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ABSTRACT: Gasotransmitters such as NO, H,S, and CO have ey
emerged as key players in the regulation of various pathophysio- o
logical functions, prompting the development of gas therapy for
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healing, as they are involved in the regulatory action of @ >
angiogenesis. A better understanding of the regulatory mechanisms satiots
has given new hope to address the vascular impairment caused by -
the breakthroughs in gasotransmitters as therapeutics. However,
the unstable nature and poor target specificity of gas donors limit
the full efficacy of drugs. In this regard, biomaterials that possess excellent biocompatibility and porosity are ideal drug carriers to
deliver the gas transmitters in a tunable manner for therapeutic angiogenesis. This review article provides a comprehensive
discussion of biomaterial-based gasotransmitter delivery approaches for therapeutic angiogenesis. The critical role of
gasotransmitters in modulating angiogenesis during tissue repair as well as their challenges and future directions are demonstrated.

Angiogenesis

1. INTRODUCTION

The phenomenon of angiogenesis is a complex process
involving different steps mediated by different signaling
pathways and multiple pro-angiogenic and antiangiogenic
factors. Angiogenesis is regulated by the balance between
pro-angiogenic and antiangiogenic factors rather than a single
angiogenic factor. An imbalance in angiogenic factors can lead
to either excessive angiogenesis, leading to tumors and
inflammatory diseases, or defective angiogenesis, causing
impaired healing of injuries and ischemia.” Any impairment
of the vascular system causes various diseases such as
cardiovascular diseases, inflammatory diseases, ischemia, skin
diseases, etc.® To address the vascular complications,
biomedical innovation has explored various therapeutics, and
one of them is the gasotransmitters endogenously present in
the system, which offer more therapeutic value.

For a long time, the gasotransmitters were considered toxic
due to their adverse effects on the biological system, until the
functional side of the therapeutic molecules was explored. In
addition to angiogenic factors, increasing evidence has shown
the involvement of gasotransmitters in the formation and
development of the vasculature.”” The body’s own gas
transmitters nitric oxide (NO), carbon monoxide (CO), and
hydrogen sulfide (H,S) can regulate their physiological
functions via various signaling pathways.”” The catalytic
mechanisms for the biosynthesis of NO, H,S, and CO are
depicted in Figure 1. These gaseous molecules regulate
multiple biological processes such as inflammation, vaso-

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

dilation, vascularization, and oxidative stress, offering greater
therapeutic potential.® However, few studies have reported
both the antiproliferative and pro-tumorigenic effects of the
gasotransmitters in tumors.” For example, when the effect of
gasotransmitters such as NO and H,S was studied on colon
rectal cancer cells, the NO donors showed antiapoptotic
effects, whereas the H,S donors exhibited a decrease in
proliferation rate."

Although the gasotransmitters have proven to be of great
therapeutic value, delivering the molecule directly to the target
presents several difficulties. There are many small-molecule
precursors of gasotransmitters which can release the gas under
physiological conditions, but the drug donors are easily
disintegrated in vivo before reaching the target sites, reducing
the bioavailability of the gas.otransmitters.11 Short lifespan,
overdose due to the sudden release of the molecule, and the
unstable nature of the gas necessitate the use of effective
therapies for controlled release of the gas molecules.'”
Moreover, an ideal drug carrier should possess greater

biocompatibility and biodegradability for it to deliver the
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Figure 1. Catalytic biosynthesis of NO, H,S, and CO: NO, CO, and H,S are synthesized enzymatically from various enzymes such as nitric oxide
synthase (NOS), heme oxygenase (HO), and cystathionine synthase (CBS)/cystathionine lyase (CSE), respectively. (A) The three isoforms of
NOS catalyze the endogenous production of NO in the physiological system by mediating the oxidation of its substrate L-arginine to citrulline. (B)
Heme oxidation via HO 1/HO 2 forms iron, biliverdin, and CO. The biliverdin is then converted to bilirubin with the help of biliverdin reductase.
(C) H,S is synthesized using enzymes such as CSE and CBS that catalyze the oxidation of homocysteine, cystathione, and L-cysteine. H,S can also
be generated from 3-mercaptopyruvate using 3-mercaptopyruvate sulfur transferase (3-MST) and from thiosulfates via nonenzymatic reactions.

drugs without inducing any toxicity in vivo."> On that aspect,
the biomaterials act as an excellent carrier platform for
sustained drug delivery which can further degrade into
nontoxic metabolites, thus ensuring the biosafety within the
body."" The biomaterials are particularly attractive as they
afford platforms that are highly modular, tunable, dynamic, and
responsive to small changes in their environments.'* The
tunable nature of biomaterial can benefit the therapeutic
efficacy of drugs by tailoring physicochemical properties of the
material."”> The endeavors to develop materials for gasotrans-
mitter delivery like hydrogels, inorganic/organic hybrids,
nanoparticles, microparticles, micelles, and polymeric compo-
sites continue to gain strength.'®"” Although drug delivery via
a biomaterial system has not been exploited in clinical trials, a
large body of in vitro and in vivo research has been conducted
toward its sustained therapeutic potential, which is discussed in
this review.

Even though the free gas donors without a carrier have a lot
of biological potential, their precise delivery to the specific site
is not very significant. This limitation can be overcome by
designing biomaterial-based drug carriers for efficient delivery
of gasotransmitters to the target site. Material scientists design
biomaterials or any drug carriers by specifically focusing on the
physicochemical nature and the biological potential of the
polymers. However, the interaction of the drugs with the
microenvironment and their downstream action is neglected,
which is essential to understand for designing biomaterials.
Here, we aim to delineate this gap of knowledge by discussing
the biomaterial-based delivery of gasotransmitters and their
role in modulating angiogenesis and various pathways involved
in regulating the microenvironment.

2. ENDOGENOUS NO IN A PHYSIOLOGICAL SYSTEM

NO has been considered as a relaxing factor originating from
endothelial cells and contributes to various physiological
functions. It is a biologically active free radical gasotransmitter
molecule that has a shorter lifespan. They are known to induce
vasodilation, reduce inflammation, inhibit platelet aggregation,
and regulate apoptosis. It is a potent proangiogenic inducer
that can mediate endothelial cell proliferation and migration,
thus stimulating the formation of new blood vessels from the

existing ones.'® At lower nM concentrations, the NO
molecules regulate physiological properties, while at higher
UM concentrations they exhibit toxic effects.'” Any interfer-
ence with the NO synthesis pathway through metabolic or
genetic effects would affect angiogenesis. Several NO inhibitors
are also known to disrupt the angiogenic pathway, indicating
the association of NO with angiogenesis.” The endogenous
NO molecule is synthesized from arginine enzymatically and
nonenzymatically via the nitrate—nitrite pathway.'®

The biosynthesis of NO is regulated by the constitutive
expression of endothelial NO synthase (eNOS), neuronal NO
synthase (nNOS), and inducible NO synthase (iNOS). The
three isozymes use L-arginine as a substrate to synthesize NO
and r-citrulline molecules.”’ All NOS enzymes contain an N-
terminal oxygenase domain and a reductase domain to which
the substrate molecules and other regulatory molecules bind.
The active form of the NOS enzyme exists as a homodimer
with a zinc ion attached to four cysteine residues on the surface
of the dimer. In the inactive state it is found bound to the
caveolin protein in the caveolar region of the membrane. The
increased intracellular influx of Ca®* and calmodulin activates
the NOS by detaching the caveolin from the enzyme, leading
to a conformational change and activation of the substrate-
binding domains.” L-Arginine is the precursor molecule of NO,
which normally acts as a substrate for NOS under physiological
conditions.” In particular, the terminal guanidine residue of
arginine accepts five electrons via an oxidative catalytic
mechanism and uses molecular oxygen and NADPH as
cosubstrates to generate NO and citrulline. The nitric oxide
synthase enzyme (NOS) first hydroxylates the terminal
guanidine residue of L-arginine to generate nitric oxide-
hydroxyl-L-arginine (NOHA) as an intermediate which is
further oxidized to form the final products.”® This catalytic
reaction is very specific as even the p-form of arginine cannot
act as a substrate for the enzyme NOS.”* In addition, the
bioavailability of the substrates also plays a mag'or role in
determining the functional activity of the enzyme.”

