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Abstract

Although didymin, a flavonoid-O-glycosides compound naturally found in the citrus fruits, has 

been reported to be a potent anticancer agent in the prevention of various cancers, its role in the 

prevention of cardiovascular complications is unclear. Most importantly, its effect in the 

prevention of endothelial dysfunction, a pathological process involved in the atherogenesis, is 

unknown. We have examined the efficacy of didymin in preventing the high glucose (HG; 25mM)-

induced human umbilical vein endothelial cells (HUVECs) dysfunction. Our results indicate that 

incubation of HUVECs with HG resulted in the loss of cell viability, and pre-incubation of 

didymin prevented it. Further, didymin prevented the HG-induced generation of reactive oxygen 

species (ROS) as well as lipid peroxidation product, malondialdehyde. Pretreatment of HUVECs 

with didymin also prevented the HG-induced decrease in eNOS and increase in iNOS expressions. 

Further, didymin prevented the HG-induced monocytes cell adhesion to endothelial cells, 

expressions of ICAM-1 and VCAM-1and activation of NF-κB. Didymin also prevented the release 

of various inflammatory cytokines and chemokines in HG-treated HUVECs. In conclusion, our 

results demonstrate that didymin with its anti-oxidative and anti-inflammatory actions prevents 

hyperglycemia-induced endothelial dysfunction and death. Thus, it could be developed as a 

potential natural therapeutic agent for the prevention of cardiovascular complications in diabetes.
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1. Introduction

Several studies have shown that long-term diabetes is associated with the secondary vascular 

complications [1,2]. People with diabetes have a higher atherosclerotic disease burden and 

an increased risk of myocardial infarction [3]. In addition, in hyperglycemia increased 

inflammation and oxidative stress has been shown to be highly deleterious for endothelial 

cell dysfunction [4]. Vascular endothelial cells are crucial in maintaining the homeostasis of 

the cardiovascular system [5]. They provide a physical barrier between the vessel wall and 

lumen; the endothelium secretes a number of mediators such as inflammatory cytokines, 

adhesion molecules, nitric oxide (NO), and prostaglandins which regulate platelet 

aggregation, coagulation, fibrinolysis, and vascular tone [6–9]. The disruption of normal 

endothelial cell function has been implicated in the pathophysiology of different forms of 

cardiovascular diseases (CVD), including hypertension and atherogenesis [7,10]. A vast 

body of literature indicates that hyperglycemia-induced oxidative stress and inflammatory 

responses constitute major risk factors for the endothelial dysfunction [4,11]. Therefore, 

identification of novel therapeutic agents with potential anti-oxidative and anti-inflammatory 

activities will have greater clinical significance in controlling endothelial dysfunction and 

death.

From past few decades, flavonoids such as naringin, curcumin, hesperidin, diosmin, and 

rutin have provoked interest in drug discovery as they exhibited various biological and 

pharmacological effects including antioxidative, anti-allergic, anti-inflammatory, anti-

mutagenic, and anti-carcinogenic [12–17]. Though most of the plant-derived flavonoids have 

been shown to prevent endothelial dysfunction in experimental cell culture and animal 

models, only a few of them have been shown to be effective in some clinical studies (18–20). 

Thus, there is a need to find more potent alternative treatment strategies to prevent 

endothelial dysfunction which could be developed further for the clinical use.

Didymin is a naturally occurring flavonoid (family; flavonoid O-Glycosides) found in 

various citrus fruits such as oranges, lemons, mandarin, and bergamot [21,22]. Recent 

studies showed that didymin has an antiproliferative effect as it prevents the growth of 

various cancer cells [21–23]. Specifically, it has been shown to cause cell death in non–small 

cell lung cancer cells in a p53-independent manner [22,24]. Further, it also inhibits 

proliferation of neuroblastomas cells by inhibiting N-Myc and up-regulating Raf kinase 

inhibitor protein (RKIP) [24–27]. Didymin also protects the hepatic cells from CCl4-induced 

hepatotoxicity by regulating the NF-κB signaling pathways [25]. Apart from its 

antiproliferative effect, didymin has shown some strong free radical scavenging activity 

which is mediated by inhibiting the CYP2E1 as well as preventing the lipid peroxidation 

[25,27]. Despite its well emerging role as an anti-mitogenic and anti-oxidative agent in 

preventing various cancers, its potential use as anti-inflammatory and anti-atherogenic is not 

well known.
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Moreover, the mechanisms by which didymin prevents endothelial dysfunction and death is 

still unclear. Therefore, in the present study, we have examined the protective effects of 

didymin on high glucose-induced endothelial cells death and dysfunction. Our results 

suggest that didymin prevents high glucose-induced endothelial dysfunction via its anti-

oxidative and anti-inflammatory properties. Thus, the results of this study provide evidence 

for a potential therapeutic use of didymin in endothelial dysfunction, a major cause of the 

cardiovascular complications in hyperglycemia.

2. Materials and methods

2.1 Chemicals and Reagents

Analytical grade Didymin, d-(+) -glucose and methyl-thiazolyl-diphenyl-tetrazolium 

bromide (MTT) were purchased from Sigma-Aldrich (St Louis, MO, USA). Endothelial cell 

medium (ECM) and ECGS supplements were purchased from the ScienCell Research 

Laboratory (Carlsbad, CA, USA). Fetal bovine serum (FBS) was obtained from Gemini Bio-

Products (West Sacramento, CA, USA). RIPA buffer and IκB-α (sc-1643), VCAM-1 

(SC1504) antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 

Antibodies against phospho-NF-κB (p65) (3033), Bcl2 (2872), Bax (2772), phospho-Erk1/2 

(4370), Erk1/2 (4695), Poly-ADP-ribose polymerase (PARP) (9542), Caspase-3 (9662), 

ICAM-1 (4915), eNOS (9586), histone H3 (4499) and GAPDH (2118) were obtained from 

Cell Signaling Technologies (Danvers, MA, USA). Antibodies against iNOS (ab3523) were 

obtained from Abcam (Cambridge, MA, USA). Penicillin/streptomycin, trypsin/EDTA, 

Annexin V alexa fluor-488 conjugate, calcein AM, CM-H2DCFDA, hydroxyphenyl 

fluorescein (HPF) were purchased from Molecular Probes, Invitrogen (Eugene, OR, USA). 

