Nitric Oxide 82 (2019) 48-58

Contents lists available at ScienceDirect

Nitric Oxide

journal homepage: www.elsevier.com/locate/yniox

updates

Nitric oxide regulates intussusceptive-like angiogenesis in wound repair in | M)
chicken embryo and transgenic zebrafish models i

Selvaraj Vimalraj™”, Sivakamasundari Pichu”, Thyagarajan Pankajam”,
Kasiviswanathan Dharanibalan”, Valentin Djonov®, Suvro Chatterjee”™"
2 Centre for Biotechnology, Anna University, Chennai-600025, India

® Vascular Biology Lab, AU-KBC Research Centre and Department of Biotechnology, MIT Campus, Anna University, Chennai, India
¢ Institute of Anatomy, University of Berne, Buehlstrasse 26, CH-3012 Berne, Switzerland

ARTICLE INFO ABSTRACT

Angiogenesis is the formation of new blood vessels that occurs by two distinct processes following sprouting
angiogenesis (SA) and intussusceptive angiogenesis (IA). Nitric oxide (NO) is known for its pro-angiogenic
functions. However, no clear mechanisms are delineated on its role in promoting angiogenesis in reparative
wound healing. We propose that NO regulates SA to IA transition and vice versa in wound milieu. We have used
three models which include a new chick embryo extra-vasculature (CEV) burn wound model, adult Tie2-GFP
transgenic Zebrafish caudal fin regeneration model and Zebrafish skin wound model to study the mechanisms
underlying behind the role of NO in wound healing. Wounds created in CEV were treated with NO donor
(Spermine NONOate (SPNO)), NOS inhibitor (L-nitro-L-arginine-methyl ester (.-NAME)), NaNO,, NaNO3, and
beetroot juice, a nitrite-rich juice respectively and the pattern of wound healing was assessed. Morphological and
histological techniques tracked the wound healing at the cellular level, and the molecular changes were in-
vestigated by using real-time RT-PCR gene expression analysis. The result concludes that NO donor promotes
wound healing by activating SA at an early phase of healing while NOS inhibitor induces wound healing via IA.
At the later phase of wound healing NO donor followed IA while NOS inhibitor failed to promote wound repair.
The current work underpinned a differential regulation of NO on angiogenesis in wound milieu and this study
would provide new insights in designing therapeutics for promoting wound repair.
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report emphasizes that the growth factors and their receptors regulate
key aspects of wound healing. Macrophages and monocytes support

1. Introduction

The wound is a loss or breaking of cellular and anatomic or func-
tional continuity of living tissue. The uncontrolled wounds can lead to
significant disability, amputation and increased mortality. There are
considerable challenges in the wound milieu that includes hypoxia,
oxidative stress, ischemia, bacterial infection, the formation of bioflim
and inflammation cells at the site of injury. Understanding the me-
chanism that restores wound associated damage by accelerating the
regeneration of healthy tissue is important to develop successful ther-
apeutic strategies [1-5]. Biotechnological approaches based on growth
factors, stem cell replacement, small-molecule drugs and RNA inter-
ference have been tried to ensure an efficient wound healing process
with limited success [2,3]. Growth factors such as recombinant epi-
dermal growth factor (EGF), vascular endothelial growth factor (VEGF),
and fibroblast growth factor (FGF) have been used to stimulate wound
angiogenesis, matrix deposition and re-epithelialization [2-6]. The

wound angiogenesis by releasing angiogenic factors such as VEGF, Ang-
1, platelet derived growth factors (PDGF), Transforming growth factor
a (TGF-a), FGF, interleukin-8 (IL-8), and tumor necrosis factor alpha
(TNF-a) in wound milieu [3]. Results of clinical investigations reviewed
that the treatment of growth factors accelerates healing of impaired
wounds [4]. Poor outcome of single growth factor treatment of wound
possibly attributes to shorter half-life of growth factor due to protease
activity and poor delivery mechanisms.

Indigenously produced gasotransmitters such as NO, CO, and H,S
are equally important factors like growth factors in the process of
wound healing. Depending upon the types of gasotransmitter, the sig-
naling mechanisms can stimulate upregulation of FGF2, VEGF, activa-
tion of matrix metalloproteinases (MMPs), stimulation of
Phosphoinositide 3-kinase (PI3K), upregulation of tissue inhibitors of
matrix metalloproteinases (TIMPs) and activation of the inducible
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isoform of cyclooxygenase (COX2) [5]. The significant amount of work
has been directed to explore NO role in wound healing [14]. Since NO is
a candidate which simultaneously promotes epithelialization and neo-
vascularization and it is an obvious target for developing a wound
healing strategy. Therefore, unraveling the exact role of NO in wound
healing in the perspective of neo-vascularization is critical for devel-
oping the therapeutic strategy. The induced NO produced in the early
phase of wound repair by inflammatory cells, mostly by macrophages
[10-23]. However, it is evident that various types of cells in wound
milieu are involved in producing NO during the healing process [5,6].
The work of Witte and Barbul (2002) demonstrated that the NO syn-
thesized by iNOS promotes collagen deposition, cell proliferation and
wound contraction during wound repair [23]. The positive role of NO
in wound repair possibly ensured by regulating inflammation, cell
proliferation, angiogenesis, matrix deposition and remodeling in the
healing process [7]. NO regulates critically endothelial cells for its
survival, protection against apoptosis, and promotes endothelial cell
proliferation and differentiation [21-23]. The molecular mechanisms of
endothelial remodeling have been studied in depth for the last 20 years
[2-6]. However, the NO implications in wound angiogenesis, and me-
chanistic insight of the events have not been explored yet. We hy-
pothesize that NO regulates the patterns of angiogenesis in wound
milieu to optimize the healing process. The intussusceptive angiogen-
esis (IA), an alternative option of angiogenesis based on the long-
itudinal splitting of blood vessels, directs the patterning of vascular bed
and perfusion. We postulate that a delicate and dynamic balance of IA
and sprouting directs the healing process; and NO plays defining the
role in this process. Hence, the current study focuses on NO control over
the pattern of wound angiogenesis that places sprouting and IA an-
giogenesis in a delicate balance in repairing milieu. Further, the work
critically compares re-generation and healing processes using three
models; chick embryo extra-vasculature (CEV) wound, adult zebrafish
skin wound, and Tie2-GFP transgenic Zebrafish caudal fin regeneration.

