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Skin wound healing is a physiological process that involves several cell types. Among them, endothelial cells are required for inflammation resolution and neo‐angiogenesis, both necessary for tissue restoration after injury. Primary human umbilical vein endothelial cells (C‐HUVECs) are derived from the umbilical cord. When women develop gestational diabetes, chronic exposure to hyperglycemia induces epigenetic modifications in these cells (GD‐HUVECs), leading to a permanent pro‐inflammatory phenotype and impaired angiogenesis in contrast to control cells. Oleanolic acid (OA) is a bioactive triterpenoid known for its epithelial cell migration promotion stimulation and higher tensile strength of wounds. However, the potentially anti‐inflammatory and pro‐angiogenic properties of OA are still under investigation. We tested OA on C‐ and GD‐HUVECs under inflammatory conditions induced by low levels of the inflammatory cytokine TNF-α. Reduced expression of adhesion molecules VCAM1, ICAM1, and SELE was obtained in OA‐pre‐treated C‐ and GD‐HUVECs. Additionally, protein VCAM1 levels were also decreased by OA. Coherently, monocyte adhesion assays showed that a lower number of monocytes adhered to GD‐HUVEC endothelium under OA pre‐treatment when compared to untreated ones. It is noteworthy that OA improved angiogenesis parameters in both phenotypes, being especially remarkable in the case of GD‐HUVECs, since OA strongly rescued their poor tube formation behavior. Moreover, endothelial cell migration was improved in C‐ and GD‐HUVECs in scratch assays, an effect that was further confirmed by focal adhesion (FA) remodeling, revealed by paxillin staining on immunocytochemistry assays. Altogether, these results suggest that OA could be an emergent wound healing agent due to its capacity to rescue endothelial malfunction caused by hyperglycemia.
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Introduction

During wound healing, epithelial cell migration is a crucial process to close and repair the skin barrier (1, 2). In pathological conditions, a physiologic impairment that halts wound healing may occur. Therefore, new treatments that could enhance or accelerate cell migration are currently of great interest. Oleanolic acid (OA), a bioactive triterpenoid present in a wide variety of plants, has shown promising effects on wound healing due to its cell migration activity on epithelial cells (3–7). Thus, OA activates epidermal growth factor receptor (EGFR), enabling a complex MAP kinase system, which in turn triggers c‐Jun phosphorylation and overexpression, a key transcription factor that enhances a gene expression cell migration program (7, 8). Besides these molecular effects, OA also changes elements of the epithelial cell architecture. OA promotes the assemble–disassemble turnover of focal adhesions (FAs) together with the actin and paxillin remodeling, a dynamic state that is evidence of cell migration (7, 9–11).

The findings of effects of OA on epithelial cells encouraged us to explore the role of this bioactive compound on other wound healing players, closely related to epithelial cells and their migration. In an acute wound, to reach wound closure, sequential phases must occur with the involvement of different cell types. The proliferative phase and the remodeling phase are critical for a correct wound resolution (12). These two stages need to take place after a correct inflammation mitigation in the wound, which is produced after skin injury and defines the inflammatory phase (13). At this point, in the injured blood vessels of the wound, endothelial cells respond by expressing adhesion molecules on the endothelium surface in order to facilitate the recruitment of immune cells to the wound site. In particular, they recruit immune cells that are known for their reparative properties, such as M2 macrophages and type T lymphocytes, which release anti‐inflammatory cytokines to modulate the wound inflammation milieu (14). The adequate resolution of this phase allows the wound to progress into the subsequent proliferative and remodeling phases, including angiogenesis and tissue regeneration. During angiogenesis, endothelial cells proliferate, migrate, and form a tube for the correct supply of nutrients, oxygen, and growth factors to the newly formed wound bed (15, 16). Briefly, angiogenesis is critical and occurs with cell migration during the proliferative and remodeling phases, supporting skin reepithelization.

However, when the wound is subjected to continuous inflammation, the other stages come to a halt, resulting in a chronic, non‐healing wound that may progress to an ulcer (17, 18). Indeed, there are many causes that trigger this condition, including trauma, burns, infections, or underlying chronic diseases such as diabetes (19). In fact, diabetes is one of the leading causes of impaired wound healing, and represents a complex issue due to its socioeconomic impact and the elevated number of patients (20, 21). For instance, one of its most severe complications is diabetic foot ulcer (DFU), in which the patient’s ulcer shows poor reepithelization and vascularization, leading to the amputation of the limb (20).

Diabetic ulcers display an excessive inflammatory response and deficient angiogenesis due to endothelium malfunction, which causes delayed healing and uncontrolled scar tissue formation (22–24). Thus, the use of in vitro cell models that can mimic endothelium diabetic features seems very relevant to studying possible strategies or agents that help rescue endothelial cells from this condition, and eventually restore their regular function. This is the case of human umbilical cord vein endothelial cells (HUVECs) exposed to hyperglycemia during pregnancy in mothers affected by gestational diabetes (GD) (25). Interestingly enough, this unique endothelial cell model (GD‐HUVECs) displays an altered phenotype that has been exhaustively studied and described (26). Although regular primary HUVECs are a well‐known in vitro model to study the process and molecular mechanisms related to inflammation and neo‐angiogenesis (27, 28), GD‐HUVECs are permanently damaged by hyperglycemia, thus showing a senescent pro‐inflammatory phenotype that leads to endothelial dysfunction (26). Therefore, GD‐HUVECs are a suitable model to study and to try to rescue an endothelium that is affected by diabetic ulcers and causes either a delay or even a halt on wound healing. Indeed, previous studies have shown that OA attenuates adhesion molecule overexpression under inflammation stimuli in C‐HUVECs (29, 30). Nevertheless, it might be very interesting to carry out these studies on GD‐HUVECs, which are endothelial cells experiencing a pathologic condition.

In this article, we have investigated the effects of OA on C-HUVECs and GD-HUVECs. Our results show that OA attenuates inflammatory responses, improves migration, and favors tube formation in both types of cells. Furthermore, these aspects are especially relevant in GD-HUVECs.





Materials and methods




HUVEC isolation and culture

All procedures adhered to the ethical standards of the Institutional Committee on Human Experimentation (reference number 1879/09COET) and to the principles of the Declaration of Helsinki. The protocol used was approved by the Institutional Review Board and informed consent was signed by every participating subject. Primary endothelial cells were collected from umbilical cord veins (HUVECs) of newborns delivered between the 36th and the 40th gestational week at the Hospital of Chieti and Pescara (Italy) from randomly selected Caucasian mothers affected by GD or not (control, C) following previously published methods (31). Briefly, veins of the umbilical cords were immediately collected after delivery, cannulated and perfused with 1 mg/mL collagenase 1A at 37°C. Obtained HUVECs were isolated in a base medium composed of DMEM/M199 (1:1) supplemented with 1% L‐glutamine, 1% penicillin/streptomycin, and 20% fetal bovine serum (FBS) (all from Biowest, Nuaillé, France). Then, the cell suspension was centrifuged at 1,200 rpm for 10 min, and the cell pellet was re-suspended in HUVEC base medium and plated on 1.5% gelatin‐coated (Sigma‐Aldrich, St Louis, MO, USA) tissue culture flasks. HUVECs were confirmed by the presence of specific markers such as von Willebrand factor, CD31 and CD34 positive, together with the induced expression of cell adhesion molecules ICAM1, VCAM1, and E‐selectin, and cytokines IL‐6 and IL‐8 under pro‐inflammatory stimuli, as well as the formation of cord‐like structures on Matrigel (25, 32). For all experiments, the cells were used in vitro between the 3rd and 5th passage, never exceeding the 5th passage. The HUVECs selected for the assays were grown on 1.5% gelatin‐coated tissue culture plates in HUVEC complete medium: low‐glucose (1 g/L) DMEM and M199 medium (ratio 1:1), supplemented with 10 μg/mL heparin (Sigma‐Aldrich, St Louis, MO, USA), 50 μg/mL endothelial cell growth factor (ECGF), 20% FBS, 1% penicillin/streptomycin, and 1% L‐glutamine. All experiments were performed, at least, in technical triplicate, using three different cellular strains (n = 3) of C‐ and GD‐HUVECs.





Oleanolic acid preparation

OA (purity > 97%) (Merck, Darmstadt, Germany) was solubilized to a 25 mM final concentration in dimethyl sulfoxide (DMSO) (Sigma‐Aldrich, St Louis, MO, USA). Assay concentrations are indicated for each experiment in figure legends. MTT assays were performed in C‐ and GD‐HUVECs prior to functional assays, in order to optimize the OA/DMSO effect (see Supplementary Figure 1). In all the assays, DMSO concentration never exceeded 1% to avoid cytotoxic effects.





