcium ions, and the release of eNOS. Thus, cells
can better transmit the signals and regulate the calcium ion conductivity of SERCAZ2a.
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1.8 ER Stress and Unfolded Protein Response

The endoplasmic reticulum (ER) is involved in multiple cellular activities,
including synthesis, maturation, translation, and folding of secretory and
membrane proteins; lipid biogenesis; and Ca?* homeostasis. Hypoxia triggered
by physiological stressors®® disrupts the calcium homeostasis and induces
dysfunction of ER and protein folding. Consequently, the accumulation of
numerous misfolded proteins in the ER lumen generates ER stress. Eukaryotic
cells have evolved an unfolded protein response (UPR) to ensure the fidelity of
protein folding and prevent the accumulation of unfolded or misfolded proteins.
UPR alters a cell’s transcriptional and translational programs to solve the
protein-folding defect and restore normal ER functions®. Mammalian cells
recruit three UPR signaling cascades, initiated by three ER-localized protein
sensors: inositol-requiring enzyme 1a (IRE1a), double-stranded RNA-
dependent protein kinase (PKR)-like ER kinase (PERK), and activating
transcription factor 6 (ATF6)8%-87. Under normal physiological conditions, these
sensors are associated with abundant ER chaperone BiP (immunoglobulin-
heavy-chain-binding protein; also known as HSPA5 and GRP78) and remain
inactive. Their activation reduces the accumulation of unfolded proteins and
accelerates the rate of protein folding in the ER lumen. The downstream
transcriptional programs of the UPR act to restore proteostasis. IRE1a
increases the protein-folding capacity of ER, assists in endoplasmic-reticulum-

associated protein degradation (ERAD), and limits the entry of new protein
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molecules (regulated Ire1-dependent decay [RIDD])®%®%’. PERK induces the
transcription of genes and escapes translation inhibition under ER stress. ATF6
increases the ER capacity to activate transcriptional programs and direct the
misfolded proteins for degradation (ERAD). UPR-induced genes include those
that increase the protein-folding capacity of the ER and mediate its expansion
by increasing the biogenesis of ER and lipid components. However, if
restoration of proteostasis fails and ER stress is unabated, the UPR signaling
switches to a pro-apoptotic mode, a process known as the terminal UPR. The
terminal UPR may have evolved to eliminate, for example, excessively
damaged or pathogen-infected cells. It is believed that study of ROS and
calcium ions under hypoxia, and ER stress can provide a further understanding

of these interactions in relation to several diseases, including PAD Figure 2.
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Figure 2. UPR signal pathway. Three sensors located at the ER membrane mediate the ER
stress response: IRE1a, ATF6 and PERK. Accumulation of unfolded protein recruits BiP to the
ER lumen and its dissociation from IRE1a, ATF6 and PERK leads to their activation. Upon
dimerization and autophosphorylation, IRE1a splices XBP-1 mRNA, which adjusts the reading
frame to allow translation of an active transcriptional factor XBP-1. XBP-1 up-regulates UPR
genes encoding ER chaperones and components of the ERAD machinery. IRE1a can also
recruit TRAF2 and ASK1, leading to downstream activation of c-Jun N-terminal kinases (JNK)
and p38 MAPK. Activated JNK translocates to the mitochondrial membrane and promotes (a)
activation of Bim and (b) inhibition of B-cell lymphoma 2 (Bcl-2), whereas p38 MAPK
phosphorylates and activates DNA damage-inducible transcript 3(CHOP). PERK
phosphorylates Eukaryotic Initiation Factor 2 (elF2a) and attenuates protein translation.
However, translation of selected mRNAs is favored under these conditions, including
Activating transcription factor 4 (ATF4), which then induces expression of CHOP and growth
arrest and DNA damage-inducible protein (GADD34). Activated ATF6 translocates to the
Golgi, where its cytosolic domain is cleaved by the proteases, Sphingosine-1-phosphate (S1P)
and Sphingosine-2-phosphate (S2P). The cleaved ATF6 fragment forms an active
transcriptional factor that mediates expression of several components important for protein
folding, degradation, and ER expansion. It was made using adobe illustrator 2021
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1.9 Aims of the study

This thesis aims to explore the therapeutic mechanism of adipose derived stem
cells for a PAD model in vitro and in vivo, which can be divided into the following
two parts:
In vitro:
1. To establish an appropriate cell culture environment to simulate hypoxia.
2. Investigate the expression of HIF-1a in endothelial cells under hypoxia.
3. To investigate the effects of stem cells and stem cell conditioned media on
endothelial cells under hypoxia in terms of angiogenesis.
4. To examine the effect of hypoxia on HUVECs kept in coculture with ASCs.
5. To detect calcium changes in the cytoplasm and endoplasmic reticulum
under hypoxic conditions.
6. Investigate the expression of the ER stress sensors (BIP, XBP1, CHOP,
ATF6) in endothelial cells under hypoxia.
In vivo:
1. To establish PAD ApoE™~~ Mouse model to simulate acute limb ischemia.
2. The effect of stem cells on lower extremity arterial obstruction was evaluated
and analyzed based on following parameters:

- capillary density via immunohistochemistry

- the survival rates

- HE is staining of the gastrocnemius muscle

- plasma detection of Cholesterol, Triglycerides, and Creatine Kinase

15



- muscle imaging under a light-sheet microscope, and via

- expression of ER stress sensors (BIP, XBP1, CHOP, ATF6).
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2 MATERIALS AND METHODS

2.1 Material

2.1.1 Cell Culture Products

Table 2. List of cells used in this study.

Product

Company

Catalog No.

Adipose-derived mesenchymal
stromal cells (ASC)

Self-isolated;

Mannheim Ethics Commission Il (2009-210N-

MA).

Human umbilical vein endothelial
cells (HUVECQC)

Self-isolated;

Mannheim Ethics Commission Il (2015-518N-

MA)
Human umbilical vein endothelial ATCC CRL-1730
cells (HUVEC)
Table 3. List of cell culture reagents used in this study.
Product Company Catalog No.
NB6 GMP grade collagenase SERVA Electrophoresis 17458

Collagenase Gibco 17100017
EDTA Applichem A3145,0500

DMEM (glucose 1g/L) PAN Biotech P04-01500
DMEM (no glucose) PAN Biotech P04-01549

Pooled human allogeneic serum from
AB donors (AB serum)

German Red Cross Blood Donor Service,
Institute Mannheim

Penicillin/Streptomycin

PAN Biotech

P06-07100

L-glutamine

PAN Biotech

P04-80100
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Product Company Catalog No.

D-glucose Sigma-Aldrich G7021

Endothelial cell basal medium (EBM) PromoCell C-22011

Supplement Mix endothelial cell PromoCell C-39216

growth medium 2

Pericytes Growth Medium PeloBiotech PB-MH-0314000

Speed Coating Solution PeloBiotech PB-LU-000-

0002-00

Trypsin/EDTA PAN Biotech P10-024100

Fetal Bovine Serum Sigma F7524

Dimethylsulfoxide (DMSO) Wak-Chemie Medical WAK-DMSO-10

GmbH
Ficoll-Paque™ Premium GE Healthcare Bio- 17-5442-03
science AB

DPBS (1X) Gibco 14190-094

Albumin fraction V (bovine serum Carl Roth 8076.2
albumin)

N-Acetylcysteine (NAC) Sigma A9165

WZB-117 (3-hydroxy-benzoic acid, Cayman Chemicals 19900

3- fluoro-1,2-phenylene) ester

Speed Coating Solution PeloBiotech PB-LU-000-

0002-00

DPBS (1X) Gibco 14190-094

Paraformaldehyde (PFA) Roth 0335.3

Triton x100 Sigma Aldrich 23,472-9

Albumin fraction V (bovine serum Carl Roth 8076.2
albumin)

DAPI Sigma 1.24653

Mounting medium ibidi 50001

18




Product Company Catalog No.
L-Kynurenine Santa Cruz Sc-202688
Trichloroacetic acid Roth 8789.2
para-Dimethylaminobenzaldehyde Santa Cruz Sc202888
Acetic acid J.T.Baker 6052
DPBS Gibco 14190-094
Tween-20 Serva 37470.01
Albumin Fraction V. (bovine serum Roth 8076.2
albumin)
Color Reagent A (H203) R&D Systems DY999
Color Reagent B
R&D DY999
(Tetramethylbenzidine) &D Systems 9
2N H2SO4 (ELISA Stop solution) Sigma 1.60313
2.1.2 Antibodies
Table 4. List of antibodies used in this study.
. Catalog
Product Clone Species Type Company N
o.
Anti human-alpha M lonal
smooth muscle | Polyclonal | Mouse °|”g°(§ °"@ | PROGEN | 65001
2a
actin
GRP78(BIP) Polyclonal Rabbit e Invitrogen | PA5-34941
XBP1 Polyclonal Rabbit e Invitrogen | PA5-27650
ATF6 Polyclonal Rabbit IgG Invitrogen | PA5-20215
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Product Clone Species Type Company Ca:lalog
o.
, NBP1-
ATF6 Polyclonal Mouse IgG Novusbio 40256SS
Phospho-IRE1 alpha| Polyclonal Rabbit IgG Invitrogen | PA1-16927
IRE1 alpha Polyclonal Rabbit IgG Invitrogen |PA1-16928
NB600-1335
GADD153(CHOP) Polyclonal Mouse IgG Novusbio
Beta-actin Polyclonal Mouse IgG Abcam ab8227
Anti-mouse-Alexa
Polyclonal + Invi A10684
Fluor 488 F(ab’ ), olyclona Goat |IgG, IgM (H+L)| Invitrogen
Mouse anti-rabbit Polyclonal Mouse IgG-HRP Santa-curz Sc2357
m-lgGk BP-HR Polyclonal Rabbit m-lgGk BP Santa-curz | Sc516102
2.1.3 Consumables
Table 5. List of plastic consumables used in this study.
Product Company Catalog No.
96-well cell culture plate Eppendorf 0030 790.119

