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A B S T R A C T   

Xenocoumacin (Xcn) 1 and 2 are the major antibiotics produced by the insect-pathogenic bacterium Xenorhabdus 
nematophila. Although the antimicrobial activity of Xcns has been explored, research regarding their action on 
mammalian cells is lacking. We aimed to investigate the action of Xcns in the context of inflammation and 
angiogenesis. We found that Xcns do not impair the viability of primary endothelial cells (ECs). Particularly 
Xcn2, but not Xcn1, inhibited the pro-inflammatory activation of ECs: Xcn2 diminished the interaction between 
ECs and leukocytes by downregulating cell adhesion molecule expression and blocked critical steps of the NF-κB 
activation pathway including the nuclear translocation of NF-κB p65 as well as the activation of inhibitor of κBα 
(IκBα) and IκB kinase β (IKKβ). Furthermore, the synthesis of pro-inflammatory mediators and enzymes, nitric 
oxide (NO) production and prostaglandin E2 (PGE2), inducible NO synthase (iNOS), and cyclooxygenase-2 (COX- 
2), was evaluated in leukocytes. The results showed that Xcns reduced viability, NO release, and iNOS expression 
in activated macrophages. Beyond these anti-inflammatory properties, Xcn2 effectively hindered pro-angiogenic 
processes in HUVECs, such as proliferation, undirected and chemotactic migration, sprouting, and network 
formation. Most importantly, we revealed that Xcn2 inhibits de novo protein synthesis in ECs. Consequently, 
protein levels of receptors that mediate the inflammatory and angiogenic signaling processes and that have a 
short half-live are reduced by Xcn2 treatment, thus explaining the observed pharmacological activities. Overall, 
our research highlights that Xcn2 exhibits significant pharmacological in vitro activity regarding inflammation 
and angiogenesis, which is worth to be further investigated preclinically.   

1. Introduction 

Natural products, also called secondary products/metabolites, are 
compounds produced by most microorganisms, fungi, and plants, and 
are not directly participating in the essential functions of life but rather 
provide a long-term survival advantage. They have important ecological 
roles in protecting against predators and competitors as well as in 

interactions in symbiotic relationships by acting as antibiotics, toxins, or 
signaling molecules [1,2]. 

Natural products and their derivatives have been applied by humans 
to fight diseases and have become important resources for uncovering 
new therapeutics [3]. For example, nematode-associated bacteria have 
been evaluated as a potential source of antibiotics. In this symbiotic life 
cycle, the bacteria defend nematodes against predators and assure the 
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generation of juveniles [4–6]. Xenocoumacins (Xcns) (Fig. S1), which 
are water-soluble peptide antimicrobial compounds, are one of the most 
abundant antibiotics produced by the Gram-negative bacterium Xen-
orhabdus nematophila for its defense. Xcns are structurally related to 
amicoumacin antibiotics [7], and in their biosynthesis pathway, they are 
initially produced as an inactive precursor and then cleaved to form 
active xenocoumacin 1 (Xcn1). Subsequently, this compound is con-
verted to xenocoumacin 2 (Xcn2) to protect the organisms itself from its 
activity [8,9]. 

Xcn1 was shown to exhibit a broad antibacterial activity against 
Gram-positive and -negative bacteria and numerous fungal species, 
whereas Xcn2 is less active against bacteria and has no activity on the 
examined fungal species [10,11]. Although Xcns were first discovered as 
antimicrobial compounds, they were later found to show antiulcer ac-
tivity: Both forms of the compounds reduced stress-induced gastric ul-
cers in rats, and, interestingly, Xcn2 displayed a better activity [12]. 
Nevertheless, no definitive mechanism on the nature of Xcn-induced 
antiulcer activity was reported. In this regard, Xcns stand out to be 
investigated as interesting new drug lead compounds. 

Inflammation and angiogenesis are involved in various chronic dis-
eases, such as Crohn’s disease, rheumatoid arthritis, diabetes, and can-
cer [13]. Many studies have affirmed the interconnection between 
endothelial cells (ECs) and leukocytes in the conditions related to the 
development of pathogenetic processes [14]. The endothelium is acti-
vated after exposure to different stimuli, such as infectious and 
non-infectious agents as well as tissue damage, which alters the internal 
vascular surface so that it recruits leukocytes and initiates and maintains 
the inflammatory responses. Besides, ECs migrate and proliferate and 
thus form new vessels for tissue regeneration once exposed to 
pro-angiogenic stimuli, which are usually secreted during inflammation 
by specialized immune cells including macrophages [15]. Deciphering 
the intricate and interdependent relationships between ECs and leuko-
cytes is important to introduce novel therapeutic approaches. 

The influence of Xcns on the EC-leukocyte interaction process has not 
been explored so far. Hence, in the present study, we aimed to investi-
gate the pharmacological potential of Xcns. An in vitro systematic top- 
down approach using functional and biochemical assays was followed 
to determine the mechanism of action of Xcns on the pro-inflammatory 
EC activation processes as well as on the release of pro-inflammatory 
mediators and the expression of their synthesizing enzymes in macro-
phages. Moreover, we aimed to explore the effects of Xcns on in vitro key 
stages of angiogenesis in human primary ECs, such as proliferation, 
migration, tube/network, and sprout formation. Our findings show for 
the first time that Xcns hinder inflammation- and angiogenesis-related 
processes without causing toxic effects in ECs. In summary, this study 
underlines the pharmacological potential of Xcn2 regarding inflamma-
tory and angiogenic processes. Altogether, Xcn2 is worth further pre-
clinical characterization. 

2. Materials and methods 

2.1. Reagents 

Xcn1 and Xcn2 (Fig. S1) are produced in Xenorhabdus strains, iso-
lated and identified by their characteristic fragmentation patterns, as 
described previously [16]. In this study, stock solutions of Xcns were 
prepared by dissolving in DMSO (Sigma-Aldrich, Schnellendorf, Ger-
many). DMSO concentrations on cells did not exceed 0.1% (v/v). 

2.2. Cell culture 

Primary human umbilical vein endothelial cells (HUVECs) were 
isolated from human umbilical cords according to Jaffe et al. [17]. The 
human microvascular endothelial cell line CDC/EU.HMEC-1 (HMEC-1) 
was obtained from the Centers for Disease Control and Prevention (CDC, 
Atlanta, GA, USA). Both primary HUVECs and the HMEC-1 cell line were 

cultured in collagen G (Biochrom AG, Berlin, Germany)-coated 75 cm2 

flasks in supplemented EC growth medium (ECGM) (PELOBiotech, 
Martinsried, Germany) supplemented with 10% fetal calf serum (FCS) 
(Biochrom AG), 100 U/ml penicillin, 100 µg/ml streptomycin, and 2.5 
µg/ml amphotericin B (PAN-Biotech, Aidenbach, Germany), and a 
supplement mixture (PELOBiotech). HUVECs were used for experi-
mental purposes exclusively in passage three. RAW264.7 murine mac-
rophages were obtained from the American Type Culture Collection 
(ATCC), and the human monocytic-like cell line THP-1 was purchased 
from the German Collection of Microorganisms and Cell Cultures GmbH 
(DSMZ). These two cell lines were cultured in RPMI1640 medium 
(PAN-Biotech) supplemented with 10% heat-inactivated FCS, 100 µg/ml 
streptomycin, and 100 U/ml penicillin. All cells were incubated at 37 ◦C 
in an atmosphere of 5% CO2 and 95% air. 