RNA extraction and quantitative PCR

C‐ and GD‐HUVECs were seeded in 5-cm-diameter Petri dishes coated with 1.5% gelatin in HUVEC complete medium. When cells reached sub‐confluence (60%), cells were pre‐treated for 24 h with OA or DMSO (basal condition) in HUVEC complete medium with 10% FBS. After this, a 2-h serum‐starvation period was established in HUVEC serum‐starvation medium: low‐glucose (1 g/L) DMEM with 0.1% FBS, supplemented with 10 μg/mL heparin, 50 μg/mL endothelial cell growth factor (ECGF), 0.3% bovine serum albumin (BSA, from Sigma‐Aldrich, St Louis, MO, USA), 1% penicillin/streptomycin, and 1% L‐glutamine. After serum starvation, cells were treated with TNF‐α at 1 ng/mL, using this concentration for subsequent assays as well (28, 33, 34). Then, cells were incubated for 2, 6, and 24 h to induce the gene expression of adhesion molecules: vascular cell adhesion molecule 1, VCAM1, intercellular adhesion molecule 1, ICAM1, and, E‐selectin, SELE. At the times indicated above, RNA was extracted using the RNeasy‐mini system (Qiagen, Venlo, The Netherlands). Usually, 800 ng of RNA from independent samples was retro‐transcribed using iScript reagents (Bio‐Rad, Hercules, CA, USA). The obtained cDNA was used for quantitative PCR (qPCR) using the SYBR premix ex Taq kit (Takara Bio Europe/Clontech, Saint‐Germain‐en‐Laye, France) according to the manufacturer’s protocol. The primers used for the analyzed genes related to inflammation are indicated in Table 1. For gene expression analysis, qPCR cycles were normalized with glyceraldehyde 3‐phosphate dehydrogenase (GAPDH) gene expression according to the 2−ΔΔCt method (35). The experiment was carried out on four different strains for C‐HUVECs and four different strains for GD‐HUVECs, each in technical triplicate. Analyzed data represent mean ± SEM.


Table 1 | Different primers used to study the expression of several genes.







MTT assay

The effects of increasing concentrations of OA on C‐HUVEC and GD‐HUVEC viability were assessed with the 3‐(4,5‐dimethylthiazolyl‐2)‐2, 5‐diphenyltetrazolium bromide (MTT, Sigma‐Aldrich) method (36). C‐ and GD‐HUVECs were seeded in 96‐well microplates, 2 × 104 cells/cm2 (approximately 6500 cells per well), coated with 1.5% gelatin in HUVEC complete medium. When cells reached sub‐confluence (80%), a 24-h serum‐starvation period was established in HUVEC serum‐starvation medium (0.1% FBS). After this, cells were treated with vehicle control DMSO or OA, as indicated in Supplementary Figure 1, in 0.5% FBS media. After 24-h incubation, 20 µL of MTT 5 mg/mL in PBS was added to each well. Plates were incubated for 3 h at 37 °C and finally the absorbance at 540 nm was detected by a microplate reader (SpectraMAX 190, Molecular Devices, Sunnyvale, CA, USA).





Western blot

C‐ and GD‐HUVECs were seeded in 5-cm-diameter Petri dishes coated with 1.5% gelatin in HUVEC complete medium. When cells reached sub-confluence (60%), cells were pre-treated for 24 h with OA or DMSO (basal) in HUVEC complete medium with 10% FBS. After this, a 2-h serum‐starvation period (0.1% FBS) was established in HUVEC serum‐starvation medium. Then, cells were treated with TNF‐α (1 ng/mL) for 1, 3, 6, or 24 h to induce inflammation. At the indicated times, cells were collected, washed twice with cold PBS, and lysed with 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1.2 mM MgCl2, 0.5%, Nonidet p‐40, 1 mM DTT, 25 mM NaF, and 25 mM β‐glycerophosphate supplemented with phosphatase inhibitor cocktails (I and II) and protease inhibitors (all from Sigma‐Aldrich, St Louis, MO, USA). Total protein amount of all samples was measured and normalized by Bradford assay (37) (Sigma‐Aldrich, St Louis, MO, USA). Samples were analyzed by SDS‐PAGE followed by Western blot using the indicated antibodies (see the Antibodies section). Blots were revealed by using horseradish peroxidase substrate (ECL) (GE Healthcare, GE, Little Chalfont, United Kingdom) and images were taken with a ChemiDoc MP (Bio‐Rad, Hercules, CA, USA). To quantify Western blot protein bands, pictures in 8‐bit format were processed in ImageJ software. In every picture, a lane was established for each sample. In each lane, only the band with the specific size (kDa) of the protein of interest was quantified. For each total protein and its phosphorylated form, each band’s intensity peak was plotted, and subsequently, the area under the plot was measured by using “Wand tool” of ImageJ to finally obtain pixel intensity value. In order to normalize data, obtained intensity values were referred to those of the unphosphorylated form of the protein (total) or a loading control protein (β‐actin) if the unphosphorylated form was undetectable (non‐available antibody for the unphosphorylated form).





Monocyte‐HUVEC adhesion assay

C‐ and GD‐HUVECs were seeded in six-well plates (200,000 cells/well) coated with 1.5% gelatin in HUVEC complete medium until they reached 60% confluence. At this time, cells were pre‐treated for 24 h with 20 µM OA in HUVEC complete medium with 10% FBS. When confluent, a 2-h serum‐starvation period was established washing and adding HUVEC serum starvation media. After this, cells were stimulated with TNF‐α (1 ng/mL) for 16 h. The U937 monocyte cell line (European Collection of Authenticated Cell Cultures, ECACC) was used to evaluate the adhesion to C‐ and GD‐HUVEC monolayers, as previously described (28, 33, 34). Briefly, the medium was removed from each HUVEC well, cells were gently washed with DMEM, and a suspension with 1 million monocytes was added to each well. Plates were incubated for 20 min, with gentle shaking at room temperature. Finally, to remove non‐adhered monocytes, HUVECs were gently washed and fixed with 1% paraformaldehyde. To identify the number of adherent monocytes for each tested strain, 12 counts were performed for every experimental condition (by using at least three different randomly selected high‐power fields, at 10× magnification) using Paula Nuc microscope (Leica Microsystems, Wetzlar, Germany). Images were acquired by using Paula software version 1.2.2. For this experiment, four different strains of both C‐HUVECs and GD‐HUVECs were used.





Matrigel tube formation assay

C‐ and GD‐HUVECs were seeded on 12‐well plates coated with growth factor‐reduced basement membrane matrix gel, known as Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) all in 10% FBS HUVEC complete medium. A number of 1.4 × 105 cells/well was the suitable amount for the assay. After plating, cells were incubated for 15 min at 37°C to induce cellular adhesion to Matrigel. Then, 20 µM OA and DMSO equivalent volume as control were ready to add to cells. After 6 h, representative images were taken using a Paula Nuc microscope (Leica Microsystems, Wetzlar, Germany). Images were processed and measured by ImageJ software. In this software, “Angiogenesis Analyzer” plugin (38) was used to analyze key neo‐angiogenesis markers: number of isolated segments, total length of isolated branches, number of master segments, number of meshes, number of nodes, number of segments, number of master junctions, total length of branches, and total length. The data presented are the data gathered from four C‐HUVEC strains and four GD‐HUVEC strains.





Wound healing scratch assay

C‐ and GD‐HUVECs were grown in 24‐well plates coated with 1.5% gelatin until they reached 100% confluence in HUVEC complete medium. At this point, a serum‐starvation period was performed in 1% FBS HUVEC serum starvation medium for 24 h. Cells were scratched using a sterile p‐40 µL pipette tip and then the resulting wounds were gently washed with free‐FBS DMEM low glucose to remove released cells. Treatments were performed in the plates by adding DMSO and 20 µM OA in 0.5% FBS media. Additionally, 20% FBS was added as a positive control. After 12 h, the assay was stopped by fixing the cells with 4% formaldehyde (Applichem GmbH, Darmstadt, Germany) in PBS (Biowest, Nuaillé, France) for 10 min. Finally, cells were washed twice with PBS. Pictures were taken at 10× magnification using an optical microscope equipped with a digital camera (Motic Optic AE31, Motic Spain, Barcelona, Spain). Areas in the wounds at 0 h and 12 h were measured by ImageJ software. The initial cell area (0 h) was subtracted from the final cell area (12 h) and plotted in a graph as migration percentage (39).





Focal adhesion quantification assay

C‐ and GD‐HUVECs were grown on round‐glass coverslips coated with 1.5% gelatin until they were sub‐confluent (60%) in HUVEC complete medium. At this time, cells were washed with serum‐deprived medium and then treated with 20 µM OA and DMSO equivalent volume (basal) in 0.1% FBS HUVEC starvation medium. After 24-h incubation, coverslips were fixed with 4% formaldehyde (Applichem GmbH, Darmstadt, Germany) in PBS (Biowest, Nuaillé, France) for 10 min and washed twice with PBS. Then, cells were permeabilized with 0.3% Triton X-100 (Sigma-Aldrich, St Louis, MO, USA) in PBS for 10 min. For immunostaining, a 30-min blocking was performed in PBS solution with 10% FBS, 5% skim milk (Beckton Dickinson, Franklin Lakes, NJ, USA), 0.3% bovine serum albumin (BSA, Sigma‐Aldrich, St Louis, MO, USA) and 0.1% Triton X-100. Subsequently, cells were incubated for 1 h with anti‐paxillin antibody, diluted in the above‐mentioned blocking solution without skim milk. Proper fluorescent‐labeled secondary antibodies (see the Antibodies section) were co‐incubated for 30 min with Alexa Fluor 594 conjugated phalloidin (Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA) and Hoechst 33258 (Fluka, Biochemika, Sigma‐Aldrich, St Louis, MO, USA) to reveal actin cytoskeleton and nuclei, respectively. Once the immunostaining was completed, representative pictures were acquired with a confocal microscope  at 40x magnification (LSM 510 META from ZEISS, Jena, Germany). The setting of images was performed using Zeiss Efficient Navigation (ZEN) interface software (ZEISS, Jena, Germany). The “Z stack” ZEN tool was used in order to observe deep cytoskeleton structures (paxillin), taking picture slices along the Z axis. Then, picture slices were merged by the “Maximum intensity projection” ZEN tool. FA quantification was carried out as previously described by using CLAHE and Log3D macros for ImageJ (40). Essentially, FAs were quantified from paxillin-stained acquired pictures. We used four different replicates for each condition. Specifically, cell filopodia were selected as regions of interest (ROIs) and the resulting areas (containing FAs) were considered for further analysis. A number of five filopodia were considered from each picture. Then, the number of FAs were calculated in each filopodia by using the previously mentioned macros. The obtained number was divided by the total filopodia area to determine FA density in the cells.





