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ABSTRACT: Soluble guanylate cyclase (sGC) is the human receptor of nitric oxide (NO) in 
numerous kinds of cells and produces the second messenger cGMP upon NO binding to its 
heme. sGC is involved in many cell signaling pathways both in healthy conditions and in 
pathological conditions, such as angiogenesis associated with tumor growth. Addressing the 
selective inhibition of the NO/cGMP pathway is a strategy worthwhile to be investigated for 
slowing down tumoral angiogenesis or for curing vasoplegia. However sGC inhibitors are 
lacking to investigation. We have explored a chemical library of various natural compounds 
and have discovered inhibitors of sGC. The selected compounds were evaluated for their 
inhibition of purified sGC in vitro and sGC in endothelial cells. Six natural compounds, from 
various organisms, have IC50 in the range 0.2 – 1.5 µM for inhibiting the NO-activated 
synthesis of cGMP by sGC and selected compounds exhibit a quantified anti-angiogenic 
activity using an endothelial cell line. These sGC inhibitors can be used directly as tools to 
investigate angiogenesis and cell signaling, or as templates for drug design. 
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 Soluble guanylate cyclase (sGC), the human receptor of nitric oxide (NO),1-3 catalyzes the 

formation of the second messenger cGMP from GTP after activation by the binding of NO to 

its heme. sGC is located in many organs (such as heart, lung, kidney, intestine endothelium, 

aortic endothelium) and the NO/sGC/cGMP signaling pathway is involved in a wide variety 

of regulation processes, including: regulation of blood pressure through vasodilation,4,5 

immune response,6 platelet aggregation,7 communication between neurons8 and lipolysis.9 

sGC also controls processes which determine the cell fate: proliferation and differentiation of 

cells,10 apoptosis,11 signaling in angiogenesis linked to tumor cell proliferation.12 The 

selective inhibition or activation of the NO/sGC/cGMP pathway has major effects and 

therefore constitutes pathological and therapeutic issues.13-15 For curing cardiovascular 

diseases, in particular pulmonary hypertension, sGC activators were developed in the last two 

decades,14,16 based on the molecule YC-117 as a template, the very first compound discovered 

which is active on this allosteric18 enzyme. The two subunits of sGC each possess a catalytic 

domain and a H-NOX domain19 and the NO-independent activators bind to an allosteric site 

located in the β1 H-NOX sensing domain20,21 which also harbours the unique heme. 

 The NO-cGMP pathway exhibits a paradoxical role in cancer since it is involved in 

several physiological processes. First, the differential expression of the sGC subunits 

(together with NOS-1 and PKG) has been evidenced in various human cancer models 

compared with respective normal tissues.22-25 Subunits sGCα1 and sGCβ1 are less expressed 

in brain, lung and breast cancers, but sGCα1 is more expressed in prostate and ovarian 

cancers, while sGCβ1 is increased in lymphoma, ovarian and head cancers.24 Over-expression 

of sGCα1 and sGCβ1 in particular breast cancer cells suppressed cell proliferation, induced 

apoptosis and reduced tumor volume and growth in mice with tumor cells xenografts.25 In this 

case, the activation of NO-cGMP signaling pathway by targetting sGC and PDE was shown to 

inhibit the growth of various cancer cell lines. In human glioma tissues, the restoration of sGC 

expression, genetically or pharmacologically, significantly inhibited glioma growth.24

 Secondly, activation of sGC is also involved in resistance to apoptosis in melanoma,26 

ovarian,27 prostate28 and other types of tumor cells.29,30 In particular, NO/sGC/cGMP 

signaling mediates angiogenesis linked to tumor growth31 in endothelial cells32 and the 

inhibition of sGC blocks the neovascularization and vessels growth,33 whereas its activation 

promotes endothelial cells proliferation. Furthermore, inhibitors of endothelial NO-synthase 

induce the decrease of number and length of newly formed vessels in endothelial cell 

lines.34,35 Activation of sGC by NO activates the kinase PKG-Iα which prevents spontaneous 

apoptosis and promotes proliferation of many types of cells.11,27,36 Whether slowing down 
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tumor progression by targetting the NO-cGMP pathway must involve its activation or its 

inhibition strongly depends on the target: diretcly tumor cells or endothelial cells to stop 

associated angiogenesis. For slowing down tumoral angiogenesis, the selective inhibition of 

the NO/cGMP pathway constitutes a possible strategy. 

