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Cyanide is an endogenous
stimulator of endothelial cell
proliferation, migration and
differentiation
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Section of Pharmacology, Department of Oncology, Microbiology and Immunology, Faculty of
Science and Medicine, University of Fribourg, Fribourg, Switzerland

Abstract

Cyanide is generally considered a cytotoxic molecule. However, recent studies
have shown that mammalian cells — including endothelial cells — can produce
cyanide from glycine via a lysosomal pathway. Studies in hepatocytes indicated
that cyanide, when administered at low concentrations, or when generated
from endogenous sources, exerts regulatory, rather than cytotoxic effects. Here
we show that human umbilical vein endothelial cells produce detectable levels
of cyanide (~0.1 nmoles/mg protein/h), and this is enhanced by administration
of glycine (1 mM). Glycine stimulates endothelial cell proliferation, migration
and tube formation. Low concentrations of the cyanide releasing molecules
amygdalin or mandelonitrile (100 pM) exert similar effects. On one hand,
cyanide induces the upregulation of VEGF protein in endothelial cells, while
on the other hand, VEGF stimulates the generation of cyanide by endothelial
cells, suggesting a positive feedback. VEGF-stimulated endothelial cell ATP
generation, proliferation and migration is inhibited by the cyanide scavenger
hydroxycobalamin (10 uM) as well as by pharmacological agents that prevent
lysosomal acidification and thus inhibit cyanide formation by the endothelial
cells. In conclusion, cyanide, at low concentrations, generated by endothelial
cells, acts as a proangiogenic mediator, via stimulation of the VEGF pathway and
the maintenance of cellular bioenergetics.
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Impact statement

This study identifies cyanide as an endogenous signaling molecule that promotes
endothelial cell proliferation, migration, and differentiation. By demonstrating a
physiological role for low-level cyanide generation in vascular biology, the work
challenges the traditional view of cyanide solely as a toxicant and reveals a previously
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unrecognized regulatory pathway with broad implications for
endothelial function and angiogenesis.

Introduction

Cyanide is primarily recognized as a cytotoxic agent,
which inhibits mitochondrial electron transport through
binding to the heme a3 group in mitochondrial Complex
IV (Cytochrome C oxidase, CCOx) [1]. However, a separate
body of evidence suggests that cyanide, at low concentrations,
can also exert various cytoprotective or regulatory actions
[2-4]. Most recently, an endogenous cyanide generating
pathway has been demonstrated in mammalian cells and
tissues. According to this pathway, cyanide is produced
from glycine within lysosomes under acidic conditions and
cyanide biogenesis supports cellular bioenergetics and
proliferation and exerts cytoprotective effects in
hepatocytes [4]. Although this recent report was primarily
focusing on hepatocytes, a survey of various cell lines and
primary cells also demonstrated that endothelial cells also
produce detectable levels of cyanide, and this cyanide
be stimulated by the
glycine [4]. the
functional role of cyanide generation by endothelial cells

generation can increasing

extracellular concentration However,
has not yet been elucidated; the available body of literature
on the effects of cyanide in this cell type focuses on the
toxicological context [5].
Here we demonstrate that cyanide generation in

endothelial cells, at low concentrations, stimulates cell
proliferation and angiogenesis. The current findings put
cyanide in a physiological, regulatory context within the

cardiovascular system.

Materials and Methods
Materials

Mandelonitrile (#116025), amygdalin (#A6005), glycine
(#G7126), hydroxychloroquine (#H0915), Vitamin Bl2a
(#H1428000), vascular endothelial growth factor (VEGEF,
#SRP3182), Corning® Matrigel® Basement Membrane Matrix
(#CLS354234) and P-actin antibody (#A1978) were purchased
from Sigma-Aldrich (Buchs, Switzerland). LysoTracker™
Bafilomycin Al (J61835) was purchased from Alfa Aesar/
ThermoFisher (Haverhill, MA, United States). Deep Red
(#L12492) was purchased from ThermoFisher Scientific/
The anti-VEGF (#ab51745)
purchased from Abcam (Cambridge, UK). The cyanide

Invitrogen. antibody was
detection probe Chemosensor P (2-amino-3-((5-(benzothiazol-
2-yl)-2-hydroxybenzylidene)amino) maleonitrile) [6] was a kind

gift of Dr. Sait Malkondu (Giresun University, Giresun, Turkey).
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Cell culture

Human umbilical vein endothelial cells (HUVECs, CC-2519)
were purchased from Lonza (Basel, Switzerland). Cells were
maintained in EGM®-2 Endothelial Cell Growth Medium-2
BulletKit® (CC-3162; Lonza, Basel, Switzerland) at 37 °C in a
humidified atmosphere containing 5% CO,. Cells up to the 5th
passage were used.