Antibodies

The following commercial primary antibodies were used: 1:1,000 anti‐phospho‐NF‐κB (Cell Signaling Technology, Danvers, MA, USA); 1:1,000 anti‐NF‐kB and 1:1,000 anti‐VCAM1 (Abcam, Cambridge, United Kingdom); 1:200 anti‐paxillin (Santa Cruz Biotechnology, Heidelberg, Germany); and 1:4,000 anti‐β‐actin (Sigma‐Aldrich, St Louis, MO, USA). Secondary antibodies were as follows: 1:1,000 anti‐rabbit IgG Horseradish peroxidase linked F(ab’)2 I fragment (from donkey) (GE Healthcare, GE, Little Chalfont, United Kingdom); 1:3,000 anti‐mouse IgG1 (BD Pharmingen, Beckton Dickinson, Franklin Lakes, NJ, USA); and 1:400 Alexa Fluor 488 conjugated anti‐mouse (from donkey) (Thermo Fisher Scientific, Rockford, IL, USA).





Statistical analysis

The gathered data were represented and analyzed using GraphPad Prism v7 software. Classical statistical parameters were calculated and statistical tests were performed with a 95% confidence interval. Consequently, in each test, p‐values lower than 0.05 were considered to be statistically significant. At the figure legends, asterisks indicate statistically significant differences between assay conditions (*p < 0.05, **p < 0.005, ***p < 0.001, and ****p < 0.0001). Data were analyzed by a one‐way ANOVA test, comparing the mean of each condition with the mean of every other condition. Subsequently, a Tukey’s multiple comparisons test was performed. p‐values lower than 0.05 indicate statistically significant differences between the means of conditions.






Results




Oleanolic acid attenuates adhesion molecule overexpression induced by TNF‐α in C‐ and GD‐HUVEC

Adhesion molecule expression on endothelial cell surface is needed for immune cell recruitment to endothelial surface and, finally, migration to the inflammation source at the wound (41). However, an uncontrolled recruitment triggers endothelium dysfunction (42). Adhesion molecule gene expression, which is upregulated in endothelial cells in response to the pro‐inflammatory cytokine TNF‐α, was tested on HUVECs. Both C‐ and GD‐HUVECs were treated with 20 µM OA and then TNF‐α stimulated for the indicated times. On the whole, no gene expression differences were detected after 24 h pre‐treatment with OA (Supplementary Figure 1) (0 h). Generally speaking, adhesion molecule expression in untreated C‐ and GD‐HUVECs showed a strong response by TNF‐α at 2 and 6 h in all genes tested. However, beginning with the VCAM1 gene (Figure 1A), a patent attenuation with OA was detected at 2 and 6 h in both C‐ and GD‐HUVECs. Strikingly, this reduction was even more significant in GD‐HUVECs at 6 h. Regarding ICAM1 (Figure 1B), this OA-dependent decrease was less patent but remained significant, mostly at 6 h, in C‐ and GD‐HUVECs. The expression of the third adhesion molecule tested SELE (Figure 1C) also showed a strong attenuation with OA, which was more patent in the GD phenotype. At 24 h, in both types of endothelial cells and both conditions, all adhesion molecules showed a drop in their expression; therefore, we could not see any statistically significant differences.




Figure 1 | Oleanolic acid reduces the expression of adhesion molecule genes induced by TNF‐α. Gene expression analysis of (A) VCAM‐1, (B) ICAM‐1, and (C) SELE in C‐ and GD‐HUVECs pre‐treated 24 h with 20 µM OA (black) or DMSO equivalent volume (white, DMSO). After pre‐treatments, cells were stimulated with TNF‐α at 2, 6, and 24 h. Histograms represent mRNA relative expression of each gene (normalized with GAPDH expression) for both C‐ and GD‐HUVECs. Each condition represents the mean ± SEM using four different strains for C‐HUVECs and four other different strains for GD‐HUVECs. Asterisks indicate statistically significant differences between the selected conditions according to a one‐way ANOVA statistical analysis (*p < 0.05, **p < 0.005, ***p < 0.001 and ****p < 0.0001).



Subsequently, we studied VCAM1 total protein amount in C‐ and GD‐HUVECs using the same experimental design (Figure 2). At basal conditions, total VCAM1 protein levels were detected in both cell lines after 3 h of TNF‐α stimulation, showing its highest level at 6 h, whereas 24 h later, the levels plummeted. To begin with, GD‐HUVECs showed higher protein levels than control ones. Interestingly, C‐ and GD‐HUVEC lysates with OA pre‐treatment showed significantly lower total VCAM1 protein levels than control, which suggested a strong OA attenuation on the TNF‐α stimulation. Endothelial cell stimulation with TNF‐α induces the expression of adhesion molecules through the participation of nuclear factor‐κB (NF‐κB) that is phosphorylated at Ser 536 and then translocates to the nucleus where it activates the expression of VCAM1, among others (43–45). However, when Ser 536 phosphorylated NF‐κB was assayed in response to TNF‐α stimulation, no significant differences were found between 20 µM OA treated and non-treated C‐ or GD‐HUVECs. Only a slight decrease of phospho‐NF‐κB level was noticed in C‐HUVECs after 24 h OA stimulation and only in the TNF‐α sample.




Figure 2 | Oleanolic acid reduces total VCAM1 protein expression in C‐ and GD‐HUVECs induced by TNF‐α. (A) Total protein extracts from sub-confluent C‐ and GD‐HUVECs pre‐treated with 20 µM OA or DMSO equivalent volume, and then stimulated with TNF‐α at 1, 3, 6, and 24 h. These extracts were assayed at these times targeting the following: VCAM1, phospho‐NF‐κB, and NF‐κB. β‐Actin was used as a loading control. A representative experiment is shown. (B) Column bar graphs represent intensity values of each protein assayed by Western blot, by collecting the data of four C‐HUVEC and four GD‐HUVEC strains. Intensity values were quantified and gathered by ImageJ software. Asterisks indicate statistically significant differences between the selected conditions according to a one‐way ANOVA statistical analysis: (*p < 0.05, **p < 0.005, and ***p < 0.001).



All these data suggest that OA attenuates the expression of VCAM1 protein and of the VCAM1, SELE, and ICAM1 genes in response to TNF‐α in HUVECs regardless of its glucose-affected condition.





Oleanolic acid reduces the number of monocytes adhered to GD‐HUVECs

Given the attenuation effect of OA on adhesion molecule expression, a monocyte adhesion assay was conducted on C‐ and GD‐HUVEC monolayers (Figure 3). HUVECs pre-treated or not with OA were subjected to 16 h TNF‐α, to study whether the OA effect on adhesion molecules correlated with the number of monocytes adhered to their surface. When C‐ and GD‐HUVECs were stimulated with TNF‐α, there was a clear increase in the number of adhered monocytes, which was slightly higher on GD‐HUVECs (Figure 3). Interestingly, OA pre‐treatment decreased the number of monocytes in both C- and GD‐HUVECs (Figure 3) before and after treatment with TNF‐α.




Figure 3 | Oleanolic acid reduces the number of monocytes adhered to C‐ and GD‐HUVECs. (A) For monocyte adhesion experiment, C‐ and GD‐HUVEC monolayers were left untreated unless otherwise indicated (OA), where they were pre-treated with 20 µM OA for 24 h. Subsequently, TNF‐α was added for 16 h to either untreated or OA pre‐treated HUVECs (TNF‐α and OA+TNF‐α conditions). At this point, monocytes were added and the experiment was completed. Representative pictures of C‐ and GD‐HUVECs are shown for each condition. (B) Graph represents the number of adhered U937 monocytes in each field of 12 fields. Each condition represents the mean ± SEM obtained from the data collection of four different strains for both C‐HUVECs and GD‐HUVECs. Asterisks indicate statistically significant differences between the selected conditions according to a one‐way ANOVA statistical analysis (*p < 0.05, **p < 0.001). The scale bar indicates 100 µm.



Overall, this functional assay reveals less monocyte–endothelial interaction triggered by TNF‐α in both C‐ and GD‐HUVECs when the cells are previously treated with OA.