Malondialdehyde (MDA) detection kit was obtained from OxisResearch (Foster City, CA, 

USA). Human Milliplex Angiogenic Cytokine Multiplex kit was obtained from EMD 

Millipore (Burlington, MA, USA). The structure of didymin is reported elsewhere [21].

2.2 Cell Culture

Human umbilical vein endothelial cells (HUVECs) and Human THP1 monocytic cells were 

obtained from the American Type Culture Collection (ATCC), Manassas, VA, USA. 

HUVEC cells were grown in complete Endothelial Cell Medium (ECM) containing 5.5mM 

glucose, Endothelial Cell Growth Supplement (ECGS) along with 5% FBS and 1% 

penicillin/streptomycin. All experiments were carried out with HUVECs in the passage of 

6–8. THP1 cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine 

serum (FBS) and penicillin/streptomycin at 37°C in a humidified atmosphere of 5% CO2. To 

examine the effect of high glucose (HG), 19.5mM glucose was added to the culture media 

already containing 5.5mM glucose to achieve a final concentration of 25mM. Didymin was 

dissolved in a DMSO to make a stock solution (10 mM) and further diluted in the culture 

media to obtain a final concentration.

2.3 Cell viability assays

Confluent HUVECs cells were growth-arrested with 0.1% serum containing ± didymin (10 

& 20 μM) overnight, followed by stimulation with HG for another 24h. After the incubation 

period, cell viability was determined by MTT assay as well as cell counting using a 
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hemocytometer as described earlier [28]. Live and dead cells were detected by using green-

fluorescent cell-permeant dye calcein AM and propidium iodide (PI, 5.0μg/ml) solution. 

Further, in another set of experiments, equal number of treated HUVECs were suspended in 

500μl 1×PBS solution in flow cytometry tubes. These cells were treated with PI (5.0μg/ml) 

and incubated at room temperature for 15 min in the dark. The stained cells were analyzed 

by FACS using BD LSRII Fortessa Flow Cytometry Analyzer.

2.4 Analysis of cellular apoptosis by flow cytometry

Growth-arrested HUVEC cells were treated with HG (25mM) without or with didymin 

(20μM) for 24h. After the incubation, the cells were washed and resuspended in 10mM 

HEPES-buffered saline containing 2.5mM CaCl2, then incubated with 0.5μg/ml FITC-

Annexin V and 5μg/ml PI for 15 min on ice in the dark.

2.5 Determination of ROS levels in HUVECs

Intracellular ROS accumulation was measured by immunocytochemistry as well as flow 

cytometry by using CM-H2DCFDA. The cells were stimulated with HG (25mM) without or 

with didymin (20 μM) for 3h. The cells were stained with CM-H2DCFDA for 15 min and 

photographs (20×) were taken under the microscope (Nikon Eclipse E800 epifluorescence 

microscope) and fluorescence intensity was determined at 495/517 (excitation/emission) by 

using a florescence microplate reader (Biotek Synergy 2 modular multimode reader). In 

another set of experiments, cells were stained with CM-H2DCFDA for 15 min and analyzed 

immediately by a Flow Cytometer (BD LSRII Fortessa). Data analysis was performed using 

FlowJo (Treestar, Ashland, OR, USA). Further, HUVECs treated with HG without or with 

didymin were incubated with hydroxyphenyl fluorescein (HPF), which stain hydroxyl 

radical and peroxinitrite radicals, and fluorescence intensity was determined by flow 

cytometry.

2.6 Determination of nitric oxide levels

Nitrite is a stable metabolite of nitric oxide (NO), which was measured in culture media with 

the Griess reagent [29]. Briefly, upon completion of treatment, an equal amount of cell 

culture media of each treatment group was concentrated by freeze drying.100 μL 

concentrated culture media was added to a 96 well microtiter plate and mixed with 100 μL 

of Griess reagent (Sigma-Aldrich). The plate was then read on a microtiter plate reader using 

a 540 nm filter.

2.7 Determination of MDA Levels

Malondialdehyde (MDA) levels were determined to examine the effect of didymin on HG-

induced oxidative stress in HUVECs using a kit from Oxis International Inc., as per 

manufacturer’s protocol. Briefly, cells were stimulated with HG (25mM) in the absence or 

presence of didymin (20 μM) for 24h. The cells were washed twice with 1× PBS and lysed 

in PBS by sonication and centrifuged at 3000×g for 10 mins at 4°C to remove cell debris. 

The supernatant was collected and used for determining the MDA levels. Total MDA levels 

(μM) were calculated based on the standard curve and normalized to protein levels.
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2.8 Determination of NF-κB translocation

HUVECs were seeded in the chambered slide and allowed to form a monolayer. Cells were 

kept at 0.1% FBS containing media overnight in the absence and presence of didymin 

(20μM). Next day, the cells were treated with HG for 2h. HUVECs were then fixed with 4% 

paraformaldehyde for 15 min and washed with PBS. Cells were incubated with 5% goat 

serum in PBS for 1h at RT to block nonspecific binding. Primary antibodies against p65 

were diluted 1:500 in 1% BSA contain 0.3% Triton X-100, and cells were incubated 

overnight with the diluted antibodies at 4°C. Cells were then washed with PBS followed by 

incubation with appropriate Alexa-488 secondary antibodies for 1 h at room temperature in 

the dark. Fluorescence in the cytoplasm as well as in the nucleus was evaluated by using a 

Nikon Eclipse E800 epifluorescence microscope.