 Beside cancer and apoptosis, sGC is also involved in other pathological states such as 

vasoplegia37 and Parkinson's disease,38 pathologies which can gain benefits from sGC 

inhibitors. Attempts to control the pathological states described above could be performed by 

targeting sGC, but no efficient allosteric inhibitor exits so far. The most used inhibitors of 

sGC are ODQ (1-H(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-one)39,40 and its analogue NS-202841 

which are non-competitive. They oxidize the heme and irreversibly damage the enzyme, are 

non specific and also target NO-synthase.42 Calmidazolium43 and an artificial compound44 

were reported to inhibit full-length sGC in vitro but with a rather high IC50, in the range 10 – 

30 µM. 

 Here, we aimed at discovering sGC inhibitors by screening a library of very diverse 

natural compounds. We also evaluated the inhibition of sGC by hypericin, a 

naphthodianthrone pigment from the plant Hypericium perforatum (St John's Wort). We have 

previously shown that hypericin decreases cellular cGMP level in cardiomyocytes45 and 

assigned its activity to sGC inhibition, but it was never assayed in vitro on purified sGC so 

far. All selected compounds were evaluated for their inhibition of sGC both in vitro and in 

cells (HUVEC) and four tested compounds exhibit a quantified anti-angiogenic activity using 

an endothelial cell line. They could either be used directly as tools or serve as templates for 

drug design, as discussed below. 

 

RESULTS 

 
 Searching sGC Inhibitors Among Natural Compounds. We have first screened a 

library containing 320 natural compounds extracted from plants and fungi which was chosen 

because of its broad diversity of chemicals (alkaloids, polyphenols, terpenoids and 

macrocycles). All compounds were first tested at a concentration of 20 µM by measuring the 

cGMP production from GTP in the presence of the NO-donor nitroprusside (Supporting 

Figure S1). From this initial screening we found six compounds which fully inhibited purified 

sGC at 20 µM. This number of hits was favored by the chemical diversity of preselected 

compounds in the library. We did not find any compound which increases cGMP production 

in these conditions, in extenso, which activates sGC in synergy with NO. These compounds 
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from various organisms are listed in Table 1 and depicted in Figure 1, together with hypericin 

(1) and hypocrellin A (2). 

 All compounds contain aromatic rings and hydroxyl groups. Stictic acid (3) is extracted 

from the antarctic lichen46 Parmeliaceae Parmelia and violastyrene (4), a dimethoxy 

derivative, comes from heartwood of Fabaceae Dalbergia miscolobium. Compounds 5 and 6 

are extracted respectively from Pseudomonas putida and from the skin of Polyporaceae 

Fomes fomentarius. Compounds 7 and 8 are 2,3,5,8-tetrahydroxy-1,4-naphthoquinone 

derivatives from sea urchins.47 6 and 8 contain halogene substituents (Br and Cl). 

Furthermore, we found analogues of 4 which also partly inhibit sGC (Supporting Figure S2, 

compounds 9 – 14), and contain more hydroxyl and acetyl groups than 4 (Supporting Figure 

S3) whose position with respect to aromatic rings modulate the inhibitory effect. 

 

 
Figure 1. Structure of the discovered sGC inhibitors. (1) hypericin. (2) hypocrellin A. (3) stictic acid. 
(4) violastyrene [2,5-dimethoxy-4-(3-phenylpropenyl)phenol], (5) 2-hydroxy-3,5,8-triaceto-1,4-
naphthoquinone (HTANQ). (6) 3,6-dibromo-purpurogallin (DBPG), (7). 2,3,5,8-
tetrahydroxynaphthalene-1,4-dione (spinazarin; Ambinter 537501). (8) 6-chloro-2,3,5,8-
tetrahydroxynaphthalene-1,4-dione (chloro-spinazarin; Ambinter 537686). 
 

 Effect of Selected Compounds on Purified sGC Activity and in Endothelial Cells. We 

measured the inhibition constants (IC50) of compounds 1 – 8 in the presence of NO, the 

natural activator of sGC. The catalytic activity was measured by immunoenzymatic assay 

both in vitro with purified protein and in vivo on cultured HUVEC cells. Purified sGC could 

be fully inhibited by the eight compounds (Figure 2 and Table 1) with constants IC50 in the 
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range 0.2 – 1.5 µM for compounds 1 to 6 whereas the two naphtoquinone derivatives 7 and 8 

disclose a slightly larger IC50 (3 – 5 µM). 
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Figure 2. Inhibition of purified sGC and sGC in HUVEC by the natural compounds 1 and 2 (A) and 3 
– 6 (B). The curves were normalized to sGC activity in the absence of inhibitor, which was measured 
independently for each curve. For HUVEC measurements, the curves were normalized to the density of 
cells (5.6 × 105 cells/mL). The amount of synthesized cGMP was measured in the presence of the NO-
donor nitroprusside (300 µM). Full activity is not the same for purified sGC and in HUVEC due to 
different sGC concentrations. Note that for HUVEC the baseline at high inhibitor concentration is not 
zero because the cells already contain cGMP produced during their growth. For concentration > 1 µM,  
p ≤ 0.001. 
 