2.1. Intracellular Signaling Pathways of NO and
Angiogenesis. In the physiological system, angiogenesis is a
well-organized and tightly regulated process since any
impairment would lead to cancer, inflammatory diseases, and

https://doi.org/10.1021/acsomega.2c05599
ACS Omega 2022, 7, 4584945866


https://pubs.acs.org/doi/10.1021/acsomega.2c05599?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05599?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05599?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05599?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

Normal wound
N

R O
I sy Y
L

Wound hypoxia

factors

L1 @" Pro-angiogenic

Diabetic wound

L \ / .
P !
Limited angiogenesis
J (M “lole
e ==

@ 1

?

Deccreased pro-angiogenic
Increased anti-angiogenic factors

Increased ROS activity

marrow | f?)
e

Decreased NO
) bloavallabllny

Poor
EPC mobilization

Figure 2. Angiogenesis in normal and diabetic wounds: In normal wounds, the hypoxic niche stimulates the activation of HIF factors, which
mediate the synthesis of VEGF via signaling pathways. The VEGF activates the eNOS pathway for the synthesis of NO in bone marrow cells, which
mobilizes the EPC to the wound site for angiogenesis. In the case of a diabetic wound on the right, an increased level of ROS inhibits eNOS
activity, which consequently limits EPC mobilization, resulting in impaired healing.

metabolic disorders. Of all the angiogenic factors, VEGF is the
most critical factor that regulates blood vessel formation.” At
the same time, NO has inducible effects on angiogenic factors
such as VEGF and regulates proliferation, differentiation, and
apoptosis in tissue regeneration. NO can stimulate VEGEF-
induced angiogenesis to form new blood vessels from existing
blood vessels by activating multiple signaling pathways. In this
sense, NO-based therapy has received a lot of attention in the
field of regenerative medicine to repair the damaged tissue.”’
The signaling pathways involving NO and angiogenic factors
for the regulation of vascularization are discussed below.

2.1.1. VEGF Pathway. The VEGF pathway is one of the
main pathways for NO to carry out its proangiogenic
functions.”” VEGF, which is a central mediator of angiogenesis,
is thought to stimulate the eNOS pathway for NO synthesis by
activating VEGFR-1 and VEGFR-2 to regulate angiogenesis.
Endothelial cell proliferation, migration, and differentiation are
further regulated by downstream signaling of protein kinase C
(PKC) and phosphatidylinositol-3-kinase (PI3K) and Akt
pathways.”® Studies have demonstrated the role of NO in
VEGF-induced angiogenesis. For example, eNOS (—/—) mice
showed a weak angiogenic response to treatment with VEGF,
specifying the role of eNOS in VEGF-induced vascular
development.*”

2.1.2. NO/SGC/cGMP Pathway. Soluble guanylyl cyclase
(sGC) serves as an intracellular receptor for NO, converting
guanosine triphospahte (GTP) to cyclic guanosine mono-
phosphate (cGMP). sGC consists of heterodimers @ and 8 and
subunits, with the NO-binding heme domain present in the
subunit.”” Both subunits must be connected to each other for
the catalytic domain to be active. The increased level of cGMP
in turn opens the Ca®* channels, which further activates the
Protein Kinase G ( PKG) to initiate neovascularization.>® The
association of ¢cGMP signaling in NO-induced angiogenesis
was illustrated using a rat hindlimb ischemia model. Rats
treated with a NO donor, MPC-1011, showed improved
angiogenesis with increased levels of proangiogenic factors
such as VEGF and cGMP. However, the NO inhibitor
responded with reduced angiogenic effects, explaining the

45851

involvement of the cGMP signaling pathway in NO-induced
a.ngiogenesis.32

2.1.3. PI3K/Akt Pathway. NO-induced angiogenesis via
PI3K/Akt was demonstrated in HUVEC cells by simulating
microgravity, electric field, and ultrasound, and the influence of
NO was evaluated by the quantification of eNOS expres-
sion.”” ™ The electric field, which is a positive regulator of
angiogenesis, stimulated eNOS expression and induced
activation of the Akt pathway. In contrast, when the PI3K
pathway was inhibited, NO production and the subsequent
angiogenesis process were impeded, demonstrating that the
PI3K/Akt pathway is one of the ma]or signaling pathways
involved in NO-mediated angiogenesis.’

2.2. NO in Placental Angiogenesis. NO is one of the
most important biological molecules in the physiological
system durm% pregnancy as it acts as the main vasodilator in
the placenta.” Impaired NO regulation during pregnancy
would result in vascular disease, hypertensive pregnancy
disorders, intrauterine growth restriction, gestational diabetes,
and preeclampsia. NO stimulates the proliferation of
endothelial cells in the fetus and regulates the growth of
blood vessels. It also regulates VEGF and angiopoietin-
signaling molecules to induce vasculogenesis and angiogenesis
in the placenta.”® It is also involved in the regulation of
vascular tone and placental development and apparently plays
an important role in normal placental development. For
example, when pregnant IUGR patients were treated with NO
donors, increased expression of an epidermal growth factor like
domain 7 (EGFL7) and enhanced fetal development were
observed, suggesting the association of NO and angiogenic
factors in placental development.”” Thus, angiogenesis
mediated by NO via the eNOS pathway plays a crucial role
in placental development.

2.3. Role of NO in Wound Healing. NO can promote the
migration of epithelial cells and induce the formation of new
blood vessels and can therefore be used for tissue regeneration
and wound healing.”® The NO produced by the cells can also
induce antioxidant activity against the oxy radicals in the
wound niche, thereby enhancing the healing process.39 An
appropriate level of NO in inflammatory and proliferative
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Table 1. Biomaterials as Carriers for NO Prodrugs in Various Applications

composition biomaterial stimuli
CS-PVA Hydrogel
CS Injectable hydrogel Glycosidase
PLGA Nanoparticle

Cerium oxide Nanoparticle

Alginate, pectin, PEG Hydrogel
PEG-PNORM-PEG Micelle Light
Keratin/doxorubicin Nanoparticles pH/GSH/trypsin
Graphene oxide zeolitic Nanoparticle H,0,

imidazolate composite
PVA Injectable H,0,, magnetic

microvesicles responsive

Alginate—PVA Scaffold Temperature responsive

NO prodrugs application ref
SNAP Wound healing 56
Diazeniumdiolates  Inhibited platelet adhesion, promotes 62

angiogenesis
GSNO Antibacterial effects 129
SNAP Antimicrobial effects 130
GSNO Antibacterial effects, promotes angiogenesis 131
DNP 132
GSNO Inhibits cancer cell proliferation 133
L-Arginine Tumor cell apoptosis 134
L-Arginine Blood glucose homeostasis 135
GSNO Fibroblast migration 136

stages of the wound could benefit the healing process of
cutaneous wounds. However, uncontrolled exposure of NO to
the wound environment could negatively regulate the angio-
genesis and lead to chronic wounds.*® Nevertheless, the
inflammation-regulating potential and potent antimicrobial
property make NO a therapeutic of high value in wound
healing.”'