Oleanolic acid improves neo‐angiogenesis in GD‐HUVECs

Matrigel tube formation assay with HUVEC is a well‐established and informative test to evaluate the angiogenesis function of endothelial cells in vitro (28, 38, 46). C‐ and GD‐HUVECs were seeded in Matrigel and treated with OA for 6 h. Representative pictures indicated a greater network complexity in both HUVEC phenotypes under OA conditions (Figure 4A); however, the possible effects of OA on the GD-HUVEC versus the C-HUVEC were difficult to interpret. To gain more knowledge about angiogenesis features with OA, nine key parameters related to this meshed network were measured (Figure 4B). The number of isolated segments were higher in GD- compared to C-HUVEC, as it was reduced with OA. Similarly, total length of isolated branches was reduced with OA in GD-HUVEC. In addition, the number of master segments, which were affected in GD-HUVEC, was ameliorated with OA. Finally, both the number of master junctions and total length of branches were deficient in GD-HUVEC when compared to C-HUVEC. In all cases, the presence of OA produced and improvement of the parameters. Finally, the number of nodes, the number of segments and total length, all representing the complexity of the network, were all increased by OA in both C- and GD-HUVEC, but showed a more powerful effect on GD‐HUVEC.




Figure 4 | Effect of OA on tube-like structure formation capacity on Matrigel. Tube‐like structure formation ability on Matrigel after 6-h treatment with 20 µM OA; a DMSO equivalent volume was added as control condition. (A) Representative pictures of C‐ and GD‐HUVECs for both experimental conditions. Scale bar indicates 200 µm. (B) Graphs representing multiple angiogenic parameters analyzed: number of isolated segments, total length of isolated branches, number of master segments, number of meshes, number of nodes, number of segments, number of master junctions, total length of branches, and total length. Each bar in the plot represents the mean ± SEM using three different strains for C‐HUVECs and also three for GD‐HUVECs. Asterisks indicate statistically significant differences between the selected conditions according to a one‐way ANOVA statistical analysis (*p < 0.05, **p < 0.005, ***p < 0.001, and ****p < 0.0001).



Altogether, GD-HUVEC exhibited poor performance for most of the measured tube‐formation parameters. Generally, the quantification of all these parameters suggested that OA generally improved angiogenesis, with clear healing tendencies for the GD‐HUVECs.





Oleanolic acid enhances C‐ and GD‐HUVEC migration

Cell migration, a crucial process in wound healing to restore skin integrity, is enhanced by OA in epithelial cells (7, 8). Interestingly enough, migration also contributes to the organization and formation of new vessels (47). Therefore, we performed scratch assays on confluent C‐ and GD‐HUVECs to see whether OA could also have this effect on endothelial cells. C‐ and GD‐HUVECs were scratched and allowed to migrate for 12 h in the presence of OA (Figure 5A). Strikingly, OA activity promoted the migration of both C‐ and GD‐HUVECs from the wound edges, since the wound gap area was surrounded with endothelial cells. To better comprehend the level of this promoting effect of OA, cell migration was quantified measuring the resulting areas of the wounds (Figure 5B). Thus, the obtained migration percentages in both C‐ and GD‐HUVECs were clearly significant between basal condition and OA. Interestingly, 20% FBS was used as a positive control of cell migration, but the resulting migration with GD‐HUVEC under this condition was significantly lower than with OA.




Figure 5 | Oleanolic acid induces C‐ and GD‐HUVEC migration in wound healing scratch assays. Confluent C‐ and GD‐HUVECs were scratched with a pipette tip and allowed to migrate for 12 h. (A) Representative images of the wound healing assay with cell migration under basal conditions (control, C), compared to those with 20 µM OA after 24-h treatment. A condition with 20% FBS was added as positive‐migration control. Scale bar indicates 200 µm. (B) Graphs represent C‐ and GD‐HUVEC migration as the difference between areas at 0 h and 12 h in each condition, named as migration percentage. Asterisks indicate statistically significant differences between conditions according to a one‐way ANOVA statistical analysis (**p < 0.005, ***p < 0.001, and ****p < 0.0001).



Given these results with wound healing scratch assays on HUVECs, OA showed cell migration promoting effects on endothelial cells that could probably enhance the wound healing process together with neo‐angiogenesis.





Oleanolic acid increases focal adhesion number in C‐ and GD‐HUVECs and their dynamization

It is known that OA‐triggered molecular effects on cell migration include the role of cell architecture, by dynamizing actin cytoskeleton and FA remodeling (9, 48, 49). We performed immunocytochemistry assays in sub‐confluent C‐ and GD‐HUVECs targeting actin fibbers (F‐actin) and paxillin to reveal FAs. With regard to cell morphology, untreated C‐ and GD‐HUVECs exhibited a morphology related to a stressed condition due to the low amount of FBS (0.1%), with no apparent FA‐like structures (Figure 6A). By contrast, C‐ and GD‐HUVECs treated with OA displayed filopodia and lamellipodia garnished with FAs. Actin fibers were also modified by OA presence, because they were encompassing the newly formed filopodia and lamellipodia in response to OA. Interestingly and in line with this, the quantified FA density, revealed by paxillin staining, exhibited a significant increase in OA‐treated C‐ and GD‐HUVECs versus untreated ones (Figure 6B). This increase was even more significant in GD‐HUVECs than in C‐HUVECs.




Figure 6 | Oleanolic acid triggers focal adhesion remodeling in C‐ and GD‐HUVECs revealed by paxillin. (A) Sub‐confluent C‐ and GD‐HUVECs were treated for 24 h with 20 µM OA and DMSO equivalent volume. Cells were immunostained with specific antibodies against paxillin. Co‐staining with phalloidin and Hoechst‐33258 was used to show actin cytoskeleton and nuclei, respectively. Paxillin: green. Actin fibers (F‐Actin): red. Nuclei: blue. Images obtained with a confocal microscope at 63× magnification and their corresponding insets for a detailed view of paxillin structures. This experiment was repeated at least three times. 63× picture scale bar indicates 25 µm. Inset scale bar indicates 5 µm. (B) Column bar graphs show the quantification of the density of FAs (as FA number per filopodia area). Asterisks indicate statistically significant differences between conditions according to a one‐way ANOVA statistical analysis (*p < 0.05 and ***p < 0.001).



Actin fiber and FA data revealed that HUVECs changed their cell architecture during OA‐stimulated cell migration, thus suggesting a high dynamization of the migration-related machinery in both C- and GD-HUVECs.






Discussion

The results of this study provide intriguing insights into the effects of OA treatment on C- and GD-HUVECs in the context of inflammation and angiogenesis.

Plant‐derived bioactive compounds present in various dietary sources have been widely studied for their significant effects to rescue endothelial cell function (50–52). Their antioxidant, anti‐inflammatory, vasodilatory, angiogenic, and protective properties collectively contribute to the preservation of vascular health and the prevention of endothelial dysfunction‐associated diseases (53–55). Indeed, a large number of these bioactive molecules or peptides modulate the signaling pathway of nuclear factor‐kappa B (NF‐κB), which is needed for adhesion molecules and pro‐inflammatory cytokine expression (43, 56). For instance, studies have shown that carotenoids lycopene and β‐carotene have anti‐inflammatory effects on both C‐ and GD‐HUVECs (31, 33). Indeed, the addition of these carotenoids under TNF‐α stimulation show less monocyte–endothelial cell interaction, enhanced by less ICAM1 and VCAM1 membrane exposure and total expression. All these effects depend on the attenuation that these carotenoids have on NF‐κB phosphorylation and translocation to the cell nucleus (31, 33). In fact, the effects of pentacyclic triterpenes, OA, and its isomers ursolic acid (UA) and maslinic acid (MA) are similar to carotenoids and have been addressed in vitro by using regular HUVEC phenotype. Thus, these studies showed attenuation effects on adhesion molecule expression under inflammation conditions (29, 30, 57). However, there are no studies so far on the effects of OA on hyperglycemia‐modified cells (GD‐HUVECs), which have remarkably impaired functionality. Moreover, the concentration of serum used in those assays was not always clarified, a factor that is critical to properly study OA effects in vitro, since serum proteins buffer OA activity and modify its optimal concentration of use (7, 8). Indeed, OA effects and bioavailability depend on the final OA concentration, the cell type used, and the serum concentration. High concentrations of OA produce cytotoxic and antiproliferative effects, while low concentrations do not produce any beneficial effect on cells (8, 58, 59). This is the reason why, in the present study, an MTT assay was conducted with C‐ and GD‐HUVECs under the lowest possible serum concentration (0.5% FBS). In this way, a 20 µM OA concentration was established seeking a compromise between the optimal effects of OA and the abolition of the serum buffer effect, together with cell viability compatibility.

