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Abstract

Recent studies have implicated endogenously produced H2S in the angiogenic process. On one 

hand, pharmacological inhibition and silencing of the enzymes involved in H2S synthesis attenuate 

the angiogenic properties of endothelial cells, including proliferation, migration and tube-like 

structure network formation. On the other hand, enhanced production of H2S by substrate 

supplementation or over-expression of H2S-producing enzymes leads to enhanced angiogenic 

responses in cultured endothelial cells. Importantly, H2S up-regulates expression of the key 

angiogenic factor vascular endothelial growth factor (VEGF) and contributes to the angiogenic 

signaling in response to VEGF. The signaling pathways mediating H2S-induced angiogenesis 

include mitogen-activated protein kinases, phosphoinositide-3 kinase, nitric oxide/cGMP-

regulated cascades and ATP-sensitive potassium channels. Endogenously produced H2S has also 

been shown to facilitate neovascularization in prototypical model systems in vivo, and to 

contribute to wound healing, post-ischemic angiogenesis in the heart and other tissues, as well as 

in tumor angiogenesis. Targeting of H2S synthesizing enzymes might offer novel therapeutic 

opportunities for angiogenesis-related diseases.

Graphical abstract

Address for correspondence: Andreas Papapetropoulos, PhD, Laboratory of Pharmacology, Faculty of Pharmacy, Panepistimiopolis, 
Zografou, Athens 15771, GREECE; tel:+30 210 7274786; fax:+30 210 7274747; apapapet@pharm.uoa.gr. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Pharmacol Res. Author manuscript; available in PMC 2017 November 01.

Published in final edited form as:
Pharmacol Res. 2016 November ; 113(Pt A): 175–185. doi:10.1016/j.phrs.2016.08.026.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Angiogenesis is a physiological process through which new blood vessels are formed from 

the existing vasculature [1, 2]. In healthy organisms, the rate at which new blood vessels are 

formed varies with biological age and differs between tissues [3]. Early in life during 

embryonic development, organisms exhibit rapid neovascularization [4]. In contrast, during 

adulthood the process is tightly controlled; endothelial cells in mature vessels cells are 

quiescent and have a long-half life [5]. Angiogenesis in adults is observed only in the 

context of a limited number of physiological responses and in selected tissues. New vessel 

growth is restricted to the endometrium during the menstrual cycle, as an adaptive response 

to exercise in skeletal muscle and in wound healing [3, 6]. Dysregulation of angiogenesis is 

associated with many pathophysiological conditions and diseases [3, 7]. On one hand, 

excessive or abnormal new blood vessel growth is seen in cancer, psoriasis, arthritis, 

endometriosis, inflammatory bowel disease and diabetic retinopathy [3, 7, 8]. On the other 

hand, impaired angiogenesis or vessel regression has been linked to neurodegenerative 

diseases, hair loss and preeclampsia [7, 9]. Given the wide array of conditions associated 

with aberrant angiogenesis, there has been a considerable interest in its physiological 

regulatory processes and in the opportunities for pharmacological modulation. Work in this 

field resulted in several drug approvals, mainly for malignancies and ocular diseases [10, 

11]. Further understanding of the basic mechanisms that regulate angiogenesis are expected 

to offer new targets with translational potential.

Hydrogen sulfide production

Hydrogen sulfide (H2S), is the newest member of the gasotransmitter family [12–14]. Once 

viewed exclusively as an environmental pollutant and toxicant, H2S is now recognized as an 

endogenous biological mediator with important roles in homeostasis, physiology and disease 

[15, 16]. H2S is ubiquitously present in mammalian cells and tissues and can be generated 

both through enzymatic and non-enzymatic pathways [16]. Three enzymes are known to be 

involved in catalytic reactions that yield H2S [17, 18]. Two of them, cystathionine beta 

synthase (CBS) [19] and cystathionine gamma lyase (CSE) [20] operate in the 

transsulfuration pathway, the conversion of methionine to cysteine, and require 

pyridoxal-5′-phosphate (PLP) as a cofactor. The third enzyme is 3-mercaptopyruvate 

sulfurtransferase (3-MST) and converts 3-mercaptopyruvate (3-MP) to H2S and pyruvate 
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[21, 22]. Although 3MST itself does not need PLP, generation of 3-MP by cysteine 

aminotransferase (CAT) is dependent on PLP for its activity.

H2S producing enzymes exhibit widespread tissue distribution [16]. CBS is viewed as the 

predominant H2S-producing enzyme in the nervous system, while CSE is believed to be the 

main enzyme in the cardiovascular system [12, 14]. With research in the field advancing and 

experimental tools improving, CBS was also shown to be expressed in vascular tissues, as 

well as the heart [23–25]. CSE is mainly a cytosolic enzyme that can translocate to the 

mitochondria in response to injurious stimuli its presence in liver mitochondria increases 

after hypoxia [26]. CBS is found in the mitochondria of normal and tumor cells [27, 28]. 