2. Materials and methods
2.1. Ex-ovo CEV burn wound model development

Pre-incubated white Leghorn chick (Gallus domesticus L.) eggs were
purchased from the Government Poultry Station, Potheri in Chennai.
Eggs were incubated in the Southern Humidified Incubator; tempera-
ture and humidity were maintained at 37 °C and 60%, respectively. All
experiments were performed on 4th day embryos. The shell is cut open
and the embryo with intact area vasculosa is carefully transferred to a
Petri dish/foam cups and incubated in a sterile incubator 1 to 2 more
days. Blood vessel formation becomes apparent by this time and thus
we can use that system for our specific studies. 1 mm? area of burn
wounds was made on CEV with the aid of a pre-heated surgical needle
under a stereomicroscope (Olympus, India) equipped with Magnus,
microscope digital camera. A size # 6 surgical needle was heated on the
blue flame till red hot and used it for burn wound in CEV. The same size
# 6 surgical needle was used to generate mechanical wound in CEV.
The entire study was performed with burn wound model. The wounds
were treated with L-nitro-i-arginine-methyl ester (t-NAME; 1 mM (NOS
inhibitor), Spermine NONOate (SPNO) (NO donor); 10 mM, Sodium
Nitrite, NaNO, (0.43 mM), Sodium nitrate, NaNO3 (0.35mM), phos-
phate buffer saline (BPS) as a control and positive control (povidone-
iodine, BetaRite ointment). NaNO, and NaNO; concentrations were
fixed based on previous literature that they have used it for different
treatments [6,8,14]. The beetroot powder contains 79.04 ug/g nitrite
and 16478.07 ug/g of nitrate [9]. Beetroot juice was prepared by fine
grinding and sugar present in the juice was partially removed by
acetone precipitation. The solvent was removed by rotary evaporator
and tried it in 60°C for 6 h to prepare a powder form; it termed as
beetroot juice without sugar (BJS(—)). Beetroot juice with sugar (BJS
(+)) is without acetone precipitation. BJS (—) and BJS (+) (5%W/V)
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dissolved in PBS and used for treatment. A specific volume of the NO
donor/inhibitor was taken in the micro glass pipette and injected into
the desired blood vessel using micro-injector under a stereomicroscope.
After injection, micropipette was taken out very slowly to avoid any
serious injury to the blood vessel. Another set of experiments was
prepared with NO donors/inhibitor in a paper patch where egg yolks
were incubated with 500 pmol solutions on a filter paper disc for 6hrs.
After the injection/patching the embryo was incubated at 37 °C and
specific humidity. During this incubation period, blood vessel formation
was tracked under a stereomicroscope and micro videograph was also
taken. The vascular beds were examined by injecting FITC under an
intravital fluorescence microscope. Significant difference of growth
pattern between control and NO donors/inhibitor was examined. The
early phase of treatment (the zero minute treatment) was initiated just
after the wound created, and the late phase of treatment was carried out
after 30 min of the wound created. These images were analyzed using
AngioQuant software [10,15].

2.2. Caudal fin regeneration assay using Tie2-GFP transgenic Zebrafish

The Tg(TieZ:EGFP)5849 Zebrafish line was purchased from the
Zebrafish International Resource Center. The procedure was carried out
as described elsewhere [14]. 10-14 months old Tg(Tie2:EGFP)s849
Zebrafish was subjected to the experiment and it was maintained under
14h/10h day-night cycle with 30 °C temperature condition. An auto-
mated stereomicroscope (Leica Microsystems M205FA) with equipped
Canon EOS 5D Mark II camera was used. The caudal fin amputation
(~50% lesion size) was made using a razor blade and the treatment
was carried out on target site. The fish was anesthetized using 0.13%
Tricaine (w/v), before subjecting to amputations and during the ob-
servation.

2.3. In vivo Zebrafish wound model

Adult zebrafish (Danio rerio) were mechanically injured by a sur-
gical scalpel at the age of 8-10 months as described elsewhere [11]. The
fish was anesthetized in 0.13% Tricaine (w/v), and a full thickness
wound (~2mm in diameter) was made in the flank region directly
anterior of the anal and dorsal fins. Methylene blue staining was per-
formed in wound area to confirm the uniformity of the diameter and
depth, and it was measured by ImageJ software. The treatment was
carried out by target mode at the site of the wound. The wound area
was treated with .-NAME; 1 mM (NOS inhibitor), SPNO (NO donor);
10 mM, NaNO, (0.43 mM), NaNO3 (0.35 mM), phosphate buffer saline
(control) and positive control (povidone-iodine, BetaRite ointment).
The early phase of treatment (the zero minute treatment) was initiated
just after the wound created, and the late phase of treatment was car-
ried out after 2 h of the wound created. After treatment, the fishes were
kept alive for next 20 min by providing a minimal supply of water to the
anterior part of fish before introducing into the water system.

2.4. Histological analysis

Adult fish were fixed in 4% paraformaldehyde in PBS overnight. It
was processed and embedded in paraffin wax followed by 5pum of
sections were made in transversely. The sections were stained with
Haematoxylin and Eosin (H&E) to examine the morphology of cells and
tissues of the wound area and also stained with Masson's Trichrome
(MT) to examine the collagen deposition in the wound area. The images
were captured in the inverted microscope and analyzed by pathologists.
The collagen density was evaluated based on the measurement of blue
color intensity which represents the deposited collagen density. The
obtained images were subjected into ImageJ software to quantify the
blue color intensity in the wound area. The relative measurement of
deposited collagen density was compared between treated and control
wound area at 40 X magnification. The procedures were followed as
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described previously [16,17].
2.5. Real time RT-PCR

At the end of treatment, the wound area from CEV and Zebrafish
was excised, and total RNA was isolated from the tissue cells with Trizol
reagent (Invitrogen) according to the manufacturer's instructions. The
total isolated RNA was quantified with Nanodrop 2000 spectro-
photometer (Thermo Scientific). cDNA was synthesized using Reverse
Transcriptase kit according to the manufacturer's protocol (Invitrogen,
CA, USA). The real-time PCR analysis was performed using a KAPA
SYBR FAST qPCR Kit (Kapa biosystem, MA, USA). mRNA primers and
internal control, B-actin primers used for amplification are shown in
Supplementary Table 1. The thermal cycling profile was as follows:
95°C for 5 min as initial denaturation, followed by 40 cycles of 95°C for
30s, 58°C for 30s and 72°Cfor 30s, with a final extension at 72°C for
5 min. The relative mRNA expression was calculated by using the delta
delta Ct method as described elsewhere [18-20].

(Supplementary Table 1)
2.6. Statistical analysis

All data were presented as mean *+ standard deviation based on at
least three replicates for each treatment. The significant difference
(p < 0.05) between groups was determined by the Student's t-test.