Electrochemical analysis of cyanide
production

Electrochemical detection of cyanide was performed following
a previously described protocol [4], with minor modifications.
Briefly, cells were seeded in 24-well plates and allowed to adhere
overnight. Depending on the experimental conditions, cells were
then incubated for 72 h in medium supplemented with VEGF
(20 ng/mL) or control medium without VEGF.

To assess cyanide generation, cells were treated for 16 h with
the cyanide-releasing compound: glycine (1 mM), amygdalin
(100 pM), or mandelonitrile (100 uM) or control vehicle. In
another experiment, cells were incubated in the absence or
presence of VEGF for 72 h (see below). Following the various
treatments, culture media were collected and mixed immediately
in a 1:1 ratio with 1 M NaOH to stabilize released hydrogen
cyanide (HCN) as CN™. The samples were incubated at room
temperature for 30 min to ensure complete conversion of HCN
to CN™. A standard curve was generated using potassium cyanide
(KCN). Cyanide production rates were normalized to total
protein content, which was determined using the BCA protein
assay (Thermo Scientific, #23225). Results were expressed as
nanomoles of cyanide per milligram of protein per hour. The
specificity of this method has previously been validated [4].

Western blotting

Cell lysates were prepared using RIPA Lysis and Extraction
Buffer (Thermo Fisher Scientific), supplemented with Halt™
Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher
Scientific). Total protein concentrations were determined using
the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific).
Western blot analysis was performed according to a previously
described protocol [7]. VEGF protein expression was detected
using a primary antibody against VEGF (1:1,000), followed by
incubation with a horseradish peroxidase-conjugated secondary
antibody  (Cell MA,
United States). After VEGF detection, membranes were
stripped using Restore™ PLUS Western Blot Stripping Buffer
(#10016433, Thermo Fisher Scientific) and incubated with
primary antibody against (-actin (1:15,000) as a loading
Blots Plus

Signalling  Technology, Danvers,

control. were developed wusing Radiance
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Chemiluminescence Substrate (#AC2103, Azure Biosystems,
Dublin, CA, United States). Densitometric analysis was
performed using the Image] software (NIH, Bethesda, MD,
United States). Protein levels were normalized to B-actin.

Confocal microscopy-based detection
of cyanide

Cells were seeded in 4-chamber glass-bottom dishes (pre-coated
with rat tail collagen, #354236, Corning) at a density of 2.5 x 10* cells
per compartment. Cells were incubated overnight at 37 °C in a
humidified incubator (5% CO,) to allow attachment. Cells were then
incubated in EGM-2 media with or without VEGF for 72 h.

Cyanide levels were assessed using a previously established
protocol [4, 8] with slight modifications. Briefly, cells were
incubated for 1 h with 10 uM of the cyanide-selective
fluorescent probe CSP. After probe incubation, cells were
stained with LysoTracker™ Deep Red (50 nM) for 10 min to
label lysosomes. Cells were then washed 3x with Hank’s Balanced
Salt Solution (Thermo Fisher Scientific) to remove excess dye.
Confocal imaging was performed using a Leica SP5 microscope
equipped with a x40 oil-immersion objective. For each
condition, three images per well were acquired from five
independent biological replicates. Fluorescence intensity was
quantified using the Image] software. The specificity of this
method has previously been validated [4].

Cell proliferation assay

Cells were seeded in 96-well plates at a density of 4 x 10° cells per
well and incubated overnight at 37 °C in a humidified incubator to
allow cell adhesion. The following day, the culture medium was
replaced with medium containing various pharmacological agents
including glycine (1 mM), or amygdalin (100 M), or mandelonitrile
(100 uM). Immediately after treatment, the plate was placed in the
BioTek Cytation 5 Cell Imaging Multimode Reader (Agilent) [4].
Live-cell imaging was performed every 4 h over 48 h, with four
images captured per well at x100 magnification.

In another set of experiments, cells were placed either in a
modified EGM-2 BulletKit® (Lonza) medium which excluded all
growth factors and contained a reduced amount of FBS (0.5%
FBS) with or without VEGF (20 ng/mL) supplementation in the
presence or absence of hydroxocobalamin (Bl2a, 10 pM),
hydroxychloroquine (HCQ, 10 pM) or bafilomycin (30 nM)
and cell proliferation was monitored for 48 h as described above.