3MST appears in both the cytosolic and mitochondrial fractions of cells and is expressed in 

all tissues studied so far [18]. 3MST is the least studied enzyme, most likely because no 

pharmacological inhibitors are available [29]. All three H2S-producing enzymes have been 

demonstrated to be present in the endothelium [30–32]. Thus, they are well-positioned to 

influence the angiogenic properties of endothelial cells and modify responses to angiogenic 

factors. Moreover, H2S - similar to the other two gasotransmitters NO and CO - is a freely 

membrane permeable, diffusible molecule, not requiring transporter of carrier molecules to 

gain intracellular access [33]; therefore, H2S produced by neighboring cells can also act in a 

paracrine manner to affect angiogenesis.

In this brief review, we will focus on the role of endogenously produced H2S in the 

angiogenic process. H2S donors have been shown in a variety of models to promote 

angiogenic responses; readers interested in the effects of exogenously supplied H2S are 

referred to recent reviews [16, 34].

Hypoxia and H2S

Hypoxia is one of the most potent stimuli known to drive angiogenesis [35]. A drop in 

cellular oxygen tension stabilizes hypoxia inducible factor-1α (HIF-1α) through inhibition 

of prolyl-hydroxylase activity; lack of HIF-1α hydroxylation prevents recognition and 

ubiquitination by VHL E3 ubiquitin ligase that labels HIF-1α for degradation[35, 36]. 

HIF-1α can then dimerize with HIF-1β, and bind to HIF-responsive elements in the 

promoter region of hypoxia-regulated genes [37]; this leads to the expression of several 

angiogenesis-related factors, including VEGF [38].

Several observations have linked H2S bioavailability to changes in ambient oxygen 

concentration [39]. H2S reacts with O2, and in spite of the fact that this reaction occurs at 

slow rates, O2 can decrease H2S concentrations in tissues; highly oxygenated tissues might, 

thus, contain less H2S compared to tissues with lower O2 tensions [40–42]. Moreover, 

enzymatic pathways that utilize molecular O2, oxidize H2S in the mitochondria, converting 

it to thiosulfate and sulfate for subsequent excretion and limit its biological actions [17, 42]. 

Ischemia/hypoxia and the resulting intracellular acidosis have also been proposed to increase 

the release of H2S from acid labile pools (iron-sulfur clusters) [43]. Moreover, O2 has 

indirect effects on H2S; heme-containing proteins react with H2S at different rates depending 

on their redox status [42].
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Limited information is available about the effect of hypoxia on the expression of H2S-

generating enzymes in the cardiovascular system. HIF binding elements are present in the 

CBS promoter; hypoxia increased CBS levels in a HIF-dependent manner in cultured 

glioblastoma cells [44]. These results were extrapolated in vivo; rats exposed to hypobaric 

hypoxic exhibited increased CBS expression and activity in the cerebellum and cortex. 

Moreover, it was recently shown that chronic hypoxia increased tissue H2S levels and CSE 

activity in a mouse model of hind limb ischemia [45]. Increases in tissue H2S levels, albeit 

smaller, were also noted in CSE KO. In contrast, intermittent hypoxia decreased endothelial 

CSE expression in small mesenteric arteries [46].

Additional links between HIF-1 and H2S have been established. Flannigan and colleagues 

demonstrated that loss of CSE-derived H2S production decreased HIF-1α stability, 

indicating that endogenously generated H2S is important for HIF-1 signaling [47]. Indeed, 

administration of diallyl disulfide, an H2S-releasing molecule, stabilized HIF-1α expression 

and up-regulated hypoxia-responsive genes [47]. Similarly, in rat brain capillary endothelial 

cells incubation with a H2S donor, promoted an increase in HIF-1α and VEGF mRNA and 

protein levels, and enhanced HIF-1 DNA binding [48]. In cells treated with a H2S donor, 

angiogenic responses were linked to miR-640 down regulation and mediated by a VEGFR2/

mTOR/HIF-1α pathway [49]. However, it should be kept in mind that under certain 

conditions H2S donors have been shown to suppress HIF-1 [50]. Interestingly, Kevil's group 

reported that H2S enhanced HIF-1α activation in hypoxic conditions and this correlated with 

a significantly higher stimulation of proliferation compared to normoxic cells [51]. The 

same group reported that expression of HIF-1α in skeletal muscle tissue was elevated under 

ischemia in WT but not in CSE KO mice [51]. The above observations establish multiple 

interactions between H2S and HIF-regulated pathways and propose that a freed forward 

cycle between HIF and H2S might exist in angiogenesis (Fig.1).