3. Results
3.1. Development of Ex-ovo CEV burn wound model

The chick egg model utilized in the current study is an excellent
model to investigate the pattern of angiogenesis in wound repair and
the architecture of wound closure in post burn wound. The burn wound
was created in the area vasculosa of shell-less chick embryo model
using a needle mentioned in materials and method, the area where the
wound is to be created was placed under the stereomicroscope, the area
should be such that the wound shouldn't be inflicted on the main blood
vessels, hence, the area of the plexus of tertiary capillaries was targeted
and the needle is inserted roughly few millimeters into the area selected
and gently withdrawn back. The procedure was illustrated as stepwise
in Supplementary Fig. 1A. Additionally, the schematic diagram of
longitudinal and transverse section wound in CEV is illustrated in
Supplementary Fig. 1 B and C. The transverse section is matched with
the experimentally obtained CEV wound image (Supplementary
Fig. 1C). Initially, the mechanical-trauma was compared with burn
wound and it showed that the vascular and hemodynamic response to
wound depends on the nature of the wounds. Mechanical wound allows
the system to drain away the blood in mushroom cloud fashion without
any immediate blood congestion in the local wound area, while burn
wound induces acute congestion of blood at the wound site, and drai-
nage of blood is limited (Fig. 1A and B). Then, the vascular behavior in
wounds in seconds scale dynamics was documented. The second scale
dynamics vascular re-arrangements of burn wound healing has been
captured by FITC fluorescence imaging in live in vivo imaging techni-
ques. Results demonstrate that higher vascular flow and draining out of
blood in the focal wound area happens within seconds of the wound
created (Fig. 2A). However, a rapid cleansing of congested blood is
observed within 5 min (Fig. 2B). We observed that drained away vessels
lost blood while a new perfusing vessels coming into action at the 5th
minute (Fig. 2C). The results suggest that the vascular and hemody-
namic response to wound depends on the age of wound and nature of
the wounds.

In this model, without any treatment, we have followed the time-
course of the wound repair process of an experimentally induced burn
wound in the chick embryo CEV. In 80% of the cases, a 1 mm? resection

50

Nitric Oxide 82 (2019) 48-58

area forms a complete scar in 72hrs later. The wound was treated with
commercially available povidone-iodine 5 %w/w as a positive control
and allowed to heal, the observation of the wound closure (arrow mark)
was done every 2h and followed up to 6h (Fig. 3). The scar itself
consists of a granulation tissue formed by newly-formed vessels, fi-
broblasts and inflammatory infiltrate essentially composed of macro-
phages. The process of wound repair depends upon a variety of inter-
actions between cells and the extracellular matrix components and
wound repair is in part mediated by multiple growth factors released by
inflammatory cells and from their storage sites of the extracellular
matrix [21,22].
(Supplementary Figs. 1A-C)

3.2. Early effects of NO donor and NOS inhibitor in wound repair using
CEV model

This ex-ovo model improved the access to intra-vital imaging, local
treatment and tissue manipulations. The burn wounds were inflicted in
the 4th day chick embryos using a heated needle and treated with re-
spective drugs. We investigated the effect of .-NAME, a selective in-
hibitor of NOS and SPNO (NO donor) on wound healing pattern and
microcirculation. The embryos were maintained in a horizontal egg
incubator (37 °C temperature and 90% humidity) and images of the
embryo were taken periodically up to 6 h. Initially, the concentrations
of SPNO and 1-NAME were standardized by studying their effect at
different range. The vascular and hemodynamic response to the wound
is depending on the age of wound (Fig. 2). Hence, to study the role of
NO on wound repair mechanism through SA and IA, NO donor and NOS
inhibitor treatment were carried out on CEV burn wounds, as soon as
the burn wound generated and is termed as early treatment. This initial
treatment showed that NO donor significantly increased the healing of
wounds in CEV compared to control group. Interestingly, rapid but
erroneous wound healing was observed during the removal of enzyme-
dependent NO by 1-NAME when compared to control and SPNO
(Fig. 4). From this data, we infer that higher rate of wound healing may
be due to IA which must be confirmed in further investigations. Further
studies using this model will aid in discovering an effective and ac-
celerated approach in treating burn wounds.

3.3. Angiogenic regulation of NO in early wound repair using CEV model

The adequate supply of nutrition, oxygen and other necessary micro
and macromolecules to the site of injury is required through blood
vessel for the healing of the wound. Hence, understanding the me-
chanism of vessels formation by angiogenesis is essential for various
physiological and pathological phenomena. The wound angiogenesis
denotes a typical model to study molecular mechanisms which belong
to vascular formation and remodeling. Additionally, these angiogenesis
mechanisms may offer potential therapeutic options to regulate not
only wound healing but also other complications such as cancer,
chronic inflammatory disorders, cardiovascular diseases, diabetic re-
tinopathy and excessive tissue defects [21].

In the current study, we mainly focused on NO regulation of an-
giogenesis in wound healing. Specifically, whether NO prefers IA or SA
during the wound healing process. Initially, we have selected a list of
SA-like and IA-like specific marker genes based on previous literature
since there is no specific marker available till now. Tumor Endothelium
Marker 8 (TEMS8), Caldesmon 1 (CALD1) and CXC motif chemokine
receptor 4 (CXCR4) are IA-like marker genes. Tyrosine kinase with
immunoglobulin-like and EGF-like domains 1 (Tie2) and Ephrin B2 are
SA-like marker genes. It has been reported that TEMS8 is expressed at
low levels at early stages of chick CAM development and after 12 days,
the mature stage of CAM the expression of TEMS is transiently in-
creased, the expression peak is laid between days 10 and 12 [25]. Notch
inhibition promotes IA by down regulating Notch2, EphrinB2,
EphrinB4, Tie2 and Hes5 genes and up regulating Cxcr4, SDF-1, FGF2
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genes [26,27]. The comparison CALD1 expression between normal
blood vessels and tumor vasculature showed that it is specific to tumor
vasculature. Moreover, it has been discussed that CALD1 could be an IA
marker since the tumor prefers IA [28,29]. The selected marker genes
expression was analyzed during chick embryo chorioallantoic mem-
brane (CAM) development to identify their specificity [10].