24-well cell culture plate Thermo Fisher 142475
12-well cell culture plate Thermo Fisher 150628
6-well cell culture plate Thermo Fisher 140675
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Product Company Catalog No.
Transwell inserts (pore size 0.4 um
transparent ThinCerts-TC inserts) Greiner bio-one 657641
175 cm? cell culture flasks Thermo Fisher 159910
25 cm? cell culture flasks Thermo Fisher 156367
96-well black cell culture plate Perkin Elmer 6005550
8-well y-slide ibidi 80826
Petri dish Corning 353803
50 ml Cell star tubes Greiner bio-one 188271
15 ml Cell star tubes Greiner bio-one 227261
1000 pl sterile filter tips SurPhob VT0263X
200 pl sterile filter tips SurPhob VT0243X
10/20 pl sterile filter tips Star Lab S1120-3710
10 ml PD sterile tips Brand 631060
5 ml PD sterile tips Brand 702390
2.5 ml PD sterile tips Brand 702388
1.25 ml PD sterile tips Brand 702386
25 ml serological sterile pipettes Star Lab 190105-071
10 ml serological sterile pipettes Star Lab 180720-070
5 ml serological sterile pipettes Star Lab 180806-069
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2.1.4 Laboratory equipment

Table 6. List of equipment used in this study

Device Name Provider
Centrifuge 5810R Eppendorf
Centrifuge 5920R Eppendorf

Cell counter Nucleo Counter Chemometec
Plate washer Well wash 4MK2 Thermo Fisher
Small Centrifuge Minispin Eppendorf
Microscope Axiovert 100 ZEISS
Microscope Camera AxioCam M Rc ZEISS
Microscope SP5 Leica
Microscope SP8 Leica
Microscope Standard 25 Zeiss
Laminar flow hood Hera safe Thermo Fisher
Chemical flow hood Airflow-Control EN14175 Cas?_aarbirr\g co.
Microplate reader TECAN infinite M200PRO Tecan
Microplate reader Spark Tecan
Pipettes Research plus (0.5-2.5pl) Eppendorf
Pipettes Research plus (1-10pl) Eppendorf
Pipettes Research plus (1-200pl) Eppendorf
Pipettes Research plus (1-1000pl) Eppendorf
Trans-Blot Turbo Transfer TSGP15D Biorad

Sys.
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2.1.5 Software for Data Analysis

Table 7. List of software used in this study.

Software Version Company
FlowJo 10 Flowdo, LLC, Ashland, OR, USA
FlowJo 7 FlowJo, LLC, Ashland, OR, USA
GraphPad Software Inc. San
GraphPad Prism 8 Diego, USA
ImagedJ 1.5 NIH
i-Control 1.10 TECAN
LEGENDplex™ Data Analysis
Software 8.0 BioLegend
FCAP Array Software 3.0 BD
IncuCyte S3 software S3 Essen BioScience, Ltd.
SPSS 19.0 IBM

Developed by
AutoCellSeg'® Bioinformaticians at the
research group of Prof. Gretz.
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2.2 Methods

2.2.1 Cell Lines and Cell Culture

Human umbilical vein endothelial cells (HUVECs) were isolated from different
donor human umbilical cords, provided by the Obstetrics Department of the
University Hospital Mannheim. HUVECs isolation was approved by the local
ethics committee (Medizinische Ethik-Kommission I, Medizinische Fakultat
Mannheim, 2015-581N-MA, Mannheim, Germany). The detailed isolation
protocol has been described earlier®?. HUVECs were cultured in endothelial cell
growth medium (2011101, Provitro, Germany) containing 5% fetal bovine
serum (FBS) and 1% penicillin and streptomycin in 1% gelatin-coated culture
flasks. Immunofluorescence (IF) assays were used to identify and validate
HUVECs. The cells showed positive staining for CD31, von Willebrand factor
(VWF), and VE-cadherin, which are specific markers for ECs. HUVECs (self-
isolated) and HUVECs (procured from ATCC) were simultaneously compared
via doubling time experiment. Division of Vascular Surgery, Department of
Surgery, University Hospital Mannheim, provided the adipose tissue for
isolation of ASCs. ASCs isolation from donor adipose tissue was approved by
the local ethics committee (Medizinische Ethik-Kommission I, Medizinische
Fakultdat Mannheim, 2009-210N-MA, Mannheim, Germany). The identification
and isolation of ASCs were performed by the laboratory of Prof. Dr. Karen

Bieback. Frozen cells were thawed in low glucose Dulbecco’s modified Eagle
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medium (P0404515, Pan Biotech, Germany) containing 10% FBS, 1% penicillin
and streptomycin, and 1% L-glutamine. ASCs and HUVECs were incubated at
37C° in a humidified incubator with 5% CO2 and 95% humidity. The medium
was changed every 2 days. HUVECs and ASCs were used between second to
fifth passages of in all experiments.

2.2.2 ASC Treatment

Stem cell treatment methods in vitro constituted co-culture of ASCs with
HUVECs (ASC-CO) and treatment of HUVECs with ASC-conditioned medium
(ASC-CM). For ASC co-culture, 0.6 x 10* ASC/cm? were seeded into
ThinCert™ cell culture inserts suitable for 6- and 24-well plates (657640 and
657640, Greiner Bio-One, Germany). Next, 2 x 10* HUVECs/cm? were
inoculated in 6- and 24-well plates coated with gelatin, respectively, as
previously described®3-%%. The ASC-CM was prepared as previously reported®®
and frozen at —80°C for later use. Stem cell treatment in vivo was delivered by
intramuscular injection of ASC cells, as described previously®?.

2.2.3 Chemically Induced Hypoxia Cell Models

To create an EC hypoxia model, cobalt (llI) chloride (CoCl.) was used. To test
the appropriate concentrations of CoCl2 in HUVECSs, the following preliminary
experiments were performed:

(1) Effect of 4h CoCl2 on viability of HUVECs was measured via methyl thiazolyl-
phenyl-tetrazolium bromide (MTT) assay (see Methods section 2.1.5 MTT

measurement)
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(2) Western blotting (WB) was performed to detect HIF-1a expression in
HUVECs (see Methods section 2.1.11 Western blotting)

(3) ROS signaling from ECs that were transduced with redox-sensitive green
fluorescent protein 3 (roGFP3) was studied (see section 2.1.10 Plasmid and
Method Transduction).

For dose-response experiments, 10 uM, 25 uM, 100 uM, 125 uM, and 500 uM
of CoCl> concentrations were used. For kinetics-response experiments,
HUVECs were treated with CoCl> for 1 h, 4 h, 8 h, and 24 h. Regression
analysis was performed to determine the HUVEC viability, HIF-1a expression,
and ROS levels by calculating the ECsp value.

2.2.4 Doubling Time Assay

Endothelial cells were grown in the endothelial cell culture medium. The cells
were passaged at a ratio of 1:3. Cells were seeded in a 6-well plate, each well
containing 8 x 10* cells, and the experiment duration was 120 h. The cell
density in the two wells was calculated every 24 h and a cell growth curve was

drawn to calculate the doubling time. The calculation formula used was:

log(2)
[log(final cell concentration) — log (initial cell concentration)]

Doubbling time = duration *

2.2.5 MTT assay
The MTT (M2128, Sigma, American) assay was performed to detect cell

viability. 4 x 10* HUVECs in the log phase were collected and seeded on
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collagen-coated 24-well plates (1.9 cm?) or 96-well plates. One-day post
seeding cells were treated with CoCl2, ASC-CM, and ASC-CO. After 24 of
treatment, MTT dye solution (1mg/ml in HUVECs medium) was given to the
cells for 4h. Next, the formazan salt crystals were dissolved in 100 yL of MTT
solvent, which contained 40% of Dimethyl sulfoxide (DMSO, HN47.1, Roth,
Germany), 40% of 10%-sodium dodecyl sulfate (SDS, 0183.3, Roth, Germany),
20% of DPBS, and 1.2% of Acetic acid (6755.1, Roth, Germany).The
absorbance was read the next day at 540 nm (reference length 630 nm) using
a multi-mode microplate reader (Spark, Switzerland).

2.2.6 Scratch Assay

Endothelial cells were seeded into 12-well plates, each well containing 1 x 10°
cells. After overnight incubation, cells in different experimental groups were
treated with CoCl2, ASC-CM, and ASC-CO for 4 h. After the treatment, a single,
straight layer was scraped using a 200 uL pipette tip and images were acquired
using a camera attached to an inverted microscope (DM IRB; Leica, Berlin,
Germany)at0h, 3 h,6 h, 12 h, and 24 h. The gap was quantitatively evaluated
using the AutoCellSeg''®. All the experiments were performed thrice with two
technical replicates and HUVECs from three different donors.

2.2.7 Tube Formation

A tube formation assay was performed in HUVECs using the method described
earlier’2. After 4 h of treatment with CoCl, cells were diluted with 1% FBS

medium to 2.5 x 10* cells/mL. Next, the cells were seeded into pre-coated 24-
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well plates (10,000 cells/well) in a Matrigel basement membrane matrix without
phenol red (356237, Corning, USA). After 4h CoCl, treated, HUVEC was then
respectively treated with ASC-CM or ASC-CO. Then 6 h of incubation, images
were acquired using an inverted microscope and analyzed using the
Angiogenesis Analyzer software plugin for NIH ImagedJ. All the experiments
were performed thrice with two technical replicates and HUVECs from three
different donors.