Furthermore, it should be noted that OA treatments, followed by TNF‐α induction, should be performed at longer incubation times to unravel OA ameliorative effects on inflammation (30). Indeed, the highest expression of adhesion molecules ICAM1, VCAM1, and SELE in C‐ and GD‐HUVECs was detected at 2 h and 6 h after TNF‐α addition, thus showing a clear inflammatory profile. Strikingly, pre‐treating the same endothelial cells with OA before TNF‐α clearly attenuated adhesion molecule overexpression by the cytokine, especially on VCAM1 and SELE. In addition to this, the preventive effect produced by OA was even more patent in GD‐HUVECs, probably because of their senescent phenotype and endothelial dysfunction (26). Interestingly enough, in the case of ICAM1, at 24 h, gene expression levels were not fully abrogated by OA in C‐ and GD‐HUVECs. This could be explained by other functions of this integrin, since controlled levels of ICAM1 on the cell surface are needed during wound healing to promote endothelial cell migration, thus leading to neo‐angiogenesis (60). In particular, VCAM1 showed the strongest attenuation by OA in C‐ and GD‐HUVECs, and also showed decreased protein amount. However, we saw a window transient effect of TNF‐α, since VCAM1 levels decreased at 24 h. Despite this, we still observed the mitigating effect of OA on VCAM1 protein levels. It should be highlighted that in vitro assays have this limitation, because, in a tissue with chronic inflammation, we would see sustained high levels of VCAM1 and other adhesion molecules due to the constant production of TNF‐α and other pro‐inflammatory cytokines (61). VCAM1 is endothelium‐specific and this TNF‐α inducible molecule is necessary for monocyte extravasation (44). NF‐κB activation by its phosphorylation on the p65 subunit is required to promote adhesion molecule expression in the cell nucleus, such as VCAM1, among others (43). Although we observed lower VCAM1 protein levels with OA pre‐treatment, we did not observe any differences on phospho-NF‐κB p65. In contrast, in a similar set of experiments, the precondition of HUVECs with amniotic membrane was able to reduce the levels of phosphorylation of phospho‐Ser‐536 NF‐κB p65 in response to TNF‐α, which was coherent with an attenuation of the NF‐κB p65 nuclear translocation and a reduction of the expression of VCAM1 (28). Thus, our results have to be explained by the fact that the OA attenuation effect on VCAM1 could be due to different molecular mechanisms or also to the way it is synthesized. In fact, it has been shown that UA, an OA isomer, blocks VCAM1 traffic to the membrane (62). Another possibility could be that the amount of anchored‐membrane VCAM1 is regulated by proteases, where specifically TNF‐α converting enzyme (TACE/ADAM17) proteolyzes this molecule and releases it to the extracellular medium (44). Therefore, OA could be enhancing TACE/ADAM17 protease activity on VCAM1, thus decreasing its protein levels in endothelial cells. However, a complicated regulation must be involved, since the expression of VCAM1 is effectively attenuated by the presence of OA. A more plausible, although uncertain, mechanism of regulation could be related to something different from NF‐κB transcription factor or even its phosphorylation at Ser 536 residue. Further research is necessary to better clarify the mechanism behind VCAM1 regulation in this context.

An excessive release of TNF‐α in chronic inflammation conditions produces the overexpression of adhesion molecules on the endothelium surface. As a consequence, the uncontrolled adhesion and transmigration of immune cells occur, thus triggering endothelial cell apoptosis (42). E‐selectin acts at the first steps of monocyte recruiting to produce their tethering and rolling (63). Then, integrins ICAM1 and VCAM1 secure the adhesion and allow monocyte extravasation to the injured wound (64). In a chronic wound, the high recruitment of monocytes leads to an uncontrolled population of M1 macrophages in the wound, which have hyperinflammatory, reduced phagocytic activity, and increase oxidative stress (14). By contrast, a regular recruitment of monocyte population swings toward M2 macrophages, with anti‐inflammatory, regenerative, and tissue remodeling properties, all in line with a healing wound (14). OA effects regarding monocyte adhesion are strongly coherent with the observed changes of adhesion molecule levels. In the context of either chronic or diabetic wounds, OA-reduced levels of VCAM1 on endothelial cells surely imply a better inflammation resolution.

Diabetes negatively affects angiogenesis (22, 24). Considering tube formation assays, GD‐HUVEC exhibited a poorer tube formation; for instance, the number and length of isolated segments in basal condition was higher in GD‐HUVEC. Strikingly, OA treatment clearly ameliorated this impairment in GD‐HUVECs and, although more lightly, also in C‐HUVECs. Coherently, positive features such as the number of master segments, the number of meshes, and the length of branches were significantly improved by OA only in GD‐HUVECs. Indeed, this could be explained by the GD phenotype, which, in contrast to C‐HUVEC, showed poorer performance for these parameters in basal conditions. This behaviour strongly suggests that OA restores GD‐HUVEC to a more regular angiogenic phenotype, but does not intrinsically affect C‐HUVEC’s capability of achieving a full network. Overall, the network complexities achieved for both types of cells were higher with OA, as reflected by the observed incremented number of nodes, branches, master junctions, and the total length of the networks. These changes indicate that OA enhances all aspects of the complexity of the vascular network, which may have a positive impact on tissue regeneration in a complex healing wound milieu. Nonetheless, a good line of research could be testing the effects of OA on more complex systems, because tube formation assays on Matrigel do not compile/integrate endothelial cell interaction with other cell types, as happens during neo‐angiogenesis in a real wound. Therefore, a 3D co‐culture of endothelial cells with both primary fibroblasts and keratinocytes, which exhibit features more similar to natural skin, could be considered a good option to further assess the effects of OA on wound healing (65). Moreover, there are well‐established in vivo angiogenesis assays that can unravel potential OA effects; for instance, one of the best is chorionallantoic membrane assays in chicken embryo, which are widely used in vascular biology (66). Regarding the potential molecular effects behind OA angiogenesis promotion, we would like to conduct future experiments in order to study the effects of OA on the stimulation of VEGFR‐2, given its importance in angiogenesis (15, 67, 68), and due to the fact that OA has been directly involved in the activation of the similar function and structure receptor: EGFR (7, 8).

Cell migration is carried out by endothelial cells together with proliferation to enhance angiogenesis and vasculogenesis (69). According to the data of the scratch assays, OA was also capable of enhancing this process in both C‐ and GD‐HUVECs to the same extent. However, FBS stimulation was unable to match the levels achieved by the OA stimulation for the GD phenotype. These data indicate that OA, but not FBS, rescues, in GD‐HUVEC, an impaired migration mechanism resistant to the serum rescue. Thus, OA may trigger a particular molecular mechanism that is revealed only in the GD‐HUVEC‐impaired cells. Indeed, the quantification of FA density upon treatment with OA, detected by paxillin immunostaining, was stronger in GD‐HUVECs than in C‐HUVECs. Overall, the collected data of FAs strongly suggest that, generally, OA promotes a better endothelial cell movement to manage migration in both GD- and C‐HUVECs. OA also contributes positively to angiogenesis by cell migration promotion, which is a favorable condition for tissue repair in a wound healing context (69).

Our findings suggest a clear OA ability to rescue the altered features of an endothelium affected by high blood sugar levels, which correlate with impaired metabolism and inflammation (25, 42, 70). It is well-known that, in order to ameliorate these processes, signaling pathways depending on the activation of G protein‐coupled receptors (GPCRs) take place to protect cells from injury and malfunction. Concretely, the Takeda G protein‐coupled receptor (TGR5), also known as Gpbbar1, is a transmembrane‐type bile acid receptor that has been found to regulate a large number of specific molecular pathways (71, 72). Interestingly, TGR5 modulates inflammation by decreasing adhesion molecule expression in endothelial cells and blocking pro‐inflammatory cytokines released by immune cells (71). Moreover, this receptor is also linked to tyrosine kinase receptor (RTK) transactivation by second messengers (73, 74). Strikingly, some evidence points out the interaction between OA, which has a similar chemical structure to bile acids, and TGR5, with OA behaving as a clear agonist of TGR5 (75). For these reasons, it is remarkable to suggest that probably all OA promotion and modulation effects related to monocyte adhesion, angiogenesis, and cell migration on C‐ and GD‐HUVECs could be related to the interaction between TGR5 and OA. Thus, more research is needed to decipher this molecular mechanism, which may solve some of the conundrums revealed in our data. In addition, other mechanisms may be involved under OA effects regarding regulatory non‐coding RNA expression, as microRNAs (miRs) have recently gained prominence due to their role in regulating several essential processes in endothelial cells (76, 77). For instance, it is shown that miR‐4432 controls the expression of fibroblast growth factor binding protein 1 (FGFBP1), which is needed to preserve endothelial barrier function in the brain (78). On top of that, other studies reported that low expression levels of miR‐145 and miR‐885 cause thrombotic risk and mortality in COVID‐19 patients; thus, the expression of these miRs in endothelial cells is critical to prevent a prothrombotic condition during the infection (79). Therefore, further studies focusing on OA’s contribution to these miR expressions in endothelial cells seem very pertinent.

To sum up, this study sheds some light on the multifaceted effects of OA on inflammation, angiogenesis, and migration in C‐ and GD‐HUVECs (Figure 7). The findings underline the potential of OA as a therapeutic agent for restoring vascular function and ameliorating inflammation excess in diabetic wounds. However, further research is needed to unravel the precise underlying molecular mechanisms driving these effects in order to evaluate the translational potential of OA clinical treatments for the management of complex wounds.