2.9 Determination of monocyte adhesion to endothelial cells

In vitro monocyte cell adhesion assay was performed as described earlier by Tammali et al. 

[30]. Briefly, HUVECs were seeded in 96-well plates at a density of 4000cells/well. The 

cells were pretreated with didymin (20 μM) followed by HG without or with didymin for 

overnight. Subsequently, HUVECs were rinsed twice with serum-free media, and calcein 

AM pre-stained THP1 cells were added in a ratio of 1:3 (HUVEC: THP1) and incubated 

with HG ± didymin for another 6 h. After completion of the incubation period, cells were 

washed with PBS to remove un-attached THP-1 cells and photographs were taken under the 

EVOS epifluorescence microscope. In another set of experiments, at the end of treatment of 

HUVECs, 100μL of media containing MTT was added and incubated for another 3 h 

followed by the addition of DMSO. Absorbance was recorded at 570 nm by using an ELISA 

plate reader.

2.10 Western Blot Analysis

Growth-arrested HUVECs were stimulated with HG (25 mM) in the absence and presence 

of didymin (20μM) at different time points. Cells were lysed with RIPA buffer and protein 

extract was collected. Equal amounts of protein in the cell lysates were separated on 12% 

SDS-polyacrylamide gels and transferred to polyvinylidene difluoride (PVDF) membranes. 

Membranes were then blocked with 5% nonfat dried milk and incubated with the specific 

primary antibodies at 4°C overnight followed by incubating with the specific secondary 

antibodies. Immunolabeling was detected using SuperSignal West Pico Chemiluminescent 

Substrate (ECL) from Thermo Scientific (Waltham, MA, USA). The membranes were 

stripped with Restore PLUS stripping buffer from Thermo Scientific following 

manufacturer’s instructions and reprobed with other antibodies.

2.11 Determination of Inflammatory Cytokines Secreted by HG-induced HUVECs

Human Angiogenesis/Growth Factor Magnetic bead panel kit from Millipore was used to 

determine various inflammatory cytokines and chemokines. HUVECs were stimulated with 

HG (25mM) in the absence or presence of didymin (20μM) for 24 h. After completion of 

incubation period, equal amounts of cell culture media were collected and concentrated from 

each group. The concentrated media was incubated with the labeled magnetic beads 

overnight. Next day, the magnetic beads were counterstained with Streptavidin-
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phycoerythrin and cytokine levels were analyzed with a Luminex analyzer from Millipore. 

The results are expressed as pg/mL based on the standard curve generated with the 

standards.

2.12 Data availability

The data supporting the findings of this study are available within the article. All other 

relevant source data are available from the corresponding author upon request.

2.13 Statistical Analysis

Data presented as mean ± SD and p< 0.05 was considered as statistically significant. The 

statistical values were determined by Student’s “t” test for pair-wise and one-way ANNOVA 

for multiple comparisons using GraphPad Prism Software.

3 Results

3.1 Didymin protects HG-induced HUVECs death

The effect of didymin on HG-induced cytotoxic signals in HUVECs is not known, therefore, 

we first examined the effect of didymin on HG-induced HUVEC’s viability. The growth 

arrested HUVECs were treated with HG in the absence and presence of didymin for 24 h, 

and cell viability was determined by MTT assay. The data shown in the Fig 1a indicate that 

the treatment of HUVECs with HG caused a significant decrease (54%) in the cell growth. 

However, pre-treatment of HUVECs with didymin (10 μM and 20 μM) prevented the HG-

induced reduction in the cell growth. Didymin alone did not cause any effect on the cell 

growth, indicating that didymin by itself does not alter the HUVECs growth at the 

concentrations used (Fig 1a). Since 20 μM concentration of didymin almost restored the 

cells growth to normal as compared to 10 μM didymin. Therefore, in all our experiments, we 

have used 20 μM didymin as an optimal concentration. The results obtained from MTT were 

further confirmed by flow cytometry, immunostaining and counting the number of cells by 

hemocytometer. Similar to the data obtained from MTT assay, manual cell counting also 

demonstrated that didymin restored the HG-induced decrease in cell number (Fig 1b). 

Similar results were observed when HUVECs stained with FITC-calcein-AM and propidium 

iodide (PI) to determine the live and dead cells respectively using a fluorescence microscope 

(Fig 1c). Further, the FACS analysis data shown in the Fig 1d suggest that the treatment of 

HUVEC with HG increased the number of dead cells as compared to didymin+HG treated 

cells indicating didymin protects HG-induced cytotoxicity. However, treatment with didymin 

alone could not cause any significant effect on cell viability (Fig 1c & 1d). Similar results 

were also observed when HUVECs were stained with FITC-Annexin V and subjected to 

FACS for determination of apoptotic cells (Fig 1e). Thus, our studies demonstrate that 

didymin prevents HG-induced cytotoxicity in HUVECs.

3.2 Didymin prevents HG-induced ROS levels in HUVECs

Since ROS play a significant role in HG-induced cytotoxic signals and the effect of didymin 

on HG-induced ROS generation is not known, therefore, we next examined the effect of 

didymin on the HG-induced ROS in HUVECs. HUVECs were treated with HG ± didymin 

for 3h followed by staining the cells with CM-H2DCFDA. Fluorescence microscopy was 
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used to determine the green DCFDA fluorescence indicating the presence of ROS in the 

cells. A significantly increased green fluorescence was observed in the HG-treated cells only 

but not in control or didymin alone-treated cells. Further in HG+didymin-treated cells, the 

intensity was significantly reduced indicating that didymin prevents HG-induced ROS 

production in HUVECs (Fig 2a). Similar results were observed when we quantitatively 

measured ROS levels by fluorometrically. The results shown in the Fig 2b indicate that a ~2-

fold increase in ROS level in the HUVECs treated with HG. Pretreatment of HUVECs with 

didymin significantly attenuated HG-induced ROS levels. However, didymin alone did not 

cause any significant change in the ROS levels and was comparable to the untreated control 

cells. Similarly, flow cytometry analysis also indicates that pre-incubation with didymin 

significantly attenuated HG-induced ROS production in HUVECs (Fig 2c and 2d). 