Endothelial cell metabolism, bioenergetics and H2S

Mammalian cells under normal conditions generate ATP in an oxygen-dependent manner. 

We recently showed that endogenously produced H2S by CBS or 3MST can be used as an 

inorganic energy source that complements and balances the bioenergetic role of Krebs cycle-

derived electron donors [27, 52]. Interestingly, the normally cytosolic enzyme CSE can 

translocate from the cytosol to mitochondria during hypoxia, where L-cysteine levels are 3 

times higher than those of the cytosol, under stress-related conditions [26]. Moreover, CBS 

in the mitochondrial matrix is degraded by Lon protease in normoxic conditions [28]; 

lowering of O2 tension prevents CBS degradation, allowing CBS accumulation. H2S could 

be used to maintain electron flow and to sustain cellular bioenergetics during hypoxia (but 

not anoxia as oxygen has to be present to serve as the final elector acceptor) to meet the 

demands of rapidly dividing endothelial cells during angiogenesis. In comparison to other 

respiratory chain substrates sulfide's electron yield is low: two molecules of sulfide are 

needed to provide a pair of electrons [53]. Moreover, it is costly in terms of oxygen, due to 

the involvement of the sulfide oxidation unit; sulfide oxidation needs three times more 

oxygen for the same electron transfer through complexes III and IV [54]. Therefore, the 

energy yield per oxygen atom consumed for sulfide is low compared to NADH or FADH2. 
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However, sulfide is still an attractive alternative fuel as H2S is freely diffusible across 

membranes and does not require activation or conversion.

Endothelial cells exhibit considerable plasticity and can emerge from prolonged periods of 

quiescence to assume a rapidly proliferating phenotype during angiogenesis [5]. Although 

oxidative phosphorylation is a markedly more efficient mode of ATP generation than 

glycolysis, it has been recently proposed that endothelial cells heavily rely on glycolysis to 

cover their ATP needs [55]. Cultured endothelial cells have glycolytic rates that exceed 

glucose oxidation rates and fatty acid oxidation flux [56]. Silencing of the glycolytic enzyme 

6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) decreased endothelial 

cell proliferation and migration, while over expression of PFKFB3 accelerated the 

angiogenic properties of endothelial cells [57]. Moreover, knockdown or pharmacologic 

inhibition of PFKFB3 reduced vessel branching and outgrowth in vivo [55, 58]. Since 

endothelial cells appear to depend on glycolysis during neovascularization, it has been 

proposed that inhibition of PFKFB3 will only transiently and partially reduce glycolysis in 
vivo, inhibiting pathological angiogenesis, without affecting blood vessels throughout the 

body [58]. In line with its angiogenic effects and the link between glycolysis and 

angiogenesis, endogenously produced H2S was shown to stimulate the activity of another 

glycolytic enzyme, glyceraldehyde 3-phosphate dehydrogenase (GAPDH); GAPDH 

undergoes S-sulfhydration on the active site cysteine 150 and stimulates glycolytic flux [59, 

60]. Although evidence for the contrary (inhibition of GAPDH by H2S/persulfidation) has 

been presented [61], most studies have shown that H2S enhances the efficiency of glycolysis 

in cells [62, 63]. Future studies should aim to quantify the contribution of glycolysis 

enhancement to the angiogenic actions of H2S.

Effect of endogenous H2S on angiogenic properties of endothelial cells in 

vitro

Blood vessels can grow via sprouting, splitting of pre-existing structures through 

intussusception or by incorporation of circulating precursor cells [5, 64, 65]. During 

sprouting angiogenesis, pro-angiogenic growth factors stimulate the motility of endothelial 

cells. The endothelial cells at the leading edge of vascular sprouts are termed tip cells [66] 

and are characterized by long filopodia and high migratory activity [5, 67, 68]. Tip cells 

integrate environmental cues, guide the growth of the budding vessel and make new 

connections to secure functional integration of into a vascular network. Tip cells are 

followed by endothelial stalk cells that exhibit high proliferation rates, establish adherent/

tight junctions to provide stability for the new sprout and forming its lumen [5]. Up to now, 

there are no reports investigating the expression pattern of H2S-producing enzymes in tip 

and stalk cells, or the contribution, if any, of H2S in tip cell selection.

When studying the angiogenic potential of pharmacological agents and endogenous 

molecules in vitro, typically the effects on endothelial proliferation, migration and network 

formation are being examined, as these are viewed as “discrete” phases of the angiogenic 

response. Most angiogenic factors with the notable exception of transforming growth factor-

β1, are endothelial mitogens [69]. Several lines of evidence support the growth-promoting 
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properties of endogenously generated H2S in endothelial cells. Supplementation of L-

cysteine, the CBS/CSE substrate for H2S generation, increases endothelial cell growth in 

mouse microvascular endothelial cells [70]. The growth promoting effect of L-cysteine is 

abolished by propargyl glycine or CSE knockdown, suggesting that the effects of L-cysteine 

are CSE-dependent. Moreover, treatment of human endothelial cells with the dual CSE/CBS 

inhibitor aminooxyacetic acid [71] reduces their proliferation rate [31].