2.3. Metabolic activity assay 

A CellTiter-Blue cell viability assay (Promega GmbH, Mannheim, 
Germany) was performed to analyze the influence of Xcns on the 
metabolic activity of endothelial cells. In brief, confluent HUVECs were 
treated with the indicated concentrations of Xcn1 and Xcn2 or DMSO 
(0.1%) as vehicle control for 24 h. Four hours before the end of the 
treatment, CellTiter-Blue reagent containing resazurin was added to the 
cells in a ratio of 1:10. Resazurin is reduced into the fluorescent dye 
resorufin by viable cells. The metabolic activity was determined by 
fluorescence measurements (ex: 579 nm, em: 584 nm) using a micro-
plate reader (Tecan Infinite F200 Pro; Tecan, Männedorf, Switzerland). 

2.4. Apoptosis assay 

Late apoptosis was detected according to the method of Nicoletti 
et al. [18]. HUVECs were treated as indicated and were incubated 
overnight in the dark in a PBS solution containing propidium iodide (PI) 
(50 µg/ml; MilliporeSigma, Darmstadt, Germany), sodium citrate (0.1%; 
Carl Roth, Karlsruhe, Germany), and Triton X-100 (0.1%; Milli-
poreSigma) at 4 ◦C. The percentage of cells with sub-diploidic DNA 
content was measured using a FACSVerse flow cytometer (BD Bio-
sciences, Heidelberg, Germany). The pan-kinase inhibitor staurosporine 
(MilliporeSigma) served as a positive control. 

The apoptosis assay for RAW264.7 cells was performed as described 
previously [19]. Briefly, 0.2 × 105 RAW264.7 cells were seeded in a 
black poly-D-lysine-coated 96-well plate and incubated for 24 h at 37 ◦C. 
Xcn1, Xcn2, or vehicle (DMSO) diluted in RPMI1640 medium without 
phenol red was added to the cells and incubated for 24 h at 37 ◦C. 
CellEvent Caspase-3/7 Green Detection (Thermo Fisher Scientific, 
Waltham, MA, USA) reagent was incubated for 90 min at 37 ◦C (without 
CO2). Afterward, cells were incubated with DRAQ5 (Cy5 channel) for 30 
min at room temperature. Images were taken using the ImageXpress 
Micro Confocal High Content Imaging System (Molecular Devices, San 
Jose, USA). The fluorescence signal of cell nuclei and apoptotic cells was 
detected. The percentage of dead cells was determined using the 
“live/dead”-analysis tool by calculating the ratio of apoptotic cells to all 
cells using MetaXpress software (Molecular Devices). 

2.5. Lactate dehydrogenase (LDH) cytotoxicity assay 

The LDH CytoTox 96 Non-Radioactive Cytotoxicity Assay kit 
(Promega GmbH, Mannheim, Germany) was used according to the 
manufacturer’s instructions [20]. After treating the cells with Xcns for 
24 h, supernatants of cells were collected immediately to determine LDH 
release using a Varioskan Flash plate reader (ThermoFisher Scientific) at 
490 nm wavelength. 

2.6. Endothelial cell proliferation assay 

HUVECs (3000 cells/well) were seeded into collagen-coated 96-well 
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plates and grown for 24 h. Then, they were treated with a concentration 
range of Xcn1 and Xcn2. Treated cells were cultured for 72 h, whereas 
untreated control cells, directly after 24 h, were fixed with a methanol- 
ethanol (2:1) solution and washed with PBS before they were stained 
using a crystal violet solution (20% methanol). Similarly, at the end of 
incubation time, Xcn-treated cells were fixed, stained, and unbound 
crystal violet was removed by washing with distilled water. Finally, cells 
were left to air dry, and DNA-bound crystal violet was dissolved using 
acetic acid solution (20%, Sigma-Aldrich). Absorbance was measured at 
590 nm using a plate reader (Tecan Infinite F200Pro, Tecan). The pro-
liferation percentage was calculated by normalizing to the untreated 
control (24 h) and compared to the DMSO control (0.03%) of 72 h 
incubation. 

2.7. Cytotoxicity assay on RAW264.7 cells 

The cytotoxicity assay was performed as described previously [19]. 
Briefly, 0.2 × 105 RAW264.7 cells were incubated for 24 h at 37 ◦C. The 
cells were treated with increasing concentrations of Xcn1 and Xcn2 or 
vehicle (DMSO) for 24 h, and viability of cells was detected with the 
WST-8 reagent (Orangu™, HiSS Diagnostics, Freiburg, Germany). The 
assay was accomplished as recommended by the supplier. The absor-
bance was measured at 440 nm and 600 nm (reference) using an EnSpire 
Plate Reader (PerkinElmer, Waltham, MA, USA). The absorbance at 440 
nm was normalized to the absorbance at 600 nm. The sample values 
were corrected with the background wells (wells with medium and 
without cells). The absorbance of the treated samples was related to the 
control sample and the control was set to 100%. 

2.8. Adhesion of leukocytes to endothelial cells 

The adhesion of leukocytes to ECs under flow conditions was 
analyzed using µ-slides I0.8Luer (Ibidi, Martinsried, Germany) and an 
Ibidi Pump System, as described previously [21]. HUVECs (1.6 ×106 

cells/ml) were seeded into µ-slides and cultured for 24 h with a 
continuous flow of 5 dyn/cm2. Then, they were preincubated with Xcn2 
for 30 min and activated with TNF (10 ng/ml) or IL-1β (5 ng/ml) for 24 
h. For the leukocyte adhesion assay, untreated THP-1 cells (8 ×105 

cells/ml) were stained with CellTracker Green (Thermo Fisher Scienti-
fic) and were allowed to adhere to the treated HUVECs for 10 min under 
a flow of 0.5 dyn/cm2. Non-adherent THP-1 cells were removed through 
washing steps. Phase-contrast images were taken with an inverted mi-
croscope DM IL Light Emitting Diode (Leica Microsystems, Wetzlar, 
Germany). Later, the fluorescence signal from adherent THP-1 cells was 
measured after cell lysis using RIPA-buffer by a Tecan Infinite F200 Pro 
microplate reader (excitation: 485 nm, emission: 535 nm; Tecan). 

For the investigation of leukocyte adhesion under static conditions, 
confluent primary HUVECs or HMEC-1 cells (passage number: 15–20), 
were treated as explained above. CellTracker Green-labeled THP-1 cells 
(passage number <30, 1 ×105 cells/ml) and RAW264.7 cells (4 ×104 

cells/ml), which were treated with lipopolysaccharide (LPS, 150 ng/ml) 
for 24 h, were allowed to adhere onto a HUVEC monolayer for 5 and 10 
min, respectively. After washing off unadhered cells the fluorescence 
signal from adherent leukocytes was measured by Tecan Infinite F200 
Pro microplate reader (excitation: 485 nm, emission: 535 nm; Tecan). 