Furthermore, didymin also prevents HG-induced hydroxyl and peroxynitrite radicals as 

determined by staining the cells with hydroxyphenyl fluorescein (Fig 2e). Since during 

oxidative stress ROS is known to cause lipid peroxidation, we next examined the effect of 

didymin on HG-induced lipid peroxidation by measuring malondialdehyde (MDA) levels, a 

marker for oxidative stress. Our results shown in Fig 2f indicate that didymin significantly 

prevented HG-induced formation of MDA levels in HUVECs. Didymin alone does not affect 

the formation of MDA in HUVECs. Thus, our results suggest that didymin prevents HG-

induced ROS as well as lipid peroxidation and thereby could prevent HG-induced 

cytotoxicity in the HUVECs.

3.3. Didymin prevents HG-induced activation of caspase-3, ERK1/2, and Bcl2 family 
proteins

Since caspase-3 plays a critical role in apoptosis, we next examined the effect of didymin on 

HG-induced activation of caspase-3 in HUVECs. Incubation of HUVECs with HG for 24 h 

caused an approximately 2-fold increase in the cleaved caspase-3 expression and pre-

incubation with didymin followed by stimulation with HG significantly attenuated activation 

of caspase-3 (Fig 3a). Caspase-3 activation was further confirmed by measuring the HG-

induced PARP cleavage. Treatment of HUVECs with HG caused a significant increase in the 

cleavage of PARP and pre-incubation with didymin prevented it. These results thus suggest 

that didymin prevents HG-induced apoptosis by inhibiting the activation of caspase-3 in 

HUVECs. Since MAPKinases such as Erk1/2 have been shown to be involved in the 

activation of caspase-3 and induction of apoptosis [31], we next examined the effect of 

didymin on HG-induced activation of Erk1/2 in HUVECs. The data shown in the Figure 3b 

indicate that HG-induced the phosphorylation of Erk1/2 and preincubation of cells with 

didymin prevented it. However, didymin alone did not alter the expression of total ERK1/2 

(Fig 3b). We next determined the effect of didymin on the expression of apoptotic markers 

such as Bcl-2 and Bax in HG-treated HUVECs. Stimulation of HUVECs with HG down-

regulated the expression of Bcl2 and up-regulated the expression of Bax (Fig 3c). However, 

pretreatment with didymin significantly prevented the down-regulation of Bcl2 and up-

regulation of Bax by HG in HUVECs.

3.4 Didymin inhibits HG-induced monocyte adhesion to endothelial cells

Since hyperglycemia is known to exacerbate endothelial dysfunction by increasing the 

monocyte adhesion to endothelial cells, we next examined whether didymin regulates HG-
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induced monocyte adhesion to HUVECs. The untreated control cells displayed a minimal 

adhesion of THP1 cells to HUVECs within 6h of incubation (Fig 4a–c). However, when 

HUVECs were stimulated with HG followed by addition of THP1 cells for 6 h monocyte 

adhesion was significantly (70%) increased. However, the addition of THP1 cells to the HG

+didymin treated cells showed a significantly decreased adhesion of THP1 cells to 

endothelial cells (28%) as compared to HG-alone. These data indicate that didymin prevents 

endothelial-monocyte adhesion induced by hyperglycemia.

Since expression of various cell surface adhesion molecules such as intracellular adhesion 

molecule (ICAM-1), vascular cell adhesion molecule (VCAM-1) on endothelial cells plays a 

critical role in endothelial dysfunction, we next examined the effect of didymin on the 

expression of HG-induced expression of adhesion molecules in HUVECs. Our results shown 

in the Fig 4d indicate that the treatment of HUVECs with HG significantly induced the 

expression of VCAM-1 and ICAM-1. However, pre-treatment of HUVECs with didymin 

followed by HG significantly prevented the HG-induced increase in the expression of 

ICAM-1 and VCAM-1. Didymin alone did not produce any significant change in the 

expression of these adhesion molecules. Thus, our results suggest that didymin could 

prevent HG-induced monocyte adhesion to endothelial cells by attenuating the expression of 

HG-induced adhesion molecules.

3.5 Didymin regulates HG-induced nitric oxide levels and expression of iNOS/eNOS in 
HUVECs

To further examine the protective effect of didymin on HG-induced endothelial dysfunction, 

we examined the HG-induced NO levels as well as expression of iNOS/eNOS proteins in 

HUVECs. We first measured the release of NO in the media of HUVECs treated with HG ± 

didymin for 24h. The data shown in Fig 5a indicate that HG-decreased the levels of nitrite/

nitrate in the culture media of HUVECs treated with HG for 24 h. However, this decrease 

was not observed in the cell culture media obtained from HG+didymin treated cells. The 

levels of NO in HG+didymin -treated cells are almost similar to the untreated control and 

didymin alone-treated cells. Further, HG increased the expression of iNOS and decreased 

the expression of eNOS in HUVECs and pre-incubation of HUVECs with didymin reversed 

the HG-induced changes in the expression of eNOS and iNOS proteins (Fig 5b).