In line with the observations that the H2S substrate L-cysteine exerts mitogenic effects in 

endothelial cells, over expression of CSE in human umbilical vein endothelial cells resulted 

in an increase in 5-bromo-2'-deoxyuridine incorporation [72]. As has been described for 

other agents that enhance endothelial cell proliferation, H2S was reported to inhibit smooth 

muscle cell growth [73]. Similarly to what was seen with L-cysteine, endothelial cells grown 

in the presence of 3-MP, the 3MST substrate, exhibit higher growth rates [74]. On the other 

hand, silencing of 3-MST via short hairpin RNA (shRNA) lentiviral particles, resulted in a 

significant inhibition of ECs proliferation rate [74]. The above findings taken together 

provide strong evidence that H2S is an endogenous endothelial cell mitogen and indicate that 

the growth-promoting properties of H2S are independent of the enzymatic source of the 

gasotransmitter.

Endogenously generated H2S has also been demonstrated to drive endothelial cell migration 

in Boyden chamber-type and in scratch wound healing assays. 3-MP enhances endothelial 

migration and wound healing of cultured endothelial cells providing evidence for the pro-

angiogenic role of 3MST. In addition, L-cysteine promotes endothelial cell migration in a 

propargylglycine (PAG)-reversible manner, suggesting CSE involvement in this response 

[70, 74]. In scratch wound healing assays, HUVEC in which CBS expression was knocked 

down exhibited decreased migration and wound closure rates [31]. Moreover, 

pharmacological inhibition of H2S production (with PAG or β-cyanoalanine) reduced 

VEGF-induced migration in both human umbilical vein and tumor-derived endothelial cells 

[30, 75]. Similarly, knockdown experiments utilizing a small interfering RNA (siRNA) 

against CSE, resulted in an attenuated basal migratory response of endothelial cells, as well 

as reduced VEGF-stimulated motility [30, 70]. Hypoxia-stimulated migration was also 

found to be dependent on CSE as silencing its expression reduce migration [76].

The Matrigel® assay and the ring angiogenesis assay represent two of the most widespread 

models used to evaluate the ability of endothelial cells to form tube-like structures and 

networks, in vitro. Saha and colleagues showed that cells in which CBS expression was 

reduced by siRNA, formed less extensive networks on Matrigel® [31]. Aortic rings from 

CSE KO mice and aortic rings from rats in which CSE was silenced generated fewer tube-

like structures when embedded in fibrin or collagen gels in vitro [70, 72]. In addition, 

adenovirus-mediated CSE gene transfer resulted in increased basal and VEGF-stimulated 

vascular outgrowths in vitro [70]. Similarly to what was observed with proliferation and 

migration, incubation of cells with 3-MP [74] or L-cysteine [70] increased the neovessel 

growth in the ring angiogenesis assay in vitro.

Based on the above, H2S derived from CSE, CBS or 3MST promote the expressing of an 

angiogenic phenotype by endothelial cells. The overlap in function of these three enzymes 
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might be due to diffusible nature of their product (H2S), along with their similar pattern of 

sub-cellular distribution. Reports are begging to emerge on the role of H2S on progenitor 

cell function. t CSE inhibition or silencing reduces tube length of endothelial progenitor 

cells (EPC) on Matrigel® and inhibits EPC adhesion to the matrix [77]. Moreover, the 

number of circulating and homed EPCs were significantly reduced in CSE KO mice 

following an ischemic challenge, proving further evidence for a role of H2S in EPC biology 

[45]. Clearly, additional studies are needed to fully elucidate the impact of H2S on EPC 

behavior.

Interplay between H2S and angiogenic factors

VEGF plays a crucial role in angiogenic responses, both under normal and 

pathophysiological conditions [3, 8, 9]. As already mentioned in the previous section, 

VEGF-stimulated angiogenic properties of endothelial cells can be inhibited by the CSE 

inhibitor PAG or CSE silencing [30, 70, 78]. This observation suggests that incubation of 

endothelial cells with VEGF promotes H2S synthesis. Indeed, incubation of human EC with 

VEGF leads to increase output of H2S [30]. Although the mechanism through which this 

occurs has not been studied in detail, it was proposed to be mediated by a calcium/

calmodulin-dependent activation of CSE [70] (Fig.1). However, the reverse effect has also 

been observed. Adenovirus-mediated triple gene transfer of CBS, CSE and 3MST was found 

to increase VEGF expression and to diminish the levels of the anti-angiogenic factor 

endostatin [79]. These findings (i.e. enhanced VEGF production after H2S stimulation) have 

also been reproduced using various classes of H2S donors [80–82]. The above data suggest 

that H2S is a downstream effector of VEGF signaling, but can also exist upstream of VEGF, 

depending on the conditions/model studied.