2.2.8 Plasmids and Transduction

To measure the dynamic changes in ER Ca?* and ROS signaling in HUVECs,
self-inactivating recombinant lentiviruses encoding pPM337-D1ER and
roGFP3 were used to achieve a high transduction efficiency in the cultured
cells’>"3, D1ER, a genetically encoded and ratiometric ER Ca?* biosensor,
containing enhanced YFP (excitation 514 nm/emission 527 nm) and CFP
(excitation 430 nm/emission 474 nm), was synthesized by Genewiz from Merck
Sigma-Aldrich in pUC57 with Xbal and BamHI restriction sites. The sequence

of D1ER published by Addgene (https://www.addgene.org/36325/) was used

for synthesis. pUC57-D1ER was further cloned into pPM337 via Xbal and
BamHI restriction sites and used for generating virus particles. As both the
flurosecnt proteins are expressed in ratio of 1:1 in the sensor and binding of
Calcium causes change in the conformation of the D1ER leading to

fluorescence resonance energy transfer (FRET), ratiometric FRET, which is
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calculated by dividing Emission (Em) crr by Em vep. It reflected the dynamic
changes in ER Ca?* concentration.

RoGFP3 [Excitation 395 nm Emission 528 nm / Excitation 485 nm Emission
528 nm] is a redox indicator that can track changes in ROS levels both in the
mitochondrial matrix and cytosol under oxidizing conditions. The sequence of
Grx1-roGFP3 was kind gift from Dr. Manfred Frey (Steinbeis-
Innovationszentrum  Zellkulturtechnik, University of Applied Sciences,
Mannheim). Grx1-roGFP3 was synthesized via GENWIZ service from Sigma
Aldrich and cloned into pHR'SIN-cPPT-SEW (Demaison et al., 2002) via
restriction sites BamHI| and Xbal.

The lentivirus was produced as described previously?42°,

To transduce the sensors into HUVECs, 0.5 x 10° log-phase cells were pre-
cultured in a T25 flask. HUVECs were transduced with either 50 pL of
recombinant lenti-virus particles expressing the roGFP3 or D1ER mixed with
the fresh medium at a confluency of 40 to 60% confluency. Three passages
after transduction or 72 hours post transduction (after daily washes with 10ml
PBS and Medium change) cells were used for further experiments.

2.2.9 Measurement of ER Calcium

To detect the dynamic changes in the ER Ca?*, HUVECs transduced with the
D1ER sensor were seeded into a 24-well plate (3.8 x 10 cells per well). The
cells were first treated with 80 uM CoCl, for 4 h, followed by treatment with

ASC-CM and ASC-CO for 24 h. In parallel, the fluorescence intensity of CFP
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(Cyan fluorescent protein) and YFP (Yellow fluorescent protein) was detected
using a multi-mode microplate reader every 2 h.

In addition, HUVECs transduced with the D1ER sensor were seeded into a 15
mm cover glass coated with 1% gelatine a 24-well plate (3.8 x 104 cells per
well). The cells were subsequently treated with 80 uM CoCI2 (each treatment
included three groups). Next, the cells were treated with ASC-CM and ASC-CO
for 24 h. After treatment, the cells were washed thrice with cold Dulbecco’s
phosphate-buffered saline (DPBS) and subsequently fixed with 4%
paraformaldehyde (PFA). Finally, after washing thrice with cold DPBS, the
sample was fixed with a drop of a mounting medium. The SP5 microscope
system (Leica, Germany) was used to detect the YFP and CFP fluorescence.
The images were analyzed using the NIH Imaged software to compare the
fluorescence intensity between different groups. All the experiments were
performed thrice with two technical replicates and HUVECs from three different

donors.
2.2.10 Measurement of Cytoplasmic Calcium

Ratio metric calcium indicator dye Fura-2 was used for cytoplasmic calcium
measurement in HUVECs. To this end, HUVECs were seeded into 24-well
plates with 8 x 10* cells per well, The cells were incubated with 3 uM Fura-2-
pentakis (acetoxymethyl) ester (Fura-2 AM, 50033, Biotium) for 60 min, and
subsequently washed twice with HBSS (5.4 mmol/L KCI, 136 mmol/L NaCl,
0.34 mmol/L NazHPO4, 0.44 mmol/L KH2PO4, 5.6 mmol/L D-glucose, and 80

MM CaClz (pH 7.4). Next, the cells were treated with CoCl2, ASC-CM, and ASC-
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CO 24h. The dynamic changes in cytoplasmic Ca?* were studied by detecting
the fluorescence of Fura-2 AM by a multimode microplate reader every 2 h
(excitation: 340 nm/380 nm; emission: 535 nm) and using ImageJ software (340
nm/380 nm).

2.2.11 Measurement of ROS Levels

HUVECs (3.8 x 10%) transduced with roGFP3 were seeded into a 24-well plate.
Next, HUVECs were treated with 80 uM CoClz for 4 h. Afterward, the cells were
treated with ASC-CM and ASC-CO for 24 h. The dynamic changes in the
fluorescence intensity of roGFP3 were monitored using a multi-mode
microplate reader at two excitations - 395 nm and 485 nm and emission at
510 nm. The ratio of emission (395 nm/485 nm) was calculated and plotted
over time. The oxidation of the roGFP3-Grx redox sensor results in an increase
in the emission fluorescence at 528 nm when excited at 485 nm and a decrease
in emission fluorescence when excited at 395 nm.

2.2.12 Apoptotic Assay

HUVECs were divided into control and test groups and seeded into T25 flasks.
When the cells reached 60% confluency, they were treated with 80uM CoCl>
4h. The positive control was treated with staurosporine. After 4 h of treatment,
the cells were harvested and processed according to protocol and
manufacturer’s guidelines (FITC Annexin V Apoptosis Detection Kit with PI

640914, BioLegend). The cells were placed in FACS tubes, sorted, and
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processed using the FACS machine (CantoTM II, BD, USA). The data were

analyzed using FlowJo (BD, New York, USA).
2.2.13 Ethics and Animals

All experiments were approved by the Regional Government authority (G-
239/18, Regierungsprasidium Nordbaden, Karlsruhe Germany), and agreed
with the EU guidelines 2010/63/EU. All experiments were performed according
to the EU guidelines 2010/63/EU for the Care and Use of Laboratory Animals.
Male ApoE™~ mice with the C57BL/6J background were purchased from
Charles River Laboratories. A lower limb arterial ischemia model was
established, and the therapeutic potential of ASCs was evaluated using 24 mice.
The mice were divided into control and treatment groups, each with 12 mice
and were fed a Western diet (5% cholesterol and 21% fat) for 12 weeks from
the age of 8 weeks. Four animals were placed in a cage before the surgery,
and each animal was placed in a separate cage after the surgery to prevent the
mice from fighting. Mice in the control group were treated with normal saline,
and those in the treatment group were administered stem cell therapy (

Table 8). All animals received analgesics after the surgery (described in
section 2.2.14 Anesthesia and Surgery), and mice were evaluated daily after

the surgery.
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Table 8. Division of mice in experimental groups.

Group Animal number Treatment
Control 12 Saline
Treatment 12 ASCs

2.2.14 Anesthesia and Surgery

In a day, four mice of a group were operated, sequentially. Anesthesia was
performed using a combination of medetomidine, midazolam, and fentanyl
(MMF)7#. Midazolam (5 mg/kg), medetomidine (0.05 mg/mL/kg), and fentanyl
(0.5 mg/kg) were mixed in equal proportion, and subsequently 0.05 g/mL of the
mix was subcutaneously injected into the mouse. After 6 minutes of anesthesia,
when mouse breathed slowly and stably, hairs on their lower limbs were
removed using a depilatory cream (Veet, France). A saline solution was
injected subcutaneously to maintain sufficient fluid in the body. Next, the mouse
was placed on a 37°C heating pad and the skin was rubbed with an alcohol
scrub. An incision of about 3 to 4 mm was made in the middle of the groin area
using pointed tip forceps and surgical scissors. To increase the surgical field of
view, all surgical procedures were performed under a dissecting microscope
(Axiovert 100, ZEISS, Germany). The superficial femoral artery (FA) was
dissected from the femoral vein (FV) and femoral nerve (FN). The FA was
ligated proximally and distally and excised. Then the wound was ligated at the

distal end of the FA to suture the wound.
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Immediately after the surgery, 100 uL of ASCs (1 x 108 cells/mL), prepared by
the Experimental Cell Therapy Laboratory (Prof. Karen Bieback), was injected
into five different muscle positions (20 uL each). After the surgery, the mouse
was placed in a clean cage on a heating pad, and their breathing and heartbeat
were continuously monitored. Subsequent injections were followed by
rehydration with normal saline. When the mouse was mobile, subcutaneous
injections of buprenorphine was administered. The mouse was returned to its
cage, vital signs were re-evaluated every 4 h. All animals received
Buprenorphine sc (0.1 mg/kg body weight every 8 hours for first 24 h
postoperatively) for pain management. Analgesia was followed by the
administration of Metamizole in the drinking water (24 mg metamizole/5ml

water corresponding to a dose of 200 mg/kg 4 times daily).