3.6 Didymin prevents HG-induced NF-κB activation in HUVECs

Since NF-κB is a redox-sensitive transcription factor known to be involved in the 

transcription of genes for iNOS, adhesion molecules, and inflammatory cytokines, we next 

examined if the cytoprotective effect of didymin is due to prevention of HG-induced 

activation of NF-κB. First, we examined the effect of didymin on the prevention of NF-κB 

nuclear translocation. HUVECs cells treated with HG for 2h in the absence and presence of 

didymin were immune-stained with p65 antibodies. Results shown in the Fig 6a indicate that 

HG-induced the nuclear translocation of p65 and didymin prevented it. Western blot analysis 

of nuclear protein further confirmed these results. The data shown in the Fig 6b suggests that 

HG increased the expression p65 in the nucleus and this increase was significantly reduced 

in didymin pretreated cells. Similarly, HG also caused degradation of IκB-α protein in the 

cytosolic extracts, but this decrease was not observed in the HG+didymin treated cells (Fig 
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6b). Thus, these results suggest that didymin prevents HG-induced IκB-α degradation and 

nuclear translocation and activation of NF-κB in HUVECs.

3.7 Didymin prevents HG-induced inflammatory markers release in HUVECs

Since NF-κB is known to increase the expression of various inflammatory markers 

responsible for endothelial dysfunction and death; we next examined the effect of didymin 

on the HG-induced expression of different inflammatory markers in HUVECs. Results 

shown in Table-1 indicate a significant increase in the expressions of EGF, TNF-α, 

Interferon-α2, G-CSF, MCP-1, IL-1β, IL-1α, IL-2, IL-5, IL-6, IL-8, and IL-10 was observed 

in the HG-treated HUVECs culture media. However, in the cells treated with HG+didymin, 

the expression of various inflammatory markers was significantly reduced. As compared to 

control and didymin alone treated cells do not show significant changes in the expression of 

inflammatory markers. Thus, these results suggest that didymin prevents HG-induced 

inflammatory marker expression which could be responsible for HG-endothelial 

dysfunction.

4.Discussion

In this study, we demonstrate that didymin prevents HG-induced endothelial dysfunction and 

death, a major pathological event involved in the development of cardiovascular 

complications. Our results suggest that didymin prevents HG-induced oxidative stress that 

leads to activation of NF-κB-mediated inflammatory cytokines and growth factors 

responsible for endothelial dysfunction. Specifically, we have shown that didymin prevents 

endothelial death by preventing the HG-induced ROS/Caspase-3/Bcl2/MAPK and 

endothelial dysfunction by NO/eNOS/ICAM/VCAM/NF-κB pathways. To the best of our 

knowledge, this is the first report to demonstrate the effect of didymin in the prevention of 

endothelial dysfunction.

Over the last few decades, the development, as well as therapeutic use of plant-derived 

bioactive compounds, have been significantly increased due to changes in the current 

lifestyle. Most of the natural antioxidants, used as food supplements, have been shown to be 

effective in preventing some disease complications with no major side effects [32]. Several 

studies have shown that phytochemicals such as flavonoids, polyphenols, and quinones act 

as antioxidants and prevent oxidative stress-induced immune and inflammatory 

complications leading to various diseases including cancer [33,34]. Antioxidants such as 

curcumin, quercetin, NAC, Vitamin C, aspalatone, and resveratrol have been shown to be 

potent chemopreventive agents that can prevent cancer growth and metastasis [13, 35–39]. 

Further, these antioxidants have also shown to be effective in preventing endothelial 

dysfunction, hypertension, and cardiovascular complications in culture as well as in animal 

models [40,41]. Although didymin is a flavonoid compound isolated from citrus plants, only 

a few studies have shown its significance as an antimitogenic as well as anti-carcinogenic 

compound [22,23,42]. The neohesperidose containing glycosylated flavanones from citruses 

such as naringin and neoeriocitrin are bitter taste while rutinosides that contain flavanone 

and disaccharides such as didymin and narirutin have no taste [43]. Gattuso et al [44] have 

shown that orange (C.sinensis) juice contains 1.89 ± 0.92 mg/100 mL of didymin and 
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0.30± 0.04 mg/100 mL in grapefruit (C. paradisi) juice. Stuetz et al. [45] have shown that in 

Mandarin oranges (C.reticulata) peeled fruit had a high content (45–112 mg/kg) of didymin. 

Similarly, longlife orange juice contains 9.9 mg/L of didymin [43]. These studies indicate 

that some levels of didymin could be absorbed from the consumption of citrus fruits. 

Further, recent studies suggest that didymin could be developed for the cancer treatment [23, 

24]. Singhal et al. [23] have treated mice with 2 mg/kg body wt of didymin and examined 

serum for didymin by HPLC analysis. They found that didymin has effective oral absorption 

with free didymin levels of 2.1 μM in serum. At the same time, the same amount of didymin 

prevents the growth of neuroblastoma xenograft tumors in mice. Although, these studies 

suggest that didymin is an excellent antioxidant with potential anti-carcinogenic activities, 

its efficacy in the prevention of vascular complications has not been explored. Therefore, in 

this study, we investigated the protective effects of didymin on HG-induced endothelial cell 

dysfunction and death.

Normal endothelial cells maintain the cardiovascular homeostasis by promoting vasodilation 

and inhibiting the platelet aggregation [9]. However, disruption of normal endothelial 

function by factors such as hyperglycemia, cigarette smoke, hypercholesterolemia and other 

oxidative stress conditions could lead to increase in the endothelial cell death, cause 

vasoconstriction and increases platelet aggregation [46,47]. Endothelial dysfunction leads to 

cardiovascular complications such as atherosclerosis, and restenosis [47]. Increased 

oxidative stress is one of the major cause of endothelial toxicity as it regulates various 

cellular processes leading to cell growth, differentiation, apoptosis, DNA damage, and 

dysfunction [48,49]. Several studies have shown that antioxidants protect and preserve 

endothelial cell integrity and function from oxidative stress by reducing the formation of 

ROS as well as preventing the redox signals [49,50]. Consistent with these results, didymin 

also significantly prevented HG-induced ROS generation and lipid peroxidation which could 

be involved in the endothelial cell apoptosis.