2.3.1. NO and Embryonic Wounds. Generally, acute
inhibition of NOS significantly reduces the NO production,
further negatively regulating the wound healing process.”* For
that reason, the rate of wound closure was slower in the NO-
inhibited embryos compared to the control embryos. The
wounds of the normal embryo closed after 90 min, whereas
healing and wound closure in the NOS-inhibited embryos
stopped after 30 min, indicating the chronic establishment of a
NO-free wound. In addition, the immunohistochemical studies
revealed the accumulation of cells at the wound edges,
preventing cell migration in NOS-inhibited embryos. It also
increased stress levels at the wound margin due to the
increased expression of stress response genes. Thus, NO turns
out to be crucial for the regulation of the healingi!, process in
embryonic wounds, especially in the early phase.”

2.3.2. NO and Diabetic Wounds. Diabetic wounds are
chronic, nonhealing wounds with an increased risk of infection
that can eventually lead to amputation. A better understanding
of the pathophysiology and molecular functions of diabetic
ulcers is important to develop improved therapies and
treatments for this complication.”” Diabetes is physiologically
characterized by the decreased bioavailability of NO in the
wound environment. In normal wounds, acute tissue hypoxia
at the wound site activates the hypoxia-inducible factor-la
(HIF-1a) signaling pathway, which promotes VEGF release in
the epithelial cells. The VEGF phosphorylates and activates
eNOS in the bone marrow, resulting in increased NO levels.
The NO further stimulates the mobilization of endothelial
progenitor cells, which are the key regulators of vascular repair
at the wound site for neovasculogenesis. In diabetic wounds,
phosphorylation and activation of eNOS are inhibited, further
impeding the mobilization and function of endothelial
progenitor cells, resulting in impaired wound healing.*> The
regulatory pathway of angiogenesis mediated by NO in normal
and diabetic wounds is depicted in Figure 2.

In addition, sustained hyperglycemia in the diabetic state
increases superoxide levels in the vasculature, which sub-
sequently inhibits NO production. This was reported in a
study in which the increase in glucose proportionally increased
superoxide levels in streptozotocin-induced type 1 diabetic

mice. When the diabetic mice were treated with manganese
superoxide dismutase (MnSOD) gene therapy, superoxide was
significantly reduced as NO levels increased, further improving
the wound healing process.44 In another study, when polyvinyl
alcohol (PVA) sponges containing the NO donor molsidomine
were implanted into diabetic wounds in rats, an increased level
of hydroxylproline corresponding to the formation of new
collagen was observed. Higher concentrations of metal-
loproteinase 2 (MMP2), which contribute to matrix
remodeling, were also observed in the treated diabetic rats,
reflecting the influence of NO on MMP2.* Similarly, polyvinyl
methyl ether-co-maleic anhydride (PVMMA) and polyvinyl-
pyrrolidone (PVP) have been reported as drug delivery
complexes for the controlled release of NO at the diabetic
wound site. The NO precursor S-nitrosothiols (RSNO) were
immobilized on the interpolymer complex, resulting in
improved stability. Topical application of the polymer complex
to the wounds of the diabetic rat model showed improved
wound healing with sustained release of NO from the drug
carrier.*

2.3.3. Influence of NO on Collagen Deposition. Collagen
accumulation during wound healing is significantly associated
with nitrate and nitrite molecules, implying that NO plays a
crucial role in collagen deposition in dermal fibroblasts and
confers mechanical strength to the skin.*’ According to the
reports, when NOS inhibitors were administered to the wound
area, delayed wound healing with lower collagen accumulation
rate and skin firmness was observed. On the other hand,
delivery of NO and transfection of iNOS enhanced the matrix
synthesis and collagen deposition.**

2.4. NO-Based Biomaterials for Therapeutic Angio-
genesis. Therapies involving the synergistic use of polymer-
based biomaterials with NO donors will have significant
implications for tissue engineering. The biological and
pathophysiological role of NO has triggered its exogenous
delivery to targets for various biomedical applications. In this
regard, the precursors of NO can be incorporated into the
biomaterials to efficiently deliver the therapeutics to the target
site. The low molecular weight free prodrugs have disadvan-
tages such as burst release and nonspecific delivery, while the
drugs can be delivered to specific targets within the biomaterial
in a sustained manner."® The biomaterials used for carrying the
NO prodrugs are listed in Table 1. Gaseous molecules
incorporated into biomaterials such as hydrogels, nano-
particles, surface coatings, and microspheres as angiogenic
therapeutics are discussed below.
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Figure 3. In vitro and in vivo angiogenic effects of SNAP-loaded CS PVA hydrogel: (A) The in vitro cell migration assay on 3T3 and HaCaT cells.
Complete closure of wounds in CS—PVA—SNAP after 24 h was observed in fibroblast cells, while only partial closure was observed in HaCat cells.
(B) In vivo angiogenesis in the chick embryo model showing the newly formed blood vessels. The CS—PVA—SNAP-treated chick embryo showed
improved pro-angiogenic activity with increased blood vessel size and length at 24 h. (Adapted with permission from Zahid et al. Copyright 2019

Elsevier.)

2.4.1. Hydrogels. Hydrogels are porous, hydrophilic
biomaterials with tunable properties that mimic the ECM
and can serve as a suitable biomaterial for tissue regeneration.
In addition, they also expand their potential applications in the
field of drug delivery and serve as excellent drug carrier
systems.*’ A well-designed drug delivery system can overcome
the problems of traditional delivery approaches and maximize
the therapeutic efficacy of the drug. Hydrogels can also ensure
sustained release of drugs, and the porosity helps in the
formation of new blood vessels. In addition, certain polymeric
hydrogels such as hyaluronic acid and colla§en hydrogel
contribute to angiogenic and healing properties.”

a. NO-Releasing Hydrogels with Stem Cells. NO-releasing
hydrogels seeded with stem cells are capable of enhanced
angiogenesis and increased regenerative potential for tissue
repair. A CS-based NO-releasing hydrogel was synthesized to
transplant mesenchymal stem cells (MSCs) for treatment of
hindlimb ischemia in mice. The NO donor diazeniumdiolate
(NONOate) was grafted onto chitosan together with S
galactose; under the action of § galactosidase, § galactose is
detached from the donor; and the free NONOate releases the
NO in the physiological state.”’ Delivery of NO via the NO
donor NONOate enhanced the angiogenic effects of the stem
cells with increased capillary density and improved ischemic
limbs in the mouse model. Here, the prepared hydrogels with
NO donors offered drug delivery in a sustained manner
without burst release and overdose.”