VEGF binding to VEGFR2 causes it to homodimerize, leading to transautophosphorylation 

of a series of tyrosine residues, including Tyr951, Tyr996, Tyr1054, Tyr1059, Tyr1175, and 

Tyr1214 [83]. Tao and colleagues identified a disulfide bond between Cys1045 and Cys1024 

of VEGFR2 that alters the active conformation of the receptor, inhibiting its activity [76] 

(Fig.2). Nucleophilic attack of the disulfide bond by H2S leads to a disulfide reduction and 

boosts VEGFR2 tyrosine kinase activity [76] (Fig.1). Although the authors reported that 

CSE co-localized at sub-cellular areas at the membrane of vascular endothelial cells with 

VEGFR2, reduction of the Cys1045-Cys1024 disulfide bond has only been demonstrated 

with H2S donors.

In a recent study, silencing CBS in endothelial cells compromised the phenotypic and 

signaling responses to VEGF that were due to decreased transcription of VEGFR2 and 

neuropilin (NRP)-1 (Fig.1). Silencing of CBS resulted in transcriptional down-regulation of 

VEGFR2 and NRP-1 that was mediated by a decreased stability of the transcription factor 

specificity protein 1 (Sp1) [31]. Sp1 reduced stability was triggered by lack of sulfhydration 

on Cys68 and Cys755 that occurred in cells in which CBS had been silenced. H2S donor 

administration in CBS-silenced ECs restored the levels of Sp1 and its binding to the 

VEGFR2 promoter, as well as functional VEGF responses (proliferation, and migration 

phenotypes). Thus, maintaining endogenous H2S levels is crucial for preserving VEGF-

responsiveness.
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To summarize the interactions between H2S and VEGF evidence has been presented to show 

that i) H2S increases after acute exposure of EC to VEGF, ii) prolonged exposure to 

increased H2S concentrations up regulates VEGF expression iii) H2S aids VEGFR2 in 

expressing increased activity by assuming a more activity conformation and maintains its 

expression levels.

Considerably less information is available regarding the interaction between H2S and other 

growth factors. Basic fibroblast growth factor (bFGF) is another factor that is crucial for new 

blood vessels to form [2]. Inhibition of H2S by PAG did not reduce FGF-stimulated 

migration, suggesting that the actions of this angiogenic factor are H2S-independent [30, 

70]. Although H2S might not be required for bFGF angiogenic signaling, H2S up regulates 

bFGF levels in vivo. bFGF along with VEGF and interleukin-16 were increased following 

hind limb ischemia in wild-type mice; this response was reduced in CSE KO animals [45]. 

Recent reports showed that H2S reduced angiopoietin-2 production but none of them studied 

this effect in the context of angiogenesis [84, 85]. The potential role of H2S in angiogenic 

signaling of other key growth factors, including the angiopoietins and Notch remains to be 

tested in future studies.

H2S signaling in angiogenesis: downstream mediators

Several studies have investigated the cellular signaling pathways, which regulate the 

proangiogenic effect of H2S. Exogenously added H2S promotes the phosphorylation of Akt, 

ERK1/2 and p38 [30, 72, 86]. The contribution of endogenous H2S in the activation of 

MAPK cascades was demonstrated using VEGF; stimulation of cells with VEGF promoted 

ERK1/2 and p38 phosphorylation that could be blocked by pharmacological inhibitors or 

silencing of CSE [30]. ATP-sensitive potassium channels (KATP), a major mediator of the 

effects of H2S, were shown to lie upstream of p38 [30]. In line with these findings, direct 

KATP, channel openers also promote angiogenesis [30, 87].

Treatment of tissues or cells with inhibitors of H2S synthesis, CSE gene deletion or silencing 

results in decreased cGMP levels [88, 89], while over expression of CSE increases cGMP 

[88]. The ability of H2S to up regulate cGMP levels is, at least in part, due to the direct 

inhibition of PDE activity by H2S [70, 88] (Fig.2). Moreover, H2S converts sGC to its 

ferrous, NO-responsive form and further increases cGMP [90]. Furthermore, H2S production 

also activates the phosphoinositide 3-kinase (PI3K)/serine/threonine kinase (Akt) pathway, 

leading to endothelial nitric oxide synthase (eNOS) phosphorylation and eNOS activation 