During development of chick embryo, the CAM vascularization
undergoes three major phases for angiogenesis. Day 5-7 is considered
as an early phase (phase 1). In this phase, the system prefers for ca-
pillary network growth, and it is SA. Day 8-12 is considered as an in-
termediate phase (phase 2). In this phase, no longer SA, SA is replaced
with IA, and at day 11 showed more frequency. Day 13-14 is con-
sidered as late phase (phase 3). In this phase, SA is more by increasing
growing pillar size [30]. IA reorganizes the existing cells without pro-
liferation, one of the important characteristic features of IA. The

(A)
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Fig. 1. Vascular and hemodynamics analyses in mechanical-
trauma and burn wound in CEV. Burn wound and the me-
chanical wound was generated in the fourth day incubated
eggs. (A) The images were taken every 30 s interval up to 90 s
under the stereomicroscope using a digital camera. (B)
Comparison of mechanical-trauma and burn wound in CEV.

proliferation rate of endothelial cells was measured in CAM from day 6
to dayl5. The result showed that more than 50% of proliferative ac-
tivity is decreased at day 10 compared to day 6, and the proliferative
activity of day 14 is increased 10% compared to day 6 [31]. Based on
this evidence, we have analyzed the expression of selected marker
genes by real time RT-PCR analysis from day 5 to dayl4 of CAM de-
velopment (data not shown). The result showed that Tie2 and Ephrin
B2 mRNAs were increased in phase 1 (day 6 and 7), decreased in phase
2 (day 8-12), and again started to elevate at phase 3 (day 13 and 14).
Hence, Tie2 and Ephrin B2 may be considered as SA-like marker genes.
Similarly, IA specific genes, TEM8, CALD1, and CXCR4 are increased in
phase 2 (day 8-12) compared to phase 1 and 3. Hence, these genes may
be considered as IA-like marker genes.

With these backgrounds, to identify the NO regulation in wound
healing in early treatment through activation of SA and/or IA we

Fig. 2. Seconds scale dynamics of vascular behavior in burn
wound. Burn wound was generated in the fourth day in-
cubated eggs and the vascular beds were examined by in-
jecting FITC under an intravital fluorescence microscope.
(A) Hemodynamics of burn wound in 3 s (B) 15-235s scale
dynamics of vascular Remodeling. (C) Comparison of 15,
135 and 235 vascular dynamics. (D) Percentage of blood
congestion was calculated by ImageJ software. (*) indicates
significant decrease compared to 15 s and (**) indicates
significant decrease compared to 15 s and 135 s.

Seconds scale Vascular Remodelling and initiation of wound healing

--------
120

235(seconds)
(C) Seconds scale Vascular Remodelhng (D) "§ .S o
1 iy % 40
S %Dzo p
o O ol
= %% 15 135 235
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Fig. 3. A representative image of CEV wound healing model.
Burn wound was created in the fourth day incubated eggs

Positive control
(Povidone-iodine 5 %w/w)

70, B2hrs 84 hrs 86 hrs
*
60
50
40
30
20 *
10

0 = v

NO donor NOS inhibitor Control

% of wound healing

Fig. 4. NO donor and NOS inhibitor promote wound healing in the early
treatment of CEV burn wound. Burn wound was created in the fourth day in-
cubated eggs, and the treatment was carried out at an early phase of the wound
(0 min). A vascular bed and heart are clearly visible in 0-6 h of .L-NAME (1 mM),
SPNO (10 mM) and phosphate buffer saline (control) treatment. The eggs were
incubated at 37°C and 90% humidity till 6 h to study the wound healing. The
vascular bed and wound closure area was calculated by ImageJ software.

analyzed above genes expression by real time RT-PCR. 6 hrs after
treatment, the wound area was excised and subjected to mRNAs studies.
The result showed that TEM8, CALD1 and CXCR4 were increased in
NOS inhibitor treatment compared to control and NO donor treated
wound (Fig. 5) whereas Tie2 and Ephrin B2 were increased in NO donor
treatment compared to NOS inhibitor and control wound (Fig. 5).
Previously, Fig. 4 showed that both NO donor and NOS inhibitor were
involved in the promotion of wound healing process. The results from
Figs. 4 and 5 suggest that NO donor promotes wound healing through
SA and NOS inhibitor promotes wound healing through IA in early
treatment of CEV burn wound.

3.4. Late effects of NO donor and NOS inhibitor in wound repair using CEV
model

Figs. 4 and 5 showed that both NO donor and NOS inhibitor pro-
mote wound healing, but with a different angiogenic mechanism. Fur-
ther, we analyzed whether the same mechanism occurs in the late
wound treatment as well (30 min after wounding). iNOS expression is
measured in human burn wound; the result showed that iNOS expres-
sion is high in immediately after wounding. Different cells in and
around the wound showed different levels of iNOS expression [32,33].

B NOS inhibitor

and treated with Povidone-iodine 5 %w/w as a positive
control. The eggs were incubated at 37°C and 90% humidity
till 6h to show the wound closure in CEV. The images were
taken at every 2h interval up to 6h under the stereo mi-
croscope using a digital camera. The arrow mark indicates
the progression of wound closure.

'S
b

w
S

% of wound healing

Fig. 6. NO donor promotes wound healing in the late treatment of CEV wound.
The burn wound was created in CEV and treated with NO donor and NOS in-
hibitor at the late phase (after 30 min) of the wound, and then the eggs were
incubated upto 6 h. A vascular bed and heart are clearly visible in 0-6 h of -
NAME (1 mM), SPNO (10 mM), NaNO2 (0.43 mM), NaNO3 (0.35 mM), BSJ +
(5%W/V), BSJ- (5%W/V), PBS (control) and a positive control, BetaRite,
commercially available ointment treatment. The eggs were incubated at 37°C
and 90% humidity till 6 h to show the healing. The above-healed area was
calculated by ImageJ software and plotted the graph.

It was suggested that iNOS might play a role in initial inflammatory
response to burn wound [33]. When the age of the wound has increased
the expression of iNOS is decreased due to proliferated and migrated
cells resurfaced the epidermal edges [34]. This evidence showed that
the NO level is varies based on the age of the wound. Hence, to un-
derstand the NO regulation in wound healing after 30 min of wounding
we treated the CEV burn wound with and without NO donor and NOS
inhibitor along with control and positive control (Fig. 6). Initially, it is
treated with the different time period of post wounding to determined
late phase of treatment upto 4h. After 30 min to 4h of treatment
showed similar pattern of wound healing with NO donor and NOS in-
hibitor treatment. The treatment of NO donor and NOS inhibitor after
30 min of wound showed that NO donor increased the percentage of
wound healing compared to control and NOS inhibitor. Interestingly,
NO inhibitor is not increased wound healing process significantly. This
result is completely reversed from the early treatment of NOS inhibitor
in CEV burn wound (Fig. 4). This result suggests that NO regulation in
wound healing depends on the availability of systemic NO level.