In another approach, programmed release of NO from
hydrogel synthesized by transglutaminase-catalyzed enzymatic
cross-linking of gelatin has been reported. Here, the trans-
glutaminase enzyme mediates accumulation of NHj in gelatin,

which is partially oxidized by the biological cycles such as NO
and urea cycles to synthesize endogenous NO.>* For further
studies, the adipose-derived mesenchymal cells and bone-
marrow-derived mesenchymal cells were cultured in the NO
gels, which exhibit excellent tubular formation along with the
upregulation of proangiogenic genes such as the platelet EC
adhesion molecule 1 (PECAM1) and the fetal liver kinase 1
(FIk1)."® In a similar study, FFGGG peptide-grafted
naphthalene hydrogel was encapsulated with a NO donor
surrounded by f galactose. In the presence of § galactosidase,
the hydrogel can release NO in a sustained manner because the
galactosidase enzyme can cleave the galactose molecule,
leaving the NO donor free. Furthermore, the adipose-derived
mesenchymal stem cells (AD-MSCS) were seeded onto the
hydrogel to determine the effect of NO on the therapeutic and
angiogenic efficacy of adipose-derived mesenchymal stem cells
on myocardial infarction in mice. The NO-based hydrogel
seeded with MSC showed improved HUVEC migration in the
scratch assay, whereas the stem cells seeded on hydrogel with a
NO inhibitor showed poor cell migration. The study also
suggested that the NO-based hydrogel showed increased
VEGFR2 production via signaling pathways and significant
improvement in blood vessel density in myocardial infraction
hearts.”® Studies have shown that the NO can stimulate the
expression of the cytoskeletal proteins in the endothelium
whicslé could be the consequence of an improved migration
rate.

b. Cell-Free NO-Releasing Hydrogels. Hydrogels synthe-
sized from chitosan (CS) and PVA polymers encapsulated with
NO donor S-nitroso-N-acetylpenicillamine (SNAP) showed
enhanced angiogenic and healing properties. The polymer
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blend hydrogel loaded with 10% SNAP showed an increased
level of new blood vessel formation when injected into a chick
embryo model (Figure 3).°° In another example, a NO-
releasing injectable redox hydrogel (NO-RIG) composed of an
A—B—A-type triblock copolymer (PArg—PEG—PArg) and
PMNT-PEG—PMNT coupled with poly(acrylic acid)
(PAAc) was developed to treat cardiovascular disorders by
controlling the NO level and redox equilibrium®” simulta-
neously at the local injection sites. After 7 days of intradermal
injection, the mice treated with RIG without NO showed no to
very little new blood vessel formation, whereas the mice
treated with RIG with NO showed higher induction of
angiogenesis.22 However, here the redox imbalance was
stabilized by the antioxidant potential of the polymers used,
and the NO had no effect on the scavenging activity.*®

Similarly, using another polymer, an alginate hydrogel with
diethylenetriamine/diazeniumdiolate (DETA/NONOate) as
the NO donor was developed to accelerate healing of infected
wounds. This hydrogel together with its bactericidal effect
increased the rate of cell proliferation and induced tissue
remodeling in the mouse model. After 6 days of hydrogel
application, the mouse wound surfaces showed reduced
infection and also improved wound closure. At the same
time, alginate/DETA without NO showed no improvement in
healing and no reduction in bacterial load, while by day 12,
96% of wound closure without a scar was observed with the
NO-loaded gel, indicating the importance of NO on the
wound healing process.”” In a related study, an injectable
hydrogel of chitosan and hyaluronic acid incorporated with
NO-donor RSNO was developed to accelerate wound healing
in infected wounds. The hydrogel showed potent antibacterial
activity of 99% and 98% against E. coli and S. epidermidis,
respectively, after 1.5 h. Furthermore, the in vitro scratch
wound test showed the im%)roved migration of NIH 3T3 with
100% closure within 48 h.*’

A reduction in NO bioavailability leads to endothelial
dysfunction, which is one of the pathophysiological features of
critical limb ischemia. Therefore, therapeutic angiogenesis to
increase blood flow in tissues and alleviate the ischemic
condition has become an important strategy for treating critical
limb ischemia.”" The unstable nature and uncontrolled release
of NO complicate its application for therapeutic approaches.
To solve the problem, researchers developed terminally
galactose-protected NO donor compounds that can only be
cleaved using glycosidase to release NO. Additionally, an azide
group was introduced into the NO donor for the covalent
attachment of NO to the chitosan polymer. In vivo studies in
diabetic mice with hindlimb ischemia point out that injection
of the hydrogel improved capillary densities with microvessel
formation in the CS—NO-treated mice compared to the CS-
treated mice, indicating the angiogenic potential of NO.®* The
NO from eNOS potentially plays a vital role in the
microvascular stability and the microvascular tone regulation,
which are consistent with the ﬁndings.63

¢. Nanoparticle-Loaded NO Hydrogel. Graphene oxide
functionalized with BNN6 (NO donor) and p-cyclodextrin
nanocarriers was incorporated into the polymer blend of
methacrylated gelatin and HA doped with dopamine to
develop a photothermal hydrogel for efficient wound healing.
The released NO showed potential antibacterial and wound
healing activities in both in wvivo and in vitro studies.
Furthermore, more well-structured collagen deposition, re-
epithelialization, and raised fibroblasts with more capillaries

were observed with the synthesized hydrogel than in the
control groups.”*

2.4.2. Microspheres. Microspheres are small spherical
particles ranging in diameter from 1 to 1000 ym that can
provide high bioavailability with sustained release of drugs.” L-
Arginine incorporated into sodium alginate microspheres was
formulated to delay the release of NO at the target wound site
for accelerated healing of diabetic wounds. The microspheres
were integrated into chitosan hydrogel, and the CS—hydrogel
composite was further layered on their outer shell with sodium
alginate/AgNPs. The former sustainably deliver the NO to the
target site, and the latter provide antibacterial activity at the
wound site. The in vivo studies also demonstrated the
enhanced re-epithelialization, granulation, and collagen depo-
sition of the NO-based microspheres on diabetic wounds,
highlighting the influence of NO on angiogenesis.”®

2.4.3. Nanomaterials. Nanoparticles used for drug delivery
systems are generally <100 nm in at least one dimension, with
excellent properties such as specificity and increased cell
uptake due to the surface charge and size.”” A nanosystem of
gelatin and siloxane nanoparticles was designed to deliver NO
at the target site for improved vascular homeostasis. RSNO,
the NO donor, was functionalized to the nanoparticle
composite for the controlled release of NO at the target site.
The inhibition of aortic smooth muscle cell (AoSMC)
proliferation and stimulation of HUVEC proliferation took
place in a concentration-dependent manner which is significant
for preventing restenosis (narrowing of lumen).’® The size of
the nanoparticles confers a greater advantage as they can
penetrate through the cell membrane and can deliver the drugs
to the target sites, avoiding the loss of drugs outside the
niche.””

2.4.4. Surface Coatings. NO donors coated on the 3D-
printed vascular grafts were designed for the sustained release
of NO under physiological conditions to enhance angiogenic
potential and endothelial cell regeneration. Conventional
vascular grafts typically have a poor success rate due to
infection and obstruction during implantation. However, the
NO-donor SNAP-coated vascular graft of PEG and polylactic
acid (PLA) showed antibacterial effects against both Gram-
positive and Gram-negative bacteria. The NO-based grafts
were also able to mimic the native endothelial cells and
induced increased neovascularization compared to the non-
NO-coated control grafts.”” The increased migration rate of
endothelial cells could be due to the upregulation of
cytoskeletal proteins upon treatment with NO, which can
subsequently accelerate the tissue regeneration process.”"