[70, 72, 91]. PI3-K/Akt activation might result from the ability of H2S to inhibit the lipid 

phosphatase and tensin homolog (PTEN)[92]. H2S has also been shown to increase eNOS 

activity by promoting its dimerization [93] (Fig.2). The increase in NO production, along 

with the inhibition of cGMP breakdown allows for significant elevations in intracellular 

cGMP in vascular endothelium [70]. As expected, endothelial cells incubated with L-

cysteine exhibit enhanced VASP phosphorylation on Ser239, proving proof that 

endogenously generated H2S activates the cGMP/PKG axis [70]. cGMP accumulation, in 

turn, activates protein kinase G (PKG) stimulating the angiogenic properties of endothelial 

cells [70] (Fig.2).
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The proangiogenic effect of 3-MP/3MST/H2S pathway is also associated with the activation 

of Akt and PKG. 3-MP stimulates Akt phosphorylation on its activating site (Ser473). 

Similarly, 3-MST silencing results in lower levels of Akt and vasodilator-stimulated 

phosphoprotein phosphorylation [74]. Based on the above observations, the concerted action 

of NO and H2S is believed to be crucial for the angiogenic response. Inhibition of NO 

blocks the proliferation, migration and tube-structure formation [70, 72], while inhibiting 

H2S abolishes the NO-stimulated angiogenesis [70, 72].

Pharmacological agents that promote angiogenesis through endogenous 

H2S

In this section we will refer to pharmacologically active compounds that modify angiogenic 

responses by modulating endogenous H2S. Zofenopril, an SH-containing inhibitor of the 

angiotensin converting enzyme, was recently demonstrated to up regulate CSE in the 

cardiovascular system without affecting CBS and 3MST levels [23]. In a follow up study, 

Terzuoli et al reported that the zofenoprilat-induced angiogenic properties of endothelial 

cells were attenuated by CSE inhibition or silencing [94]. Similarly, PAG administration 

reduced neovascularization in the Matrigel® plug assay in vivo [94]. The molecular 

mechanisms underlying zofenopril-induced angiogenesis were dependent on Akt, eNOS and 

ERK1/2 cascades, in line with what is known about mediators of H2S-triggered angiogenic 

signaling.

S-propargyl-l-cysteine (SPRC) is a H2S donor that also increases CSE levels [95]. Recent 

findings show that SPRC increased HUVECs proliferation and in vitro angiogenesis in a 

PAG-inhibitable manner [96]. Results from in vivo studies using SPRC provided additional 

evidence for its CSE-mediated effects, as PAG inhibited angiogenesis in an Matrigel® plug 

model [96]. Since other H2S donors have been shown to increase CSE expression under 

certain conditions [97], it is possible that endogenous H2S contributes to the angiogenic 

effects of some H2S donors. It should also be mentioned that NO donors require the 

presence of endogenous H2S to exert their angiogenic effects. CSE silencing resulted in the 

blockade of NO-induced proliferation, migration and in in vitro aortic ring angiogenesis 

[70]. Based on what is known about the mechanism of action of H2S, we predict that 

additional pharmacological agents that target cGMP-regulated pathways and promote 

angiogenesis (e.g. PDE inhibitors, sGC activators/stimulators, natriuretic peptides) could 

interact with endogenously produced H2S to regulate new blood vessel formation.

Effect of endogenous H2S on angiogenic properties of endothelial cells in 

vivo

CSE KO mice do not display a major cardiovascular phenotype, apart from a mild 

hypertension [98]. Although extensively used in the literature for almost a decade, there are 

no reports describing developmental angiogenic defects or alterations in vascular structure or 

density in the organs of these animals. However, as discussed above, vessels isolated from 

CSE KO animals show reduced responsiveness to VEGF in in vitro assays. On the other 

hand, very limited information on the 3MST KO mice is available, with no studies 
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evaluating their cardiovascular phenotype [99]. In contrast, CBS KO mice exhibit a severe 

phenotype that results in reduced lifespan [100]. CBS heterozygotes are used in most 

studies; loss of just one CBS allele results in mild hypehomocysteinemia causing endothelial 

dysfunction [101] and vascular complications [102]. In a hind limb ischemia model, Bosch-

Marcé and colleagues observed that arteriogenesis/angiogenesis was reduced in CBS+/− 

animals; angiogenesis was inversely related to plasma levels of homocysteine [103]. The 

observed impairment, was not dependent on reduced expression of VEGF or impaired 

phosphorylation of its receptor Flk-1, but was rather attributed to impaired Akt 

phosphorylation associated with hyperhomocysteinemia.

The first in vivo model in which the role of CSE-derived H2S was investigated was the 

chicken chorioallantoic membrane (CAM). Treatment of CAMs with the H2S synthesis 

inhibitors PAG and β-Cyano-L-alanine (BCA) lead to reduced vessel length and branching 

[30] (Fig.3). The effect of PAG and BCA was reversed following addition of NaHS. 