Fig. 5. NOS inhibitor promotes wound healing through IA,
and NO donor promotes wound healing through SA in early
treatment of CEV model. The burn wound was generated in
CEV and treated with NO donor and NOS inhibitor at an early
phase of the wound, and then the eggs were incubated up to
6 h. The wound area in CEV was excised and subjected to
RNA isolation followed by real time PCR analysis for the
TEMS8, CALD1, CXCR4, Tie2 and Ephrin B2 mRNAs expres-
sion. IA-like marker genes, TEM8, CALD1 and CXCR4 (left
panel) and SA-like marker genes, Tie2 and Ephrin B2 (right

*

5585559555554

& Control NO donor
<VC) 25 2 5
E 20 x E 25
E 15 E 2
a o % ;1)145
JC:% 3 - ,E_:% 0;
§ 0 - I I mﬁ_\ § 0
o [S)
~ TEMS8 CALDI1 CXCR4

compared to control and NOdonor.

Tie2  Ephrin B2

panel). Fold change of these mRNAs was calculated after
normalization with B-actin mRNAs. (*) indicates significant
up regulation of mRNA compared to control wound and NO
donor treatment. (#) indicates significant down regulation
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Fig. 7. NO donor increases wound healing through IA in the late treatment of
CEV wound. The burn wound was created in CEV and treated with .- NAME
(1 mM), SPNO (10 mM) and NaNO2 (0.43 mM) along with PBS after 30 min of
wounding in CAM. The eggs were then incubated upto 6 h. The wound area in
CEV was excised and subjected to RNA isolation followed by real time PCR was
carried out using the primers for TEM8, CALD1, CXCR4, Tie2 and Ephrin B2
gene. IA-like marker genes, TEM8, CALD1 and CXCR4 (upper panel) and SA-
like marker genes, Tie2 and Ephrin B2 (lower panel). Fold change of these
mRNAs was calculated after normalization with B-actin mRNAs. (*) indicates
significant up and (#) indicates significant downregulation of mRNA compared
to control and NO donor treatment group. ($) indicates significant down reg-
ulation compared to NO donor treatment.

3.5. Angiogenic regulation of NO in late wound repair using CEV model

Burn wound was generated in CEV model and after 30 min of
wounding it was treated with NO donor and NOS inhibitor as described
in materials and methods. To understand NO regulation in wound
healing at late treatment through activation of SA or IA we analyzed
mRNAs expression of TEM8, CALD1, CXCR4, Tie2 and Ephrin B2 by
real time RT-PCR. 6 hrs after treatment, the wound area was excised
and subjected to mRNAs studies. The result showed that TEM8, CALD1
and CXCR4 were increased in NO donor treatment compared to control
and NOS inhibitor treated wound (Fig. 7), and Tie2 and Ephrin B2 were
decreased in NO donor treatment compared to NOS inhibitor and
control wound (Fig. 7). Fig. 6 showed that NO donor promotes wound
healing process. These results suggest that NO donor promotes wound
healing through increasing IA and decreasing SA in the late treatment
of CEV burn wound.

3.6. Effects of NaNO2, NaNO3s, BSJ (+) and BJS (—) on wound healing
using CEV model

To further analysis the nitrite and nitrate influence on wound
healing, we used NaNO, (43 mM) and NaNOj3 (0.35mM) in CEV burn
wound model. Treatment was carried out after 30 min of wounding.
The result showed that NaNO2 significantly increase the wound healing
compared to control, whereas NaNO3 showed no significant change in
healing progress (Fig. 6). These results correlate with previous litera-
ture [32-36]. Additionally, to understand the NaNO, regulation of
angiogenesis in wound healing process we generated burn wound in
CEV and after 30 min NaNO, treatment was carried out and followed by
real time RT-PCR analysis was performed for SA and IA markers ex-
pression. The result showed that NaNO, promotes wound healing by
upregulating IA and downregulating SA in late burn wound (Fig. 7).
Additionally, BSJ(+) and BSJ(—) were treated with CEV burn wound
to assess their ability to check in wound healing properties since the
beetroot possesses a rich nitrate, nitrite and other phytochemicals [35].
Both BSJ(+) and BSJ(—) is significantly increased wound healing
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compared to control wound whereas there was no significant difference
between BSJ(+) and BSJ(—) treatment (Fig. 6). These results showed
that NaNO2, BSJ(+) and BSJ(—) are an effective in improving wound
healing process. Initially, we used these molecules to evaluate the de-
veloped CEV burn wound healing model. It showed a strong progression
on the healing process. Hence, we continued other treatment with this
developed CEV burn wound model. However, it further warrants de-
tailed studies on these molecules to confirm on the wound healing
process. These molecules may use in clinically in means of topically
delivering of NO to augment wound healing, and this may have clinical
benefits.

3.7. Early effects of NO in wound repair using caudal fin regeneration assay
using Tie2-GFP transgenic Zebrafish

To study the implications of NO on wound healing and wound an-
giogenesis in an embryonic model we used chicken CEV burn wound
model (Fig. 4). To further evaluate the NO regulation in wound healing
and wound angiogenesis in adult we used Zebrafish caudal fin re-
generation assay and skin wound model. In order to investigate NO
implication in regeneration and angiogenesis the adult Tie2-GFP
transgenic Zebrafish caudal fin regeneration assay was used. Half of the
fin was amputated for each adult Tie2-GFP Zebrafish using a sterile
razor blade and treated with either in 0.001% 1xPBS or 5 mM NO donor
(SPNO) or 5mM NO inhibitor (.1-NAME) for 20 min and then the fishes
were placed back to their tanks. Bright field and fluorescent images of
the regeneration of the fin after 48 h of 1xPBS or NO donor or NO in-
hibitor treatment were taken (Fig. 8). The result showed that the cute
fins of the NO donor or NO inhibitor treated Tie2-GFP Zebrafish grew
faster compared to the fin of the control Tie2-GFP Zebrafish. Ad-
ditionally, there were differential effects of NO stimulation and NO
inhibition upon blood vessel re-growth during the regeneration of the
fin. NO donor treatment induced increased SA while NO inhibitor
treatment induced pillar formation in the regeneration of the fin. Pillar
formation is a morphological feature of IA.