2.4.5. Microneedle. Microneedles synthesized from hydro-
gels offer a minimally invasive method for transdermal drug
delivery. These delivery systems have higher drug loading
capacity and controlled drug release. The biocompatibility of
the polymeric microneedle can overcome the toxicity induced
by traditional metallic microneedles.”” Hydrogel-forming
microneedles were developed by integrating the NO donor
S-nitrosoglutathione (GSNO) with PVA at freezing temper-
atures. The NO is said to be released gradually with increasing
temperature and in response to mild infrared radiation. The
hydrogel’s microneedle structure disrupts the biofilm formed
on the wound surface and delivers NO directly to the site,
thereby fixing regeneration in infected wounds.”” Here, the
infrared radiation as a stimuli can precisely deliver the NO to
the target area, thus favoring the healing process. This suggests
that, in addition to the angiogenic potential of NO, the delivery
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method also imparts its role in promoting angiogenesis and
vasodilation.”*

3. PHYSIOLOGICAL ROLE OF H,S IN ANGIOGENESIS

H,S is the recently explored gasotransmitter with potential
biological values that play significant roles in homeostasis and
pathophysiology. A growing body of evidence has shown that
delivery of H,S to endothelial cells can significantly enhance
cell proliferation, capillary tube formation, and cell migration.
H,S is diffusible and spreads its function to neighboring cells
via a paracrine actlon, just like other gas transmitters mediating
cellular activities.* The physiological H,S level in the tissue is
estimated to be between 15 nM and 300 uM.%° In vivo studies
have also shown the positive regulation of H,S in neo-
vascularization and blood vessel growth.

The endogenous H,S can be synthesized by both enzymatic
and nonenzymatic mechanisms and is widely distributed in all
mammalian cells and tissues. The enzymes involved in the
synthesis of H,S are CBS, CSE, and 3-MST. The first two
enzymes catalyze the conversion of methionine to cysteine in
the presence of pyridoxal-S-phosphate (PLP) as a cofactor
through transsulfuration. The latter enzyme converts mercap-
topyruvate into pyruvate and H,S without using PLP as a
cofactor.”” The nonenzymatic mode uses organic compounds
such as glucose, glutathione, and elemental sulfur to synthesize
H,S, and these pathways are not well elucidated.

3.1. H,S Donors. H,S donors are compounds that can
release the H,S molecule in response to a trigger or stimuli
under physiological conditions. The H,S donors such as
sodium hydrosulfide (NaHS) and sodium sulfide (Na,S) are in
the form of sulfide salts. In addition, naturally occurring
compounds such as garlic can also release H,S from the
existing thiosulfonates. An example of thiosulfonate in garlic is
allicin, which can be broken down into diallyl disulfide
(DADS), diallyl sulfide (DAS), and diallyl trisulfide (DATS) to
release HZS in the presence of free thiols in the physiological
system.”® Cruciferous vegetables contain natural isothiocya-
nates such as sulforaphane, allyl isothiocyanate, benzyl
isothiocyanate, 4-hydroxybenzyl isothiocyanate, and erucine,
which possess H,S-releasing activity.”” Another H,S-releasing
compound is Lawesson’s reagent, which releases H,S in a
controlled manner but lacks water solubility.”®

Although the naturally occurring donors release H,S in a
sustained manner in the physiological system, they show poor
pharmacokinetic profiles and generate undesirable byproducts.
This shifted the researchers’ attraction to the synthetic donors,
which are categorized as hydrolysis-triggered donors, pH-
controllable H,S donors, thiol-triggered donors, and enzyme-
triggered donors.”” The different donors of H,S are
represented in Figure 4.

3.2. Regulatory Pathways Involved in the Pro-
Angiogenic Effects of H,S. Like NO, H,S also mediates
various biological functions via different signaling pathways. It
is said to mediate both vasoconstriction and vasodilation, with
a lower concentration of H,S (<100 uM) stimulating
vasoconstriction and a higher concentration promoting
vasodilation. The higher H,S level changes the membrane
potential of K,rp channels to become more negative
(hyperpolarized) in vascular smooth muscle cells. This further
closes the membrane Ca?* channel and decreases intracellular
Ca, resulting in smooth muscle vaso-relaxation.*® Studies on
the effect of H,S on K,rp channels in piglet cerebral arteriole
smooth muscle cells showed that the gas molecule can mediate
the opening of K,rp channels. Treatment of the cerebral
arterioles with Na,S dilates the narrowed arteries by activating
the Kypp channel and reducing intracellular Ca**, implying the
H,S-induced vasodilation.”" Another study stated the role of
K" in Na,S-induced relaxation of CRC mesenteric arteries. It
demonstrated that H,S activates the K,rp channels of the
mesenteric arteries which stimulates the membrane hyper-
polarization by inhibiting the Ca®" influx, resulting in
vasodilation.”

3.2.1. PI3K/Akt Signaling Pathway. PI3K/Akt is an
important signaling pathway that regulates various angiogenic
activities such as cell migration, proliferation, new blood vessel
formation, and tube formation. Dose-dependent treatment of
endothelial cells with NaHS had a significant impact on Akt
signaling. The exogenous H,S increased Akt phosphorylation,
while PI3K inhibitors attenuated H,S-induced phosphoryla-
tion, specifying the role of H,S in Akt signaling. The in vivo
studies suggested that, when injected intraperitoneally with
NaHS, H,S showed increased cellular infiltration and new
blood vessel formation.*> The Akt pathway generally induces
cell survival by inhibiting the pro-apoptotic factors such as
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Figure S. H,S-mediated VEGF signaling for angiogenesis in ischemic limb injury: H,S treatment of ischemic limb injury stimulated increased
VEGF production which subsequently binds to the VEGFR receptor that further activates the downstream signaling molecules PLCy, PKC, Akt,
PI3K, and ERK. These factors regulate the expression of various genes responsible for cell proliferation, cell migration, permeability, and cell
survival, thereby mediating angiogenesis. The untreated mice did not evoke the production of VEGF, thus resulting in poor angiogenic response.

BAD and caspase 9. However, the detailed mechanism of how
Akt regulates cell migration and proliferation for angiogenesis
is not yet understood.