 In the case of HUVEC the assay curves did not reach the zero baseline as the 

concentration of compounds is increased, demonstrating that their cytosol contains internal 

cGMP prior to activation of sGC during the assay. Comparing purified sGC and HUVEC, the 

IC50 evolved differently among inhibitors. Compounds 1 and 2 have similar inhibition 

constants (IC50 = 0.7 µM and IC50 = 1.5 µM) in HUVEC and with purified sGC (Figure 2A 

and Table 1). This similarity is readily explained by the ability of compounds 1 and 2 to easily 

insert into the cell membrane due to both hydrophobic and hydrophilic hydroxylated groups. 

Although 1 and 2 may accumulate in cytoplasmic membranes such as the endoplasmic 

reticulum48 and in mitochondria,49 they can easily reach sGC located in cytosol of endothelial 

cells. Indeed, the action of hypericin derivatives is coupled with their liposolubility.48 

Contrarily, 3 – 6 required a larger concentration for sGC inhibition in cells (Table 1) due to 

lower ability to pass through the cell membrane. One must note that the concentration of 

inhibitors is certainly not the same in the cytosol as that initially put in the growth medium 
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and is necessarily lower. Compound 6 did not have effect on HUVEC sGC up to 100 µM. The 

most plausible reason is a sequestration or adsorption of 6 on the cell membrane, precluding 

its diffusion into the cytosol. Possibly, the presence of two Br atoms in 6 precludes its 

insertion through the cell membrane. 

 

Table 1. Inhibition constants for NO-activated sGC and origin of natural compounds. 

IC50  (µM) 
Compound 

Purified sGC HUVEC 
Organism 

1 Hypericin 0.2 ± 0.03 0.7 ± 0.05 Plant Hypericium perforatum 
2 Hypocrellin A 1.5 ± 0.20 1.5 ± 0.1 Fungus Hypocrella bambuase 
3 Stictic acid 0.2 ± 0.05 47 ± 5 Lichen Parmeliaceae Parmelia 
4 Violastyrene 0.8 ± 0.05 16 ± 3 Plant Dalbergia miscolobium 
5 HTANQ 0.2 ± 0.05 28 ± 2 Bacteria Pseudomonas putida 
6 DBPG 0.7 ± 0.04 > 200 Fungus Fomes fomentariu 
7 Spinazarin 5 ± 0.5 10 ± 2 Echinodermata Scaphechinus mirabilis 
8 Chloro-spinazarin 3 ± 0.5 13 ± 2 Echinodermata Sea urchins 

For HUVEC the concentration is that put in the growth medium, not that in the cytosol. 
 

 We have further identified two compounds whose structures are based on naphtalene and 

were selected from their similarity with 5 (Figure 1). Compounds 7 and 8 possess hydroxyls 

replacing the ester groups present in 5 to which their inhibitory action on purified sGC and in 

HUVEC was compared (Figure 3). Compounds 7 and 8 inhibit sGC with half maximal 

concentrations IC50(7) = 5 µM and IC50(8) = 3 µM higher than that of 5 (0.2 µM) on purified 

sGC. However they appeared more efficient than 5 in HUVEC cells with IC50 = 10, 13 and 28 

µM respectively (Figure 3B and Table 1). We assigned the more efficient sGC inhibition in 

HUVEC by 7 and 8 compared to 5 to their better ability to insert through the cell membrane 

due to the absence of ester groups which are replaced with hydroxyls. Altenatively, cellular 

esterases could cleave the ester groups of 5 whose structure then becomes similar to that of 7, 

which is has a lower inhibitory activity. The IC50 values for 7 and 8 were not changed in the 

absence of NO in HUVEC cells. We infer that no competition takes place for the heme 

binding site of NO. 
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Figure 3. Inhibition of purified sGC activity in vitro (A) and sGC in HUVEC (B) by compounds 7 and 
8. In HUVEC the activity was measured in the presence and absence of the NO-donor nitroprusside 
(300 µM) during the assay. The density of cells was 4 × 104 cells/mL. Volume of DMSO added 10 µL. 
The respective IC50 were calculated from the fit of data to a sigmoid curve. Incubation time of cells 
with inhibitors 7 and 8 was 48 h. Incubation with HUVEC performed at 37 °C with CO2 in the dark. 
The control for all experiment with cells was 1 % DMSO only in the growth medium, which did not 
inhibit the formation of cGMP. For concentration ≥ 5 µM in A and ≥ 10 µM in B,  p ≤ 0.001. 
 