3.8. Early and late effects of NO in wound repair using Zebrafish skin
wound model

Zebrafish skin wound model has been adapted from previously de-
scribed literature [11,12]. In embryogenesis wound healing model is
rapid and scar-free, whereas in adult wound healing model it processed
by several steps that are (1) blood clotting, (2) inflammation, (3) re-
epithelialization, (4) vascularization, (5) granulated tissue formation
(6) maturation and (7) scar formation. Adult Zebrafish skin wound
model is following all the steps in the mammalian wound model except
the formation of external fibrin clots. Furthermore, the Zebrafish skin
wound model has certain advantages such as it shows extremely rapid
re-epithelial cell formation at the site of the wound without lag phase.
This process pre-porn the other wound healing mechanism such as in-
flammatory cell migration, vascularization, granulation tissue forma-
tion, accumulation of macrophages, fibroblasts, blood vessels and col-
lagen deposition compared to the mammalian wound model [11,12].
Zebrafish is well known model for angiogenesis research [37].

In particular, repair of skin defects offers an ideal model to analyze
angiogenesis due to its easy accessibility to control and manipulate this
process. Most of those growth factors, extracellular matrix molecules,
and cell types, recently discovered and considered as crucial factors in
blood vessel formation, have been identified and analyzed during skin
repair and the process of wound angiogenesis [2,38]. We have also used
Adult Zebrafish as a model to study angiogenesis in tissue regeneration
(unpublished data). Hence, to identify NO regulation in wound repair
and wound healing angiogenesis whether SA or IA we generated skin
wound in the flank region of Zebrafish and administrated with NO
donor, NOS inhibitor, NaNO,, control and positive control as described
in materials and method. The treatment was carried out in 0 min of post
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wounding (early phase of treatment) and 1h of post wounding (late
phase of treatment). After 24 h of treatment, the wound area was sub-
jected to histological analysis to understand re-epithelization and
granulation by H&E staining. And, after 48 h of treatment, the wound
area was subjected to histological analysis to examine the collagen
deposition by Masson's Trichrome staining. Initially, the generated
wounds have lost their all dermal and epidermal-dermal cells, scales
and subcutaneous adipocytes, whereas the primary muscle tissues are
not damaged. This was confirmed by methylene blue dye penetration
assay and H&E staining of control tissues (Fig. 9A, a,b). At 24hrs, the
treatment of NO donor, NOS inhibitor, and NaNO, after O min of
wounding showed that the wound is completely granulated with mul-
tiple cell layers. The granulated cell layer is indicated by an arrow mark
(Fig. 9A c,d,e). Additionally, NOS inhibitor showed more granulated
cells compared to NO donor, and NaNO, treated wounds. When the
same treatment was given after 1 h of wounding the result of NOS in-
hibitor showed less/no granulation whereas NO donor and NaNO,
showed complete granulated cells at the wound site (Fig. 9A, f,g,h).
Specifically, NO donor and NaNO2 showed granulated cells at both
early and late treatment of wound whereas NOS inhibitor showed high
granulated cells at early treatment and less/no granulated cells at late
treatment (Fig. 9A, d,g).

This result suggests that NO donor enhance the wound healing
process both in early and late treatment, whereas NOS inhibitor en-
hances wound healing only at early treatment. In mammalian wound
repair mechanisms, the inflammation and re-epithelialization are
overlapping with the formation of tissue granulation, which is char-
acterized by the accumulation of fibroblastic cells, macrophages, and
new blood vessels into the wound site beneath the neoepidermis [3,39].
In normal wound healing in the Zebrafish skin without any treatment,
the granulated tissues can be identified at 2 days of post wound [11]
whereas the treatment can pre-porn the tissue granulation.

On the surface of the wound, epidermal cells burst into mitotic
activity within 24-72h. These cells start their migration across the
wound surface. The fibroblast proliferates in the deeper parts of the
wound. This fibroblast begins to synthesize small amounts of collagen,
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Fig. 8. The effects of NO stimulation or inhibition upon the
regeneration and angiogenesis of the adult Tie2-GFP trans-
genic zebrafish tail fin after 48 h of treatment (a-m). Half of
the fin was amputated for each adult Tie2-GFP zebrafish
using a sterile razor blade. Brightfield (a, e, i) and fluorescent
images (b-d, f-h, k-m) of the cut and uncut fins at different
magnifications were taken. After cutting half of the fin, the
Tie2-GFP zebrafishes were placed either in 0.001% 1xPBS or
5mM NO donor (SPNO) or 5mM NO inhibitor (.-NAME) for
20 min and then the fishes were placed back to their tanks.
The images show that the cutted fins of the NO donor or NO
inhibitor treated Tie2-GFP zebrafish grew faster compared to
the fin of the control Tie2-GFP zebrafish. Additionally, there
were differential effects of NO stimulation vs. NO inhibition
upon blood vessel re-growth during the regeneration of the
fin. NO donor treatment induced increased SA (g, h) while
NO inhibitor treatment induced pillar formation in the re-
generation of the fin (I, m). Upper panels are representative
images of SA and IA. Magnification 10X: (a,b, e, f, i, k), 52X:
(c, g, ), and 160X: (d, h, m).

which acts as a scaffold for migration and further fibroblast prolifera-
tion. Granulation tissue, which is made up of capillary loops, supported
in this collagen matrix formation, also occurs in the bottom layers of the
wound. The proliferation phase lasts from 24 to 72h and leads to the
fibroblastic phase of wound healing [4,40]. Collagen deposition in
wound healing is an important characteristic feature to identify the
healing process. Moreover, it facilitates to regain of the damaged tis-
sues, where it reestablishes the original function and structure of tissues
[4,40].

Hence, to identify the collagen deposition the Masson's Trichrome
staining was performed in Zebrafish skin wound histology sections
(Fig. 9B). The stained sections were subjected to ImageJ analysis to get
the quantitative measurements of collagen deposition (Fig. 9C). This
quantitative analysis helps for comparison studies. At 48 h, the treat-
ment of NO donor, NOS inhibitor, and NaNO, after 0 min of wounding
showed that a thick layer collagen was deposited in the wound area. A
blue cell layer of collagen deposition is indicated by an arrow mark
(Fig. 9B c',d',e' and 6C). Additionally, NOS inhibitor showed more col-
lagen deposition compared to NO donor, and NaNO2 treated wounds
(Fig. 9B c',d',e' and 6C). When the same treatment was given after 1 h of
wounding the result of NOS inhibitor showed less collagen deposition
whereas NO donor and NaNO, showed significant levels of collagen
deposition (Fig. 9B, f ',gh', 6C). Specifically, NO donor and NaNO2
showed collagen deposition at both early and late treatment of wound
whereas NOS inhibitor showed high collagen deposition at early
treatment and showed significantly reduced collagen deposition at late
treatment (Fig. 9B, d,g, 9C). These results suggest that NO donor en-
hance the wound healing process both in early and late treatment,
whereas NOS inhibitor enhances wound healing only at early treat-
ment. To understand the underlying mechanism of wound repair by NO
donor and NOS inhibitor through angiogenesis the following section
has been analyzed SA and IA like marker genes expression during
wound healing.
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3.9. Angiogenic regulation of NO in wound repair using Zebrafish skin
wound model