ApoE-- mice arrived Surg_ery and injection of stem cells
/Saline

l western diet feeding l 13w

F

A 4

Oow 12w

Perfusion and
Organ collection

Figure 3. Timeline for in vivo experiment. Mice were fed a Western diet (5% cholesterol and
21% fat) for 12 weeks. At week 12, mice were operated on, and at week 13, 100 uL of normal
saline and ASCs were injected into the control and ASC treatment groups.
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2.2.15 Plasma and Organ Collection

Blood samples were collected from the ophthalmic venous plexus (orbital sinus)
under anesthesia in lithium-heparinized tubes using capillaries for blood
collection. After centrifugation at 2000 g for 5 min at 4°C, the plasma was
collected in 1.5 mL tubes and stored at —80°C until further analyses. Mice were
administered anesthesia, fresh vastus lateralis (VL) was quickly removed from
both sides before immersing it in 4% PFA. Next, the bilateral GM was
immediately excised, following which the organs and tissues were obtained

quickly and kept at 4°C for further analyses.
2.2.16 Histological Evaluation

Histological analysis of ischemic and non-ischemic hindlimb GM was performed
on all mice by H&E staining and IHC(Immunohistochemistry). Muscle samples
were fixed in 4% PFA, embedded in paraffin, and cut into thin slices (3—4 pym).
The sections were stained with H&E. In addition, an anti-CD31 antibody (1: 200,
Abcam, ab28364) was used for IHC staining to assess microvessel density.
ImagedJ was used to calculate the percentage of the microvascular area (CD31-
positive area) in five randomly selected fields of view (x40). To estimate the
plaque burden in the blood vessels, the abdominal aorta was removed, fixed
overnightin 4% PFA, and embedded in paraffin, followed by excision into 4-ym
thick sections. To determine AS in the arteries, the sections were stained with
H&E, and the progression of AS lesions was measured as previously

described’® (Table 9).
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Table 9. Classification of AS.

Appearance

Early-stage Cell-rich foam but lacking a necrotic core.

Moderately advanced Containing a fibrotic cap and often a necrotic core but no medial

macrophage infiltration.

Advanced lesion Medial macrophage infiltration, elastic lamina degradation, and

pronounced necrosis and fibrosis.

AS: atherosclerosis.
2.2.17 LDH Assays

LDH is a ubiquitous enzyme among vertebrate organisms which catalyzes the
reversible conversion of pyruvate to lactate, with concomitant conversion of
Nicotinamide adenine dinucleotide (NADH) and Nicotinamide adenine
dinucleotide (NAD+). The concentration in the skeletal muscle represents the
level of glycolysis®™. The relative levels of LDH in the VL tissue were detected
according to the manufacturer’s guidelines from the LDH kit (ab197000, Abcam,
Germany). Briefly, the 40mg tissue was homogenized tissue using a T18 digital
homogenizer (IKA, USA) at the highest speed of 25,000 rpm for 30 s prior to
keep on ice for 10 min. Then, tissue lysate was subsequently centrifuged for 5
min at 4°C at 10,000 x g the supernatant was then collected and added into 96-

well-plate (50 ul each well). Hereafter, 50 ul reaction mix supplied by the kit was
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added into each sample. Then the fluorescence intensity at 535/587 nm (Ex/Em)

was immediately measured by a multimode microplate reader.

2.2.18 Myoglobin ELISA Assay

Myoglobin (Mb) is cytoplasmic protein present in oxidized skeletal muscle fibers
that promotes the delivery of oxygen during conditions of high metabolic oxygen
demand. Thus, it reflects the level of skeletal muscle regeneration and aerobic
respiration following an ischemic injury. The relative level of Mb in the VL tissue
was detected using the Mb kit (ab210965, Abcam, Germany) according to the
manufacturer’s instructions. Firstly, the 40 mg gastrocnemius muscle tissue
was homogenized tissue using a T18 digital homogenizer (IKA, USA) at the
highest speed of 25,000 rpm for 30 s prior to keep on ice for 10 min. Next, 50
ML of tissue lysate supernatant was added to each well of a 96-well plate that
was incubated at room temperature for 1 h. After washing with wash buffer, 100
uL of 3,3',5,5'-tetramethylbenzidine developing solution was added to each well.
The plate was incubated for 10 min. Finally, the stop solution (50 uL per well)
was added, and the optical density was measured at 450 nm on a multi-mode

microplate reader.

2.2.19 Plasma Detection

To determine the postoperative levels of cholesterol, triglycerides, and creatine
kinase (CK) in mice, 100 yL of plasma per mouse was collected in a 1.5-mL
Falcon tube. All plasma samples were analyzed at Zentrum fir Medizinische

Forschung at the Medical Faculty Mannheim, University of Heidelberg, using a
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Cobas ¢ 311 Analyzer (Roche, Switzerland) according to the manufacturer's

manual and guidelines.

2.2.20 Western Blotting

Western blotting (WB) was performed to detect the protein expression. Protein
(mixed with loading buffer [161-0767, Bio-Rad, Germany]) isolated from
HUVECs and mice hindlimb muscle tissue was denatured by incubation at
100°C for 10 min. The denatured protein (15-20 ug) was loaded onto 10%
SDS-PAGE gels and electrophoresed at 200 V for about 35 min. Next, the
proteins were transferred onto polyvinylidene fluoride (PVDF, 1620177, Bio-
Rad, Germany) membranes. Hereafter, the PVDF membranes were blocked
for 1 h in Tris-buffered saline with 0.1% Tween 20 (TBST) containing 5% non-
fat milk. Membranes were next incubated overnight at 4°C with primary
antibodies against GRP78 (BIP) (1:5000, PA5-34941, Invitrogen, USA), XBP1
(1:1000, PA5-27650, Invitrogen, USA), ATF6 (1:1000, PA5-20215, Invitrogen,
USA), ATF6 (1:1000, NBP1-40256SS, Novus Biologicals Germany), GADD153
(CHOP) (1:1000, NB600-1335, Novus Biologicals), phospho-IRE1 alpha
(1:1000, PA1-16927, Invitrogen, USA), IRE1 alpha (1:1000, PA1-16928,
Invitrogen, USA), and B-actin (1:1000, ab8227, Abcam, Germany). After the
incubation with primary antibodies, PVDF was washed thrice with TBST (10
min each time) and incubated for 1 h at room temperature with corresponding
horseradish peroxidase (HRP)-conjugated anti-rabbit (Sc-2357, 1:1000, Santa
Curz, Germany) or anti-mouse (Sc-51610, 1:1000, Santa Curz) secondary
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antibody. The membrane was washed again thrice with TBST (5 min each),
following the detection of the immune reactive protein bands using an
enhanced luminol reagent (western lightning, 203-19251, China) and
visualized by chemiluminescence (1 to 5-min exposure). For detecting the
phosphorylation of IRE1 alpha, the PVDF membrane was stripped using the
following protocol: the stripping buffer with 2-mercaptoethanol (M6250, Sigma-
Aldrich, USA) was heated to 65°C, PVDF membrane was immersed in the
stripping buffer for 35 min with agitation. The PVDF membrane was washed
extensively for 10 min in TBST twice. After washing the membrane, it was
blocked for 1 h in TBST containing 10% non-fat milk. After stripping, the PVDF
membrane was incubated with primary and secondary antibodies and
subsequently exposed as described earlier. Densitometric analysis was

performed using the NIH ImagedJ software (v1.52, Bethesda, USA).
2.2.21 Statistical Analysis

Statistical analyses were performed using SPSS 19.0 (IBM Corp., Armonk,
USA) and GraphPad Prism 8 (GraphPad, USA). Results of different
experimental groups are expressed as mean = SD. The ECso and ICsp values
of CoCl> were determined using a regression analysis performed using
GraphPad Prism 8. The differences between the groups were analyzed by one-
way or two-way analysis of variance (ANOVA), followed by Tukey's post hoc

correction analysis and x? test. The experimental readouts from MVD, LDH, Mb,
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CK, and protein expression were normalized to the left hindlimb (non-ischemic

side) for each mouse. A p-value < 0.05 was considered statistically significant.
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3 RESULTS

3.1Results From in vitro Experiments
3.1.1 Identification of Endothelial cells

ECs were obtained using a previously described method®?. To confirm their
identity, the HUVECs were compared with commercially obtained HUVECs
(purchased from ATCC) for morphology, growth curve, and cell migration.
Isolated ECs expressed specific markers, CD31, vVWF, and VE-cadherin, as
confirmed by immunofluorescence staining (Figure 4a). These results showed
that the isolated HUVECs were morphologically similar to commercially derived
ECs. While comparing the doubling time of HUVECs with that of ATCC cells,
the results revealed no significant differences (Figure 4b). We simultaneously
counted the cells every day for 120 h to obtain a cell growth curve. After
comparing with ATCC HUVEC s, the results showed no significant difference
(Figure 4c). MTT assays performed at different cell densities revealed no
significant differences in cell viability and their metabolic activities between
isolated HUVECs and ATCC HUVECSs (Figure 4d). Next, we closely observed
the migratory ability of both cells. All cells filled the gap within 24 h. A
comparison of the cell migration area of the two groups of cells after 12 h
revealed no significant difference (Figure 4e). These results showed that
HUVECs were morphologically and functionally identical to ATCC ECs and did
not affect the overall experiment when used in in vitro hypoxia model. To further

reduce the error in the experiment, we randomly mixed and grouped the three
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different donor cells and performed experiments with two technical replicates

and three repetitions with different passages.
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Figure 4 Identification of human umbilical vein endothelial cells (a) Immunofluorescence of
HUVEC cells. The control group, the self-isolated HUVECs did not show a change in the
expression of CD31, vWF, and VE-cadherin., confirming that the cells were endothelial cells
(scale bar is 10 um). (b) A comparison of isolated HUVECs and ATCC HUVECs for doubling
time did not reveal significant differences. (¢) A comparison of growth curves of HUVECs and
ATCC cells did not reveal significant differences. (d) A comparison of MTT assays did not reveal
a significant difference between the two groups of cells. (e) A comparison of the migration area
of cells after 9 h and 12 h in the cell scratch assay revealed no significant difference between
the two groups of cells. (ns, not significant, scale bar is 500 um).
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3.1.2 CoCl: based in-vitro hypoxia model