Wound healing assay

Cells were seeded in 96-well plates at a density of 2.5 x 10*
cells per well and incubated overnight to allow for cell adherence.
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The following day, scratch wounds were generated using the
Essen BioScience WoundMaker (4563; Essen BioScience Inc.,
Hertfordshire, UK). Cells were then gently washed with PBS to
remove debris resulting from the scratch. The medium was
subsequently replaced with treatment medium containing
glycine (1 mM), amygdalin (100 uM)
mandelonitrile (100 pM). The plate was then placed in a
BioTek Cytation 5 Cell Imaging Multimode Reader, and
images were captured every 4 h over 20 h. Four images per

either or or

well were acquired at x100 magnification.

Tube formation assay

Prior to cell seeding, a 96-well plate was coated with 60 pL
of Matrigel per well and incubated at 37 °C for 1 h to allow the
matrix to polymerize. Cells were then seeded at a density of
1.5 x 10* cells per well in 100 uL of EBM-2. The plate was
returned to the incubator for 2 h to allow for cell attachment,
minimizing potential interference from treatment compounds
during the adhesion phase. Following this initial incubation,
test compounds were added to the appropriate wells to achieve
final concentrations of 1 mM glycine and 100 uM amygdalin or
mandelonitrile. Incubation continued for an additional
14-16 h at 37 °C when analysis was conducted as described
[9]. Four representative images per well were captured using a
BioTek Cytation 5 Cell Reader

at x100 magnification. Image analysis was performed using

Imaging Multi-Mode

the Angiogenesis Analyzer plugin for ImageJ. Quantitative
assessment of angiogenesis was based on key morphological
parameters, including total tube length, number of segments,
and number of junctions.

Adenosine triphosphate (ATP) production

ATP levels were measured using the CellTiter-Glo®
Luminescent Cell Viability Assay (Promega, Madison, WI,
United States) as described [10]. Luminescence was measured
using a Infinite 200 Pro plate reader (Tecan).

Statistical analysis

Unless otherwise stated, data are presented as mean
values + SEM of several independent experiments where an
defined as
performed on a different experimental day, representing a

independent experiment is an experiment
biological replicate (as opposed to technical replicates). No
statistical methods were used to pre-determine sample sizes,
but our sample sizes are similar to those reported in
previous publications [4, 8]. Data are presented as mean *

SEM of 4-5 biological experiments, where the average of a
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FIGURE 1
Low levels of cyanide promote endothelial cell proliferation, migration and differentiation. (A) Detection of cyanide generation (B), induction of
VEGF expression (C), proliferation (D), wound healing and (E) tube formation in HUVECs in response to incubation with glycine (Gly) (1 mM),
amygdalin (Amy) (100 pM) or mandelonitrile (Man) (100 pM). For (E), representative images as well as statistical analysis of the data are shown. Data are
presented as mean + SEM. Individual data points represent independent biological replicates. Statistical analysis was performed as described in
the Materials and Methods section; significance is indicated as follows: *p < 0.05, **p < 0.01.

minimum of three technical replicates is calculated and enhanced by approximately 4-fold when the medium was
entered as a single value. Paired or unpaired Student’s supplemented with glycine (1 mM) to 0.4 nmoles/mg protein/
t-test was used to compare 2 groups, as appropriate. For h (Figure 1A). Glycine induced a trend toward increased
multiple comparisons, one or two-way ANOVA followed by expression of vascular endothelial growth factor (VEGF)
post-hoc analysis by Dunnett or Fisher LSD test, respectively. (Figure 1B) and stimulated cell proliferation (Figure 1C),
Differences among groups are considered statistically migration (Figure 1D) and tube formation (Figure 1E). A
significant for p values of <0.05. Statistical analysis was stimulatory effect on VEGF expression was also observed
performed using GraphPad Prism 10.2 (GraphPad Software after treatment of the cells with low concentrations of the
Inc., San Diego, California, United States). cyanogenic molecules amygdalin (100 uM) or mandelonitrile

(100 uM) (Figure 1B); both of these compounds-which
release cyanide at a comparable rate as the endogenous
Results cyanide generation rates [4] - mimicked the effect of
glycine and stimulated endothelial cell proliferation,

HUVECs grown in culture in Vascular Cell Basal Medium migration and tube formation (Figures 1C-E). These
(which contains 30 uM glycine) produce detectable levels of compounds, when added to HUVECs, generate cyanide at
cyanide (0.1 nmoles/mg protein/h); cyanide generation was rates of 0.5-1 nmoles/mg protein/h (Figure 1A).
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FIGURE 2

Time [h]