 Cross-Effect of NO with Inhibitors on sGC Activity in HUVEC. We compared the 

effect of the inhibitors in the presence and absence of NO on sGC activity in cells, verifying 

whether they are NO-dependent or independent (Figure 3 and 4). We must note that purified 

sGC cannot be activated in vitro without either NO or an artificial activator (such as BAY-

412272). Inhibitors 1 and 2 were slightly influenced by NO with a two-fold decrease of IC50 

to 0.4 µM and 0.8 µM respectively in the absence of NO (Figure 4A), whereas 3 – 5 were not 

influenced by the presence of NO (Figure 4B). For the five compounds, the basal level of 

cGMP production (in the range 1 – 5 picomoles/mL) increased with increasing IC50. This 

level represents cGMP produced during growth of cells, including the period of incubation 

with inhibitors, but not that produced during the assay which provides external GTP and NO. 

Inhibitors 1 – 5 do not compete with NO binding to the heme and do not interfere by attacking 

NO, a behavior compatible with an allosteric inhibition, locking sGC in the inactivated state. 
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Figure 4. Effect of absence of NO on the inhibition of sGC in HUVEC by compounds 1 – 5. The NO-
donor nitroprusside (300 µM) was present or absent in the assay buffer. Density of cells is 5.6 × 105 
cells/mL. The volume of DMSO added is 10 µL. The IC50 were calculated from the fit of data to a 
sigmoid curve. Incubation time of cells with 1 and 2 was 2 hours and with 3 – 5 was 24 h. Incubation 
performed at 37 °C with CO2 in the dark. For concentration ≥ 2 µM in A and ≥ 50 µM in B,  p ≤ 
0.001. 
 

 Cross-Effect of Inhibitors and the Activator BAY-412272 on sGC Activity. To 

identify possible interaction mechanisms, we verified the effect of inhibitors 1 and 2 in the 

presence of the activator BAY-412272 that stimulates sGC through a NO-independent 

regulatory site (not yet identified). Purified sGC and HUVEC were incubated with increasing 

concentration of 1 or 2 and BAY-412272 (500 µM or 100 µM) in the presence and absence of 

NO (Figure 5A). After two hours of incubation with the activator BAY-412272, partial cell 

death occurred. This observation is reminiscent of the report of cells death induced by 10 µM 

of BAY-412272 in rat pancreatic islets.50 We therefore limited to 2 hours the incubation time 

of HUVEC with the activator at 100 µM. 
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Figure 5. Effect of BAY-412272 on inhibition of sGC activity by 1 and 2. Assays with purified sGC 
in vitro (A) and in HUVEC (B). The concentration of BAY-412272 is 500 µM for in vitro and 100 µM 
for in vivo experiments. Inhibitors and activator were dissolved in DMSO. Density of cells is 5.6 × 105 
cells/mL. Concentration of nitroprusside is 300 µM. Standard errors were calculated from triplicate 
measurements and the p-value was calculated with respect to the control incorporating DMSO. p ≤ 
0.0001 for all measurements except where indicated: * p ≤ 0.001. 
 

 The activator BAY-412272 does not change IC50 of 1 and 2 toward purified sGC in vitro 

(Figure 5A). This result suggests no competition between the inhibitors and activator. In 

HUVEC, at 2 µM concentration of 1 or 2, BAY-412272 (100 µM) partially restored sGC 

activity, the formation of cGMP being enhanced ~3 – 4 times compared to the absence of 

activator (Figure 5B), although 1 and 2 at 2 µM inhibit sGC in vitro up to 95 %. However, the 

rescue effect of the activator is abolished at 20 µM of 1 and is decreased 2-fold for 2. The 

partial effect of BAY-412272 in HUVEC compared to sGC in vitro is explained by the 

different ability of inhibitors and activator to pass through the cell membrane. We note that at 

2 µM of 1 or 2 the simultaneous presence of NO induced a decrease of cGMP, a result that 

could seem paradoxical, but which is coherent with a possible oxidation of the heme by these 

inhibitors, like ODQ.51 Indeed, 1 is involved in the production of reactive oxygen species, 

even in the absence of light, as used in phototherapy.52 The binding of NO to the oxidized 

heme (Fe3+) induces the formation of a desensitized and inactive conformation of sGC.53

 The activator BAY 41-2272 slightly increased IC50 of inhibitors 3 to 6 with purified sGC 

(Figure 6), with factors ranging from 2 to ~8 times in the case of 3 (0.3 and 2.5 µM in the 

absence and presence of BAY 41-2272, respectively) and the presence of NO induces an 

observable effect only in the case of 4 (Table 2). Thus, the activator BAY 41-2272 at 100 µM 

could partially rescue sGC from inhibition. The KD of BAY 41-2272 changes from 17 µM 

 



 10 

when sGC heme is free to 0.08 µM when the heme site is occupied by CO due to allosteric 

effect.21,54 For this reason we discarded the possibility of competitive binding between the 

inhibitors and BAY 41-2272. Similarly, we did not observe changes of IC50 as a function of 

NO when the activator is present, and thus the binding of inhibitors to the heme (NO binding 

site) was excluded. 
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Figure 6. Effect of the sGC activator BAY-
412272 on the inhibition of purified sGC by 3 
– 6 in the presence of NO. [BAY-412272] = 
100 µM. For concentration ≥ 2 µM, p ≤ 0.001. 
 