CoCl2 is widely used to mimic a hypoxic environment. CoCl> generates a
hypoxic environment by strongly stabilizing HIF-1a and HIF-2a’®7%; Co?* in
CoCl, competitively replaces Fe?* in prolyl hydroxylase (PHD), a key enzyme
that links Oz concentration to HIF degradation’®®'. The WB results indicated
that the expression of HIF-1a increased with increasing concentration of CoCl».
The ECso of CoCl> concentration was 29.72 uM (Figure 5a). HIF-1a expression
displayed time-dependent characteristics. CoCl. treatment for = 4 h significantly
increased its expression (Figure 5b). Apoptosis was assessed using propidium
iodide (PI) and Annexin V staining followed by flow cytometry. After 4 h of
treatment, 80 pL of CoCl. was compared with staurosporine(1ug/ul). A
significant difference was found between CoCl, and the positive control group
(staurosporine), with no significant differences compared with the control group
(Figure 5c, d). Moreover, we did not find a difference in cell necrosis, apoptosis,
and survival between the CoCl.-treated and control groups. However, a
significant difference between CoCl, and the positive control groups was
observed (Figure 5 e). The results showed that HUVECs did not undergo
extensive apoptosis after CoClz treatment for 4 h. HUVECs treated with
different concentrations of CoCl; showed a dose-dependent increase in ROS
levels. (Figure 5 f, g). The cell migration experiment showed that HUVECs
under hypoxia migrated slowly (Figure 5 h). These results demonstrated that

CoClz2 induced a hypoxic environment.
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Figure 5 CoCl, induces hypoxic environment (a) Treatment with CoClzincreased the expression
of HIF-1a in a dose-dependent manner. Regression analysis revealed an ECso value of 29.72
MM. (b) The expression of HIF-1a increased in a time-dependent manner following treatment
with CoCl2. Treatment for 24 h significantly increased its expression. (c) FACS result of Pl and
Annexin V (d) Fluorescent staining using Pl and Annexin V to compare the number of apoptotic
cells revealed no difference between CoClz and control groups. (e) A significant difference was
observed when comparing the treatment groups to the positive control group. (f) The viability
of RoGFP3-expressing HUVECs decreased with the increase in CoClz concentration.
Regression analysis of HUVEC viability indicated a CoClz ICso of 164.9 uM (scale bar is 10 pm).
(g) Regression analysis also indicated that CoCl2 showed a dose-dependent increase in ROS
levels. The ECso value for ROS following treatment with 100 yM H202 was 80.33 uM. (h) The
wound healing experiment revealed that the relative healing area of the CoCl2 experimental
group (4 h, 9 h, and 12 h of CoCl: treatment) was less than that of the control group. (ns, not
significant; *p < 0.05, scale bar is 500 ym).
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3.1.3 Selection of Conditioned Medium for Different Experiments

To monitor the influence of stem cells on ECs, we searched for the appropriate
concentrations of the stem cell-conditioned medium. First, we observed the cell
morphology of the HUVECs in complete medium, serum-free medium, and a
medium containing 5% FBS. Morphological analysis revealed that in the
absence of serum, ECs underwent apoptosis after 24h (Figure 6a). Next, we
added the supernatant of ASCs to ECs at different concentrations and
observed the morphology and viability of ECs. We also observed their cell
status with and without serum. ECs showed better growth and survival in the
presence of serum. Moreover, the addition of 40% to 60% of ASC supernatant
did not affect the cell survival (Figure 6b). To ensure the integrity of the
experiment, we mixed the whole medium with different concentrations of ASC
supernatant and simultaneously observed the cell morphology and viability.
The most suitable experimental condition was a mixture of whole medium and
50% of ASC supernatant (Figure 6¢). We also studied the effect of cell culture
media on co-culture. First, we mixed the media with different concentrations to
observe the morphology of ECs and ASCs. (Figure 6d). Results showed that
the mixture of 50% was the most suitable medium concentration for stable
survival and growth of cells. Next, the co-culture was subjected to CoCl, to
better understand the interaction between hypoxia and stem cells. The results
of the MTT assay showed that after 4 h of CoCl, treatment, ASCs favored the

cell viability of HUVECs (Figure 6e).
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Figure 6 Selection of culture medium for co-culture condition. (a) The morphology of HUVECs in
serum-containing and serum-free media was observed (scale bar is 100 um). (b) The
morphology of HUVECs in ASC-conditioned medium with and without serum (20%, 40%, 60%,
80%) was observed. The cell viability assay revealed no significant difference between the 60%
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ASC-conditioned medium and the control group (scale bar is 100 um). (¢) Cell morphology of
HUVECs in ASC-conditioned medium with serum-free, 50% and 100% serum are shown (scale
bar is 100 um). (d) Cell morphology of endothelial cells in DMEM medium, cell morphology of
adipose stem cells in endothelial cell culture medium (scale bar is 100 um). (e) In MTT assays,
HUVEC cell viability in the mixture of adipose stem cells and cobalt chloride is not significantly
different from the controls. The cell viability assay revealed no significant difference between
the 50% ASC-conditioned medium and the control group. (ns, not significant; ** p < 0.001, ****
p <0.00001).

3.1.4 Angiogenic Function

For angiogenesis, HUVECs require an intact migratory ability and the cells
should be viable. Moreover, the balance between ROS generation and
absorption is a crucial factor. MTT analysis revealed that CoCl. significantly
reduced the cell viability of HUVECs, and ASC-CM and ASC-CO reversed this
effect (Figure7 c). Moreover, the results of the scratch assay confirmed this
finding. CoCl2 reduced the migration rate as compared to controls. This effect
was reversed following treatment with ASCs (Figure7 a). With respect to tube
formation, HUVECs showed the ability to form connections and grids under cell
culture conditions (Figure7 b). CoCl. treatment significantly reduced the
number of grids and connection points. ASC-CM and ASC-CO significantly
increased the number of meshes and junctions under CoCl. treatment. We also
simultaneously monitored the dynamic changes in ROS levels (Figure7 d). The
ROS levels increased significantly following treatment with CoCly; however,
treatment with ASCs reversed this effect. In conclusion, the results of cell

viability, migration, and tube formation assay indicated that CoCl: interfered
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with the angiogenic function in HUVECs, which was recovered by ASC

treatment.
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Figure 7 The angiogenic function of the adipose stem cells under different conditions (a) The
scratch assay results showed that CoClz significantly decreased the migration rate of HUVECs.
The ASC-CM and ASC-CO significantly increased the migration rate following CoCl: treatment
(scale bar is 500 um). (b) The tube formation assay results showed that the number of meshes,
and junctions significantly reduced with CoClz treatment. ASC-CM and ASC-CO significantly
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increased the number of meshes and junctions under CoClz treatment (scale bar is 200 ym).
(c) The MTT assay results indicated that CoCl: significantly decreased the viability of HUVECs.
ASC-CM and ASC-CO significantly reversed this effect. (d) Treatment with CoClz for 4 h
significantly increased the ROS levels. The effect was reversed by ASC-CM and ASC-CO
therapy for 24 h, and the therapeutic effects of ASC-CM were exerted earlier than ASC-CO. (*p
< 0.05, ** p <0.001, *** p < 0.0001, **** p < 0.00001)

3.1.5 Dynamic Changes in ER Ca?* and Cytoplasmic Ca?*

The impairment of the angiogenic function may indicate that the ER Ca?*
recovery ability could reduce hypoxia. This may explain the salvage of the
angiogenic function observed after incubation with ASCs. To confirm this
hypothesis, we investigated how Calcium homeostasis was influenced by
CoCl2 of ASCs.

HUVECs transduced with D1ER were stained with an ER-tracker red. Results
showed that D1ER was only expressed in the ER. SP5 confocal microscopy
using different channels revealed that both YFP and CFP from D1ER were
expressed throughout the cells. To determine the function of D1ER,
photobleaching was performed in 10 regions of interest (ROIls). Results
indicated that the mean FRET efficiency was about 20%, which was in line with
that reported in a previous study®. This confirmed functionality of our Calcium
sensor.

In addition, different reagents were successfully used to increase and decrease
the ER Ca?*, as reflected by the FRET ratio. These results (Table 10)
demonstrated that the D1ER worked well in reflecting dynamic changes in ER

Ca?* (Figure 8).
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Figure 8 Testing functionality of D1ER sensor. (a) HUVECs transduced with D1ER were
stained with ER-Tracker red. D1ER is only expressed in the ER. (b) Using the SP5 confocal
microscopic system we confirmed that cells were able to express both YFP and CFP. (c) 10
ROIs were randomly chosen to estimate FRET efficiency. After photobleaching, the mean
FRET efficiency was 20.24% (Table 10). (d) Different reagents were used to increase and
decrease ER Ca2+, which were reflected by the FRET ratio. FRET ratio increased under the
treatment of Digitonin, and medium containing Ca?* Mg+, and ATP. (e) FRET ratio decreased
under the therapy of TG, ionomycin, and EGTA.
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Table 10 Measurement of FRET Efficiency (%)

CFP Pre CFP Post YFP Pre YFP Post FRET
Photobleaching Photobleaching Photobleaching Photobleaching Efficiency

RO 70.42 84.44 63.6 1.75 17.04%
ROI 2 79.45 97.73 77.88 1.84 18.70%
ROI3 87.6 108.24 103.96 2.18 19.07%
ROI4 95.78 119.54 117.85 2.35 19.88%
ROI5 5.7 99.17 118.9 2.23 23.67%
ROI6 84.73 109.85 123.45 2.42 22.86%
ROI7 67.2 83.15 87.03 1.75 19.18%
ROI8 70.22 87.37 79.23 2.12 19.62%
ROI9 101.73 130.7 138.94 2.88 22.16%
ROI10 5.34 5.4 2.45 2.03 1.04%

ROI: region of interest

After 4 h of treatment with CoCl., the FRET ratio decreased significantly. This
effect was reversed by ASC-CM and ASC-CO treatment for 24 h; the effect of
ASC-CM was exerted earlier than ASC-CO (Figure 9a). Results of SP5
microscopy revealed that HUVECs treated with CoCl. displayed a significantly
lower FRET ratio than control cells. In addition, the ASC-CM and ASC-CO
treatment significantly increased the FRET ratio in the CoCl2 group and reached
normal levels (Figure 9b). These findings were considered important since
depletion of ER Ca?* stores resulted in ER stress and activated the UPR. Non-

resolved ER stress can cumulatively cause cell death.
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For confirmation, we also used the ratiometric fluorescent dye Fura-2. Fura-2
binds to free intracellular calcium. After 4 h of treatment with CoClz, the Fura-2
ratio increased significantly as compared to controls. Incubation by ACSs
decreased the ratio over 24 h. ASC-CM exerted the effect earlier than ASC-CO.
In summary, we found hypoxia to perturb the Calcium homeostasis within the
cytoplasm and the ER (Figure 9c). We further investigated whether this also

impaired endoplasmic reticulum stress.