2.9. Cell surface expression of cell adhesion molecules 

The effect of Xcns on the expression of the intercellular adhesion 
molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), and 
E-selectin on the cell surface of endothelial cells was investigated by 
flow cytometry using fluorescence-labeled antibodies. Anti-CD62E 
(551145) and anti-CD106 (555647) mouse monoclonal E-selectin and 
VCAM-1 antibodies, respectively, were obtained from BD Biosciences. 
Mouse anti-human CD54-FITC (MCA532F) antibody for ICAM-1 was 
from Bio-Rad (Hercules, CA, USA). HUVECs were grown until 

confluence and treated as indicated. Then, HUVECs were detached from 
the plate and incubated with the above-mentioned antibodies according 
to the manufacturer’s instructions, and surface protein levels were 
measured with a FACSVerse flow cytometer (BD Biosciences). 

2.10. Western blot 

HUVECs were treated as described. After cell lysis with RIPA buffer, 
proteins were separated with SDS-PAGE and transferred to a poly-
vinylidene fluoride membrane (Bio-Rad) using a tank. 5% nonfat dried 
milk powder (Carl Roth) or BSA was used to block membranes before 
incubation with primary and secondary antibodies. The following pri-
mary antibodies were used: rabbit polyclonal anti-ICAM-1 antibody (sc- 
107, 1:500), mouse monoclonal anti-VCAM-1 antibody (sc-13160, 
1:300), anti-E-selectin antibody (sc-137054, 1:500), anti-NFκB p65 
antibody (sc-8008, 1:400), mouse monoclonal anti-EGFR (sc-373746, 
1:100) from Santa Cruz Biotechnology (Dallas, TX, USA); anti-inhibitor 
of κB kinase (IKK)-β antibody (8943, 1:1000), anti-inhibitor of κBα 
(IκBα) antibody (9242, 1:1000), anti-phosphorylated (phospho)-IKKα/β 
antibody (2697, 1: 1000), anti-phosphorylated (phospho)-IκBα antibody 
(2859, 1:1000), and anti-TNF-R1 antibody (3736, 1:1000), rabbit 
monoclonal anti-VEGFR 2 (9698, 1:2000), rabbit monoclonal anti- 
VEGFR 1 (64094, 1:1000), rabbit monoclonal anti-FGFR 1 (9740, 
1:1000), rabbit monoclonal anti-Akt (4691, 1:1000) and anti- 
phosphorylated (phospho)-Akt (Ser473) (4060, 1:2000), rabbit poly-
clonal anti-p44/42 MAPK (Erk1/2) antibody (9102, 1:1000), mouse 
monoclonal phospho-p44/42 MAPK (Erk1/2, Thr202/Tyr204) antibody 
(9106, 1:2000) from CellSignaling Technology (Frankfurt am Main, 
Germany); anti-β-actin antibody (A3854, 1:100,000) from Sigma- 
Aldrich. Horseradish peroxidase-conjugated secondary antibodies were 
either anti-mouse antibody (7076, 1:2000) or anti-rabbit antibody 
(7074, 1:3000) from CellSignaling Technology. Alexa Fluor 488-linked 
anti-mouse antibody (A11001A, 1:400) was obtained from Thermo 
Fischer Scientific (Dreieich, Germany). A self-prepared chem-
iluminescence reagent was used for protein detection. Densitometric 
analyses were performed by ImageJ software (1.53c). 

For protein level analysis of RAW264.7 cells, 1 × 106 cells were 
seeded in a 6-well plate and preincubated with Xcn1, Xcn2, and vehicle 
(DMSO) at 37 ◦C for 1 h, followed by a 24 h stimulation with LPS (100 
ng/ml). At the end of incubation time, cells were washed once with cold 
PBS and harvested. For lysis, the cell pellets were resuspended in RIPA- 
buffer completed with a protease inhibitor cocktail (Roche complete, 
Sigma Aldrich, Schnelldorf, Germany). Afterward, cells were sonicated 
at 60% power for 10 s, and the suspension was centrifuged at 12,000 g at 
4 ◦C for 20 min. The protein concentration was determined with the 
Bradford method. 100 µg protein lysates were mixed with loading dye, 
denatured, separated on a 10% acrylamide gel, and blotted to a nitro-
cellulose membrane. The membrane was incubated with anti-iNOS 
(13120, 1:500; CellSignaling Technology) for 3 days, with anti-COX2 
(12282 S, 1:1000; CellSignaling Technology) overnight and with anti- 
β-actin (A1978, 1:6000; Sigma-Aldrich) for 1 h. The secondary anti-
bodies (AlexaFlour488 anti-rabbit A11030; 1:10,000 and AlexFlour546 
anti-mouse; 1:10,000; Thermo Fischer Scientific were incubated for 1 h. 
For normalization, β-actin was used as a housekeeping gene. 

2.11. Quantitative real-time PCR 

HUVECs were grown until confluence and treated as indicated. RNA 
isolation was performed using the RNeasy Mini Kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s protocol. After cDNA syn-
thesis (SuperScript II Reverse Transcriptase, Thermo Fisher Scientific), 
the cDNA was mixed with primers and Sybr Green PCR Master Mix 
(Thermo Fisher Scientific). Quantitative PCR was performed on a Step- 
OnePlus system from Thermo Fisher Scientific. The 2-ΔΔCt method was 
used for quantification. The following primers were ordered at Eurofins 
(Germany): ICAM-1 (forward, 5′-CTG CTC GGG GCT CTG TTC-3′; 
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reverse, 5′-AAC AAC TTG GGC TGG TCA CA-3′), VCAM-1 (forward, 5′- 
CCA CAG TAA GGC AGG CTG TAA-3′; reverse, 5′-GCT GGA ACA GGT 
CAT GGT CA-3′), E-selectin (forward, 5′-AGA TGA GGA CTG CGT GGA 
GA-3′; reverse, 5′-GTG GCC ACT GCA GGA TGT AT-3′), glyceraldehyde 
3-phosphate dehydrogenase (forward, 5′-CCA CAT CGC TCA GAC ACC 
AT-3′; reverse, 5′-TGA AGG GGT CAT TGA TGG CAA-3′); TNF-R1 (for-
ward, 5′-CAA GCC ACA GAG CCT AGA CA-3′; reverse, 5′-GAA TTC CTT 
CCA GCG CAA CG-3′). The Ct for the gene of interest was normalized to 
that of glyceraldehyde-3-phosphate dehydrogenase. 

For qPCR analysis of RAW264.7 cells, 3 × 105 cells were seeded in a 
6-well plate and preincubated with Xcns in the indicated concentrations 
or vehicle (DMSO) at 37 ◦C for 1 h, followed by a 24 h treatment with 
LPS (100 ng/ml). After the incubation time, cells were washed once with 
cold PBS and harvested. mRNA was isolated with an RNeasy mini kit 
(Qiagen, Hilden, Germany) and cDNA was synthesized with the first- 
strand cDNA synthesis kit (Thermo Fisher Scientific) according to the 
manufacturer’s instructions. The following primers (Biomers.net GmbH, 
Ulm, Germany) were used: muCOX-2 (forward, 5′-AAG ACT ACG TGC 
AAC ACC TGA G-3′; reverse, 5′-GTG CCA GTG ATA GAG TGT GT-3′), 
muiNOS (forward, 5′-CCA AGC CCT CAC CTA CTT CC-3′; reverse 5′-CTC 
TGA GGG CTG ACA CAA GG-3′), muPPIA (forward, 5′-GCT GGA CCA 
AAC ACA AAC GG-3′; reverse, 5′-GCC ATT CCT GGA CCA AAA C-3′). For 
the analysis of the mRNA expression, the 2-ΔΔCt method was used. The Ct 
values of the treated samples were normalized to the Ct values of PPIA 
and related to the DMSO-treated samples. 