Caspase-3 is a well-known mediator of apoptotic cell death, and ROS has been shown to 

activate caspase-3 mediated cell death pathways [51]. Therefore, we examined the effect of 

didymin on HG-induced activation of caspase-3. Our data suggest that didymin prevents 

HG-induced caspase-3 activation as well as PARP cleavage. Since activation of 

MAPKinases such as p38MAPK and Erk1/2 has been shown to activate caspase-3 and 

participate in apoptotic pathways [31,52], therefore, we examined the effect of didymin on 

Erk1/2 activation. Several antioxidants such as curcumin, NAC, taurine, tetrahydroxy 

xanthone have also been shown to prevent activation of MAPKs and inhibits caspase-3–

mediated apoptosis of endothelial cells [53–56]. Similar to those studies, our results also 

indicate that didymin prevents HG-induced activation of Erk1/2 and prevents apoptosis. It 

has been shown that Bcl2 family of proteins regulates cellular apoptosis as well as activation 

of caspase-3 [57]. Further, the ratio of Bax/Bcl2 has been demonstrated to be a significant 

regulator of apoptotic cell death [58]. We observed that HG-induces apoptosis of endothelial 

cells by downregulating the Bcl2 and upregulating the Bax proteins. Our results show that 

didymin restored HG-induced decrease in the Bcl-2 and inhibited the HG-induced Bax in 

HUVECs. Thus, by preventing the expression of Bcl2 proteins as well as activation of 

caspase-3 didymin could prevent HG-induced endothelial cells death.
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Monocytes have been shown to be important regulators of the immune response and play a 

major role in angiogenesis [59,60]. Monocytes adhere to the endothelial cells and cause 

endothelial dysfunction, death as well as the proliferation of smooth muscle cells leading to 

the development of atherosclerosis [59,60]. The monocyte adhesion is mediated by the 

increased expression of adhesion molecules, such as ICAM-1 and VCAM-1, and increased 

secretion of chemokines such as MCP-1[61]. Several natural and synthetic agents have been 

shown to inhibit leukocyte adhesion to endothelial cells by preventing the expression of 

adhesion molecules such as ICAM-1, VCAM-1, and E-selectin [62]. In the current study, we 

found that didymin prevented HG-induced monocyte adhesion to endothelial cells as well as 

expression of VCAM-1 and ICAM-1 in HUVECs indicating that didymin prevents 

monocyte adhesion to endothelial cells by inhibiting the expression of adhesion molecules.

The decrease in the bioavailability of nitric oxide (NO), a critical regulator of vascular tone, 

could lead to endothelial dysfunction [9,63]. The eNOS but not iNOS is primarily 

responsible for the generation of NO in the vascular endothelium and eNOS is responsible 

for various vascular diseases [64,65]. It is known that persistent hyperglycemia disrupts 

normal endothelial function via production of reactive oxygen metabolites [54,66]. 

Impairment of endothelium-dependent vasorelaxation is also caused by a loss of NO activity 

in the vessel walls [63]. Antioxidants such as curcumin and naringin have been shown to 

restore NO levels and improve endothelial dysfunction in vitro and in vivo [67, 68]. We have 

found that treatment with didymin increased HG-depleted eNOS protein expression and 

restored NO levels, suggesting that by restoring NO levels didymin could improve 

endothelial dysfunction.

Several lines of evidence suggest that hyperglycemia-induced changes in metabolism and 

signaling have been linked to the increased formation of ROS and AGEs, which further 

induces the redox-sensitive transcription factors such as NF-κB that transcribe several 

cytokines, adhesion molecules, and growth factors and leads to endothelial cell activation 

[66–68]. Our data showed that pre-treatment of HUVECs with didymin decreased the HG-

induced NF-κB activation, which was accompanied by decreased translocation of p65 to the 

nucleus. It has been shown that in atherosclerotic lesions, activated NF-κB localizes to sites 

expressing high levels of adhesion molecules, and inhibition of NF-κB prevents the 

monocyte adhesion by attenuating the expression of ICAM-1 and VCAM-1. Elevated levels 

of inflammatory markers such as interleukins (IL-1, IL-6, and IL-8 etc.), tumor necrosis 

factor (TNF), MCP-1, and interferons have been shown to be responsible for vascular 

complications during diabetic conditions. Several antioxidants, which can prevent NF-κB -

mediated production of inflammatory markers have been shown to prevent endothelial 

dysfunction as well as atherosclerosis [69,70]. Our results have also demonstrated (Table-1) 

that treatment with didymin significantly prevented the HG-induced release of various 

cytokines and growth factors in endothelial cells suggesting that by preventing NF-κB -

mediated release of inflammatory markers didymin could prevent endothelial dysfunction.

In conclusion, our results show that didymin could significantly inhibit the apoptosis of 

endothelial cells induced by HG via modulating the oxidative stress signals leading to the 

generation of ROS as well as activation of caspase-3, Erk1/2 and regulation of Bcl2 proteins. 

Further, didymin also prevents HG-induced endothelial dysfunction by preventing the 
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monocyte adhesion to endothelial cells, restores eNOS and NO levels, prevents expression 

of iNOS, ICAM-1, VCAM-1, and NF-κB-mediated production of inflammatory cytokines. 