Although the CAM is a widely used model and in most cases accurately predicts the 

angiogenic potential of the tested agents, it is a developmental model of angiogenesis in a 

non-mammalian organism. To further investigate the contribution of endogenous H2S in new 

blood vessel formation and to extend the in vitro findings that H2S is required for VEGF-

stimulated proliferation, migration and network formation, we employed the Matrigel® plug 

assay. In these experiments reduced Matrigel® plugs were implanted into mice that received 

water for injection or PAG for 15days. Some of the xenografted plugs contained VEGF to 

drive the angiogenic response, while others contained vehicle. At the end of the experiment 

plugs were removed and angiogenesis was assessed by measuring hemoglobin content, as an 

index of vascularization (Fig.4). We observed that VEGF stimulates vessel ingrowth in the 

Matrigel® plugs and that PAG administration reduced both basal and VEGF-stimulated 

angiogenesis. In agreement with the angiogenic properties of CSE-derived H2S, 3-MP 

administration to enhance production of H2S by 3MST lead to an increase in 

neovascularization of Matrigel ®plugs implanted in mice [74].

The role of endogenous H2S has also been studied in a number of pathophysiological 

conditions associated with angiogenesis, including wound healing, critical limb ischemia 

and cancer [30, 45, 70]. Burn wounds in CSE KO mice healed at a slower rate compared to 

those of wild-type control mice [30]. Moreover, administration of 3-MP to boost the 3MST-

derived H2S facilitated wound closure in a burn wound model in rats [74]. Wound skin 

capillary densities were reduced in db/db animals which received the CSE inhibitor PAG; 

these animals exhibited reduced wound-closure rates [77]. In the only study to address the 

role of H2S in retinal neovascularization, mice were maintained in 70% oxygen from 

postnatal day P7 to P12 and room air from P12 to P17. It was observed that this treatment 

resulted in up regulation of CSE [104]. Moreover, CSE KO exhibited a 19% reduction in 

retinal neovascularization and a 31% increase in vaso-obliteration compared to 

heterozygotes during oxygen-induced retinopathy. Similarly, inhibition of CSE/CBS by 

aminooxyacetic acid (AOAA) decreased retinal retinal neovascularization, while 

accelerating vaso-obliteration. These results indicated that the CSE is critically involved in 

the development of pathological retinal neovascularization during retinal ischemia.
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In a femoral artery ligation study, arteriogenesis was inhibited in the absence of CSE. 

Mature vessel density, angiogenic indices and blood flow were significantly reduced in CSE 

KO mice compared with WT mice with femoral artery ligation [45]; administration of 

diallyl disulfide restored these parameters. In line with this notion, patients with critical limb 

ischemia exhibit reduced levels of all three H2S generating enzymes and attenuated H2S 

bioavailability accompanied by increased oxidative stress [105]. Mechanistically, H2S-

stimulated angiogenesis is heavily dependent on the presence of eNOS/NO in wound 

healing, ischemia-driven angiogenesis and in Matrigel® plug neovessel growth [45, 51, 70].

Tumor angiogenesis is an area with significant translational implications. It is, thus, not 

surprising that production of H2S has been studied by several laboratories in the context of 

cancer [27, 106–111]. Endogenous H2S levels were found to be increased in VHL-deficient 

clear cell renal cell carcinoma (ccRCC) cell lines. Inhibition of endogenous H2S production 

in the CAM decreased vascularization of ccRCC xenografts [112]. We have previously 

demonstrated that CBS, but not CSE or 3MST, is over expressed in human colon 

adenocarcinomas and colon cancer-derived epithelial cell lines (HCT116, HT- 29, LoVo), 

resulting in increased H2S production [27]. CBS silencing in HCT116 resulted in reduced 

tumor growth. Moreover, pharmacological inhibition of CSE/CBS by AOAA reduced the 

growth of patient-derived tumor xenotransplants and HCT116 tumors. Tumors from AOAA-

treated mice also exhibited reduced vessel density [27], suggesting a significant role of 

endogenous H2S in tumor angiogenesis. CBS expression, was also found increased primary 

epithelial ovarian cancer and ovarian cancer cell lines; CBS down regulation via siRNA or 

inhibition of its activity by AOAA impairs proliferation and viability of cancer cells in vitro 
[106]. Silencing CBS in a cisplatin-resistant orthotopic ovarian cancer model reduced nodule 

formation, sensitized tumor cells to cisplatin and inhibited angiogenesis [106]. Taken 

together, the studies in colon and ovarian cancer cells clearly establish CBS-produced H2S 

as a novel, endogenous, regulator of tumor progression and angiogenesis [113].

