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Abstract

High levels of glucose (HG) induce reactive oxygen species-mediated oxidative stress in 

endothelial cells (ECs), which leads to endothelial dysfunction and tissue damage. However, the 

molecular mechanisms involved in HG-induced endothelial oxidative stress and damage remain 

elusive. Here we show that cellular ATP level-modulated p53 Thr55 phosphorylation plays a 

critical role in the process. Upon HG exposure, the elevated ATP levels induced the kinase activity 

of TAF1 (TBP-associated factor 1), which leads to p53 Thr55 phosphorylation. The 

phosphorylation dissociates p53 from the glutathione peroxidase 1 (GPX1) promoter and results in 

reduction of GPX1 expression. Inhibition of TAF1-mediated p53 Thr55 phosphorylation abolished 

those events, supporting the role of TAF1 in sensing cellular ATP elevation and in regulating 

GPX1 expression under the HG condition. Importantly, treating cells with HG increased 

intracellular H2O2 and cell apoptosis, as well as suppressed nitric oxide (NO) bioavailability and 

tube network formation. These effects were also remarkably reversed by inhibition of TAF1 and 

p53 Thr55 phosphorylation. We conclude that HG leads to endothelial dysfunction via TAF1-

mediated p53 Thr55 phosphorylation and subsequent GPX1 inactivation. Our study thus revealed a 

novel mechanism by which HG induces endothelial oxidative stress and damage and possibly 

provided an avenue for targeted therapy for diabetes-associated cardiovascular diseases.
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Introduction

Diabetes mellitus can cause multiple vascular complications and cardiovascular dysfunction.
1 A number of important epidemiological studies have highlighted the relationship between 
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hyperglycemia (high blood glucose, HG) and an increased risk of cardiovascular diseases.2, 3 

HG induces reactive oxygen species (ROS)-mediated oxidative stress in endothelial cells 

(ECs), which leads to endothelial dysfunction and tissue damage.4, 5 These events, in theory, 

could contribute to the pathogenesis of vascular diseases in diabetics. In addition, intensive 

glucose control effectively reduces the risk of microvascular complications of diabetes such 

as retinopathy, neuropathy, and nephropathy.3 Despite its significance, the precise molecular 

mechanisms by which hyperglycemia induces endothelial oxidative stress and damage 

remained largely undefined. With the onset of diabetes and the development of its 

complications becoming earlier, knowledge of the body’s response to glucose challenge is 

urgently needed.

The p53 tumor suppressor plays a critical role in the cellular response to stress.6, 7 Apart 

from its important role in tumor suppression, p53 is also implicated in diabetes-associated 

complications,8, 9 endothelial dysfunction10 and arthrosclerosis.11 Recent studies have 

shown that p53 might play a critical role in regulating ROS production in cultured cells.12 

Under normal growth conditions, p53 is required for maintaining basal transcription of 

antioxidant genes SESN1, SESN2, and GPX1.12, 13 Suppression of p53 significantly 

decreases the basal transcriptions of those genes,13 which increases cellular ROS levels and 

subsequently leads to oxidative damage of DNA. Thus regulating antioxidant defense to 

reduce ROS levels may represent one of the important tumor suppressing and cardiovascular 

protecting mechanisms of p53.

Previous studies from our laboratory indicated that p53 is phosphorylated at Thr55 by TAF1 

and this phosphorylation leads to p53 inactivation.14, 15 TAF1 is the largest subunit of 

transcription factor TFIID, which is composed of the TATA binding protein (TBP) and 13 to 

14 TBP-associated factors (TAFs).16, 17 Unlike other p53 kinases, TAF1 can phosphorylate 

p53 on the promoter, leading to p53 protein degradation 14 and inactivation.18 Intriguingly, 

presumably due to TAF1’s high Km value for ATP, TAF1-mediated p53 phosphorylation is 

modulated by cellular ATP levels. Since hyperglycemia might increase cellular ATP levels in 

ECs, potentially leading to p53 Thr55 phosphorylation and subsequently inhibition, we 

hypothesize that it might contribute to HG-induced cardiovascular dysfunction. To test this 

possibility, we treated HAEC with HG and indeed observed an HG-induced ATP increase in 

ECs. Significantly, increased ATP level enhanced TAF1 kinase activity and p53 Thr55 

phosphorylation in ECs. Upon Thr55 phosphorylation, p53 dissociated from the GPX1 

promoter, which leads to reduction of antioxidant gene GPX1 expression and resultant 

oxidative stress in ECs. These results suggest that hyperglycemia can increases oxidative 

stress via TAF1-mediated and p53-dependent impairment of antioxidant defense mechanism.