3.2.2. VEGF Pathway. In VEGF signaling, the binding of
VEGF ligands to the VEGFR receptors dimerizes and
autophosphorylates the tyrosine kinase receptors and sub-
sequently regulates the transduction of downstream signaling.
The downstream molecules such as PLC-y, PKC, Akt, PI3K,
and ERK are activated for angiogenic processes such as cell
survival, migration, and endothelial cell proliferation.80 The
ischemic tissues of diabetic mice showed reduced phosphor-
ylation of VEGFR, Akt, and ERK proteins and a negative effect
on the angiogenic process. When the ischemic limb of diabetic
mice was treated with H,S, serum levels of VEGF and PDGF
were significantly increased with improved wound healing,
indicatin§ the involvement of VEGFR signaling in angio-
genesis.8 The H,S-mediated VEGF-induced angiogenesis
pathway in ischemic limb injury is illustrated in Figure 5

3.3. Role of H,S and Angiogenesis in Diabetes. Several
studies have supported the role of H,S in modulating the
angiogenic factors for the systematic formation of blood vessels
in diabetic complications such as chronic wounds and ischemic
injuries.**> The H,S deficit in diabetic models affects
angiogenesis by creating an imbalance between the antiangio-
genic and the proangiogenic factors. In the normal
physiological state, microRNA (miR-126—3p) acts as a pro-
angiogenic factor and promotes angiogenesis, while in
diabetics, plasma levels of miR-126—3p drop drastically and
affect angiogenesis. The influence of H,S on (miR)-126—3p
and angiogenesis was determined by treating the high-glucose
HUVEC cells with H,S. The exogenously introduced H,S
enhanced migration of HUVEC cells and upregulated miR-
126—3p, which further mediated angiogenic activities.*

Similarly, NaHS delivery mediated collagen deposition and
inhibited MMP 9 in the granulated tissues of wounded obese
mice.*” Diabetes-induced ischemic injured mice were treated
with H,S donor sodium bisulfide, and angiogenic transcription
factors were quantitated using real-time PCR and Western

45856

blotting. Increased expression of VEGF, EGF, PDGF, HIF 1a,
and angiogenic factor receptors was observed in the treated
animals, indicating the role of H,S in angiogenesis-related
complications of diabetes.*> Although studies have shown the
positive regulation of H,S on diabetes-impaired angiogenesis,
the precise regulatory mechanisms are not well understood.

3.4. H,S-Based Biomaterials for Therapeutic Angio-
genesis. 3.4.1. Hydrogel. A pH-controllable H,S donor JK1
was incorporated into a hyaluronic acid (HA) hydrogel to
evaluate the angiogenic potential of the H,S—HA hydrogel
system. The hydrogel encapsulated with JK1 showed a better
pH-dependent release profile of H,S than JK1 alone. The H,S-
based gel induced polarization of macrophages toward M2,
which reduced inflammation and promoted improved
healing.*® In this approach, the M2 macrophages could have
offered their role in angiogenic processes through cell
proliferation and secretion of VEGF factors as reported in
other studies.”” In another report, alginate hydrogel was
incorporated with free H,S molecules to determine the wound
healing potential of the dressing. In vivo studies on mice
wounds showed improved granulation tissue formation and re-
epithelialization along with faster wound closure than control,
demonstrating the role of H,S in wound healing.90 In another
example for cardiac tissue repair, a novel composite H,S-
releasing hydrogel made up of polyethylene glycol—fibrinogen
hydrogel (PFHy) was modified by embedding perfluorohex-
ane-filled bovine serum albumin microbubbles. They were
coated with rhodanese (TST), which catalyzes the production
of H,S in the physiological system. The in vitro study showed
increased proliferation of hCPC cells, suggesting the possibility
that the gasotransmitters induce proliferation.

Scaffolds are crucial biomaterials used in regenerative
medicine due to their surface properties and porous nature.
The topographical properties of scaffolds favor tissue
regeneration and vascularization, fuelling researchers’ interest
in integrating therapeutics with scaffolds for drug delivery and
regenerative medicine. In this context, a silk fibroin polymer
scaffold loaded with GYY4137 (morpholin-4-ium-4-methox-
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Figure 6. Angiogenic potential of NaHS-conjugated microparticles: microparticle-loaded NaHS demonstrated the sustained release of H,S that
supports the increased migration of HUVEC and keratinocytes. In contrast, the spontaneously released free NaHS showed a lower rate of gap
closure than the H,S-loaded microparticles. (B) The tubular network formed from HUVEC treated with microparticle-loaded NaHS showed
higher branch points than the control. (C) The in vivo studies showed complete closure of wounds treated with microparticle-loaded NaHS by day
14, whereas the mice treated with free NaHS showed 100% closure by day 18. (Adapted with permission from Lin et al. Copyright 2017 Elsevier.)

yphenylphosphinodithioate), a slow-releasing H,S donor, was
prepared to determine the osteogenic potential of bone cells.
The scaffold released the H,S for 12 h at a concentration of 3.5
UM to 10 puM in which osteogenic proliferation and
differentiation were also observed. The expression of the
mRNA of the angiogenic nuclear factor VEGF was higher in
the H,S-loaded hydrogel than in the silk fibroin hydrogel. This
demonstrates the role of H,S in VEGF regulation to stimulate
angiogenesis.”” A functional sodium alginate sponge encapsu-
lated with JK-1 was developed that was able to release H,S in a
controlled manner in the acidic pH of the wound environment.
The sodium alginate/JK-1 enhanced the proliferation,
migration, and revascularization of fibroblasts, implying the
angiogenic potential of the nanomaterial incorporated with
H,S.”” The sponges exhibit excellent ability to absorb the
excess exudates from the wound while maintaining the moist
environment which could also have benefited the healing
process.”

Furthermore, the role of the immune system in H,S-induced
angiogenesis was demonstrated in immunocompetent and
immunocompromised mice (lacking T cells). For this, mice
were implanted with a poly(p,L-lactide-co-caprolactone)
scaffold and injected intraperitoneally with NaHS, while
control mice received saline. The immunocompromised mice
had compromised vasculature and angiogenesis, whereas
vascularization in the immunocompetent mice showed a
significant increase, indicating the role of the immune system
in H,S-mediated angiogenesis.”> As per the report, T cells are
involved in the H,S-mediated angiogenesis with the fact that
H,S activates DNA methylation of Foxp3 T regulatory cells to
promote immune tolerance,which can induce anti-inflamma-
tory responses.96
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3.4.2. Fibrous Membranes. Due to their large surface-to-
volume ratio, fiber membranes are suitable carrier systems for
gas transmitters that can stimulate the controlled release of gas
molecules such as H,S. Here, the garlic H,S donor was
integrated into the PLA fibrous membrane to assess the impact
of H,S on human cardiac MSC. The cells on the fibrous
membrane proliferated after 24 h of growth and also showed
antimicrobial activity.”” An electrospun fiber membrane was
fabricated using polycaprolactone (PCL) with integrated H,S
donor JKI for skin regeneration. In the acidic environment of
the wound, the pH-dependent H,S donor released the gas
molecule faster than that in the basic environment. In vivo skin
wound models showed faster wound closure in PCL containing
JK1 compared to PCL nanofibers. Furthermore, the tissues
treated with the former group showed complete re-
epithelialization and granulation, while the latter group without
H,S showed delayed healing. The H,S also induced the
formation of many new blood vessels and stimulated collagen
deposition in the wound model tissues, demonstrating the
potential angiogenic effects of H,S.”

3.4.3. Composite Polymers and Particles. A H,S-based
polymer composite was developed by conjugating Na,S with a
silicone—polycarbonate—urethane polymer. The composite
polymer showed cytocompatibility against HUVEC and HLE
cell lines. The fibroblasts were able to proliferate within 24 h
and fully migrate within 48 h in in vitro studies, indicating the
potential of the composite for use in regenerative medicine.””

Sodium thiosulfate, which releases H,S upon certain stimuli,
was encapsulated in polylactic-co-glycolic acid and showed
sustained release of H,S over 24 h. The formation and
branching of the tubular network apparently increased in
HUVEC cells when treated with the H,S-donor-encapsulated
nanomaterial.'"® In a related study, mesoporous silica nano-
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Table 2. Biomaterial Carriers of CO Donors and Their Biological Effects
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Table 2. continued
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inflammatory

nanosystem | response and
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apoptosis

particles were synthesized and loaded with an H,S-releasing
compound, DATS. The silica nanoparticles have greater
affinity for cell wall phospholipids, and the particle size of
the nanomaterial provides easier uptake and facilitates drug
delivery to the specified target site. The H,S released from
nanoparticles enhanced endothelial proliferation and tubular
formation. In addition, the treated cells activated the ERK and
p38 pathway, which plays a crucial role in angiogenesis via
endothelial migration and proliferation.'"’