2.12. Measurements of nitric oxide and PGE2 levels 

20,000 RAW264.7 macrophages per well were plated in a 96-well 
cell culture plate and cultured for 24 h at 37 ◦C. To test if Xcns induce 
nitric oxide (NO) or prostaglandin E2 (PGE2) synthesis, Xcn1 (0.125, 
0.25, 0.5 µM), Xcn2 (0.062, 0.0125, 0.25 µM), vehicle (DMSO) and 
positive control (100 ng/ml; LPS) were added. To test if Xcns inhibit NO 
or PGE2 synthesis, the cells were pre-incubated with Xcns, 10 µM cele-
coxib (Cele, positive control), or control (DMSO) for 60 min before 100 
ng/ml LPS was added. After 24 h supernatants were collected and stored 
at − 80 ◦C. 

NO was determined with the Griess method. Briefly, 80 µl cell su-
pernatant or standard sample were added to a 96-well microplate and 
thereafter, 20 µl sulfanilamide solution (120 mg sulfanilamide (Sigma- 
Aldrich) in 30 ml 1 N hydrochloric acid) and 20 µl naphthylenediamine 
solution (180 mg N-(1-naphthyl) ethylenediamine dihydrochloride (Carl 
Roth) in 30 ml water) were added. After 15 min, the absorbance (540 
nm) was measured with an EnSpire Plate Reader (PerkinElmer, Wal-
tham, MA, USA). NG-methyl-L-arginine acetate salt (L-NMMA), which is 
a non-selective inhibitor of all NOS isoforms [22], was used as a positive 
control. 

PGE2 was determined using a competitive ELISA from Enzo Life 
Sciences (Farmingdale, USA). The ELISA was performed according to the 
manufacturer’s protocol. Briefly, anti-PGE2 antibodies are bound onto 
the surface of 96-well plates. Test samples and alkaline phosphatase- 
conjugated PGE2 were added to the wells. After incubation, the excess 
reagents were washed away and p-nitrophenyl phosphate was added and 
catalyzed by alkaline phosphatase to produce p-nitrophenol, a yellow- 
colored product, which was detected with EnSpire Plate Reader (Per-
kinElmer, Waltham, MA, USA). The intensity of the yellow coloration is 
inversely proportional to the amount of PGE2. 

2.13. Undirected migration assay 

Undirected migration of HUVECs was evaluated as previously 
described [23]. A scratch was generated on a confluent layer of cells in 
24-well plates followed by Xcn2 treatment. Then, cells were allowed to 
migrate for 8 h until the gap was closed in the DMSO-treated control 
group (representing 100% migration). The relative migration was 
calculated in relation to the starting point and was analyzed using the 

ImageJ software (1.53c). 

2.14. Chemotactic migration assay 

For the evaluation of chemotactic migration of HUVECs, µ-Slide 
chemotaxis chambers (Ibidi) were used according to the manufacturer’s 
instructions as previously described [23]. Briefly, HUVECs were sus-
pended in the growth medium with a density of 1 × 106 cells/ml, 6 µl of 
cell suspension was delivered into the channels. After 4 h of incubation 
for adhesion, the cells were gently washed once with M199 medium 
(supplemented with 1% FCS and 1% Pen/Strep) to eliminate culture 
medium and non-adherent cells. Then, HUVECs were treated with 3 µM 
of Xcn2, while side channels were filled with a stable concentration 
gradient of FCS (1–20%). The chemotactic migration of cells on slides 
was observed in a climate chamber (37 ◦C, 5% CO2) for 20 h using a 
Leica DMI6000 B fluorescence microscope (Leica Microsystems). Images 
of migrating cells were taken every 10 min (121 slices in total) using a 
5X air objective. The directionality, Y-forward values, Euclidean and 
accumulated distances, the velocity, and center of the mass density of 
the migrated HUVECs were determined using “Manual Tracking” and 
“Chemotaxis Analysis” plugins of ImageJ (1.53c). 

2.15. Spheroid assay 

HUVEC spheroids were generated as previously described [23], 
using the hanging drop method in square Petri dishes. HUVECs (400 
cells/drop) were distributed in a culture medium containing methyl-
cellulose (0.25%, Sigma-Aldrich). After 24 h, HUVEC spheroids (~125 
spheroids/condition) in methylcellulose solution (with freshly added 
10% FCS) were resuspended in collagen I (Corning, rat tail, product 
number 354236) with a 1:1 ratio and transferred into a 48-well plate at 
37 ◦C. Gels were pretreated with Xcn2 for 30 min and then the sprouting 
was induced by VEGF (10 ng/ml) (PeproTech EC, London, UK) for 20 h. 
Microscopical images were taken by using a Leica DM IL LED microscope 
(Leica Microsystems) and ImageJ (1.53c) was used to determine the 
total sprout length and the number of sprouts per spheroid. 

2.16. Network formation assay 

To analyze the effect of Xcn2 on the ability of HUVECs to form tube- 
like structures, µ-Slide angiogenesis chambers (Ibidi) were used as pre-
viously described [23]. The wells were coated with 10 µl ice-cold growth 
factor reduced Matrigel (Corning) for 45 min at 37 ◦C. Subsequently, 
HUVECs (10,000 cells/well) were seeded onto the gel in a 50 µl culture 
medium without or with Xcn2. Total tube length and the number of 
junctions were calculated from the analysis of microscopy images using 
the “Angiogenesis Analyzer” plugin of Image J (1.53c). 

2.17. Protein synthesis assay 

The Click-iT Plus OPP Alexa Fluor 488 Protein Synthesis Assay Kit 
(Thermo FisherScientific) was used according to the manufacturer’s 
instructions and as described previously [23]. Briefly, HUVECs were 
grown in μ-Slides 8-well (ibidi) until confluence and treated as indicated. 
For the last 30 min of Xcn2 treatment, cells were additionally incubated 
with 20 μM Click-iT O-propargyl-puromycin (OPP) leading to the 
incorporation of OPP into newly translated proteins. After fixation and 
permeabilization, the incorporated OPP was labeled with the fluorescent 
dye Alexa Fluor 488, and microscopical images were obtained using a 
Leica DMI6000 B fluorescence microscope (Leica Microsystems). The 
intensity of the Click-iT OPP signal was normalized to the intensity of a 
cell nuclei staining (NuclearMask Blue Stain) using ImageJ (1.53c). 

2.18. Immunofluorescence staining for p65 nuclear translocation 

A previously described method was used to visualize p65 nuclear 
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translocation [21]. Briefly, HUVECs (55,000 cells/well) were seeded on 
8-well µ-slides (Ibidi GmbH, Gräfelfing, Germany) and grown to 
confluence. Then, cells were treated with Xcn2, and at the end of 
treatment time, they were fixed with 4% Roti-Histofix (Carl Roth, 
Karlsruhe, Germany). Afterward, cells were permeabilized with 0.2% 
Triton X-100 (Sigma Aldrich). After blocking of unspecific binding sites 
with 0.2% BSA in PBS, the cells were incubated with an anti-NFκB p65 
antibody (sc-327, 1:400; Santa Cruz Biotechnology, Heidelberg, Ger-
many) and subsequently with an Alexa Fluor 488-conjugated secondary 
antibody (A11008, 1:400; Thermo Fisher Scientific, Dreieich, Germany). 
Fluorescence images were taken using a Leica DMI6000 B fluorescence 
microscope (Leica Microsystems). Images were analyzed with the 
ImageJ (1.53c). 