Endogenous cyanide generation supports endothelial cell proliferation, migration and differentiation. (A) Detection of cyanide generation by the
electrochemical method and (B) confocal microscopy using the cyanide-specific probe CSP in HUVECs incubated with or without VEGF for 72 h.
Effect of cyanide scavenger Vitamin B12a (B12a) (C—E) or hydroxychloroquine (HCQ) (F-H) in HUVECs in the presence of absence of 20 ng/mL VEGF
on (C,F) cell proliferation, (D,G) wound healing, and (E,H) ATP production. Data are presented as mean + SEM. Individual data points represent
independent biological replicates. Statistical analysis was performed as described in the Materials and Methods section; significance is indicated as

follows: *p < 0.05, **p < 0.01, ***p < 0.001

Administration of VEGF stimulated the generation of
cyanide by endothelial cells ( ); confocal imaging
studies localized cyanide primarily to the lysosomes ( )
— consistently with the prior findings in hepatocytes and
fibroblasts [4, 8]. A less pronounced cyanide signal was also
detected in the cytosolic compartment of the cells ( ).

Scavenging of cyanide with hydroxocobalamin (Vitamin
B12a, 10 pM) reduced the VEGF-induced cell proliferation
( ), migration ( ) and ATP production
( ). The deacidification ~ agent
hydroxychloroquine, which inhibits cyanide generation by
shifting the pH optimum of the reaction in the lysosomes [4],
also inhibited VEGEF-stimulated proliferation ( ),
) and ATP production ( );
similar inhibitory effect was also detected by treatment of the

lysosomal

migration (

05

cells with the lysosomal proton pump inhibitor bafilomycin,
which attenuated basal and VEGF-stimulated proliferation by
21 + 4 and 45 + 3%, respectively (n = 4, <0.05).

With recent data demonstrating its lysosomal generation
from glycine in mammalian cells [4], cyanide can be classified
as a gasotransmitter: a diffusible, endogenous mediator that is
produced in mammalian cells to serve regulatory functions
[4, 11]. Importantly, several gasotransmitters have previously
been shown to be produced in endothelial cells. NO, produced
from L-arginine, is responsible for endothelium-dependent

vascular relaxations, and serves as a pro-angiogenic agent
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[12-16]. CO from heme oxygenase serving as an endothelial cell
protective mediator [17-19], and H,S exerts vasorelaxant and
proangiogenic effects [20-23]. The current report adds cyanide
as a pro-angiogenic molecule. Interestingly, prior reports have
made important connections of VEGF to the NO and H,S
systems. VEGF has been shown to induce both the generation
of NO and H,S in endothelial cells, and these two mediators [24,
25] — in a synergistic manner [26] — are important effectors of
VEGF’s proangiogenic effect. In addition, H,S has also been
shown to upregulate VEGF and VEGF receptor expression and
activation [27-30].

The current findings indicate that cyanide, when produced
at low levels by endothelial cells, exerts similar regulatory
actions: it supports cell proliferation, migration and
differentiation. The effects of cyanide biogenesis could be
mimicked by exposure of the cells to low levels of the
cyanogenic compounds amygdalin or mandelonitrile, which
generated comparable, or slightly higher levels of cyanide, than
the cyanide generation rate observed in response to addition of
glycine. (The concentration of glycine, used at 1 mM in this
study, is slightly above its physiological plasma levels, which
are in the 0.2-0.5 pM range).

The current report demonstrates that Vitamin Bl2a (a
of [31]), as
and bafilomycin (compounds

well as
that
generation inhibiting  lysosomal
the VEGF-induced proliferative
response in HUVECs. Although all of these pharmacological

potent
hydroxychloroquine
inhibits
acidification)

scavenger cyanide

cyanide via
reduce

agents have several different pharmacological actions — for
instance, Vitamin B12 can scavenge H,S and other reactive
species too [31] — the above findings, coupled with the effect of
two structurally different cyanide-releasing molecules, which
mimic the effect of glycine, point to the role of the endogenous
cyanide pathway in the observed actions. Moreover, the
of VEGF in
compounds suggests a potential positive feedback cycle
between VEGF and cyanide.