A H,S-based polylactic-co-glycolic acid microparticle system
conjugated with donor DATS was developed to enhance
angiogenesis in ischemic diseases. The H,S was released
sustainably over a long period of time, leading to improved
vascular branching in the HUVEC cells.'"”> Another micro-
particle system consisting of hydrophobic phase change
materials tetradecanol and paraffin wax encapsulated with
NaHS was incorporated into the wound dressing. The phase
change materials were used to synthesize solidified emulsions
that would likely minimize drug loss. Because NaHS is a water-
labile compound, NaHS reacts with water in the wound
environment to release H,S in a controlled manner. In the
treated group of animals, which healed the wounds faster than
the untreated groups, increased wound vasculature and
complete re-epithelialization were observed (Figure 6)."%’

4. PHYSIOLOGICAL ROLE OF CO IN ANGIOGENESIS

Carbon monoxide, once feared as a toxic molecule, has come a
long way to become one of the therapeutic gas transmitters
that modulate various biological functions. It is a colorless,
odorless, and tasteless gas that interacts with the hemoglobin
in blood cells to form carboxyhemoglobin while replacing the
oxygen bound to the hemoglobin. Although the toxic nature
and physiological effects of the gas have been widely debated,
later studies have demonstrated the biological properties of
CO with therapeutic and beneficial effects. CO is generated
endogenously within the physiological system by catalytic

degradation of heme by a HO enzyme.'”* HO degrades its
substrate heme to form iron and byproducts such as CO and
biliverdin. Two types of HO exist in the physiological system,
namely, inducible HO-1 and constitutively expressed HO-2.
The inducible HO-1 catalyzes its action in response to specific
stimuli such as hypoxia, hyperoxia, growth factors, NO, lipids,
etc., while the HO-2 is constitutively expressed in the brain,
endothelium, and testes. Several studies have shown that
endogenous CO production induces synthesis of angiogenic
factors such as VEGF, SDF, IL-8, PDGF, and TGF f and
inhibition of antiangiogenic factors such as VEGFR-1 and
soluble endoglin. This regulation of angiogenic factors
promotes endothelial cell proliferation and cell migration and
inhibits apoptosis.'>'%°

4.1. Regulatory Pathways Involving CO and Angio-
genesis. 4.1.1. sGC Pathway. CO can also act as a signaling
molecule for biological functions such as growth and
regeneration of tissues and also maintains tissue homeostasis.
It is involved in the signaling pathway of sGC, which forms a
complex with CO, increases ¢cGMP formation, and sub-
sequently stimulates vasodilation and blood pressure regu-
lation.'”” Guanylyl cyclase can also be induced by NO, which
further triggers VEGF production for angiogenesis. Therefore,
it is speculated that both NO and CO via VEGF have a
synergistic effect on endothelial cell neovascularization. In
addition, during the hypoxic state, when NOS and NO are
suppressed, HO-1 takes over the role of VEGF production.
This was proved by a report stating that HO-1 inhibitors
downregulated hypoxia-induced angiogenesis, while the NOS
inhibitors did not affect hypoxia-induced angiogenesis.'*®

4.1.2. HIF 1a—VEGF Pathway. In addition to sGC signaling,
CO also stimulates the HIF la protein to promote
angiogenesis via increased VEGF secretion and other cellular
activities.'”> The active form of HIF la binds to the hypoxia-
response elements of the genes responsible for VEGEF,
erythropoietin, and certain metabolic enzymes in the
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nucleus.'””""” These then regulate angiogenesis and other cell
survival mechanisms. The CO can induce angiogenesis by
activating the HIF la via two possible pathways. The former
mechanism involves activation of the translation proteins p70
S6 kinase and eIF-4E via the PI3K/Akt and MEK/ERK
signaling pathways, and the latter mechanism protects HIF 1o
from degradation by stabilizing the HIF protein with HSP90a.
The resulting stimulation of HIF la leads to increased
production of VEGF in the endothelial cells, which further
modulates angiogenesis. Glutamate-stimulated CO production
in astrocytes also functions as a signaling molecule that
regulates vascular homeostasis through vasodilation.'”® The
role of CO on VEGF production has also been reported in
several studies, showing that a lower dose of 1% CO increased
VEGEF levels, while 5% CO levels negatively affected VEGF
production.'*®

The CO molecule has thus developed a new paradigm that it
can contribute to various physiological functions as a
therapeutic agent. However, the exogenous delivery of CO
gas directly to the biological system is not well regulated and
presents difficulties in reaching the therapeutic potential of the
gas molecule. Furthermore, like other gases, CO has the
disadvantage of an uncontrolled release, and an overdose can
lead to CO poisoning.''' Therefore, several CO-releasing
metal carbonyls (CORM) such as CORM 1, CORM 2, and
CORM 3 have been identified and reported that regulate a safe
and controlled delivery of CO to the target site. CORMs are
small metal center molecules with branched carbonyl groups
for CO release. The CORM can release the CO gas molecule
at the specific site within the biological system for its action to
take place.''” The different CO donors and their biological
effects are listed in Table 2.

4.2. Hemeoxygenase and Angiogenesis. The HO-1
enzyme has demonstrated its vascular protective function in
various experimental model diseases, elucidating its role in
pathophysiology. During an inflammatory state, HO-1 has a
dual role of initiating the anti-inflammatory effect by inhibiting
leukocyte infiltration and then triggering the synthesis of
angiogenic factors such as VEGF to promote angiogenesis.' "
Based on the reported studies, the HO-1 might increase the
proliferation rate of endothelial cells but negatively regulate the
vascular smooth muscle cells. Likewise, overexpression of HO-
1 in coronary microvascular endothelial cells upregulated the
rate of proliferation, indicating the role of HO-1 in endothelial
proliferation. Expression of cell cycle inhibitors p21 and p27
increases, with a decrease in HO-1 and upregulated HO-1
enzymes increasing VEGF production and angiogenic activity
in endothelial cells."”® The vascular protective effects of HO-1
were demonstrated in a rat hindlimb ischemia model, which
showed improved blood vessel density and neovascularization
when the HO-1 gene was vectored and transplanted into
endothelial progenitor cells.''* Another report of impaired HO
in murine bone marrow resulted in reduced CO, which also
affected the VEGF, SDF-1, and placental growth factor, further
reducing revascularization in the bone cells.'® Activation of
VEGF by HO-1 for the formation of new blood vessels in the
endothelial cells increased VEGF at the cellular level, further
activating the HO-1, creating a positive feedback loop.''®

4.3. Biomaterials. The release of free CO affects the
physiological system as it binds to hemoglobin, and the
diffusible gas cannot achieve target-specific release; therefore,
CO is normally released via CORM. The integration of the
CORM into carrier molecules such as macromolecules or

nanomaterials offers a greater advantage for stabilized CORM
complexes with specific cellular uptake and drug local-
ization."'” The delivery of CORM via various biomaterials
and their biological responses are represented in Table 2. In
addition, the macromolecular carriers offer a larger surface
area''® that can hold a higher amount of CO precursors, while
the nanocarriers improve permeability and reduce systemic
toxicity.119