The wound was generated in the flank region of adult Zebrafish and
after Omin and after 1h of wounding it was treated with NO donor,
NOS inhibitor and NaNO,, as described in materials and methods. To
understand NO regulation in wound healing at early and late treatment
through activation of SA or IA we analyzed mRNAs expression of TEM8
and Tie2 by real time RT-PCR. 48 hrs after treatment, the wound area
from Zebrafish, was excised and subjected to mRNAs studies. In early
treatment, the result showed that TEM8 was increased and Tie2 was
decreased in NO NOS inhibitor treatment compared to control, and NO
donor treated wound whereas NO donor and NaNO2 increased Tie2
expression in early treatment (Fig. 10). The result of late treatment
showed that NOS inhibitor treatment decreased TEMS8 expression,
whereas NO donor and NaNO2 treatment increased TEMS8, and de-
creased Tie2 expression control wound (Fig. 10). Figs. 6 and 7 showed
that both NO donor and NOS inhibitor promote wound healing process
in early treatment but the different angiogenic mechanism. Specifically,
NO donor prefers SA and NOS inhibitor prefer IA in early treatment.
However, the late treatment showed only NO donor has the implication
in the promotion of wound healing through IA angiogenesis. NO donor
has wound healing property with a different angiogenic mechanism

NaNO:

NaNO:

55

Nitric Oxide 82 (2019) 48-58

Fig. 9. NO donor increases epithelization and collagen de-
position in early and late treatment, but NOS inhibitor in-
creases epithelization and collagen deposition only in early
treatment. The wound was generated in the flank of Zebrafish
as described in materials and method section. The targeted
treatment was carried out with .- NAME (1 mM), SPNO
(10 mM) and NaNO2 (0.43 mM) along with PBS at an early
phase and late phase of the wound. After 24 h, the wound
was subjected to histological analysis to understand the
wound healing mechanisms. (A) H&E staining of a trans-
versal section through the wound depicts the healing process
by showing the cell and tissue morphological changes in the
wound area. (a) Control, (b) positive control, (c) NO donor
(early phase), (d) NOS inhibitor (early phase), () NaNO2
(early phase), (f) NO donor (late phase), (g) NOS inhibitor
(late phase), (h) NaNO2 (late phase). (B) Similarly, to un-
derstand collagen deposition in wound healing process under
treatment the Masson's Trichrome staining was performed
after 48 h of treatment. (a") Control, (b') positive control, (c")
NO donor (early phase), (d) NOS inhibitor (early phase), (e")
NaNO2 (early phase), (f ') NO donor (late phase), (g') NOS
inhibitor (late phase), (h') NaNO2 (late phase). Scale bars are
equal to50 pm for all images. (C) The collagen deposition of
the above sections was measured by ImageJ software, and the
quantitative graph was plotted.

& Control & NO donor
B NOS inhibitor ENaNO2

Fold change of mRNAs

Late treatment

Early treatment

Fig. 10. NOS inhibitor increase IA and decrease SA in early treatment of wound
healing, and NO donor promotes SA in early treatment and increases IA in the
late treatment of wound healing. The wound was generated in Zebrafish and
treated with .- NAME (1 mM), SPNO (10 mM) and NaNO, (0.43 mM) along with
PBS at early and late phase of the wound. After 48 h, the wound area was
excised and subjected to RNA isolation followed by real time PCR analysis was
performed using the primers for TEMS8, and Tie2 genes. Fold change of these
mRNAs was calculated after normalization with B-actin mRNAs. (*) indicates
significant up regulation of mRNA compared to control wound. (#) indicates
significant down regulation compared to control wound.
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based on the treatment period. The results obtained from adult Zebra-
fish skin wound model is supported each other with chick embryonic
CEV burn wound model. Additionally, these results suggest that NO
have a similar effect both in an embryonic and adult wound model.

4. Discussion

The wound healing process has been divided into four discrete
temporal phases, namely coagulation, inflammation, proliferation, and
remodeling. The initial coagulation phase, during the first 1-2h of
wound healing process, is dominated by the activation of platelets,
coagulation and fibrin clot formation. In this process, as they de-
granulate, platelets release cytokines and growth factors which are
essential to the wound healing process. We envisage that NO comes into
action immediately after the wound created and starts defining angio-
genesis process to shape the time-dependent healing events.
Angiogenesis is confined to the wound site and plays a pivotal role for
successful wound healing. Revascularization is required to furnish the
new tissue and metabolites and to dispose of the waste products of
metabolism. Angiogenesis occurs as a higher regulated process which is
rapidly stimulated after injury and ceases when wound healing is
complete.

To understand the mechanism of NO regulation in wound healing
through angiogenesis, we used CEV burn wound model, caudal fin re-
generation assay using Tie2-GFP transgenic Zebrafish and Zebrafish
skin wound model. The CEV burn wound model is a novel model used
in the current study (Figs. 1-3). However, CEV burn wound model does
not strictly represent adult wounds since TGF-f33 is expressed in embryo
only and it plays a unique anti-scar role [41,42]. It has been discussed
that the neutralization of TGF-f33 promotes scar formation. CEV burn
wound is as an embryonic model, while caudal fin regeneration assay
using Tie2-GFP transgenic Zebrafish and Zebrafish skin wound model
are adult models. In these models, NO donor and NOS inhibitor were
treated in the early phase and late phase of the wound. The results
showed that both NO donor and NOS inhibitor promoted wound
healing compared to control, whereas the NOS inhibitor administration
is further increased wound healing compared to NO donor in the early
phase of treatment (Figs. 4, 8 and 9). At late phase, NO donor promotes
wound healing whereas NOS inhibitor failed to promote (Figs. 6 and 9).
NO donor involved in the promotion of wound healing is supported by
previous reports [23,43]. Specifically, an early treatment of wound
with NOS inhibitor induces wound healing by promoting IA whereas
NO donor induces wound healing by activating SA (Figs. 4-10). How-
ever, a late treatment of the wounds with NO donor promotes wound
healing by IA. This was confirmed by morphological and real time RT-
PCR analysis of marker gene expression for SA and IA respectively
(Figs. 5, 7, 8 and 10).