Confocal imaging of HUVECs produced data that are

upregulation response to cyanogenic

consistent with the lysosomal cyanide generation pathway
already demonstrated in various cell types, including
hepatocytes, fibroblasts [4].
According to this pathway, glycine is taken up into the

and various cancer cells
lysosomes, and reacts with HOCI to generate various short-
lived intermediary species, which, in turn, decompose to yield
cyanide and CO,. Indeed, prior studies have already
demonstrated all of the relevant [4] components of the
glycine/cyanide biogenetic system in endothelial cells,
including peroxidase activity, HOCI generation, uptake of
glycine from the extracellular space as well as the serine/
glycine conversion system governed by the intracellular
enzyme serine hydroxymethyl transferase [32-35].
Importantly, prior studies have already demonstrated that

glycine can stimulate endothelial cell proliferation and
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angiogenesis, and attributed its effects to a bioenergetic
[36].
concentrations (1-10 mM), glycine was found to stimulate

stimulatory response Likewise, at relatively low
angiogenesis and vascular development in zebrafish embryos
[37]. There are also several lines of data demonstrating
cytoprotective effects of glycine in endothelial cells [38]. The
current findings are consistent with the above findings. We
suggest that — similar to what was demonstrated in
hepatocytes and hepatoma cells — also in HUVECs, low
concentrations of endogenously generated cyanide stimulate
mitochondrial electron transport and ATP generation, which
supports the energy requirement of proliferation, migration and
differentiation.

Cyanide is known as a potent inhibitor of Complex IV
(cytochrome c oxidase), and this effect is primarily attributed
to its cytotoxic actions. This effect, however, is expected to be
less relevant in endothelial cells for two reasons: (a) the levels
of cyanide generated are rather low, and we have found no
evidence of cytotoxic or cytostatic effects, and, in fact, a
effect (b)

endothelial cells tend to utilize glycolysis, rather than

stimulatory on bioenergetics was noted;
oxidative phosphorylation to meet their energetic demands
[39]. It is interesting to notice that in the zebrafish study
mentioned earlier, at higher concentrations (100-400 mM),
the stimulatory effect of glycine was diminished and the amino
acid inhibited vascular development [37]. Based on prior data
— in cells overproducing cyanide due to silencing of the
cyanide degradation pathway governed by rhodanese [4], or
cells that exhibit genetic mutations in the glycine degradation
pathway [4], or cells that contain high levels of cyanide due to
inhibition of rhodanese [11] — such a biphasic concentration-
response is consistent with the action of cyanide as an
endogenous mediator.

The data presented in this article indicate that cyanide
production exerts regulatory roles in endothelial cells, and
promotes endothelial cell proliferation, migration and
differentiation. Although the underlying effects remain to
be further characterized, the data presented in this report
point, in part, to a potential VEGF-related mechanism, and in
part to stimulation of cellular bioenergetics. A limitation of
the current study is that cellular bioenergetic parameters
(e.g., oxidative phosphorylation, glycolysis) have not been
measured; such measurements would further expand on the
underlying mechanisms of cyanide’s action. Given the fact
that cyanide is an endogenous molecule, which is present in
the blood at detectable levels (basally, in approximately
300600 nM) [1, 4], the
possibility that low levels of cyanide may contribute to the

the current report raises
maintenance of endothelial and cardiovascular homeostasis.
It is noteworthy in this respect that there are several reports
showing that the cyanide metabolite 2-aminothiazoline-4-
carboxylic acid correlates with various clinical parameters in

cardiovascular disease and aging [40, 41].

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.3389/ebm.2026.10856

Kieronska-Rudek et al.

Author contributions

CS initiated and conceptualized the study, and contributed to
the experimental design and data interpretation. AK-R, MP, and
KZ conducted experiments. AK-R and CS drafted and wrote the
paper. All authors contributed to the article and approved the
submitted version.

Data availability

The original contributions presented in the study are publicly
available. The data can be found here: https://doi.org/10.5281/
zenodo.18154411.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. This work was supported by the

References

1. Zuhra K, Szabo C. The two faces of cyanide: an environmental toxin and a
potential novel mammalian gasotransmitter. FEBS ] (2022) 289:2481-515. doi:10.
1111/febs.16135

2. Correia SC, Santos RX, Cardoso SM, Santos MS, Oliveira CR, Moreira PI.
Cyanide preconditioning protects brain endothelial and NT2 neuron-like cells
against glucotoxicity: role of mitochondrial reactive oxygen species and HIF-1a.
Neurobiol Dis (2012) 45:206-18. doi:10.1016/j.nbd.2011.08.005

3. Randi EB, Zuhra K, Pecze L, Panagaki T, Szabo C. Physiological concentrations
of cyanide stimulate mitochondrial complex IV and enhance cellular bioenergetics.
Proc Natl Acad Sci U S A. (2021) 118:2026245118. doi:10.1073/pnas.2026245118

4. Zuhra K, Petrosino M, Janickova L, Petric ], Ascengao K, Vignane T, et al.
Regulation of mammalian cellular metabolism by endogenous cyanide production.
Nat Metab (2025) 7:531-55. doi:10.1038/s42255-025-01225-w