2.19. Statistical analysis 

All data were statistically analyzed using the GraphPad Prism soft-
ware version 6 (GraphPad, San Diego, USA). One-way ANOVA followed 

by Tukey’s post hoc test was used to analyze all bar graphs. As an 
exception, an unpaired t-test was used in the chemotactic migration 
assay. The numbers of independently performed experiments (n) are 
stated in the corresponding figure captions, and at least three technical 
replicates were used for the experiments, except the western blot anal-
ysis, adhesion assay under flow, protein synthesis, and chemotaxis as-
says. The Rayleigh test was used to test the uniformity of a circular 
distribution of points in chemotactic migration assay, and the null hy-
pothesis is rejected when P > 0.05. All data are expressed as mean ±
standard error of the mean (SEM). P ≤ 0.05 was considered as statisti-
cally significant. 

3. Results 

3.1. Xcns do not impair endothelial cell viability 

First, non-toxic ranges of Xcn1 and Xcn2 were determined in 
HUVECs. The metabolic activity, cell membrane integrity, and sub- 

Fig. 1. Xcn2 reduces the adhesion of leukocytes on endothelial cells. (A-B) THP-1 cell adhesion under static conditions. HUVECs were grown to confluence, pre-
incubated with Xcn1 (left) or Xcn2 (right) for 30 min and activated with (A) TNF (10 ng/ml) or (B) IL-1β (5 ng/ml) for 24 h. For the leukocyte adhesion assay, 
untreated THP-1 cells were stained with CellTracker Green and were allowed to adhere onto the treated HUVECs for 5 min (C) THP-1 cell adhesion under flow 
conditions. HUVECs were grown under the cultivation flow of 5 dyn/cm2 for 24 h, preincubated with Xnc2 for 30 min, and activated with (left) TNF (10 ng/ml) or 
(right) IL-1β (5 ng/ml) for 24 h. (D) RAW264.7 cell adhesion under static conditions was induced by TNF on Xcn1 (left) and Xcn2 (right) treated cells. The adhesion 
of leukocytes onto ECs was quantified by fluorescence measurements for all cell adhesion experiments. Data are expressed as means ± SEM, n = 3. *P ≤ 0.05 vs. TNF 
(positive) control. 
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diploid (apoptotic) populations were analyzed by the CellTiter-Blue 
assay (Fig. S2A), lactate dehydrogenase (LDH) quantification 
(Fig. S2B), and flow cytometry using propidium iodide (PI) staining 
(Fig. S2C), respectively. As indicated by these three test systems, there 
was no significant cytotoxicity of Xcns on HUVECs at concentrations up 
to 3 µM for 24 h. 

3.2. Xcn2 reduces adhesion of leukocytes onto endothelial cells 

The extravasation of leukocytes from the blood into the inflamed 
tissue is a key step of the body’s inflammatory response, and the adhe-
sion of leukocytes onto the vascular endothelium is a crucial prerequisite 
for this extravasation [24]. Therefore, we first tested Xcns for their 
ability to reduce the adhesion of human monocytic (THP-1) cells onto a 
TNF- or IL-1β-activated EC monolayer under static conditions: As shown 
in Fig. 1A, B, Xcn2 treatment of HUVECs significantly diminished both 
the TNF- and IL-1β-induced THP-1 cell adhesion starting from a con-
centration of 100 nM. In contrast, Xcn1 had no effect. The adhesion of 
THP-1 cells was further examined under flow conditions using the most 
effective concentrations (Fig. 1C): THP-1 adhesion was decreased by 
more than 50% compared to the positive control group. In addition to 
macrovascular HUVECs, THP-1 cell adhesion was significantly 
decreased when microvascular HMECs were treated with Xcn2 under 
static conditions starting from 100 nM (Fig. S3). To explore this effect 
with a different leukocyte cell line, we used RAW264.7 macrophages 
(Fig. 1D). While Xcn1 treatment of HUVECs did not alter RAW264.7 cell 
adhesion, Xcn2 lowered cell adhesion starting from 1000 nM. 

3.3. Xcn2 down-regulates the expression of endothelial CAMs 

To investigate the effect of Xcns on the levels of CAMs, which are 
crucially engaged in the adhesion of leukocytes onto ECs, we screened 
for inhibition of the TNF- and IL-1β-induced expression of the CAMs. 
Xcn2 exerted a significant inhibitory activity in TNF-induced HUVECs 
on cell surface protein levels of ICAM-1, VCAM-1, and E-selectin, 

starting at a concentration of 100 nM (Fig. 2A), as well as total protein 
levels starting from 300 nM (Fig. 2A). Xcn2 also reduced total protein 
levels of ICAM-1, VCAM-1, and E-selectin in IL-1β-activated HUVECs in 
a concentration-dependent manner (Fig. S4B). In addition to the protein 
levels of CAMs, we also measured the mRNA expression of these mole-
cules by q-RT-PCR. mRNA expression of the CAMs was significantly 
increased by Xcn2 treatment in TNF- (Fig. 2C) and IL-1β-activated 
HUVECs (Fig. S4B). Only an exceptional decrease of VCAM-1 levels was 
observed at 3000 nM. 

3.4. Xcn2 down-regulates key modulators of the canonical NF-κB 
pathway 

Considering the influence of Xcn2 on endothelial CAMs, which are 
predominantly regulated by the NF-κB pathway, we focused on the 
signaling molecules that are crucially involved in the activation cascade 
of this transcription factor. The first step was to investigate the action of 
Xcn2 on the TNF-induced translocation of the NF-κB subunit p65 from 
the cytosol into the nucleus, which was visualized by immunofluores-
cence staining. The translocation was significantly reduced after 24 h 
treatment with Xcn2 when cells were activated with TNF for a short 
period (up to 30 min) (Fig. 3A). However, there was no significant dif-
ference between Xcn2 treated and untreated cells when longer periods of 
activation with TNF (1–3 h) were used (Fig. 3B). In contrast, there was 
an increase in IL-1β-mediated translocation of p65 by Xcn2 (Fig. S5A, B). 