4.3.1. Nanomaterials. A light-responsive manganese-based
carbonyl complex was conjugated with mesoporous silica
nanoparticles. The photosensitive carbonyl complex releases
the CO when exposed to a lower range of visible light. The
released gas molecule induced vasodilation of the rat model
aortic muscle rings by activating the cyclic GMP pathway. The
CO donor thus delivered the CO in a controlled manner to the
specified target site to carry out its biological functions.'*’

A stimuli-responsive nanocarrier was designed from the
glutathione-conjugated adhesion peptides REDV-GG-TAT-
GC-POSS to encapsulate the CORM-401 for the treatment of
ischemic injuries. In addition, pZNFS80 was conjugated to the
peptide CO system to enhance angiogenic function. The
nanoparticle composite showed increased expression of pro-
angiogenic factors compared to the single drug system,
indicating the synergistic potential of the nanomaterial and
the drug molecule."”’ Similarly, CORM 2 has been
incorporated into solid nanoparticles to minimize the after-
effects of spinal cord injury by protecting endothelial cells and
the blood—spinal cord barrier. The CORM 2 nanosystem
preserved the integrity of the tight junctions, protecting the
barrier after injury. Angiopoeitin-1 protein, which was reduced
due to leakage of the vasculature after injury, increased
significantly after treatment with the CORM nanosystem, thus
playing an important role in neural regeneration.'”” Gold
nanoparticles incorporated with CORM 3 showed potential
anti-inflammatory effects and wound healing activities. Cell
migration was faster for the cells treated with nanoconjugated
CORM than for the free CORM. In addition, the nanoma-
terial-based CORM can reduce the inflammatory response
compared to the free CORM. According to the reported study,
this may be due to the stabilized uptake of the nanocarrier and
the sustained release of CO at the target site."”> The stress-
induced cardiomyocytes showed increased viability after
treatment with the CO-based gel compared to the control
gel without CO. This study thus proves the cardioprotective
effect of CO on oxidatively stressed rat cardiomyocytes.”

4.3.2. Micelles. A polymeric micelle composed of a
hydrophilic poly(ethylene glycol) block, a poly-
(ornithineacrylamide) block containing Ru(CO);Cl-
(ornithine) units, and a hydrophobic poly(n-butylacrylamide)
block was synthesized to encapsulate the CO-releasing
complex. The CO was released from the polymeric micellar
compound in response to the cysteine molecule present in the
physiological system. The micelles with CO-releasing mole-
cules inhibited LPS-induced NF kf activation, which regulates
multiple inflammatory responses.'”* Although the free CO
donors are cytotoxic to the cells as stated by different
reports,'*>'*® transporting the donors through the micelle
delivery system showed significant reduction in the cytotoxicity
which implicates the therapeutic usefulness of biomaterial-
based delivery systems.

4.3.3. Micropatrticles. CO donors, Re CORM 2 and B,Re
CORM 2, were incorporated into the silica microparticles
synthesized from diatoms to assess the potential of diatoms as
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Figure 7. Signaling pathways involved in gasotransmitter-mediated angiogenesis. (A) The H,S stimulates activation of the PI3K/Akt pathway that
mediates angiogenesis by activating the eNOS pathway. The H,S also activates the K,rp channel, causing hyperpolarization of the membrane,
leading to a decrease in intracellular Ca*". This further promotes the relaxation of blood vessels in smooth muscle cells. (B) NO generated by
eNOS induces activation of the sGC pathway, which catalyzes the conversion of GTP to cGMP and further promotes downstream signaling to
mediate angiogenesis. (C) CO stabilizes HIF1a through the HSP 90 protein, which protects the HIF factor from degradation. This promotes the
binding of HIF1a and HIFf to HRE, which subsequently mediates the expression of VEGEF.

drug delivery vehicles. The drugs were chemisorbed onto the
silica microparticles, and blood vessel formation was
determined in vivo in the zebra fish model. The nontoxicity
and drug delivering ability of diatoms made them a potential
candidate for drug delivery applications. Neovascularization
and increased vessel density were observed at lower doses (S—
10 uM) of the CO-releasing molecule, and angiogenic
inhibition was observed at higher doses (above 25 uM).
Thus, the CORM induced dose-dependent angiogenesis, but
the carrier molecule showed no toxicity even at higher
doses.'”’

4.4. Hybrid Gasotransmitters Releasing Biomaterials.
The three gas molecules mediate various physiological
functions by sharing the signaling pathway with each other
through either direct or indirect interactions to regulate
functions such as vascular homeostasis, cell proliferation,
differentiation, and inflammatory responses. Therefore, the
synergistic application of the gaseous molecules would increase
the efficiency of the treatment to a greater extent. The
signaling pathways regulating the three gasotransmitters are
depicted in Figure 7. The combinatorial NO/H,S hybrid
system was studied by designing polymeric nanoparticles
conjugated with the gasotransmitters. The nanocarrier
composed of mPEG—PLGH was integrated with thiobenza-
mide and DETA NONate to release H,S and NO molecules.
The hybrid nanoparticle system with the therapeutic gaseous
molecules showed higher tube formation than the nanoparticle
coated with single gaseous molecules. It was also found that
sprouting of new vessels is higher in the hybrid nanoparticle
delivery system, demonstrating the angiogenic potential of the
gas-based nanomaterials.'” In a related study, the synthetic
hybrid NO/H,S molecule ZYZ-803 demonstrated higher
angiogenic activities by regulating the VEGF/cGMP pathway.
The increased rate of cell proliferation, migration, and
tubularization along with angiogenic induction in rat aortic
rings was observed in the hybrid molecule compared to that of
the solitary NO or H,S molecule.'*”

45861

5. CONCLUSION AND FUTURE PERSPECTIVES

The discovery of the physiological properties of gasotransmit-
ters a few decades ago stimulated researchers to explore an
entirely new state of matter as a therapeutic agent for various
pathologies. Although the signaling pathways such as sGC,
PI3K/Akt, and VEGF pathways associated with the gaso-
transmitters and angiogenesis are relatively explored, the
precise regulatory mechanism and the involvement of other
signaling pathways have yet to be understood. The therapeutic
effectiveness of gasotransmitters has led to the development of
dispensers that can release the gas molecules in a sustained
manner. Extensive in vitro and in vivo research has been
conducted to determine the angiogenic potential of these gas
transmitters; however, clinical research on these gas molecules
is not well established.

Because the concentration above physiological levels
produces toxic effects, it is important to understand the
biological effects and the concentration required to maintain
homeostasis. The release rates of gas from the donor molecule
can vary under in vitro and in vivo conditions, and it is difficult
to quantify release rates in in vivo models. Therefore,
controlled drug release within the in vivo model is still a
challenge, since the delivery of gas molecules with sudden
release or higher concentration entails various risks that cause
physiological effects. Future research is expected to focus on
developing biocompatible donor molecules with fewer by-
products or nontoxic byproducts. Furthermore, the researches
on using smart materials with stimuli-responsive potential are
the future prospects that need to be addressed for more
efficient delivery of the gasotransmitters in the coming years.
Extensive research and a better understanding of signaling
pathways will enable future researchers to conclude that gas-
transmitter-based therapeutics have a greater positive impact
on human health.
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