5. Alan-Albayrak E, Simonsen U. Cyanide beyond toxicity: a systematic review of
its effects on vascular function. Basic Clin Pharmacol Toxicol (2025) 137:€70124.
doi:10.1111/bcpt. 70124

6. Malkondu S, Erdemir S, Karakurt S. Red and blue emitting fluorescent probe for
cyanide and hypochlorite ions: biological sensing and environmental analysis. Dyes
Pigm (2020) 174:108019. doi:10.1016/j.dyepig.2019.108019

7. Ascengiao K, Dilek N, Augsburger F, Panagaki T, Zuhra K, Szabo C.
Pharmacological induction of mesenchymal-epithelial transition via inhibition of
H,S biosynthesis and consequent suppression of ACLY activity in colon cancer cells.
Pharmacol Res (2021) 165:105393. doi:10.1016/j.phrs.2020.105393

8. Petrosino M, Zuhra K, Kieronska-Rudek A, Janickova L, Bremer O, Khalaf M,
et al. Cyanide overproduction impairs cellular bioenergetics in Down syndrome.
Neurotherapeutics (2025) 22:¢00719. doi:10.1016/j.neurot.2025.00719

9. Kubota Y, Kleinman HK, Martin GR, Lawley TJ. Role of laminin and
basement membrane in the morphological differentiation of human

endothelial cells into capillary-like structures. J Cell Biol (1988) 107:
1589-98. d0i:10.1083/jcb.107.4.1589

10. Kieronska-Rudek A, Zuhra K, Ascengao K, Chlopicki S, Szabo C. The PARP
inhibitor olaparib promotes senescence in murine macrophages. GeroScience
(2025). doi:10.1007/s11357-025-01679-6

11. Grimmett ZW, Schindler JC, Stamler JS. Gases define redox signalling: NO,
H.,S, O, and cyanide. Nat Metab (2025) 7:444-6. doi:10.1038/s42255-025-01229-6

12.Ignarro LJ. Nitric oxide as a unique signaling molecule in the vascular system: a
historical overview. ] Physiol Pharmacol (2002) 53:503-14.

13. Morbidelli L, Donnini S, Ziche M. Role of nitric oxide in the modulation of
angiogenesis. Curr Pharm Des (2003) 9:521-30. doi:10.2174/1381612033391405

Experimental Biology and Medicine

10.3389/ebm.2026.10856

Swiss National Research Foundation: Grant 310030L_204371 to
CS and Grant CRSK-3_221109 grant to KZ.

Conflict of interest

The author(s) declared no potential conflicts of interest
with respect to the research, authorship, and/or publication of
this article.

Generative Al statement

The author(s) declared that generative AT was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever
possible. If you identify any issues, please contact us.

14. Moncada S, Higgs EA. Nitric oxide and the vascular endothelium. Handb Exp
Pharmacol (2006) 176:213-54. doi:10.1007/3-540-32967-6_7

15. Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in health and
disease. Physiol Rev (2007) 87:315-424. doi:10.1152/physrev.00029.2006

16. Napoli C, Ignarro LJ. Nitric oxide and pathogenic mechanisms involved in the
development of vascular diseases. Arch Pharm Res (2009) 32:1103-8. doi:10.1007/
$12272-009-1801-1

17. Calay D, Mason JC. The multifunctional role and therapeutic potential of HO-
1 in the vascular endothelium. Antioxid Redox Signal (2014) 20:1789-809. doi:10.
1089/ars.2013.5659

18. Choi YK, Kim YM. Regulation of endothelial and vascular functions by carbon
monoxide via crosstalk with nitric oxide. Front Cardiovasc Med (2021) 8:649630.
doi:10.3389/fcvm.2021.649630

19. Vu GH, Kim CS. Redox regulation of endogenous gasotransmitters in vascular
health and disease. Int J Mol Sci (2025) 26:9037. doi:10.3390/ijms26189037

20. Szabo C. Hydrogen sulfide, an enhancer of vascular nitric oxide signaling:
mechanisms and implications. Am J Physiol Cell Physiol (2017) 312:C3-C15. doi:10.
1152/ajpcell.00282.2016

21. Wang R, Szabo C, Ichinose F, Ahmed A, Whiteman M, Papapetropoulos A.
The role of H,S bioavailability in endothelial dysfunction. Trends Pharmacol Sci
(2015) 36:568-78. doi:10.1016/j.tips.2015.05.007