Thus, didymin with its potent anti-oxidant and anti-inflammatory properties has the potential 

for use in various clinical applications. Specifically, its use at low-dose when compared to 

various other flavonoids and plant-derived antioxidants along with its broad spectrum of 

effect on multiple cellular signaling pathways make didymin an exciting and potential 

candidate for further development as a therapeutic agent. Overall, our results suggest that 

didymin could be a potential novel compound to prevent endothelial dysfunction and related 

cardiovascular complications.
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Abbreviations
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eNOS endothelial nitric oxide synthase

FITC Fluorescein isothiocyanate

HG high glucose

HUVEC human umbilical vein endothelial cells

ICAM-1 intercellular adhesion molecule 1

iNOS inducible nitric oxide synthase

IκB inhibitor of kappa B

MDA Malondialdehyde

NF-κB nuclear factor-κB

NO nitric oxide

ROS reactive oxygen species

VCAM vascular cell adhesion molecule 1
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Figure 1. Effect of didymin on HUVECs viability
HUVECs were growth arrested in 0.1% serum containing media with indicated 

concentrations of didymin overnight followed by stimulation with HG (25 mM) for 24 h. (a) 
The cell viability was determined by MTT assay. Values are mean ± SD (n = 5).*p < 0.001 

Vs. control and #p< 0.005 Vs. HG-treated group. (b) Cell number was determined using a 

hemocytometer. *p<0.01 Vs. control live; #p<0.01 Vs. control dead; $p<0.001 Vs. HG-live; 

$$p<0.001 Vs. HG-dead. (c) The cells were incubated with calcein-AM (green), and 

propidium iodide (PI; red) for 30 min to detect live and dead cells respectively, and 

photographs were taken under a fluorescence microscope. A representative figure was 

shown. (d& e) The cell were also stained with PI (d) and annexinV (e) and subjected to flow 

cytometry to determine the apoptosis. Values are mean ± SD (n = 5). *p < 0.001 Vs. control 

and #p< 0.005 Vs. HG-treated group.
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Figure 2. Didymin attenuates HG-induced ROS production in HUVECs
The HUVECs were treated HG without or with didymin for 3 h and further stained with 

CM-H2DCFDA for 30 min. (a) Fluorescence intensity in the live cells was captured by 

taking pictures (20×) under a fluorescence microscope (green channel). A representative 

image was shown from each group. (b) The fluorescence intensity (a) was quantified 

fluorometrically at 495/517 excitation/emission (c) The CM-H2DCFDA stained cells were 

also subjected to FACS analysis. (d) Graph bars are showing fold change in CM-H2DCFDA 

Mean Fluorescence Intensity (MFI) measured by flow cytometry in HUVECs. (e) The 

HUVECs were treated HG without or with didymin for 3h and further stained with 

hydroxyphenyl fluorescein (HPF) for 30 min. The fluorescence intensity of HPF was 

quantified fluorometrically. (f) The malondialdehyde (MDA) levels were determined by 

using a kit from Oxis International Inc. MDA values (μM/μg protein). Bars represent mean ± 

SD (n = 3).*p< 0.001 when compared with control and #p< 0.01, ## p<0.001 when 

compared with HG-treated group.
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Figure 3. Didymin prevents HG-induced Caspase-3 and PARP cleavage, phosphorylation of 
Erk1/2 and induces Bcl2 family protein expression in HUVECs
Serum-starved HUVECs were either left untreated or pre-incubated with didymin (20 μM) 

for overnight followed by stimulation with HG (25 mM) for 24 h. (a–c) An equal amount of 

protein in the cell extracts were subjected to Western blot analysis by using specific 

antibodies against Caspase-3, PARP, p-Erk1/2, BCl2 and Bax proteins. A representative 

image was shown from 3 independent analysis. Fold changes were calculated by 

densitometry of Western blot using ImageJ software and normalized with loading controls. 

(d) The ratio Bax/Bcl2 was quantified. Bars represent mean ± SD (n = 3). *p< 0.001 when 

compared with control and #p< 0.001 when compared with HG-treated group.
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Figure 4. Didymin inhibits HG-induced adhesion of monocytes to HUVECs
HUVECs (3000 cells/well) in 96-well plates were pretreated without or with didymin 

(20μM) followed by HG for overnight. Subsequently the HUVECs were incubated with 

calcein-AM stained THP1 cells for an additional 6 h. (a) Monocyte adhesion to HUVECs 

was determined by MTT absorbance. (b) The THP1 cells were pre-incubated with calcein-

AM for 15 min before adding to HUVECs to examine the adhesion by microscopically. The 

photographs were taken under a fluorescence microscope in the green channel (10×). (c) The 

number of green fluorescent THP1 cells adhered to HUVECs were determined. (d) 

HUVECs were treated without or with didymin (20 μM) for overnight followed by 

incubation with HG (25 mM) for additional 6 h. Equal amounts of cell extracts were 

subjected to Western blot analysis using specific antibodies against VCAM-1 and ICAM-1. 

GAPDH was used as a loading control. A representative image was shown from 3 

independent analysis. Fold changes were calculated by densitometry of Western blot using 

ImageJ software and normalized with loading controls. Bars represent mean ± SD (n = 5). 

*p< 0.001 when compared with control and #p< 0.005 when compared with HG-treated 

group.
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Figure 5. Didymin prevents HG regulated NO and eNOS/iNOS levels in HUVECs
The HUVECs were treated with HG in the without or with didymin (20 μM) for 24 h. (a) 

NO levels were measured in culture media by using Griess reaction method as described in 

the methods. The data expressed as fold change when compared to control. Bars represent 

mean ± SD (n = 6). (b) An equal amount of protein in the cell extracts were subjected to 

Western blot analysis by using specific antibodies against eNOS and iNOS proteins. A 

representative image was shown from 3 independent analysis. Fold changes were calculated 

by densitometry of Western blot using ImageJ software and normalized with loading 

controls. *p< 0.05 when compared with control and #p< 0.01 when compared with HG-

treated group.
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Figure 6. Didymin prevents the HG-induced activation of NF-κB
Serum-starved HUVECs were either left untreated or pre-incubated with didymin (20 μM) 

for overnight followed by stimulation with HG (25mM) for 3 h. (a) NF-κB localization was 

determined by immunostaining the cells with antibodies against p65. The nuclear location 

was identified by staining the cells with DAPI. (b) An equal amount of protein in the nuclear 

extracts and cell extracts were subjected to Western blot analysis by using specific 

antibodies against phospho-p65, histone H3, IκB-α and GAPDH. A representative image 

was shown from 3 independent analysis. Fold changes were calculated by densitometry of 

Western blot using ImageJ software and normalized with loading controls. *p< 0.05 when 

compared with control and #p< 0.01 when compared with HG-treated group.
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Table 1

Didymin prevents HG-induced inflammatory cytokines and growth factor levels in HUVECs.