Figure 7 | 
  Oleanolic acid rescues multi‐affected GD‐HUVEC features caused by high blood glucose levels. (A) When regular endothelial cells (C-HUVECs) are exposed to a continuous high glucose exposure in blood vessels, several changes on their phenotype occur. These cells undergo the effects of high oxidative stress and damages on their DNA and mitochondria malfunction, thus triggering cellular senescence. As a result, these cells have an excessive and uncontrolled inflammation response when stimulated by pro‐inflammatory cytokines such as TNF‐α, triggering high adhesion molecule exposure on endothelium surface, subsequently displaying a high recruitment of circulating monocytes, and resulting in endothelial dysfunction. Moreover, these cells have an aberrant and limp tube formation (angiogenesis). (B) Strikingly, OA pre‐treatment in GD‐HUVECs before TNF‐α addition attenuates key adhesion molecule overexpression of VCAM1, ICAM1, and E-selectin, resulting in less adhesion of the monocytes. Furthermore, OA displayed promotion effects on GD-HUVECs by restoring the impaired angiogenesis. Moreover, cell migration, a crucial process for angiogenesis, is also promoted by OA because it increases endothelial cell migration and adhesion dynamics by focal adhesion formation.







Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The studies involving humans were approved by Institutional Committee on Human Experimentation (reference number 1879/09COET). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

JS-F: Data curation, Formal Analysis, Investigation, Methodology, Writing – original draft, Writing – review & editing. IC: Data curation, Investigation, Methodology, Writing – review & editing. AP: Conceptualization, Data curation, Funding acquisition, Supervision, Validation, Writing – review & editing. JG: Funding acquisition, Project administration, Supervision, Writing – review & editing. CP: Conceptualization, Data curation, Investigation, Methodology, Supervision, Writing – review & editing. FN: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The authors would like to acknowledge Hospital Clínico Universitario Virgen de la Arrixaca (HUVA, Murcia, Spain) and Hospitals of Chieti and Pescara (Italy), which supported and funded this research. JS-F was supported by a “Contrato Predoctoral para la Formación de Personal Investigador” from Universidad Católica de San Antonio de Murcia (UCAM) Projects “PI17/02164 and PI21/01339”, funded by Instituto de Salud Carlos III (ISCIII) and co-funded by the European Union.




Acknowledgments

We want to thank people at Assunta Pandolfi's lab for technical support and helpful comments. Also, people at Francisco J. Nicolás' lab for helpful comments, reagents and support.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2023.1308606/full#supplementary-material




References

1. Vicente-Manzanares, M, and Horwitz, AR. Cell migration: an overview. Methods Mol Biol (2011) 769:1–24. doi: 10.1007/978-1-61779-207-6_1

2. Trepat, X, Chen, Z, and Jacobson, K. Cell migration. Compr Physiol (2012) 2(4):2369–92. doi: 10.1002/cphy.c110012

3. Moura-Letts, G, Villegas, LF, Marcalo, A, Vaisberg, AJ, and Hammond, GB. In vivo wound-healing activity of oleanolic acid derived from the acid hydrolysis of Anredera diffusa. J Nat Prod (2006) 69(6):978–9. doi: 10.1021/np0601152

4. Pollier, J, and Goossens, A. Oleanolic acid. Phytochemistry (2012) 77:10–5. doi: 10.1016/j.phytochem.2011.12.022

5. Ayeleso, TB, Matumba, MG, and Mukwevho, E. Oleanolic acid and its derivatives: biological activities and therapeutic potential in chronic diseases. Molecules (2017) 22(11). doi: 10.3390/molecules22111915

6. Kuonen, R, Weissenstein, U, Urech, K, Kunz, M, Hostanska, K, Estko, M, et al. Effects of lipophilic extract of viscum album L. and oleanolic acid on migratory activity of NIH/3T3 fibroblasts and on haCat keratinocytes. Evid Based Complement Alternat Med (2013) 2013:718105. doi: 10.1155/2013/718105

7. Stelling-Ferez, J, Gabaldon, JA, and Nicolas, FJ. Oleanolic acid stimulation of cell migration involves a biphasic signaling mechanism. Sci Rep (2022) 12(1):15065. doi: 10.1038/s41598-022-17553-w

8. Bernabe-Garcia, A, Armero-Barranco, D, Liarte, S, Ruzafa-Martinez, M, Ramos-Morcillo, AJ, and Nicolas, FJ. Oleanolic acid induces migration in Mv1Lu and MDA-MB-231 epithelial cells involving EGF receptor and MAP kinases activation. PloS One (2017) 12(2):e0172574. doi: 10.1371/journal.pone.0172574

9. Turner, CE. Paxillin and focal adhesion signalling. Nat Cell Biol (2000) 2(12):E231–6. doi: 10.1038/35046659

10. Schaller, MD. Paxillin: a focal adhesion-associated adaptor protein. Oncogene (2001) 20(44):6459–72. doi: 10.1038/sj.onc.1204786

11. Schaks, M, Giannone, G, and Rottner, K. Actin dynamics in cell migration. Essays Biochem (2019) 63(5):483–95. doi: 10.1042/EBC20190015

12. Singer, AJ, and Clark, RA. Cutaneous wound healing. N Engl J Med (1999) 341(10):738–46. doi: 10.1056/NEJM199909023411006

13. Childs, DR, and Murthy, AS. Overview of wound healing and management. Surg Clin North Am (2017) 97(1):189–207. doi: 10.1016/j.suc.2016.08.013

14. Aitcheson, SM, Frentiu, FD, Hurn, SE, Edwards, K, and Murray, RZ. Skin wound healing: normal macrophage function and macrophage dysfunction in diabetic wounds. Molecules (2021) 26(16):4917. doi: 10.3390/molecules26164917

15. Tonnesen, MG, Feng, X, and Clark, RA. Angiogenesis in wound healing. J Investig Dermatol Symp Proc (2000) 5(1):40–6. doi: 10.1046/j.1087-0024.2000.00014.x

16. Guerra, A, Belinha, J, and Jorge, RN. Modelling skin wound healing angiogenesis: A review. J Theor Biol (2018) 459:1–17. doi: 10.1016/j.jtbi.2018.09.020

17. Menke, NB, Ward, KR, Witten, TM, Bonchev, DG, and Diegelmann, RF. Impaired wound healing. Clin Dermatol (2007) 25(1):19–25. doi: 10.1016/j.clindermatol.2006.12.005

18. Qing, C. The molecular biology in wound healing & non-healing wound. Chin J Traumatol. (2017) 20(4):189–93. doi: 10.1016/j.cjtee.2017.06.001

19. Schultz, GS, Sibbald, RG, Falanga, V, Ayello, EA, Dowsett, C, Harding, K, et al. Wound bed preparation: a systematic approach to wound management. Wound Repair Regen. (2003) 11 Suppl 1:S1–28. doi: 10.1046/j.1524-475X.11.s2.1.x

20. Greenhalgh, DG. Wound healing and diabetes mellitus. Clin Plast Surg (2003) 30(1):37–45. doi: 10.1016/S0094-1298(02)00066-4

21. Ferreira, MC, Tuma, P Jr., Carvalho, VF, and Kamamoto, F. Complex wounds. Clinics (Sao Paulo). (2006) 61(6):571–8. doi: 10.1590/S1807-59322006000600014

22. Burgess, JL, Wyant, WA, Abdo Abujamra, B, Kirsner, RS, and Jozic, I. Diabetic wound-healing science. Medicina (Kaunas). (2021) 57(10):1072. doi: 10.3390/medicina57101072

23. Stachura, A, Khanna, I, Krysiak, P, Paskal, W, and Wlodarski, P. Wound healing impairment in type 2 diabetes model of leptin-deficient mice-A mechanistic systematic review. Int J Mol Sci (2022) 23(15):8621. doi: 10.3390/ijms23158621

24. Okonkwo, UA, and DiPietro, LA. Diabetes and wound angiogenesis. Int J Mol Sci (2017) 18(7):1419. doi: 10.3390/ijms18071419

25. Di Fulvio, P, Pandolfi, A, Formoso, G, Di Silvestre, S, Di Tomo, P, Giardinelli, A, et al. Features of endothelial dysfunction in umbilical cord vessels of women with gestational diabetes. Nutr Metab Cardiovasc Dis (2014) 24(12):1337–45. doi: 10.1016/j.numecd.2014.06.005

26. Di Tomo, P, Alessio, N, Falone, S, Pietrangelo, L, Lanuti, P, Cordone, V, et al. Endothelial cells from umbilical cord of women affected by gestational diabetes: A suitable in vitro model to study mechanisms of early vascular senescence in diabetes. FASEB J (2021) 35(6):e21662. doi: 10.1096/fj.202002072RR

27. Medina-Leyte, DJ, Domínguez-Pérez, M, Mercado, I, Villarreal-Molina, MT, and Jacobo-Albavera, L. Use of human umbilical vein endothelial cells (HUVEC) as a model to study cardiovascular disease: A review. Appl Sci (2020) 10(3):938. doi: 10.3390/app10030938

28. Pipino, C, Bernabe-Garcia, A, Cappellacci, I, Stelling-Ferez, J, Di Tomo, P, Santalucia, M, et al. Effect of the human amniotic membrane on the umbilical vein endothelial cells of gestational diabetic mothers: new insight on inflammation and angiogenesis. Front Bioeng Biotechnol (2022) 10:854845. doi: 10.3389/fbioe.2022.854845