Table 2. Inhibition constants of 1 – 6 for purified sGC activated by NO and/or BAY-412272. 
IC50 (µM) 

Compound 
+ NO BAY-412272 

+ NO 
BAY-412272 

alone 

1 Hypericin 0.4 ± 0.04 0.35 ± 0.05 0.32 ± 0.05 

2 Hypocrellin A 1.5 ± 0.2 Not measured 

3 Stictic acid 0.3 ± 0.04 2.5 ± 0.2 2.6 ± 0.1 
4 Violastyrene 0.8 ± 0.05 1.8 ± 0.1 4.9 ± 0.1 

5 HTANQ 0.5 ± 0.07 1 ± 0.1 1.4 ± 0.05 

6 DBPG 0.7 ± 0.1 2.9 ± 0.5 – 
 

 Do the Discovered Inhibitors Oxidize the Heme? All discovered inhibitors possess 

unsaturated aromatic rings and electronically absorb in the UV-visible range, overlaping the 

Soret band of the sGC heme to various extents (Figure 7A), the compound 4 having the 
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lowest absorption. We verified by absorption spectroscopy the possible heme-oxidizing 

properties of compounds 3 – 8. Compounds 1 and 2 have a too strong overlaping absorption 

in the entire UV-visible range. The full-length sGC (2 µM) was incubated with inhibitors at 

20 µM, well above their IC50 (Table 1), for two hours before the measurement of equilibrium 

spectra. In the absence of inhibitors, the maximum of the Soret absorption band of purified 

full-length sGC is located at 432 nm with a broad Q-band centered at 573 nm in the ferrous 

heme state (Fe2+)54,55 whereas a value close to 393 nm is the signature of the ferric heme state 

(Fe3+).56,57
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Figure 7. (A) Absorption spectra of pure sGC inhibitors in TEA buffer/DMSO 2.5 %. Concentration 
of all compounds = 20 µM. Optical path length = 1 cm. (B and C) Equilibrium spectra of full-length 
sGC in the absence and presence of the inhibitors. The band at 393 nm corresponds to oxidized state 
Fe3+ of the heme of sGC and band at 432 nm to Fe2+ heme state of sGC. The symbol * indicates a 
spectral contribution of the inhibitors without sGC. The four inhibitors 3, 6, 7 and 8 do not oxidize the 
heme (B) whereas the two inhibitors 4 and 5 oxidize the heme of sGC (C). [sGC] = 2 µM, [inhibitors] 
= 20 µM. Incubation time of inhibitors with sGC before measuring the equilibrium spectra was 2 h. 
Optical path length = 1 cm. 
 

 The presence of 3 and 6 did not induce a Soret band shift at 393 nm in sGC spectrum 

(Figure 7B), indicating that they do not oxidize the heme, as observed in the case of an 

inhibitor (a fluoro-indolyl-pyrrolidine-dione) bound to the heme enzyme indoleamine-

dioxygenase.58 However the Soret band is slightly shifted to 425 and 428 nm in the presence 

of compounds 3 and 6 respectively, suggesting a structural change in the heme vicinity, while 

keeping the heme redox state. Remarkably, the absorption bands of inhibitors 7 and 8 changed 

upon binding to sGC (Figure 7A and B), which reveals their interaction with the protein. 

Consequently, it was not possible to subtract their individual spectrum from that of the 

complex sGC/inhibitor. The sGC spectrum in the presence of compounds 7 and 8 did not 
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either show a shifted Soret band to 393 nm (Figure 7B) indicating that the sGC heme is not 

oxidized in their presence. The addition of 4 to sGC led to the appearance of a second Soret 

peak at 393 nm and a shift of the Q-bands to 550 – 571 nm (Figure 7C), indicating about 50 % 

of heme in the oxidized state (Fe3+). In the presence of sGC, a broad band in near-UV at 350 

nm due to 5 increased, together with the disappearance of the inhibitor band located at 461 nm 

when it is alone (Figure 7A). We assigned the shoulder located at 393 nm (Figure 7C) to the 

oxidized heme because the amplitude of the Soret band at 431 nm decreased with respect to 

sGC alone. The changes induced in the spectrum of 5 did not allow to calculate the spectral 