Conclusions and perspective

The evidence presented above shows that H2S derived from CSE, CBS or 3-MST, stimulates 

the angiogenic properties of endothelial cells. MAPK pathways and NO are the main 

mediators of the H2S-induced angiogenesis. In addition, endogenously produced H2S 

contributes to angiogenesis during development in vivo, as well as angiogenic responses that 

accompany wound healing and tumor growth, pointing towards translational opportunities. 

In spite of the compelling evidence in the literature for the role of endogenously generated 

H2S in new blood vessel formation, a multitude of questions regarding the regulation and 

biology of H2S in the context of angiogenesis remain unanswered. In growing, maturing and 

quiescent vessels, what cell type and which H2S-producing enzyme is the major source of 

H2S? Does H2S contribute to inflammation-associated angiogenesis? How are H2S signaling 

pathways integrated in vivo in the different settings where angiogenesis occurs? How does 

H2S impact on the endothelial metabolome and how does that contribute to its angiogenic 

properties? Can H2S be used to stimulate therapeutic angiogenesis? In addition to cancer, 

what other diseases related to angiogenesis can benefit from inhibition of H2S production? 

These questions and many more, some of which are mentioned in the sections above, await 

answers. Gaining more knowledge on H2S in angiogenesis will not only satisfy scientific 
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curiosity, but will only increase the odds of successful translation of basic science findings 

into clinical applications.
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Figure 1. Proposed interactions between VEGF and H2S
VEGF binding to VEGFR2 causes enhanced H2S production presumably by activating CSE 

in a calcium-dependent manner. Nucleophilic attack of the disulfide bond between Cys 

1045-1024 by H2S leads to a disulfide reduction and boosts VEGFR2 tyrosine kinase 

activity. H2S generated by CBS increases the stability and transcriptional activity of Sp1, 

enhancing VEGFR2 transcription. H2S causes an increase in HIF-1α levels, DNA binding 

and transcriptional activity. VEGFR2 (vascular endothelial growth factor receptor 2); VEGF 

(vascular endothelial growth factor); CSE (cystathionine-γ lyase); CBS (cystathionine-β 
synthase); HIF (hypoxia inducible factor); HRE (hypoxia response element); Sp1 

(specificity protein 1); H2S (hydrogen sulfide)
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Figure 2. Interactions of H2S and NO in angiogenesis
NO activates sGC to increase cGMP levels, while H2S both facilitates cGMP production (by 

activating eNOS and keeping the sGC in a reduced NO-responsive state) and prevents cGMP 

breakdown by inhibiting PDE. This allows cGMP to reach the threshold levels required to 

trigger PKG angiogenic signaling. H2S also promotes eNOS dimerization through eNOS 

persulfidation. PI3K (phosphoinositide 3-kinase); Akt (protein kinase B); PTEN 

(phosphatase and tensin homolog); 3,4,5 InsP3 (phosphatidylinositol-3,4,5-trisphosphate); 

4,5 InsP2 (phosphatidylinositol-4,5-bisphosphate); eNOS (endothelial nitric oxide synthase); 

sGC (soluble guanylate cyclase); cGMP (cyclic guanosine monophosphate); GMP 

(guanosine monophosphate); PDE (phosphodiesterase); PKG (cGMP-dependent protein 

kinase), NO (nitric oxide); H2S (hydrogen sulfide)
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Figure 3. 
Representative photomicrographs of chorioallantoic membranes incubated with vehicle 

(control), PAG or BCA. A clear reduction in the vascular network is seen when CSE is 

inhibited (magnification × 2,5).
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Figure 4. PAG inhibits VEGF-stimulated angiogenesis in vivo
C57BL/6 male mice 10–12 weeks old mice were randomized in 4 groups (4 mice/group): 1. 

CONTROL: 100μl water for injection (WFI) intra-peritoneally (i.p.) for 15 days, 2. PAG: 

100μl of 50mg/kg in WFI PAG i.p. for 15 days, 3. VEGF:100μl WFI i.p. for 15 days and 

4.PAG+VEGF: 100μl of 50mg/kg in WFI PAG i.p. for 15 days. The first day, mice were 

anesthetized by a 1–2 min exposure to isoflurane and 400μl 50:50 Matrigel® Matrix: 1xPBS 

with or without VEGF(100ng/ml) was infused subcutaneously. Mice were sacrificed 16 days 

after Matrigel® injection. (A) Macroscopic appearance and vessel infiltration in Matrigel 

plugs (B) Hemoglobin content in μg/mg *p<0.05 vs Control, ***p<0.01 vs Control, #p<0.05 

vs VEGF. (C) Immunostaining for the expression of endothelial cell marker CD31 staining 

in 5μm sections of Matrigel® plugs. 40X magnification.
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