For the activation of NF-κB, the degradation of IκB proteins is of 
importance. This arises mainly from the activation of the IκB kinase 
(IKK) complex [25]. By Xcn2 treatment for 6 h, TNF-mediated phos-
phorylation of IκBα was strongly inhibited (Fig. 3C). IKK-β is responsible 
for the phosphorylation of IκBα, which is followed by the proteasomal 
degradation of IκBα, a necessity for the nuclear translocation of the 
NF-κB subunit p65 [21,26]. The TNF-evoked phosphorylation of IKK-β 
was reduced up to approximately 50% (Fig. 3D). The reduction in the 
TNF-mediated phosphorylation of IkBα and IKK-β was still present after 
24 h treatment with Xcn2 (Fig. S5C, D). Besides, the influence of Xcn2 

Fig. 2. Xcn2 down-regulates the expression of endothelial CAMs. Confluent HUVECs were left untreated (control) or were pretreated with Xcn2 for 30 min and were 
then activated with TNF (10 ng/ml) for 24 h (ICAM-1 and VCAM-1) or 4 h (E-selectin). (A) Surface protein levels were analyzed by flow cytometry. (B) Total protein 
expressions were analyzed by Western blot analysis. One representative blot out of 3 independently performed experiments is shown. (C) mRNA expression was 
determined by q-RT-PCR. Data are expressed as means ± SEM, n = 3. *P ≤ 0.05 vs. TNF control. 
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on the IL-1β-evoked increase in the phosphorylation of IκBα and IKK-β 
was not as strong as the action of Xcn2 on the TNF-induced events 
(Fig. S5E, F). Xcn2 induced an IL-1β-mediated decrease in p-IκBα protein 
level after 4 h of treatment (Fig. S5E). 

3.5. Xcns reduce cell viability, NO release, and iNOS expression in 
RAW264.7 macrophages 

Besides ECs, we were also interested in the action of Xcns on the pro- 
inflammatory activation of RAW264.7 macrophages. First, the half- 
maximal inhibitory concentration (IC50) values on RAW macrophages 
were determined with a cell proliferation reagent, WST-8, as 610 and 
240 nM for Xcn1 and Xcn2, respectively (Fig. 4A). Then, the apoptosis 
level of Xcn-treated cells was detected by measuring caspase-3 activa-
tion (Fig. 4B). Even though caspase-3 levels were slightly augmented 
with increasing concentrations of Xcn1 and Xcn2, these compounds 
augmented the levels up to only 10%, while the positive controls cele-
coxib (Cele) and staurosporine (STS) strongly induced apoptosis up to 
approximately 90%. 

Next, we investigated if the Xcns affect the synthesis of two main 
inflammatory mediators in macrophages, nitric oxide (NO) and prosta-
glandin E2 (PGE2). The concentrations of NO and PGE2 were determined 
from the supernatant of LPS-induced RAW264.7 cells. Neither Xcn1 nor 
Xcn2 did alter PGE2 level in LPS-activated macrophages (Fig. 4C). The 
LPS-induced NO level was decreased with increasing concentrations of 
Xcn1 and Xcn2 (Fig. 4D). 

Furthermore, the effects of Xcns on COX-2 and iNOS mRNA and 
protein levels were analyzed in LPS-induced RAW macrophages. The 

COX-2 mRNA level was significantly higher in Xcn2-treated cells 
compared to Xcn1-treated and untreated cells, and this increase was 
concentration-dependent (Fig. 4E). In line with the NO release results, 
mRNA levels of iNOS also decreased with increasing concentrations of 
Xcns, and Xcn2 exhibited a slightly stronger activity in decreasing iNOS 
mRNA levels than Xcn2 (Fig. 4F). Regarding the total protein levels, we 
found that COX-2 in RAW macrophages was not significantly affected by 
Xcn1 and Xcn2 (Fig. 4G). On the other hand, iNOS protein levels were 
decreased by Xcn1 and Xcn2 treatment in RAW264.7 cells, whereby 
Xcn1 exerted a stronger effect than Xcn2. 

3.6. Xcn2 impedes angiogenic processes in HUVECs 

As a next step, we examined the effects of Xcns on angiogenic key 
features in vitro. Essential stages in the process of angiogenesis, i.e., 
proliferation, migration, sprouting, and network formation, were 
evaluated. 

The proliferation of HUVECs was assessed by measuring the number 
of crystal violet-stained cells. Although we found out that the viability of 
HUVECs was not influenced by Xcns, the proliferation was hindered 
upon treatment with Xcn1 and Xcn2 for 72 h (Fig. 5A). Xcn2 decreased 
the proliferation starting from a concentration of 100 nM, whereas Xcn1 
was only effective at the highest concentration used (3000 nM). We also 
observed that Xcn2 exhibited similar effectiveness at 24 and 48 h 
treatment, while Xcn1 was able to reduce proliferation at 3000 nM only 
after 48 h of treatment (Fig. S6). 

To assess the effects of Xcns on the undirected migration of HUVECs, 
a scratch assay was performed. Xcn2 but not Xcn1 significantly reduced 

Fig. 3. Xcn2 blocks the nuclear translocation of 
p65 and influences the phosphorylation of IκBα 
and IKKα/β. (A, B) p65 translocation into the 
nucleus was determined by immunocytochem-
istry and fluorescence microscopy by analyzing 
the nuclear fluorescence intensity (green). 
Confluent HUVECs were pretreated with Xcn2 
(1000 nM) for 30 min and activated with TNF 
(10 ng/ml) as indicated for (A) shorter and (B) 
longer periods. Total protein levels of (C) IκBα 
and phospho-IκBα (p-IκBα) (D) IKKβ, phospho- 
IKKα/β (p-IKKα/β), and β-actin were analyzed 
by western blot. Confluent HUVECs were 
treated with Xcn2 (1000 nM) for 6 h and acti-
vated with TNF (10 ng/ml). One representative 
blot out of 3 is shown. Data are expressed as 
mean ± SEM. (A, B) n = 3, (C, D) n = 5, 
* P ≤ 0.05 versus control.   
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the migration of cells (Fig. 5B, Fig. S7). After confirming the superiority 
of Xcn2 in reducing endothelial proliferation and migration, the 
following experiments were performed with Xcn2 only. To determine 
the influence of Xcn2 on the migratory capability of HUVECs towards a 
chemotactic stimulus, a live-cell imaging experiment using stable FCS 
gradients was performed. The chemotactic migration of cells treated 
with Xcn2 (3000 nM) was imaged for 20 h. The distribution 

homogeneity of migrated cells was statistically confirmed by the Ray-
leigh test. Xcn2 treatment resulted in a significant reduction in the 
displacement of Y-forward migration of cells, and the center of mass of 
HUVECs (Fig. 5C). Also, the directionality and Euclidean distance be-
tween the start and completion points of the tracking paths were 
significantly decreased. The accumulated distance and velocity were not 
diminished compared to FCS control. In addition, angiogenic sprouting 