difference of inhibitor-bound sGC with respect to free sGC. The Q-bands were also shifted 

from ferrous to ferric heme state in the presence of 5. A well studied sGC inhibitor acting 

through heme oxidation is ODQ51,56 and a mechanism was proposed to explain its oxidizing 

action which involves transfer of an electron from heme to ODQ to generate an ODQ 

radical.56 One must note that ODQ also oxidizes hemoglobin.56 Structures of ODQ, 4 and 5 

are quite different (Supporting Figure S4) although ODQ and 5 share a ketone group coupled 

to a ring, whereas 5 possesses ester and 4 only two methoxy groups. It is not possible to infer 

the exact electron transfer mechanism involving the inhibitors 4 and 5 from their spectra, a 

question beyond the scope of the present study. 

 Thus compounds 4 and 5 oxidize the heme of sGC which cannot be activated by diatomic 

ligands in the ferric state59 and may be subject to heme loss,60 whereas the inhibition 

mechanism of other compounds which do not oxidize the heme (1 – 3, 6 – 8) is still unknown 

but is inferred to be allosteric. 

 Anti-angiogenic Activity of sGC Inhibitors. We then evaluated the ability of five 

selected inhibitors to slow down or to stop angiogenesis in cultured human endothelial 

progenitor cells (HEPC-CB1).91 In these model cells the evolution of pseudo-vessels were 

followed over 22 hours in the presence or the absence of the sGC inhibitors. After 13 hours of 

cell growth the formation of pseudo-vessels was indeed slowed down and their geometry 

modified with respect to the cells in absence of compounds (Figure 8). The total length of 

pseudo-vessels, the number of closed structures and of pseudo-vessels were quantified 

(Supporting Figure S5), indicating that compounds 1 and 2 at 10 µM induced a drastic 

decrease of the three parameters, in agreement with their IC50 in vitro. Compounds 3 and 6 

also induced their decrease at 30 µM, with an IC50 apparently lower than in HUVEC (Table 1) 

whereas compound 7 decreased 2-fold the three parameters both at 10 and 30 µM, in line with 

the partial inhibition observed in HUVEC (Figure 3A). The effect of sGC inhibition on 

angiogenesis demonstrated here agrees with similar effects obtained in another endothelial 
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cell model by the inhibition of endothelial NO-synthase,34 the immediate upstream partner of 

sGC in the NO/cGMP pathway. 

 

 
 

Figure 8. Inhibition of endothelial cell angiogenesis by sGC inhibitors. The angiogenesis of 
HEPC.CB1 on MatrigelTM, in the presence of 10 and 30 μM of hypericin (1), hypocrellin (2), stictic 
acid (3), DBPG (6) or spinazarin (7) was monitored under a videomicroscope. Photos are presented 
after 13 h of culture on MatrigelTM. In all images the scale bar represents 200 µm. Controls have been 
performed without and with DMSO at same final concentration (0.5 %) used after introducing the 
inhibitors. 
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DISCUSSION 

 
 Activities of the Discovered sGC Inhibitors Toward Other Enzymes. We have 

previously measured a decreased cellular cGMP level in the presence of 1 (at 4 µM) in 

cardiomyocytes,45 together with an increased conductance of L-type Ca2+ channels, that was 

assigned to sGC inhibition, a hypothesis fully confirmed by the present results. Beyond its 

study for photodynamic therapy,61 1 was shown to have effects on various cell signaling 

pathways.52 Numerous studies focussed on Hypericum perforatum extract (i.e. not purified 

compounds), but some target proteins were identified for 1, including c-type kinases,62 

proteins involved in breast cancer resistance,63 glutathione-S-transferases (with Ki in the 

range 0.2 – 2.5 µM)64 and dopamine-β-hydroxylase with an IC50 of 21 μM.65 Importantly, 1 

was shown to reduce angiogenesis in several ocular models66,67 by inhibiting phosphorylation 

of MAP kinases.68 Both 1 and 2 can also bind to human serum albumin.68 Although its 

physiological effects were much less investigated than 1, compound 2 was also tested for 

photodynamic therapy and induces the decrease of endothelin-1 and VEGF in HUVEC, 

probably through inhibition of PKC.69

 Albeit few studies reported pharmacological activity of 3, it induces intracellular lactate 

dehydrogenase release, linked to apoptosis of hepatocytes (13 µM < IC50 < 230 µM).70 

Importantly, stictic acid has tumor-suppressing effects via reactivation of p53 protein mutants 

in cancer cells.71 It was also shown to inhibit competitively two bacterial β-hydroxyacyl-acyl 

carrier protein dehydratases (IC50 = 13 – 28 µM).72 No physiological action is known for 

compounds 4, 5 and 6, whereas the only effect reported for 7 and its derivative 8 is the 

scavenging of free radicals.73

 Therapeutic Uses of the Discovered sGC Natural Inhibitors. As described in 

Introduction, sGC is involved particularly in cancer, apoptosis and angiogenesis. It has also a 

central role in vasoplegia (also called vasodilatory shock) whose causes can be multiple37,74 

and is characterized by a drop of blood pressure, the treatment of which appears critical.37 