54



- Control

= CoCl,
180+ “* CoCl,+CM
treatment -+ CoCl,+CO

1604
140+

1204

340/380nm (% of control)

100+

80

[ 4 8 12 16 20 24 28
Time (h)
Control CoCl, CoCl,+CM CoCl*+CO
CFP 150+ *Kkokok
3 sokokok  dokokok
€
3 1004 o
o
X -
YFP o
3} 50+
o
[T
>
0- T T T
© N N O
o°($ & \r’io \:’o
FRET 000 O°O
- Control
c 102+ “* CoCl,
= CoCl,+CM
3 CoCl, treatment & CoCl,+CO
£
o
S 1004
o
=
2
&
o 98-
o
[T

i 12 16 20 24 28

Time (h)
Figure 9 Hypoxia and calcium ion dynamic change (a) Treatment with CoCI2 for 4 h significantly
increased the Fura-2 ratio. This effect was reversed by ASC-CM and ASC-CO treatment for 24
h. The therapeutic effect of ASC-CM was exerted earlier than ASC-CO. (b) HUVECs treated
with CoClI2 displayed a significantly lower FRET ratio than control cells. The ASC-CM and ASC-
CO treatments significantly increased the FRET ratio in CoCI2 groups and reached a normal

level (scale bar is 75 ym). (¢) Treatment with CoCI2 significantly decreased the FRET ratio.

oA
a4
-]

55



This effect was reversed by ASC-CM and ASC-CO treatment in 24 h. The therapeutic effect of
ASC-CM was exerted earlier than ASC-CO. (**** p < 0.00001).

3.1.6 Western Blotting on ER Stress in vitro

The results of western blots supplement the results of the dynamic changes of
calcium ions in cells. The results of the dynamic changes of calcium ions
indicate that hypoxia indeed leads to ER stress. 4 hours CoCl; treatment, led
to high expression of BIP, ATF6 and XBP1 in HUVECs, with the stem cell
treatment (co-culture, conditioned medium), the expression of these factors
was reduced, but the expression level is still higher than the control group.
CoCl; treatment did not influence CHOP expression, it also remained largely
unchanged under the treatment of tunicamycin. This experiment shows that
stem cells may ameliorate the damage caused by hypoxia in endothelial cells.
At the same time, it shows that the concentration of cobalt chloride we used did
not lead to cell apoptosis, Tunicamycin (TUN) 2.0pg/ml was used to induce
UPR in HUVECs.

(Figure 10).
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Figure 10 UPR western blotting in vitro. (a) ASC-CO and ASC-CM reduced the expression of
BIP, incubations with tunicamycin (TUN) 2.0ug/ml, and CoClz. (b) ASC-CO and ASC-CM
reduced the protein expression of ATF6, incubations with tunicamycin, and CoClz. (¢) The
protein expression of CHOP and tunicamycin was high. Differences were not present in other
groups. (d) ASC-CO and ASC-CM reduced the protein expression of XBP1, incubations with
tunicamycin, and CoClz. (ns, not significant; *p < 0.05, ** p < 0.001, *** p < 0.0001).
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3.2 Results From in vivo Experiments

3.2.1 APOE’ Mice and PAD Model

Atherosclerosis-prone apolipoprotein E-deficient (APOE™") mice display poor
lipoprotein clearance with a subsequent accumulation of cholesterol ester-
enriched particles in the blood, which promote the development of
atherosclerotic plaques®. Double ligature of the right femoral artery was
performed on 24 mice successfully to induce hindlimb ischemia to model PAD.
The procedure was successfully performed in the control group (12 mice) and

treatment group (12 mice) (Figure 11)

. ,y\ T~
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Figure 11. PAD timeline model in APOE~~ mice.
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Magnetic resonance imaging (MRI) scans indicated that the proximal and distal
regions of the right FA showed no perfusion, confirming the successful

establishment of the model (Figure 12).

Figure 12. A representative MRI and 3D reconstruction of an operated mice. The (a) MRI scan
and (b) 3D reconstruction results showed that the arterial blood flow of the right lower extremity
had been effectively cut off.

After DLFA, the control group was treated with saline, whereas the treatment
group was administered 100ul ASCs (1x108 cells/ml) injection, injected into 5
different muscle localizations of the right hindlimb (20pl each localization). Two
mice in the control group died after the procedure (Figure 13 a). To study
changes in the body weight, mice were weighed before the DLFA procedure
(pre-DLFA) and 7 days after the DLFA surgery (post-DLFA). Mice showed

significantly less weight loss after injection of ASCs (Figure 13 b).
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Figure 13 ASC treated APOE"- mice loose significantly less weight in comparison to control after
CLI (a) The survival curve results showed that two mice in the control group died after the
surgery, whereas no mice in the treatment group died after the surgery. (b) Compared with the
control group, the treatment group exhibited smaller differences in weight before and after the
surgery. (*p < 0.05).

3.2.2 Histological Analysis in APOE--Mice Muscle Specimens
The H&E staining of the right GM myofibers exhibited irregular areas of
ischemic necrosis. Proliferating satellite cells replaced the necrotic myofibers
and were distributed in a mass and with irregular dispersion. Myofibers were
infiltrated with inflammatory multinucleated macrophages, with extremely few
regenerated myofibers. The transverse sections of these regenerated
myofibers were round, the cytoplasm was stained red, and one small or multiple
nuclei were located at the center (Figure 14 a). Treatment with ASCs effectively
reduced these signs of muscle inflammation and necrosis of the right lower limb.
The ELISA assay revealed that the stem cell treatment group significantly
reduced the expression of LDH in muscle tissue (Figure 14 b, left). However,
Mb in the GM was relatively increased after treatment with ASCs (Figure 14 b
right). With IHC , used Anti-CD31 antibody staining was performed to identify

ECs of the vessel in the GM samples. ImageJ was used to evaluate the CD31-
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positive areas, a surrogate for microvascular density, in each of the five fields
of view (x40) for each sample. Ischemic hindlimbs exhibited significantly more
microvascular density than the non-ischemic side following treatment with
ASCs (Figure 14 c). Analysis of H&E sections of the thoracoabdominal aorta
showed no significant difference in plaque load in APOE™~ mice between the
treatment and control groups (Figure 14 d).

The serum tests revealed no significant difference in the levels of cholesterol
(Figure 14 e, left), CK (Figure 14 e, middle), and triglycerides (Figure 14 e, right)
between the two groups of mice. Finally, no significant difference was observed
in the general condition of mice before and after the surgery.

In summary, after the surgery, the ASC stem cell treatment effectively improved
PAD-induced ischemic tissue necrosis, reduced inflammation, and effectively
increased the microvascular density in the muscle specimens (biceps femoris,

Gastrocnemius, Rectus femoris).

61



-
o
]

© *
é : 0.8=
(0]
T 5 0.6+
5
S 804- T
T s
L[ L] =
s VY
=< 1
- 00 T T
Control ASCs
2.0-
_ 3 *
o)
£ 5 <5 157
- 8o
53 T = 33 10 1
Q5 1.0+ oo V7
° T 71 T T
£ £
E 0.5- Eos4 [ _L
2 £
0.0 T T 0.0 T T
Control ASCs Control ASCs
C
L R
S L'VQ\ 2.0=
;3:5 2 _ o
A b S =9 o)
Control Er@smas 2E
Ao B 255
i 85 T
52 T
- 3 8 1.0=
g2
ASCs 8 E 0.5+ 1
0.0 I T
Control ASCs

62



Percent of AS

- Advanced lesion

= Mod
Early-stage
Hl None AS

% of AS

Normal ADSCs
e 1500 ns 150+ 150 s
= s L =
3 2 g
o ——
1000~ i 2 100+ £ 100
E 2 —|— £ 100 T
S S 2
Q B
8 2 N g
2 5004 £ 50 S 50+
2 3 °
° S =
0 & ' o T T o T T
G i > % > 3
& 2 @ O @ O
£ &
& © & & ) &

Figure 14 ASCs treatment protects the Gastronemius muscle against hypoxia induced injury. (a)
H&E staining of the right gastrocnemius. After ASC treatment, the proliferating satellite cells
replaced the necrotic muscle fibers and were distributed in large numbers and as irregularly
dispersed forms. Muscle fibers showed inflammatory infiltration of multinucleated macrophages.
The cross-section of these regenerated muscle fibers appeared round; the cytoplasm was
stained red, multiple nuclei in the center. Stem cells effectively reduced the inflammation and
necrosis in muscle tissue (scale bar is 200 um and 100um). (b) The LDH assay revealed that
stem cell treatment significantly reduced LDH in muscle tissue. Myoglobin in the GM was
relatively increased after ASC treatment. (¢) Immunohistochemical staining revealed that CD31

staining of paraffin-embedded sections showed that the microcapillary density in the stem cell

treatment group was higher than that in the control group (scale bar is 200 ym). (d) H&E
sections of the thoracoabdominal aorta. No significant difference was observed between the
treatment and the control groups (scale bar is 200 ym and 50um). (e) A comparison of serum

levels of CK (left), cholesterol (middle), and triglycerides (right) revealed no significant

difference between the two groups of mice. (ns, not significant, *p < 0.05, ** p < 0.001, **** p <