22. Szabo C, Papapetropoulos A. International union of basic and clinical
pharmacology. CII: pharmacological modulation of H,S levels: H,S donors and
H.,S biosynthesis inhibitors. Pharmacol Rev (2017) 69:497-564. doi:10.1124/pr.117.
014050

23. Cirino G, Szabo C, Papapetropoulos A. Physiological roles of hydrogen sulfide
in Mammalian cells, tissues, and organs. Physiol Rev (2023) 103:31-276. doi:10.
1152/physrev.00028.2021

24. Papapetropoulos A, Garcia-Cardefia G, Madri JA, Sessa WC. Nitric oxide
production contributes to the angiogenic properties of vascular endothelial growth
factor in human endothelial cells. J Clin Invest (1997) 100:3131-9. doi:10.1172/
JCI119868

25. Papapetropoulos A, Pyriochou A, Altaany Z, Yang G, Marazioti A, Zhou Z,
et al. Hydrogen sulfide is an endogenous stimulator of angiogenesis. Proc Natl Acad
Sci U S A. (2009) 106:21972-7. doi:10.1073/pnas.0908047106

26. Coletta C, Papapetropoulos A, Erdelyi K, Olah G, Mdédis K, Panopoulos P,
et al. Hydrogen sulfide and nitric oxide are mutually dependent in the regulation of
angiogenesis and endothelium-dependent vasorelaxation. Proc Natl Acad Sci U S A.
(2012) 109:9161-6. doi:10.1073/pnas.1202916109

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.5281/zenodo.18154411
https://doi.org/10.5281/zenodo.18154411
https://doi.org/10.1111/febs.16135
https://doi.org/10.1111/febs.16135
https://doi.org/10.1016/j.nbd.2011.08.005
https://doi.org/10.1073/pnas.2026245118
https://doi.org/10.1038/s42255-025-01225-w
https://doi.org/10.1111/bcpt.70124
https://doi.org/10.1016/j.dyepig.2019.108019
https://doi.org/10.1016/j.phrs.2020.105393
https://doi.org/10.1016/j.neurot.2025.e00719
https://doi.org/10.1083/jcb.107.4.1589
https://doi.org/10.1007/s11357-025-01679-6
https://doi.org/10.1038/s42255-025-01229-6
https://doi.org/10.2174/1381612033391405
https://doi.org/10.1007/3-540-32967-6_7
https://doi.org/10.1152/physrev.00029.2006
https://doi.org/10.1007/s12272-009-1801-1
https://doi.org/10.1007/s12272-009-1801-1
https://doi.org/10.1089/ars.2013.5659
https://doi.org/10.1089/ars.2013.5659
https://doi.org/10.3389/fcvm.2021.649630
https://doi.org/10.3390/ijms26189037
https://doi.org/10.1152/ajpcell.00282.2016
https://doi.org/10.1152/ajpcell.00282.2016
https://doi.org/10.1016/j.tips.2015.05.007
https://doi.org/10.1124/pr.117.014050
https://doi.org/10.1124/pr.117.014050
https://doi.org/10.1152/physrev.00028.2021
https://doi.org/10.1152/physrev.00028.2021
https://doi.org/10.1172/JCI119868
https://doi.org/10.1172/JCI119868
https://doi.org/10.1073/pnas.0908047106
https://doi.org/10.1073/pnas.1202916109
https://doi.org/10.3389/ebm.2026.10856

Kieronska-Rudek et al.

27. Wang MJ, Cai WJ, Li N, Ding YJ, Chen Y, Zhu YC. The hydrogen sulfide
donor NaHS promotes angiogenesis in a rat model of hind limb ischemia. Antioxid
Redox Signal (2010) 12(9):1065-77. doi:10.1089/ars.2009.2945

28. Potenza DM, Guerra G, Avanzato D, Poletto V, Pareek S, Guido D, et al.
Hydrogen sulphide triggers VEGF-induced intracellular Ca** signals in human
endothelial cells but not in their immature progenitors. Cell Calcium (2014) 56:
225-34. doi:10.1016/j.ceca.2014.07.010

29. Tao BB, Cai WJ, Zhu YC. H,S is a promoter of angiogenesis:
identification of H,S “receptors” and its molecular switches in vascular
endothelial cells. Handb Exp Pharmacol (2015) 230:137-52. doi:10.1007/
978-3-319-18144-8_6

30. Zhang YX, Jing MR, Cai CB, Zhu SG, Zhang CJ, Wang QM, et al. Role of
hydrogen sulphide in physiological and pathological angiogenesis. Cell Prolif (2023)
56:¢13374. doi:10.1111/cpr.13374

31. Chan A, Balasubramanian M, Blackledge W, Mohammad OM, Alvarez L, Boss
GR, et al. Cobinamide is superior to other treatments in a mouse model of cyanide
poisoning. Clin Toxicol (Phila). (2010) 48:709-17. doi:10.3109/15563650.2010.
505197

32. Sagné C, Agulhon C, Ravassard P, Darmon M, Hamon M, El Mestikawy
S, etal. Identification and characterization of a lysosomal transporter for small
neutral amino acids (LYAAT-1/PAT1). Proc Natl Acad Sci U S A. (2001) 98:
7206-11.