29. Lee, W, Yang, EJ, Ku, SK, Song, KS, and Bae, JS. Anti-inflammatory effects of oleanolic acid on LPS-induced inflammation in vitro and in vivo. Inflammation (2013) 36(1):94–102. doi: 10.1007/s10753-012-9523-9

30. Takada, K, Nakane, T, Masuda, K, and Ishii, H. Ursolic acid and oleanolic acid, members of pentacyclic triterpenoid acids, suppress TNF-alpha-induced E-selectin expression by cultured umbilical vein endothelial cells. Phytomedicine (2010) 17(14):1114–9. doi: 10.1016/j.phymed.2010.04.006

31. Ucci, M, Di Tomo, P, Tritschler, F, Cordone, VGP, Lanuti, P, Bologna, G, et al. Anti-inflammatory role of carotenoids in endothelial cells derived from umbilical cord of women affected by gestational diabetes mellitus. Oxid Med Cell Longev (2019) 2019:8184656. doi: 10.1155/2019/8184656

32. Unger, RE, Krump-Konvalinkova, V, Peters, K, and Kirkpatrick, CJ. In vitro expression of the endothelial phenotype: comparative study of primary isolated cells and cell lines, including the novel cell line HPMEC-ST1.6R. Microvasc Res (2002) 64(3):384–97. doi: 10.1006/mvre.2002.2434

33. Di Tomo, P, Canali, R, Ciavardelli, D, Di Silvestre, S, De Marco, A, Giardinelli, A, et al. beta-Carotene and lycopene affect endothelial response to TNF-alpha reducing nitro-oxidative stress and interaction with monocytes. Mol Nutr Food Res (2012) 56(2):217–27. doi: 10.1002/mnfr.201100500

34. Di Tomo, P, Di Silvestre, S, Cordone, VGP, Giardinelli, A, Faricelli, B, Pipino, C, et al. Centella Asiatica and Lipoic Acid, or a combination thereof, inhibit monocyte adhesion to endothelial cells from umbilical cords of gestational diabetic women. Nutrition Metab Cardiovasc Dis (2015) 25(7):659–66. doi: 10.1016/j.numecd.2015.04.002

35. Livak, KJ, and Schmittgen, TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001) 25(4):402–8. doi: 10.1006/meth.2001.1262

36. Kumar, P, Nagarajan, A, and Uchil, PD. Analysis of cell viability by the MTT assay. Cold Spring Harb Protoc (2018) 2018(6). doi: 10.1101/pdb.prot095505

37. Ernst, O, and Zor, T. Linearization of the bradford protein assay. J Vis Exp (2010) 38). doi: 10.3791/1918-v

38. Carpentier, G, Berndt, S, Ferratge, S, Rasband, W, Cuendet, M, Uzan, G, et al. Angiogenesis Analyzer for ImageJ — A comparative morphometric analysis of “Endothelial Tube Formation Assay” and “Fibrin Bead Assay”. Sci Rep (2020) 10(1):11568. doi: 10.1038/s41598-020-67289-8

39. Liarte, S, Bernabe-Garcia, A, Armero-Barranco, D, and Nicolas, FJ. Microscopy based methods for the assessment of epithelial cell migration during in vitro wound healing. J Vis Exp (2018) 131). doi: 10.3791/56799

40. Horzum, U, Ozdil, B, and Pesen-Okvur, D. Step-by-step quantitative analysis of focal adhesions. MethodsX (2014) 1:56–9. doi: 10.1016/j.mex.2014.06.004

41. Reglero-Real, N, Colom, B, Bodkin, JV, and Nourshargh, S. Endothelial cell junctional adhesion molecules: role and regulation of expression in inflammation. Arterioscler Thromb Vasc Biol (2016) 36(10):2048–57. doi: 10.1161/ATVBAHA.116.307610

42. Theofilis, P, Sagris, M, Oikonomou, E, Antonopoulos, AS, Siasos, G, Tsioufis, C, et al. Inflammatory mechanisms contributing to endothelial dysfunction. Biomedicines (2021) 9(7):781. doi: 10.3390/biomedicines9070781

43. Lawrence, T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb Perspect Biol (2009) 1(6):a001651. doi: 10.1101/cshperspect.a001651

44. Troncoso, MF, Ortiz-Quintero, J, Garrido-Moreno, V, Sanhueza-Olivares, F, Guerrero-Moncayo, A, Chiong, M, et al. VCAM-1 as a predictor biomarker in cardiovascular disease. Biochim Biophys Acta Mol Basis Dis (2021) 1867(9):166170. doi: 10.1016/j.bbadis.2021.166170

45. Sakurai, H, Suzuki, S, Kawasaki, N, Nakano, H, Okazaki, T, Chino, A, et al. Tumor Necrosis Factor-α-induced IKK Phosphorylation of NF-κB p65 on Serine 536 Is Mediated through the TRAF2, TRAF5, and TAK1 Signaling Pathway*. J Biol Chem (2003) 278(38):36916–23. doi: 10.1074/jbc.M301598200

46. Flores, AI, Pipino, C, Jerman, UD, Liarte, S, Gindraux, F, Kreft, ME, et al. Perinatal derivatives: How to best characterize their multimodal functions in vitro. Part C: Inflammation angiogenesis Wound healing. Front Bioeng Biotechnol (2022) 10:965006. doi: 10.3389/fbioe.2022.965006

47. Lamalice, L, Le Boeuf, F, and Huot, J. Endothelial cell migration during angiogenesis. Circ Res (2007) 100(6):782–94. doi: 10.1161/01.RES.0000259593.07661.1e

48. Mitra, SK, Hanson, DA, and Schlaepfer, DD. Focal adhesion kinase: in command and control of cell motility. Nat Rev Mol Cell Biol (2005) 6(1):56–68. doi: 10.1038/nrm1549

49. Hu, YL, Lu, S, Szeto, KW, Sun, J, Wang, Y, Lasheras, JC, et al. FAK and paxillin dynamics at focal adhesions in the protrusions of migrating cells. Sci Rep (2014) 4:6024. doi: 10.1038/srep06024

50. Duffy, SJ, Keaney, JF Jr., Holbrook, M, Gokce, N, Swerdloff, PL, Frei, B, et al. Short- and long-term black tea consumption reverses endothelial dysfunction in patients with coronary artery disease. Circulation (2001) 104(2):151–6. doi: 10.1161/01.CIR.104.2.151

51. Jia, Z, Babu, PV, Si, H, Nallasamy, P, Zhu, H, Zhen, W, et al. Genistein inhibits TNF-alpha-induced endothelial inflammation through the protein kinase pathway A and improves vascular inflammation in C57BL/6 mice. Int J Cardiol (2013) 168(3):2637–45. doi: 10.1016/j.ijcard.2013.03.035

52. Ried, K, Frank, OR, and Stocks, NP. Aged garlic extract reduces blood pressure in hypertensives: a dose-response trial. Eur J Clin Nutr (2013) 67(1):64–70. doi: 10.1038/ejcn.2012.178

53. Kanitkar, M, Gokhale, K, Galande, S, and Bhonde, RR. Novel role of curcumin in the prevention of cytokine-induced islet death in vitro and diabetogenesis in vivo. Br J Pharmacol (2008) 155(5):702–13. doi: 10.1038/bjp.2008.311

54. Bagul, PK, Middela, H, Matapally, S, Padiya, R, Bastia, T, MadhuSudana, K, et al. Attenuation of insulin resistance, metabolic syndrome and hepatic oxidative stress by resveratrol in fructose-fed rats. Pharmacol Res (2012) 66(3):260–8. doi: 10.1016/j.phrs.2012.05.003

55. Montezano, AC, Dulak-Lis, M, Tsiropoulou, S, Harvey, A, Briones, AM, and Touyz, RM. Oxidative stress and human hypertension: vascular mechanisms, biomarkers, and novel therapies. Can J Cardiol (2015) 31(5):631–41. doi: 10.1016/j.cjca.2015.02.008

56. Martinez-Sanchez, SM, Perez-Sanchez, H, Antonio Gabaldon, J, Abellan-Aleman, J, and Montoro-Garcia, S. Multifunctional peptides from spanish dry-cured pork ham: endothelial responses and molecular modeling studies. Int J Mol Sci (2019) 20(17):4204. doi: 10.3390/ijms20174204

57. Hsuan, CF, Hsu, HF, Tseng, WK, Lee, TL, Wei, YF, Hsu, KL, et al. Glossogyne tenuifolia Extract Inhibits TNF-alpha-Induced Expression of Adhesion Molecules in Human Umbilical Vein Endothelial Cells via Blocking the NF-kB Signaling Pathway. Molecules (2015) 20(9):16908–23. doi: 10.3390/molecules200916908

58. He, Y, Liu, X, Huang, M, Wei, Z, Zhang, M, He, M, et al. Oleanolic acid inhibits the migration and invasion of hepatocellular carcinoma cells by promoting microRNA-122 expression. Pharmazie (2021) 76(9):422–7. doi: 10.1691/ph.2021.1366

59. Liu, J, Ban, H, Liu, Y, and Ni, J. The expression and significance of AKR1B10 in laryngeal squamous cell carcinoma. Sci Rep (2021) 11(1):18228. doi: 10.1038/s41598-021-97648-y