0.00001).
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3.2.3 Hind Limb Ischemia and ER Stress

WB was performed to measure expression levels of BIP, ATF6, XBP1 and
CHORP in protein isolated from muscle specimens. First, left and right (treated)
hindlimbs of the mice were compared within the treatment group and the control
group. The expression levels of BIP, ATF6, XBP1 and CHOP were lower in the
treatment group than in the control group. Especially differences in ATF6 were
highly significant (Figure 15). This data shows that after treatment with adipose
stem cells, stem cells can indirectly or directly alleviate damage caused by

ischemia and hypoxia.
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Figure 15 UPR WB in vivo (a) A comparison of protein expression of BIP revealed a significant
difference between the treatment and control groups. (b) A comparison of the expression of
protein ATF6 revealed a significant difference between the treatment and control groups. (¢) A
comparison of the protein expression of XBP1 revealed a significant difference between the

treatment and control groups. (d) A comparison of the expression of protein CHOP revealed a
significant difference between the treatment and control groups. (*p < 0.05, ** p < 0.001).
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4 DISCUSSION

We evaluated the effects of ASCs on EC functions under hypoxia both in vitro
and in vivo. PAD is caused by AS of the peripheral blood vessels and results in
ischemia. Tissue hypoxia can cause partial dysfunction of vascular cells,
manifested as alterations in EC migration, proliferation, and neovascularization.
Stem cell therapy has emerged as an alternative treatment modality for PAD.
In this regard, ASCs are the most favorable stem cells because of several
beneficial properties including the ability to differentiate into several cell
lineages, anti-apoptotic activity, the ability to secrete bioactive soluble factors,
anti-inflammatory effect, and anti-bacterial effect. Furthermore, ASCs improve
vascularization in injured tissues by inducing the expression of angiogenic
cytokines. For instance, VEGF secreted by ASCs improves tissue vascularity
by stimulating ECs to promote angiogenesis and growth. We explored the
therapeutic mechanism of ASCs in vivo using a mouse PAD model and
investigated the effects of ASC therapy by injecting ASCs into the lower limb
muscles of ApoE’ mice (n=12). Furthermore, we investigated the effects of

ASCs on ECs using a series of in vitro experiments.
4.1 Establishing an in vitro Environment Mimicking Hypoxia

We established an in vitro hypoxic environment that reflected the levels of
cellular, biochemical, and molecular hypoxia responses. Although the best

hypoxia model is the one induced by true hypoxia, many laboratories lack a
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hypoxia chamber. Not all kinds of experiments can be performed using carbon
dioxide incubators because oxygen will re-enter the chamber at each opening.
Moreover, this process is expensive. Therefore, frequently a chemically
induced hypoxia model is used. A commonly used chemical to induce hypoxia
is CoCly, which strongly stabilizes HIF-1a and HIF-2a under normoxic
conditions for several hours in a dose- and time-dependent manner. HIF-1a/2a
stabilization was observed after 2 h, with a maximum effect at 12 to 48 h and
with a CoClz2 concentration between 100 and 300 pyM. The exact CoCl.
concentration will depend on the susceptibility or resistance of the kind of cells
used. For example, Horev-Azaria determined the cell viability in Caco-2, MDCK,
HepG2, A459, and NCIH441 cells lines treated with 0 to 1.0 mM CoCl; for 48
and 72 h and observed a completely different behavior and susceptibility to
CoCl, concentrations and incubation times for each cell line''®. The reported
CoCl ICso values for IMR-32, PC-3, and A548 cell lines were 30.3, 92.1, and
125.3 uM, respectively, at 24 h, which were lower than those observed for non-
cancerous 293T cells 8.

We have also used CoCl to simulate an in vitro hypoxic environment. The WB
results indicated that the expression of HIF-1a increased with increasing
concentration of CoCl,. The ECso value of CoCl> was 29.72 uM. We observed
that CoCl2 treatment = 4h significantly increased HIF-1a expression. We used
Pl and Annexin V staining and flow cytometry to detect CoClz-induced cell

death in ECs and observed that after 4 h of treatment, HUVECs did not undergo
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extensive apoptosis. Treatment with different concentrations of CoCl. revealed
a concentration-dependent increase in ROS levels. Results showed that 80.33
UM CoCl2 reached half the effect of inducing ROS. Furthermore, hypoxia
reduced the migration rate of HUVECs. These data demonstrate that HUVECs
treated with 80 uM CoCl> for 4 h established a hypoxia cell model. Therefore,
we selected 80 to 100 uM CoCl. as a suitable concentration range and selected

4 h of CoCl; as a treatment time that did not induce extensive apoptosis of ECs.

4.2 Do Stem Cells Promote Angiogenesis in Endothelial Cells ?

Our primary aim was to establish an in vitro pathological model of PAD to
explore the therapeutic mechanism of stem cells. Vessel occlusion in PAD is
attributed to the formation of atherosclerotic plaques. Atherosclerosis initiates
with the deposition of fatty streaks on the vessel wall, damaging the vascular
endothelium and triggering an inflammatory response*2. Plaques partially block
the blood vessels and obstruct the blood flow, resulting in tissue ischemia and
hypoxia. The therapeutic effect of ASCs is attributed to tissue repair and
regeneration, ability to differentiate into several cell lineages, and ability to
migrate (homing) to injured tissues. Other treatment mechanisms include
angiogenesis, anti-apoptotic activity, and the ability to secrete bioactive soluble
factors. Of these, angiogenesis under hypoxia may be relevant for developing
an efficient PAD therapy. ASCs contribute to angiogenesis both directly and

indirectly through supporting cells and paracrine activity. ROS control vascular
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cell migration and proliferation, and its homeostasis ensures normal
angiogenesis. To better observe the paracrine effects of stem cells, we
designed two experimental conditions: adding a stem cell-conditioned medium
and co-culturing of ECs and stem cells. Using ex vivo and in vivo experiments,
Kim et al. first demonstrated that ASCs accelerated wound healing®384,
Furthermore, they observed that the conditioned media of ASC (ASC-CM),
obtained from primary cultured fibroblasts, stimulated the migration of dermal
fibroblasts to the wounded area®*. In addition, ASCs secrete a variety of growth
factors such as basic fibroblast growth factor (bFGF), keratinocyte growth factor
(KGF), transforming growth factor (TGF-p).

Several experiments were conducted to obtain a suitable conditioned medium
and stable co-culture conditions. The experimental results showed that mixing
the whole medium with 50% ASC supernatant produced the most suitable
experimental condition. This minimized the effect of growth factors on FBS. In
addition, 50% was the most suitable medium concentration (50% DMEM + 50%
advance endothelial medium) for the survival and growth of cells.

The MTT analysis revealed that CoCl> significantly reduced the cell viability of
HUVECs, whereas ASC-CM and ASC-CO reversed this effect, indicating that
ASCs promoted the survival of ECs under hypoxia. Migration assays revealed
that CoCl2 reduced the migration rate. Surprisingly, ASCs indirectly or directly
accelerated the migration rate of ECs in the ASC-CO group. Results of the

endothelial tube formation assay showed that the number of meshes, and
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junctions was significantly reduced following CoCl> treatment. The effect was
significantly reversed by ASC-CM and ASC-CO following CoCl2 treatment.
CoCl2 simultaneously increased the levels of ROS; this effect was reversed by
ASC-CM and ASC-CO therapy in 24 h. Furthermore, the therapeutic effect of
ASC-CM was exerted earlier than ASC-CO. ASC conditioned medium
produced delayed effects, which could be attributed to the time taken by ASCs
to exert a paracrine effect on ECs in the co-culture.

Thus, ASCs accelerated the migration ability, tube formation ability, and viability
of ECs under hypoxia through paracrine signaling. In contrast, ASCs reduced
the production of ROS under hypoxia, indicating that they promoted the

angiogenesis ability of ECs.
4.3 Effect of Stem Cells on Calcium lons in Endothelial Cells

Our results showed that ASCs directly or indirectly promoted the survival and
angiogenic functions of ECs under hypoxia. ER, a ubiquitous organelle, is
responsible for synthesis, proper folding, maturation, and assembly of proteins
before these are further processed by the Golgi apparatus. Stable ER Ca?*
concentration or homeostasis is crucial to maintain the cellular functions. ER
Ca?* depletion causes misfolding or unfolding of proteins, resulting in their
accumulation within the ER lumen. This in turn causes ER stress and activates
the UPR*"48. UPR is a normal adaptive and protective mechanism to reduce
the rate of protein synthesis, increase the folding ability of proteins, and help
misfolded or unfolded proteins to enter cellular degradation pathways®.
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Nevertheless, non-resolved ER stress can cumulatively cause cell death®687,
Mungai et al. and Gusarova et al. demonstrated the existence of this pathway
under hypoxia in osteosarcoma cells and alveolar epithelial cells®’-89,

Hypoxia reduces the ER Ca?* restoring ability by increasing the release of ER
Ca?". In parallel, an influx of extracellular Ca?"* is induced, consequently
increasing the cytoplasmic Ca?* concentrations®®%. The overloading of
cytoplasmic Ca?* subsequently induces cell dysfunction and apoptosis,
indicating prolonged or severe hypoxia®’-%3. The imbalance in the interaction
between cytoplasmic Ca?* and ER Ca?* is a sign of ER stress, which affects
the survival of the endothelium.

We used functional microscopy to analyze the FRET ratio. After 4 h of CoCl>
treatment, the FRET ratio significantly reduced, reflecting a decrease in ER
Ca?* under hypoxia. ASC-CM and ASC-CO treatment for 24 h reversed this
effect, with the therapeutic effect of ASC-CM occurring earlier than that of ASC-
CO. The results of FRET microscopy showed that the FRET ratio of HUVECs
treated with CoCl> was significantly lower than that of control cells.