The literature emphasizes that the inducible nitric oxide (iNOS) is
produced by inflammatory cells specifically by macrophages in the
early phase of wound healing process. Additionally, other cells in the
wound microenvironment also reported being involved in NO produc-
tion during the proliferative phase. iNOS produced NO positively pro-
moted cell proliferation, collagen synthesis and wound closure during
wound repair. NO donor treatment increases the wound healing process
in iNOS deletion animal model [23]. It has been observed that NO in-
fluences wound repair by regulating inflammation, cell proliferation,
matrix deposition, angiogenesis and remodeling [44]. However, the
mechanism of NOS inhibitor-associated stimulation of wound healing is
not understood yet. However, the report showed that the inhibition of
iNOS by L-NAME and N°-(1-Imino-methyl)-L-ornithine (L-NIO) pro-
motes wound healing by increasing the level of hydroxyproline and
tensile strength [24]. .-NAME treatment in rat wound showed increased
collagen, fibroblasts proliferation and angiogenesis compared to NO
donor and control [32,33,45]. Although inflammation is an inevitable
step of the healing process, excessive inflammation may delay the
healing process. iNOS plays a role in initial inflammatory response to
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burn wound [33]. Uncontrolled inflammation can jeopardize the early
healing processes such as cellular migration and proliferation [2,38].
The work of Wenezak et al. (1993) demonstrated a fall in the expression
profile of iNOS when the wound ages [34,46-65]. Additionally, many
anti-inflammation agents like sappanone A and handelin reported to
show potential NOS inhibition effects [60-62]. Specifically, the in-
hibitory effect of handelin on neuroinflammation is documented by
down regulation of iNOS and cyclooxygenase 2 (COX2) expressions
[61]. Sappanone A decreases the releases of NO, TNF-a, Interleukin 6
(IL-6), and Prostaglandin E2 (PGE2) signaling and down regulates the
expressions of iNOS, TNF-a, IL-6, IL-1(3, Monocyte Chemoattractant
Protein-1 (MCP-1), and COX-2 in microglial cells [62]. .-NAME, NC-
monomethyl--arginine (MMA), N¢ NS-dimethyl-i-arginine (asym-
metric dimethylarginine, ADMA) and N N'°-dimethyl-L-arginine
(symmetric dimethylarginine, SDMA) are the inhibitors of NOS activity
[63]. Nitrate/nitrite metabolism produces a mutagenic byproduct, the
nitrosating agent N,Os (nitrous anhydride) and during nitrate/nitrite
metabolism, mutagenic reactive nitrogen oxides, such as nitrous acid
(HNO,) and NO, are formed [64]. It has been reported that IA, a pri-
mary angiogenesis mechanism of microvascular adaptation for pro-
longed inflammation [46], is stimulated by inflammation in murine
colitis. Patan et al. (2001) elaborated the mechanisms of vascular
morphogenesis in wound repair using the mouse ovariectomy model. In
this model, after ovariectomy, the tissues were exposed to a non-in-
flammatory wound healing process as the similar healing process of
surgical wounds. The system triggers IA for the healing of the ovarian
pedicle which was identified based on intervascular tissue structures
and loop formation and segmentation of new vessels. Additionally, it
has been reported that the blind ending sprouts, SA were exceedingly
rare [39]. The IA was tracked and analyzed in mouse skin wound model
that showed the appearance of SA on day 5 of post-treatment but not
the IA. The reason has been discussed as the lack of IA in skin wounds is
due to neither pillar development nor the IA itself is an invasive process
[47].

The wound angiogenesis denotes a typical model for studying mo-
lecular mechanisms which belong to vascular formation and re-
modeling in general. Our finding showed that NO regulates wound
healing by different angiogenesis mechanisms. Metabolic stimuli and
biomechanical forces generated by blood flow and its pattern play
important roles in vascular development, vessel regression and vascular
remodeling by differentially expression the gene pattern [48]. The he-
modynamics, oxygen supply, vascular functions are very different in the
abrupt wound to those of chronic wound. Therefore, we envisage that
applying NO or removing NO from the wound milieu and its impacts
depend on the stages of the wound as we have observed in the present
study. Hypoxia, deficiency in oxygen stimulates IA in mouse retina
[49], and erythropoietin induces IA [50]. It is reported that the in-
creased wall shear stress stimulates IA in skeletal muscle [51]. The
profile of biomolecule present in micro-environment of the wound is
varied between early and late phase [52]. The mechanical forces of
blood flow dynamic along with the biomolecules found in the micro-
environment collectively decide the patterning of vascular remodeling.
It has been discussed that the local hemodynamics plays an important
role in IA formation [48,53-58]. Promoting IA in wound milieu speci-
fically fresh and abrupt wound may help for rapid remedy.

We have extended our studies to another aspect of healing that is
“regeneration” by using adult zebrafish fin tail (caudal) regeneration
model. This study critically checked the dogma that NO differentially
changes the type of neo-vascularization process; SA to IA, in the healing
regime. Since regeneration of tissue in adults is also a part of healing it
is quite important to understand NO implications in regeneration
model. The caudal fin is composed of bones, mesenchymal tissue, blood
vessels and nerves, skin tissues and following “stem cells” specifically
after resection phase. Regeneration of caudal fin three occurs through
three distinct regenerative stages: (1) wound healing [0-1 days after
resection; (2) formation of the regeneration blastema (1-3 days after
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resection), involves highly proliferative mesenchymal progenitor cells;
and (3) regenerative patterning of new tissue initiating after 3 days of
resection [59]. Present work plan restricted our study till 3rd day since
we were keen to study the NO implication in the very early phase of
regeneration model as have performed in zebrafish skin and CEV
models respectively. The work of Petrie et al. (2014) demonstrated that
macrophages play a critical role in defining the pattern of regenerated
tissues in caudal fin of adult zebrafish by using Wnt/B-catenin as a
signaling pathway that regulates the injury microenvironment, in-
flammatory cell migration and macrophage phenotype [59]. On the
other hand, macrophages are known to produce iNOS and play im-
portant roles in various situations including healing [65]. Our model
clearly demonstrated that applying NO or removing NOS derived NO
from a tissue regeneration model could change the pattern of re-
generation possibly by swinging the SA-IA mode of angiogenesis
(Fig. 8).

We conclude that NO defines healing process by regulating angio-
genesis mechanisms differentially that depend on the temporal dy-
namics of the wound. The wound repair mechanisms in CEV and adult
Zebrafish skin would model would be a suitable model for studying the
angiogenic mechanism. These angiogenesis mechanisms may provide
clues to develop potential therapeutic plans to regulate not only wound
healing but also other pathological complications such as cancer,
chronic inflammatory disorders, and cardiovascular diseases by pre-
cisely switching the IA.
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