Proposed vasoplegia treatments include the use of adrenergic vasopressors to restore blood 

pressure, but blood vessels may not respond to vasopressors even at high concentration. A 

more efficient treatment has been proposed by inhibiting directly sGC,75,76 essentially by 

means of methylene blue76-78 whose action on coronary arteries has been recognized79 soon 

after the discovery of the role of NO as a messenger. However, methylene blue is not specific, 
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since it inhibits constitutive NO-synthase80 and other enzymes,81 similarly with ODQ82 and 

can hardly be used as a therapeuthic agent. More specific sGC inhibitors are needed here. 

 The NO/cGMP cell signaling has been recognized to be involved in regulating the 

interactions between dopamine and glutamate neurotransmission in striatum.83 The 

administration of the sGC inhibitor ODQ could reverse markers of ganglia dysfunction in a 

rat model,38 so that sGC inhibition has been proposed as a treatment of parkinsonian 

symptoms.38 The oxidant sGC inhibitors ODQ and methylene blue could reduce dyskinesia 

induced by L-dihydroxyphenylalanine in rats.84 Related to this issue, the role of sGC has also 

been shown in the neurodegeneration in Drosophila85 which was improved by treatment with 

the NOS inhibitor L-NAME (nitro-L-arginine-methyl-ester), inhibiting the NO/sGC pathway. 

 sGC is involved in many cell signaling pathways which may have the ability of 

counteracting each other in therapeutic action (e. g. apoptosis versus tumoral angiogensis). It 

is obvious that, like most of drugs, the use of sGC activators or inhibitors may have side-

effects, yet, strong benefits from their use are expected. A promissing method of removing (or 

at least attenuating) side-effects would be to associate inhibitors with a strategy to target 

organs for drug delivery. In this view, the use of sGC inhibitors as drugs for angiogenesis will 

benefit from advances of nanoparticles (especially bionanoparticles) for targeted drug 

delivery,86,87 which is a very active field in chemical biology. Promising systems consist of 

cell membrane-based drug carriers.88,89 Both fields of research must progress in parallel. 

 

CONCLUSIONS 

 
 The natural compounds from plants and fungi described here are the first molecules 

reported so far to inhibit sGC in vitro with IC50 in the range 0.2 µM − 1.5 µM, although some 

of their properties remain to be evaluated. Further advances require to know the architecture 

of the inhibitors binding site(s) and to co-crystallize the full-length sGC with the compounds 

described here, but it appeared impossible to obtain crystals of sGC, certainly because of its 

flexibility.19 However, a full three-dimensional structure model90 from a cryo-

electromicroscopy template19 and from X-ray crystallographic models of the different 

domains (H-NOX, PAS and catalytic domains) can be used for calculations. The cross-

reactivity of compounds with NO and the sGC activator BAY 41-2272 suggests an allostric 

mechanism. These discovered inhibitors can be used directly as tools for investigating the role 

of sGC in signaling pathways. Importantly, they provide templates amenable to improvement 

for drug design to target tumoral angiogenesis or vasoplegia, both involving sGC. 
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EXPERIMENTAL SECTION 

 

 Enzymes, Cells and Natural Compounds. We used either sGC from bovine lung 

purified as previously described 55 or full-length recombinant human sGC purchased from 

Alexis (ALX-201-177). Human umbilical vein endothelial cells (HUVEC) isolated from 

normal vein were purchased from Gibco. Purified hypericin and hypocrellin (98 % purity) 

were purchased from Invitrogen and the activator BAY-412272 (98 % purity) from Enzo. The 

chemical library containing 320 natural compounds (GPNCL, Greenpharma) and some 

isolated compounds from Ambinter (naphtoquinone derivatives Amb537501 and Amb537686 

and violastyrene derivatives, 98 % purity). These compounds comprises mostly alkaloids, 

phenol derivatives and terpenoids from plants and fungi. Each compounds from the library 

was first tested at a concentration of 20 µM for its effect on catalytic activity of the purified 

sGC (inhibition or activation). Then the effects of the more active compounds at 20 µM were 

tested as a function of increasing concentration on both purified sGC and HUVEC. 