Dynamic changes in cytoplasmic Ca?* were detected by fluorescence using
Fura-2AM. Compared with the control group, the Fura-2 ratio of the CoCl> group
increased significantly after 4 h of CoCl. treatment due to CoCl2-induced
elevation in cytoplasmic Ca?*. However, the therapeutic effect of ASCs reduced
the ratio in the following 24 h although the impact from ASC-CM was displayed

earlier than ASC-CO. These results implied that CoCl2 mimicking a hypoxic
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pathological condition of ECs, results in a continuous decrease in ER Ca?* and
increase in cytoplasmic Ca?* due to reduced ER Ca?* restoring ability. This
could result in dysfunctional neovessels. The ASC-conditioned medium and
adipose co-culture group reversed the above calcium imbalance under the
same conditions. These results also indicated that stem cells regulate ER

stress.
4.4 Stem Cells under Hypoxia induce survival in Endothelial Cells

Hypoxic stress induces global gene expression changes by altering the cell’s
metabolic and angiogenic pathways and restoring oxygen homeostasis,
thereby promoting cell survival®*%’. A failure of these repair and adaptive
mechanisms causes cells to modify their gene expression profiles and induce
programmed cell death®”-'%”. However, these changes are accompanied by
deregulation of mitochondrial and ER functions, reflected by perturbations in
protein folding and trafficking'®®. Erratic protein folding activates another
specific stress response pathway, the UPR promotes cellular survival by
restoring endoplasmic and mitochondrial homeostasis via distinct signaling
networks'9%119 " Although not completely understood, delineating the mutual
crosstalk and response pathways between these stresses is essential to
establish new therapeutic interventions for cardiovascular diseases. Critical
changes in mitochondrial functions occur during hypoxia causing elevated ROS
levels. Furthermore, the proper folding of mitochondria-encoded, as well as the
import and corresponding refolding of mitochondrial nucleus-encoded proteins,

72



is crucial for the proper functioning of this organelle. Hence, prolonged hypoxia
eventually results in perturbations in mitochondrial protein folding and activation
of a related specific stress response mechanism known as the mitochondrial
UPR™0111 " Although ECs are the primary effectors of the adaptive cellular
response to hypoxia, the majority of current research on this signaling pathway
involves cancer cells%-118,

BiP initiates the UPR by dissociating three proteins, namely PERK, IRE1qa, and
ATF®6, from the ER lumen. Our in vitro and in vivo results revealed that all ER
stress sensors (BIP, ATF6, CHOP, and XBP1) are activated once tunicamycin
is processed. However, only BIP, ATF6, and XBP1 are activated under virtual
hypoxia. We observed that the expression of these proteins was reduced in the
stem cell treatment group. Stem cells effectively alleviated endothelial
dysfunction under hypoxic conditions by strengthening ATF6 and initiating a
transcriptional program to restore ER homeostasis; inducing BIP expression;
promoting protein chaperones and lipid synthesis; stimulating ER degradation,
and enhancing N-glycosylation of XBP1 by increasing the ER’s folding capacity,
as well as increasing the expression of chaperones and proteins involved in
ER-associated degradation (by ER degradation-enhancing a-mannosidase-like
protein [EDEM]) and vesicular trafficking. The inactivation of CHOP could be
attributed to the fact that the CoCl. concentration used was insufficient to

activate it, leading to cell death.
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4.5 Therapeutic Effects of ASCs in the ApoE~~ PAD Mouse Model

ApoE~"" mice can be used to study abnormal fat metabolism and hyperlipidemia
symptoms, such as total cholesterol, triglycerides, very low-density lipoproteins,
and medium-density lipoproteins, which mimic clinically relevant PAD. H&E
staining of the aorta confirmed the establishment of AS, following alimentation
with Western diet''4.

We demonstrated in vivo in ApoE”- PAD mice model that the ASC treatment
improved the functional recovery within 7 days after surgery. On the seventh
day, the weight loss of the ASC group was better than that of the control group,
with a statistically significant difference. This validated the therapeutic effect of
ASCs. To further confirm this finding, we performed IHC staining to assess
MVD (Microvascular density) in the hindlimb GM. Because capillaries supply
the nutrients (oxygen, glucose, etc.) and dispose cellular waste products, MVD
is a crucial prognostic factor for PAD 24. Patients with PAD and poor prognosis
usually show low MVD'"? 113 |n the ApoE~- PAD mice model, the MVD ratio of
the ASC group was significantly higher than that of the control group, indicating
that ASC treatment enhanced angiogenesis, which was also observed in our in
vitro experiments. ASC therapy-induced neovascularization is conducive for
restoring metabolic homeostasis, thereby improving functional recovery. In
addition, the average LDH levels in the muscles in the ASC group were lower
than those in the control group; moreover, these results were statistically

significant, indicating that ASCs could improve metabolic homeostasis.
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Our comprehensive in vivo and in vitro experiment results explained the ability
of ASCs to improve the angiogenesis of ECs, possibly by enhancing the
recovery ability of ER Ca?* under hypoxic conditions. Although we detected
dynamic changes in ER Ca?* and cytoplasmic Ca?* in HUVECSs in vitro, we
could not these in the fresh tissues of the hindlimbs of mice, especially in the
ECs of the tissues. This weakens the integrity of our experimental results.

In vivo results reported tissue ischemia in the right lower limb of mice caused
by surgery. We observed protein expression of BIP, CHOP, XBP1, and ATF6
following the treatment with ASCs. The protein expression, especially of ATF6,
was reduced. Further studies will have to answer if the effect of ASCs can be
attributed to ATF6. Compared with in vitro experiments, CHOP was activated

in-vivo in mice due to surgery-induced ischemia and hypoxia.
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4.6 Limitations

Our study had certain limitations. First, objective laboratory conditions and
experimental time constraints did not allow us to use hypoxic chambers to
simulate true hypoxia; we used CoCl2 to mimic hypoxic conditions. Therefore,
our results are potentially incomparable with those observed in a truly hypoxic
environment. An in vitro hypoxic model could be established using a hypoxic
chamber in the future to overcome this shortcoming.

Second, we did not explore the paracrine effects of stem cells, such as growth
factors, and VEGF tracking on ECs. Third, to detect the relationship between
ER Ca?* recovery ability and EC angiogenesis function using D1ER and Fura-
2 AM, we detected the dynamic changes in ER Ca?* and cytoplasmic Ca?* in
HUVECs. However, we could not use these assays to detect these changes in
the fresh tissues of the hindlimbs of mice, especially in the ECs of the tissues.
Fourthly, previous studies have reported immunomodulatory and anti-
inflammatory effects of ASCs'®'8. Unfortunately, we did not include relevant
experiments, such as the detection of inflammatory factors, for example, IL-6,
IL-1, and TNF. We only observed the inflammatory manifestations of ischemic
hind limbs by H&E staining.

Finally, we performed WB in the GM sample, which includes not only ECs but
also muscle cells, macrophages, fibroblasts, and other kinds of cells. Therefore,
the results of in vitro experiments cannot fully explain the specific therapeutic

effects of ASCs on ECs. These shortcomings did not enable us to directly
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answer all questions about the underlying mechanism of therapeutic effects of
ASCs on ECs. Thus, more studies are warranted in the future to explore the

therapeutic mechanism of stem cells in more depth.
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5 SUMMARY

Peripheral arterial disease (PAD) is a chronic circulatory disease, characterized
by narrowed arteries and reduced blood flow to the extremities.

The beneficial effects of adipose stem cells (ASCs) have been exploited in
several clinical trials as a therapeutic intervention for PAD?425. To further
explore the therapeutic mechanism of stem cells on PAD, we designed this
study in ECs under hypoxia.

First, to mimic the pathological mechanism of PAD in vitro, we used CoCl; to
create a hypoxic environment in the ECs. We found that the viability and
migration of ECs were reduced under hypoxia. Next, we used a stem cell-
conditioned medium to co-cultivate ECs and stem cells.

We investigated the angiogenic functions of ECs under hypoxia and studied the
24-h dynamic changes in calcium ions in the ER and the cytoplasm of ECs and
used the SP5 microscopy platform to detect the intracellular FRET ratio. After
CoClz treatment, the FRET ratio significantly reduced, reflecting a decrease in
ER Ca?* under hypoxia. ASC-CM and ASC-CO treatment for 24 h reversed this
effect, with the therapeutic effect of ASC-CM occurring earlier than that of ASC-
CO

By western blotting the effects of stem cells on the UPR pathways were
analyzed. In vitro and in vivo (using a hind limb ischemia model) revealed that
all ER stress sensors (BIP, ATF6, CHOP, and XBP1) are activated once

tunicamycin is processed. BIP, ATF6, and XBP1 are activated under virtual
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hypoxia. Using the hind limb ischemia model, ASC were demonstrated to
ameliorate the effect of ischemia on muscle tissue. Animals showed less
muscle necrosis, less inflammation and lover levels of muscle enzymes after
ASC injection.

Taken together, these data indicate that ASCs may represent an interesting
treatment option for PAD patients with no conventional option of

revascularization.
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6 CONCLUSION

The findings of the study conclude the following:

1. CoCl> can be used to stimulate a hypoxic environment in ECs.

2. ASCs promoted angiogenesis in ECs, which was manifested as increased
cell migration, enhanced tube formation, improved cell vitality, and balanced
ROS levels.

3. ASCs promoted calcium ion balance in the cytoplasm and ER.

4. ASCs relieved ER stress in ECs under hypoxia.

5. Infusion of ASCs into ApoE™ mice enhanced the intramuscular
angiogenesis in ischemic lower limbs, reduced the inflammation, and

decreased necrosis and apoptosis of cells in the muscle tissue.
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