Cytokines/Growth factors Control HG DD HG + DD

EGF (pg/mL) 1218 ± 95.1 2700 ± 317.0** 1270 ± 265.4 1717 ± 61.4#

FGF2 (pg/mL) 2110 ± 147.2 3705 ± 149.1* 2216 ± 225.2 2644 ± 323.7#

Flt-3L (pg/mL) 8.88 ± 0.3 16.9 ± 0.7** 9.0 ± 0.5 10.8 ± 0.7##

Fractalkine (pg/mL) 230 ± 43.5 382 ± 47.1* 237 ± 27.8 293 ± 30.1#

G-CSF (pg/mL) 312.9 ± 38.7 513.5 ± 47.0* 308.3 ± 13.4 429.2 ± 25.9#

GM-CSF (pg/mL) 28.9 ± 2.3 48.0 ± 1.0* 30.0 ± 0.9 33.8 ± 2.6#

IL-1α (pg/mL) 12.6 ± 1.8 24.8 ± 0.4** 12.4 ± 0.6 13.8 ± 0.9##

IL-1β (pg/mL) 1.3 ± 0.2 3.7 ± 0.1** 1.4 ± 0.1 1.8 ± 0.2#

IL-2 (pg/mL) 0.41 ± 0.1 0.99 ± 0.2* 0.34 ± 0.1 0.61 ± 0.1 #

IL-5 (pg/mL) 0.25 ± 0.03 0.54 ± 0.06* 0.29 ± 0.08 0.38 ± 0.08#

IL-6 (pg/mL) 1629 ± 105 2938 ± 98* 1743 ± 78 2196 ± 64#

IL-7 (pg/mL) 14.7 ± 0.8 27.7 ± 1.2* 14.2 ± 0.9 18.2 ± 1.7#

IL-8 (pg/mL) 6082 ± 327 10567 ± 300** 6091 ± 429 7337 ± 807##

IL-9 (pg/mL) 0.71 ± 0.3 1.9 ± 0.2** 0.9 ± 0.1 1.2 ± 0.1##

IL-10 (pg/mL) 2.1 ± 0.3 5.0 ± 0.2** 2.1 ± 0.2 3.4 ± 0.5#

IL-12p40 (pg/mL) 26.1 ± 5.8 27.7 ± 1.3 26.7 ± 5.1 25.5 ± 0.9

IL-12p70 (pg/mL) 4.9 ± 1.0 5.5 ± 0.8 4.0 ± 0.4 4.6 ± 0.4

IL-15 (pg/mL) 41.5 ± 4.4 59.4 ± 1.8* 47.3 ± 2.9 50.0 ± 4.9#

Interferon-α2 (pg/mL) 28.5 ± 2.1 52.8 ± 2.7* 30.6 ± 2.4 34.7 ± 4.1#

Interferon-γ (pg/mL) 28.6 ± 2.1 62.8 ± 2.6** 30.6 ± 2.4 34.7 ± 4.01##

TNF-α (pg/mL) 1.7 ± 0.2 4.2 ± 0.2** 1.6 ± 0.2 2.6 ± 0.1##

MCP-1 (pg/mL) 6940 ± 352 12598 ± 477** 7151 ± 270 8101 ± 436#

The HUVECs were treated with HG in the absence and presence of didymin (20 μM) for 24 h. The levels of inflammatory markers in the culture 
media were determined by using a Multiplex ELISA kit from Millipore using a Milliplex Analyzer System (Luminex) as described in the methods. 

Bars represent mean ± SD (n = 5). *p< 0.05 & **p<0.001 compared with control and #< 0.01, ##p<0.001 when compared with HG-treated group.

Biochem Pharmacol. Author manuscript; available in PMC 2019 June 01.


	Abstract
	Graphical Abstract
	1. Introduction
	2. Materials and methods
	2.1 Chemicals and Reagents
	2.2 Cell Culture
	2.3 Cell viability assays
	2.4 Analysis of cellular apoptosis by flow cytometry
	2.5 Determination of ROS levels in HUVECs
	2.6 Determination of nitric oxide levels
	2.7 Determination of MDA Levels
	2.8 Determination of NF-κB translocation
	2.9 Determination of monocyte adhesion to endothelial cells
	2.10 Western Blot Analysis
	2.11 Determination of Inflammatory Cytokines Secreted by HG-induced HUVECs
	2.12 Data availability
	2.13 Statistical Analysis

	3 Results
	3.1 Didymin protects HG-induced HUVECs death
	3.2 Didymin prevents HG-induced ROS levels in HUVECs
	3.3. Didymin prevents HG-induced activation of caspase-3, ERK1/2, and Bcl2 family proteins
	3.4 Didymin inhibits HG-induced monocyte adhesion to endothelial cells
	3.5 Didymin regulates HG-induced nitric oxide levels and expression of iNOS/eNOS in HUVECs
	3.6 Didymin prevents HG-induced NF-κB activation in HUVECs
	3.7 Didymin prevents HG-induced inflammatory markers release in HUVECs

	4.Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1