Fig. 4. Influence of Xcns on RAW macrophages. (A) IC50 determination from proliferation assays. RAW 264.7 cells were incubated with Xcns or DMSO (control) for 
24 h. WST-8 dye was added for 60 min and formazan was quantified. (B) Apoptosis assay. RAW 264.7 cells were incubated with Xcns or DMSO for 24 h. Apoptotic 
cells were stained with a caspase-3-detecting antibody. Determination pro-inflammatory activation, (C) PGE2, (D) NO release. RAW macrophages were preincubated 
with Xcns or DMSO (control) for 30 min followed by the addition of 100 ng/ml LPS for 24 h. (E) mRNA expressions of COX-2 and (F) iNOS, (G) protein level of COX-2 
and iNOS. RAW264.7 cells were preincubated with Xcns and DMSO at 37 ◦C for 1 h, followed by a 24 h stimulation with LPS (100 ng/ml). Data are expressed as 
mean ± SEM. n = 3, * P ≤ 0.05, treatment groups versus vehicle control for (A-B); treatment groups versus vehicle control with LPS (C-G). 
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Fig. 5. Xcn2 inhibits angiogenic processes in HUVECs. (A) Proliferation assays. HUVECs were grown in low-density and treated with Xcn1 (left) and Xcn2 (right) for 
72 h. Cells were stained with crystal violet solution. The amount of DNA-bound crystal violet was detected by absorbance measurements. (B) Undirected migration 
(wound healing). A scratch was formed on a HUVEC monolayer using a pipette tip. The cells were incubated in a growth medium or growth medium containing the 
indicated concentrations of Xcn1 and Xcn2 and allowed to migrate for 8 h followed by fixation and microscopical analysis. (C) Live-cell microscopic analysis of 
chemotactic migration. Chemotaxis of HUVECs towards a serum gradient (20% FCS) was determined under control conditions (DMSO) and in the presence of Xcn2 
(3000 nM) in μ-Slide Chemotaxis chambers (ibidi). Cell movements were tracked for 20 h. (D) VEGF-induced angiogenic sprouting from endothelial cell spheroids. 
The hanging drop method was used to form HUVEC spheroids, followed by the seeding of spheroids in a collagen gel after 24 h, and spheroids were pretreated with 
Xcn2 for 30 min and sprouting was induced by VEGF (10 ng/ml) for 20 h. (E) Formation of endothelial networks. HUVECs were seeded on growth factor reduced 
Matrigel and treated with the indicated concentrations of Xcn2. (F) The effects of Xcn2 on the activation of Akt and Erk1/2 proteins. Confluent HUVECs were starved 
in growth factor reduced medium for 12 h, followed by the treatment with Xcn2 (1000 nM) or left untreated before the activation with VEGF (10 ng/ml) for 5 min, 
and the protein levels pan and phosphorylated forms of Akt and Erk1/2 (left to right) were evaluated by western blot analysis. ImageJ was used to analyze cell 
movements, cell sprouts and network formation, and band density of western blots. Data are expressed as mean ± SEM. n = 3, * P ≤ 0.05 versus DMSO control (A, B, 
E), FCS (C) or VEGF control (D, F). 

Fig. 6. Xcn2 influences the surface protein levels by blocking the de novo protein biosynthesis of HUVECs. Confluent HUVECs were treated with (A) Xcn1 and (B) 
Xcn2 in different concentrations or cycloheximide (CHX; 10 μg/ml) for 6 h. For the last 30 min of Xcn treatment, the cells were incubated with Click-iT OPP, which 
was fluorescently labeled with Alexa Fluor 488. Microscopical images were obtained and the intensity of the Click-iT OPP signal (green) was normalized to the 
intensity of a cell nuclei staining (blue) using ImageJ. The total protein levels of human (C) tumor necrosis factor receptor 1 (TNFR1), (D) vascular endothelial growth 
factor receptor 2 (VEGFR2), (E) vascular endothelial growth factor receptor 1 (VEGFR1), (F) fibroblast growth factor receptor-1 (FGFR1), and (G) epidermal growth 
factor receptor (EGFR) was obtained from confluent HUVECs, which were treated with a concentration range of Xcn2 for 6 h as indicated. ImageJ was used to analyze 
the band density of western blots. Data are expressed as mean ± SEM. n = 3, * P ≤ 0.05 versus control. 

P. Erkoc et al.                                                                                                                                                                                                                                   



Biomedicine & Pharmacotherapy 140 (2021) 111765

11

from spheroids and endothelial tube/network formation was blocked in 
the presence of Xcn2 as shown in Fig. 5D, E. Xcn2 (starting from 
300 nM) impeded the increase in the VEGF-induced total sprout length 
and the number of sprouts. Moreover, in the tube/network formation 
assay the total tube length and number of junctions were analyzed from 
microscopy images. As shown in Fig. 5E, the reducing effect of Xcn2 on 
the total tube length starts at a concentration of 100 nM and is constant 
between 300 and 3000 nM. Besides, Xcn2 decreased the number of 
junctions in the EC network by more than 50% for the indicated 
concentrations. 

Finally, we hypothesized that Xcn2 might alter the protein levels of 
key regulators of angiogenesis. Further tests showed that the treatment 
of ECs with Xcn2 for 12 h reduces the VEGF-induced activation (phos-
phorylation) of two key protein kinases that regulate the angiogenic 
response: Akt and ERK1/2, [27,28] as shown in Fig. 5F. The total protein 
level of these proteins stayed constant upon Xcn2 treatment. 

3.7. Xcn2 inhibits protein biosynthesis in HUVECs 

The effects of Xcn2 on the de novo protein biosynthesis were 
measured using an O-propargyl-puromycin-based assay. As shown in  
Fig. 6A and B, Xcn2 reduced protein synthesis in a concentration- 
dependent way, whereas there was no significant reduction in Xcn1- 
treated HUVECs. Cycloheximide (CHX) was used as a positive control. 
Xcn2 at concentrations of 1000 and 3000 nM reduced the protein syn-
thesis by more than 50%, which is comparable to the reduction evoked 
by CHX at 10 µg/ml (36 µM). Subsequently, we analyzed the impact of 
protein biosynthesis inhibition by Xcn2 on the protein levels of receptors 
that are crucially involved in the pro-inflammatory and pro-angiogenic 
activation of endothelial cells. After 6 h treatment with Xcn2, the pro-
tein level of TNF receptor 1 (TNFR1) was significantly and 
concentration-dependently reduced in HUVECs starting from a Xcn2 
concentration of 100 nM (Fig. 6C). The decrease of the TNFR1 protein 
level by Xcn2 at a concentration of 1000 nM (Fig. S8A) was transient 
with onset at 2 h and disappearance at 18 h of treatment. At 3000 nM 
(Fig. S8B), however, Xcn2 led to a rapid loss of TNFR1 within 1 h, and a 
constant effect was observed after 6 h. Interestingly, mRNA expression 
of TNFR1 was significantly increased by Xcn2 (1000 nM) after 10 h of 
treatment and stayed constant at least for 24 h (Fig. S8C). Furthermore, 
the influence of Xcn2 on the protein level of another receptor that is of 
great importance for inflammatory processes, the interleukin 1 receptor 
type I (IL1R1), was evaluated (Fig. S8D). In contrast to the effect on 
TNFR1, Xcn2 did not alter IL1R1 total protein level. 

Ultimately, we analyzed the influence of Xcn2 on prominent re-
ceptors that trigger pro-angiogenic siginaling events: VEGFR2, VEGFR1, 
FGFR1, and EGFR (Fig. 6D–G and Fig. S9). Xcn2 (1000 nM) caused a 
concentration-dependent reduction of the total protein levels of 
VEGFR2, VEGFR1, and FGFR1. The lowest concentration that evoked a 
significant effect was 100, 300, and 3000 nM for VEGFR2, VEGFR1, and 
FGFR1, respectively (Fig. 6D–F). This action was observed within an 
hour for both VEGFR2 and VEGFR1, which was not recovered for at least 
24 h (Fig. S9A, B). The maximum effect on the protein level of FGFR1 
was observed at 6 h (Fig. S9C). In contrast, Xcn2 did not reduce the 
protein level of EGFR after the compound was applied at concentrations 
up to 3000 nM for 24 h (Fig. 6G and Fig. S9D). Cycloheximide (CHX), a 
well-known eukaryotic protein synthesis inhibitor [29], was used as a 
positive control (Fig. S9). 