 Catalytic Activity of Purified sGC. Activity measurements were carried out on purified 

sGC as previously described45 with minor modifications. All compounds from Greenpharma 

library, hypericin, hypocrellin and the activator BAY-412272 were first diluted in pure 

DMSO to get a stock solution, then in H2O at the desired working concentration. Purified sGC 

was resuspended in TEA buffer: triethanolamine 25 mM, NaCl 10 mM, dithiothreitol (DTT) 1 

mM, pH 7.4. Selected inhibitors at increasing concentration were mixed with sGC at 100 nM 

and incubated in the dark, either 2 hours at 20 °C or overnight at 4 °C. When investigating the 

cross-effect of BAY-412272, this activator was mixed together with inhibitors. The final 

concentration of DMSO is 2.5 %. Then sGC (25 nM final concentration) was incubated in 

assay buffer (100 µL final volume) for 10 minutes at 37 °C. The assay buffer composition 

was: TEA 100 mM, pH 7.4, DTT 1 mM, MnCl2 3 mM, GTP 0.6 mM, creatine phosphate 5 

mM, creatine phosphokinase 150 U/L, nitroprusside (NPS) 0.3 mM. The NO-donor NPS was 

omitted for assays in absence of NO. The reaction was stopped by precipitation with Zn 

acetate and Na2CO3 and 40 µL of supernatant are used for assaying the synthetized cGMP. 

After this step, the immunoenzymatic assay was performed using commercial ELISA kits, 

either from Enzo (ADI-901-013) or from GE-Healthcare (RPN 226), according to 

manufacturer's instructions, with the acetylation protocole. A standard curve of known cGMP 

concentrations was measured together each experiment allowing to calculate produced cGMP 

from the absorbance. 
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 Catalytic Activity of sGC in HUVEC. The multiplication of HUVEC cells was realized 

with complete medium (Medium 200 or 200PRF), low serum growth supplement (LSGS) 

X50 factor, antibiotic X100 factor, serum bovine albumin (10 % from all of volume). HUVEC 

were grown in 12-well plates (individual surface 3.8 cm2). When the cells were at ~90 % 

confluence, the medium was replaced (500 µL final volume) and inhibitors at varying 

concentrations (10 µL; 2 % DMSO final concentration) were added in the wells, (or only 

DMSO for control) then incubated for 24 hours in a CO2 incubator at 36 °C in the dark. Some 

compounds necessitated up to 24 h incubation with HUVEC due to their low hydrophobicity 

and ability to pass through cell membrane. The cells incubated with compounds were then 

lyzed for 20 minutes with 50 µL of the following lysis buffer: TEA 500 mM, 

isobutylmethylxanthine (IBMX) 10 mM, Triton X100 10 %, pH = 7.4. The lyzed cell 

suspension was incubated directly in the wells of the culture plate with same assay buffer (50 

µL; 10X) as used for purified sGC (in the presence or absence of NPS) for 20 minutes with 

mild shaking at room temperature. Then, 500 µL of solution from each well were transfered 

into polypropylene tubes for acetylation of the synthesized cGMP. After this step, 

immunoenzymatic assay of cGMP was performed with the ELISA kit as performed for the 

purified protein. Where applicable, statistic evaluation of the data was perform by calculating 

the p-value with Anova test implemented in Kaleidagraph V3.6 (Synergy Software). 

 Assay of the Anti-angiogenic Activity of Natural Compounds. The human endothelial 

progenitor cell line HEPC-CB1, which was established and characterized in our laboratory,91 

was used to assess the anti-angiogenic properties of five compounds. Cells were briefly 

treated with trypsin (Invitrogen), washed and were seeded at 1.5 × 104 cells/well in serum-free 

Opti-MEM medium, in the presence of two different concentrations of compounds on 96-well 

plates coated with Matrigel™ (BD Biosciences, San José, CA). The final concentration of 

DMSO was kept at 0.5 %. Cultures were performed at 37 °C with 5 % CO2 in the 

videomicroscope incubation chamber. Cell rearrangement and pseudo-vessels formation were 

visualized using an AXIO OBSERVER Z1 fluorescence inverted microscope (Zeiss, Le Pecq, 

France) equipped with a high-resolution numeric camera linked to a computer driving the 

acquisition software Zen (Zeiss). The direct real-time visualization of the formation of 

pseudo-vessels was monitored during 22 h. Angiogenesis was quantified by the determination 

of pseudo-vessel number, closed structures (meshes) number and by the measurement of 

pseudo-vessel total length using Image J software with the Angiogenesis analyzer add-on. 

 Spectroscopy. The absorption spectra of sGC and inhibitors were measured with a 

UV-1700 Shimadzu spectrophotometer in a 1 × 1 cm QX-quartz cell (Hellma) at 20 °C. The 
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concentrations used were [sGC] = 2 µM and [inhibitors] = 20 µM. The inhibitors were 

incubated with sGC during 2 h before measuring the spectra at equilibrium. 
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