33. Aratani Y, Koyama H, Nyui S, Suzuki K, Kura F, Maeda N. B, integrin-
mediated cell-cell contact transfers active myeloperoxidase to endothelial cells.
] Biol Chem (2012) 287:1061-9.

Experimental Biology and Medicine

08

10.3389/ebm.2026.10856

34. Cheng G, Salerno JC, Cao Z, Pagano PJ. Vascular peroxidase-1 catalyzes the
formation of hypohalous acids. Free Radic Biol Med (2013) 53:1958-65.

35. Vandekeere S, Dubois C, Kalucka J, Carmeliet P, Schoors S, Goveia J, et al.
Serine synthesis via PHGDH is essential for heme production in endothelial cells.
Cell Metab. (2018) 28:573-87. doi:10.1016/j.cmet.2018.06.009

36. Su L, Kong X, Loo SJ, Gao Y, Kovalik JP, Su X, et al. Diabetic endothelial cells
differentiated from patient iPSCs show dysregulated glycine homeostasis and
senescence-associated phenotypes. Front Cell Dev Biol (2021) 9:667252. doi:10.
3389/fcell.2021.667252

37. Tsuji-Tamura K, Sato M, Fujita M, Tamura M. Glycine exerts dose-dependent
biphasic effects on vascular development of zebrafish embryos. Biochem Biophys Res
Commun (2020) 527:539-44. doi:10.1016/j.bbrc.2020.04.098

38. Van den Eynden J, Ali SS, Horwood N, Carmans S, Brone B, Hellings N, et al.
Glycine and glycine receptor signalling in non-neuronal cells. Front Mol Neurosci
(2009) 2:9. doi:10.3389/neuro.02.009.2009

39. Li X, Sun X, Carmeliet P. Hallmarks of endothelial cell metabolism in health
and disease. Cell Metab. (2019) 30:414-33. doi:10.1016/j.cmet.2019.08.011

40. Meng L, Wang Y, Wang X, Mu M, Zheng H. Association between exposure to
volatile organic compounds and atherogenic index of plasma in NHANES
2011-2018. Environ Sci Pollut Res (2025) 15:9024. doi:10.1038/s41598-025-
93833-5

41. Cao Q, Song Y, Huan C, Jia Z, Gao Q, Ma X, et al. Biological aging mediates the
association between volatile organic compounds and cardiovascular disease. BMC
Public Health (2024) 24:2928. doi:10.1186/s12889-024-20349-4

Published by Frontiers
Society for Experimental Biology and Medicine


https://doi.org/10.1089/ars.2009.2945
https://doi.org/10.1016/j.ceca.2014.07.010
https://doi.org/10.1007/978-3-319-18144-8_6
https://doi.org/10.1007/978-3-319-18144-8_6
https://doi.org/10.1111/cpr.13374
https://doi.org/10.3109/15563650.2010.505197
https://doi.org/10.3109/15563650.2010.505197
https://doi.org/10.1016/j.cmet.2018.06.009
https://doi.org/10.3389/fcell.2021.667252
https://doi.org/10.3389/fcell.2021.667252
https://doi.org/10.1016/j.bbrc.2020.04.098
https://doi.org/10.3389/neuro.02.009.2009
https://doi.org/10.1016/j.cmet.2019.08.011
https://doi.org/10.1038/s41598-025-93833-5
https://doi.org/10.1038/s41598-025-93833-5
https://doi.org/10.1186/s12889-024-20349-4
https://doi.org/10.3389/ebm.2026.10856

	Cyanide is an endogenous stimulator of endothelial cell proliferation, migration and differentiation
	Impact statement
	Introduction
	Materials and Methods
	Materials
	Cell culture
	Electrochemical analysis of cyanide production
	Western blotting
	Confocal microscopy-based detection of cyanide
	Cell proliferation assay
	Wound healing assay
	Tube formation assay
	Adenosine triphosphate (ATP) production
	Statistical analysis

	Results
	Discussion
	Author contributions
	Data availability
	Funding
	Conflict of interest
	Generative AI statement
	References