60. Bui, TM, Wiesolek, HL, and Sumagin, R. ICAM-1: A master regulator of cellular responses in inflammation, injury resolution, and tumorigenesis. J Leukoc Biol (2020) 108(3):787–99. doi: 10.1002/JLB.2MR0220-549R

61. Hong, YK, Chang, YH, Lin, YC, Chen, B, Guevara, BEK, and Hsu, CK. Inflammation in wound healing and pathological scarring. Adv Wound Care (New Rochelle). (2023) 12(5):288–300. doi: 10.1089/wound.2021.0161

62. Mitsuda, S, Yokomichi, T, Yokoigawa, J, and Kataoka, T. Ursolic acid, a natural pentacyclic triterpenoid, inhibits intracellular trafficking of proteins and induces accumulation of intercellular adhesion molecule-1 linked to high-mannose-type glycans in the endoplasmic reticulum. FEBS Open Bio. (2014) 4:229–39. doi: 10.1016/j.fob.2014.02.009

63. Silva, M, Videira, PA, and Sackstein, R. E-selectin ligands in the human mononuclear phagocyte system: implications for infection, inflammation, and immunotherapy. Front Immunol (2017) 8:1878. doi: 10.3389/fimmu.2017.01878

64. Medrano-Bosch, M, Simon-Codina, B, Jimenez, W, Edelman, ER, and Melgar-Lesmes, P. Monocyte-endothelial cell interactions in vascular and tissue remodeling. Front Immunol (2023) 14:1196033. doi: 10.3389/fimmu.2023.1196033

65. Ribatti, D, Nico, B, and Crivellato, E. Morphological and molecular aspects of physiological vascular morphogenesis. Angiogenesis (2009) 12(2):101–11. doi: 10.1007/s10456-008-9125-1

66. Nowak-Sliwinska, P, Alitalo, K, Allen, E, Anisimov, A, Aplin, AC, Auerbach, R, et al. Consensus guidelines for the use and interpretation of angiogenesis assays. Angiogenesis (2018) 21(3):425–532. doi: 10.1007/s10456-018-9613-x

67. Hoeben, A, Landuyt, B, Highley, MS, Wildiers, H, Van Oosterom, AT, and De Bruijn, EA. Vascular endothelial growth factor and angiogenesis. Pharmacol Rev (2004) 56(4):549–80. doi: 10.1124/pr.56.4.3

68. Apte, RS, Chen, DS, and Ferrara, N. VEGF in signaling and disease: beyond discovery and development. Cell (2019) 176(6):1248–64. doi: 10.1016/j.cell.2019.01.021

69. Reinke, JM, and Sorg, H. Wound repair and regeneration. Eur Surg Res (2012) 49(1):35–43. doi: 10.1159/000339613

70. Muller, MM, and Griesmacher, A. Markers of endothelial dysfunction. Clin Chem Lab Med (2000) 38(2):77–85. doi: 10.1515/CCLM.2000.013

71. Pols, T, Eggink, H, and Soeters, M. TGR5 ligands as potential therapeutics in inflammatory diseases. Int J Interferon Cytokine Mediator Res (2014) 2014(6):27–38. doi: 10.2147/IJICMR.S40102

72. Guo, C, Chen, WD, and Wang, YD. TGR5, not only a metabolic regulator. Front Physiol (2016) 7:646. doi: 10.3389/fphys.2016.00646

73. Yasuda, H, Hirata, S, Inoue, K, Mashima, H, Ohnishi, H, and Yoshiba, M. Involvement of membrane-type bile acid receptor M-BAR/TGR5 in bile acid-induced activation of epidermal growth factor receptor and mitogen-activated protein kinases in gastric carcinoma cells. Biochem Biophys Res Commun (2007) 354(1):154–9. doi: 10.1016/j.bbrc.2006.12.168

74. Marinissen, MJ, and Gutkind, JS. G-protein-coupled receptors and signaling networks: emerging paradigms. Trends Pharmacol Sci (2001) 22(7):368–76. doi: 10.1016/S0165-6147(00)01678-3

75. Sato, H, Genet, C, Strehle, A, Thomas, C, Lobstein, A, Wagner, A, et al. Anti-hyperglycemic activity of a TGR5 agonist isolated from Olea europaea. Biochem Biophys Res Commun (2007) 362(4):793–8. doi: 10.1016/j.bbrc.2007.06.130

76. Kir, D, Schnettler, E, Modi, S, and Ramakrishnan, S. Regulation of angiogenesis by microRNAs in cardiovascular diseases. Angiogenesis (2018) 21(4):699–710. doi: 10.1007/s10456-018-9632-7

77. Felicetta, A, and Condorelli, G. RNA binding protein and microRNA control of endothelial cell function. Cardiovasc Res (2019) 115(12):1690–1. doi: 10.1093/cvr/cvz144

78. Avvisato, R, Mone, P, Jankauskas, SS, Varzideh, F, Kansakar, U, Gambardella, J, et al. miR-4432 targets FGFBP1 in human endothelial cells. Biol (Basel) (2023) 12(3):459. doi: 10.3390/biology12030459

79. Gambardella, J, Kansakar, U, Sardu, C, Messina, V, Jankauskas, SS, Marfella, R, et al. Exosomal miR-145 and miR-885 Regulate Thrombosis in COVID-19. J Pharmacol Exp Ther (2023) 384(1):109–15. doi: 10.1124/jpet.122.001209




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Stelling-Férez, Cappellacci, Pandolfi, Gabaldón, Pipino and Nicolás. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2023.1308606_cover.jpg
& frontiers | Frontiers in Endocrinology

Oleanolic acid rescues critical features of
umbilical vein endothelial cells permanently
affected by hyperglycemia





OEBPS/Images/fendo-14-1308606-g005.jpg
cavee






OEBPS/Images/fendo-14-1308606-g007.jpg
Gontinuous igh

Gucoso xposire
mauncion
- ‘Senescence
o - ¢ .
®
- e, (ed
Regulr endothelal Gostaionl diabetes
‘Shonotype (GD-) HUVECs
(GHUVECS) * Endahaial dysuncton

1 Adhesion molecuos.
1 Monocyte adhesion

* Impaired angiogenasis
4 cellmotity

4 Adhesion moleculos

GomuvECs i R
S
- v & Moo aeson

/ improved angogenesis

t, »

+ Callmigraton
Oleanolic acid + Calladhosion dynamics





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Oleanolic acid rescues critical features of umbilical vein endothelial cells permanently affected by hyperglycemia

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            HUVEC isolation and culture

          



          		

            Oleanolic acid preparation

          



          		

            RNA extraction and quantitative PCR

          



          		

            MTT assay

          



          		

            Western blot

          



          		

            Monocyte‐HUVEC adhesion assay

          



          		

            Matrigel tube formation assay

          



          		

            Wound healing scratch assay

          



          		

            Focal adhesion quantification assay

          



          		

            Antibodies

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Oleanolic acid attenuates adhesion molecule overexpression induced by TNF‐α in C‐ and GD‐HUVEC

          



          		

            Oleanolic acid reduces the number of monocytes adhered to GD‐HUVECs

          



          		

            Oleanolic acid improves neo‐angiogenesis in GD‐HUVECs

          



          		

            Oleanolic acid enhances C‐ and GD‐HUVEC migration

          



          		

            Oleanolic acid increases focal adhesion number in C‐ and GD‐HUVECs and their dynamization

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-14-1308606-g003.jpg
GD-HUVEC C-HUVEC

c oA TNFa OA + TNFa

s =i
.
f :
2 T
T I O c-Huvee
W GD-HUVEC

ry oA TNFe OA+TNFa





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-14-1308606-g001.jpg
veams icams
= & Dowo T oo
] mos g b = mor
i i i
e e e ow mams T s m 81 s
c
SELE
2 Oowo






OEBPS/Images/fendo-14-1308606-g006.jpg
C-HUVEC

GD-HUVEC

Merged Paxillin  F-Actin
Hoechst

cHvee

omso

Woa

GoHuvEC

FAnumber Fiopodia rea
.

Merged






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-14-1308606-g004.jpg
DMSO

93ANH-D

93ANH-GD

Wor

O omso

;Tlm iTl ;[m
— | -—
Foatad, o LT il
i I [m tTl I lm
ol Pt
T L TLE
|, ] — - —
_ TRy
Ml’m —{ H — m





OEBPS/Images/fendo-14-1308606-g002.jpg
C-Huvec GO-HUVEC
omso oa omso oa

TNFa(h) 0 1 3 624 013620 01362 01362

v-oamt - - —— =

L R | E————

[T [ ———| T ——

[N rmm—|

cHwvee coHES = Oomso
£ WOA
it i |
H 1) ol [
: I il
cauvee cosEe
O pmso
. moa
-

P-NF-KB BS/NF-xB p65






OEBPS/Images/table1.jpg
Gene name (GeneCards)/ | Primer sequence 5'-3'

Primer name

pre—
e
e i seencacermes
e P

QuantiTeat®) QT00018347

GADPH, gyceraldehyde-3-phosphate dehydrogenase; ICAMI, intercellular adhesion
‘molecule 1; SELE, E-Selecting VCAM1, vascular cell adhesion molecule