4. Discussion 

Discovering therapeutics with the ability to inhibit the uncontrolled 
inflammatory response, which causes self-damage of cells and conse-
quently most human immunity-related disorders, is important to 
develop effective anti-inflammatory therapies [24]. The inflammatory 
response is a complex process that is orchestrated by many cellular in-
teractions. In numerous severe diseases, inflammation and angiogenesis 

are engaged as co-dependent pathogenetic processes that share signaling 
pathways and molecules [30]. For example, in rheumatoid arthritis, 
infiltrated inflammatory cells generate an excess of angiogenic factors 
that facilitate the ingrowth of a vascular pannus over a joint surface 
[31]. These processes are strongly associated with the activation of 
vascular ECs, expressing CAMs, and presenting chemokines followed by 
the initiation of leukocyte migration from blood into the tissue [32]. 

In this study, we revealed for the first time that xenocoumacin (Xcn) 
1 and 2, two natural products isolated from the nematode-associated 
bacterium Xenorhabdus nematophila, have the pharmacological activity 
to reduce inflammation- and angiogenesis-associated processes. Since 
their isolation and structure elucidation has been reported in 1991 [12], 
they have been widely investigated regarding their culture conditions 
and their activity as antimicrobial compounds [1,10]. The only 
emerging evidence for the biological effects of Xcns in mammalian cells 
was reported in the same study [12]: Both Xcns were shown to exhibit 
antiulcerogenic properties, i.e., they exerted beneficial actions on 
stress-induced gastric ulcers in rats after oral administration. 

In the first step, we confirmed that both Xcns did not induce cyto-
toxic effects in ECs, in contrast to their well-known toxicity on pro-
karyotes and fungi [10]. Subsequently, we initially evaluated the ability 
of Xcns to impede the surface and total protein levels of ICAM-1, 
VCAM-1, and E-selectin, which are well-known to promote the recruit-
ment of leukocytes [33]. Xcn2 was confirmed to markedly reduce these 
levels in response to both TNF and IL-1β cytokines under static and flow 
conditions. mRNA expression of ICAM and E-selectin was increased 
when ECs were treated with 1000 and 3000 nM Xcn2. Protein synthesis 
is not necessarily directly related to the mRNA levels, because many 
essential controls in gene expression occur at the translation level [34]. 
The increased mRNA levels might be due to compensate for the protein 
loss. Furthermore, the activation cascade of the proinflammatory tran-
scription factor NF-κB was strongly affected by Xcn2: The compound 
inhibited various essential steps in the TNF-triggered pathway including 
p65 nuclear translocation, phosphorylation/activation of IKK-β and 
phosphorylation and degradation of IκBα. The total protein of TNFR1, 
which has a central role in the TNF-induced inflammation signaling 
[35], was also reduced up to 50%. Noteworthy, this result was similar to 
that of the well-known translation inhibitor cycloheximide [29]. Taken 
together, we have obtained comprehensive evidence for the inhibitory 
actions of Xcns on pro-inflammatory processes in endothelial cells, 
which indicate that Xcn2 exhibits superior activity compared to Xcn1 as 
suggested by the initial findings [12]. 

Macrophages, a specialized type of immune cells, are important 
players in inflammation that crucially participate in inflammation- 
associated tissue damage; however, drug-induced toxicity might cause 
an undesired hyper-responsive phenotype [15]. As a first step, we pro-
ceeded to our research by exploring the influence of Xcns on macro-
phage viability. Both Xcns exhibited pharmacological efficacy regarding 
the inhibition of proliferation at lower concentrations compared to ECs. 
Hence, concentration ranges defined by IC50 curves were used to eval-
uate the effect of Xcns on the pro-inflammatory response of macro-
phages. In RAW 264.7 macrophages, Xcn1 and 2 did not influence the 
LPS-induced levels of PGE2 and COX-2 but reduced the levels of nitric 
oxide (NO) and the inducible NO synthase. Our findings suggest potent 
immunomodulating activities of Xcns on macrophages in addition to 
ECs. 

Furthermore, we analyzed angiogenesis-related parameters in ECs, 
which have been considered as the major cell type reacting on angio-
genic factors. Besides physiological processes, angiogenesis is an 
important step in the pathology of inflammation, which creates an in-
flammatory tissue abundant in blood vessels. It is also a key step in the 
growth and spread of malignant tumors, as well as in the progression of 
microvascular tissue in diabetes patients [36]. Concerning 
angiogenesis-related processes, we reveal for the first time that Xcn2 
efficiently inhibits angiogenic processes in vitro. The compound 
decreased the proliferation, migration, angiogenic sprouting, and 

P. Erkoc et al.                                                                                                                                                                                                                                   



Biomedicine & Pharmacotherapy 140 (2021) 111765

12

network formation of human primary ECs and reduced the protein levels 
of important receptors that regulate angiogenesis, such as VEGFR2, 
VEGFR1, and FGFR1. Interestingly, the protein levels of EGFR, which 
represents another key regulator of angiogenesis, did not alter upon 
Xcn2 treatment for 24 h, suggesting that EGFR protein has a much 
longer half-life than the other receptors [23]. 

At this point, our final aim was to investigate whether Xcn2 impedes 
the protein synthesis in HUVECs. Recently, it was reported that ami-
coumacin A, which is structurally related to Xcns, inhibits protein syn-
thesis in bacteria, yeast, and mammalian systems [37,38]. Therefore, we 
hypothesized that Xcn2 might affect protein biosynthesis in ECs and that 
this action might contribute to its observed in vitro anti-inflammatory 
action [34]. As hypothesized, our experiments prove that Xcn2 in-
hibits de novo protein synthesis, which is shown with an approximately 
50% decrease in HUVECs. As was stated above, we observed a decrease 
in total protein levels of TNFR1 and VEGFR2, VEGFR1, and FGFR1. 
Xcn2-evoked protein biosynthesis inhibition could well be responsible 
for these results. Our data suggest that these receptors promptly vanish 
after the inhibition of protein biosynthesis. As described previously by 
our group [21,23], these proteins have quite short half-lives (in the 
range of 1–2 h) compared to down-stream signaling molecules, which 
explains the persistence of the total forms of proteins such as IκBα, IKK-β, 
Akt and Erk 1/2 after Xcn2 treatment. The cellular levels of the IL1R1 
were also not influenced by Xcn2 or CHX indicating that this receptor 
has a much longer half-life than TNFR1. 

In summary, this paper addresses the need for preclinical pharma-
cological characterization of Xcns in the context of inflammation and 
angiogenesis, so far lacking in the recent literature. Our biochemical and 
functional assays revealed the pharmacological potential of Xcn2 in 
inflammation/angiogenesis-associated processes, in vitro. The most 
remarkable result is that Xcn2 represents a potent inhibitor of protein 
synthesis in endothelial cells, which provides evidence for the rapid 
reduction of TNFR1, FGFR1 levels and the loss of VEGFR2 and VEGFR1 
proteins in HUVECs. Furthermore, both the endothelial and the leuko-
cytic side are influenced more in particular by Xcn2 during the 
inflammation-associated interaction of endothelial cells with leuko-
cytes. Taken together, Xcn2 represents an interesting natural compound 
that exerts valuable pharmacological actions in vitro in the context of 
inflammatory and angiogenic processes. This potential warrants further 
evaluation in a preclinical setting. 
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