Material and methods

Cell Culture

Human umbilical vein endothelial cells (HUVEC) and human aortic endothelial cells 

(HAEC) (both at passage 3) were purchased from Lonza (Walkersville, MD, USA) and were 

growth in Lonza’s EGM-2 and EGM-MV at 37 °C in an atmosphere of 95% air–5% CO2. 

HUVEC and HAEC from passages 2–5 were cultured for 0–48 hours and treated with 

various concentrations of glucose (Boston BioProducts), 15 mM mannitol (Sigma), 25 mM 
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2-deoxyglucose (2-DG, Calbiochem), 30 μM apigenin (Sigma), 500 U/mL PEG-catalase 

(Sigma) or 20 μM proteasome inhibitor MG132 (A.G Scientific). HUVEC used in the 

experiments was the same batch at different passage (passage 4–7). Results of multiple 

observations using HAEC are presented as representative results from three different batches 

of cells.

Western blot and immunoprecipitation analysis

Whole-cell extract was prepared by lysing the cells in lysis buffer containing 20 mM Tris-Cl 

(pH 7.9), 150 mM NaCl, 0.5% NP-40, 20% glycerol, 2 mM EDTA, 0.5 mM DTT, 2 μg/ml 

aprotinin, 2 μg/ml leupeptin, and 0.5 mM PMSF. Cell lysates were subjected to SDS-PAGE 

followed by IB with antibodies as indicated. To detect p53 phosphorylation at Thr55, the cell 

lysate was immunoprecipitated with phosphor-specific antibody for Thr55 (Ab202) and 

immunoblotted with anti-p53 (DO-1) antibody. To normalize the p53 protein levels, 20 μM 

MG132 was applied. Other antibodies used in the present study and their commercial 

sources were as follows: anti-p53 antibody (DO1) was purchased from Santa Cruz 

Biotechnology; anti-GPX1, anti-phospho-Ser15, anti-phospho-Ser20 and anti-Cleaved 

caspase-3 antibodies were from Cell Signaling Technology; anti-phospho-Thr55 antibody 

(Ab20215) and anti-TAF1 antibody (Ab1230) were homemade; anti-vinculin antibody 

(VIN-11-5) was from Sigma.

Measurement of reactive oxygen species

To detect intracellular reactive oxygen species (ROS), the ROS-sensitive fluorescent 

indicator 2′,7′-dihydrodichlorofluorescin diacetate (DCFDA, Molecular Probes) was used 

as described previously.19 Confluent HAEC in 96-well plates were preincubated with 10 μM 

DCFDA for 30 min. After removal of medium from wells, cells were washed in PBS, 

followed by measurement of fluorescence intensity at 485-nm excitation and 538-nm 

emission spectra with a fluorescence microplate reader. Data are presented as a fold increase 

in DCF fluorescence compared with that in unstimulated cells.

Chromatin immunoprecipitation (ChIP) analysis

ChIP analysis to determine the binding of p53 on the GPX1 promoter was carried out as 

described previously.20 In brief, HAECs were fixed with 1% formaldehyde. Chromatin 

immunoprecipitation was carried out with an anti-p53 (FL393, Santa Cruz) antibody and 

analyzed by PCR using a pair of primers (Forward: 5′-

CCTAACTCAGGAACCTCTGAGAAA; reverse: 5′-CAGGAAAAGGCTGGAGAGTG) 

covering a putative p53 binding site on the promoter. The PCR products were 

electrophoresed by agarose gels and visualized by ethidium bromide.

ATP detection

Intracellular ATP level was measured by a luciferin/luciferase method using an ATP 

determination kit according to manufacturer’s protocol (Molecular Probes). A standard 

curve was generated from known concentrations of ATP in each experiment and used to 

calculate ATP in each sample. The data were normalized by protein concentrations. The 
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results were expressed as fold (means ± S.D.) over untreated cells (mock) from three 

independent experiments.

TAF1 siRNA gene silencing

TAF1 siRNA (5′-AAGACCCAAACAACCCCGCAT-3′) or control siRNA was transfected 

into EC using BioT transfection reagent (Bioland Scientific LLC, Cerritos, CA). For rescue 

experiments, cells were also transfected with siRNA-resistant TAF1 (pCMV-HARecTAF1) 

that contains four silent mutations within TAF1–specific siRNA target sequence as 

underlined (5′-AAGACCCAAACAACCCCGCAT-3′). Cell transfection was performed 

using TransPass HUVEC Transfection Reagent (New England Biolabs) with 2 μg Rec 

TAF1, 4 μg TAF1 kinase dead mutant A2/N7 Ala (KD/A2), and 1 μg of p53 WT, p53 T55A, 

or empty vector.

Cloning and Expression of GPX1

The GPX1 cDNA was generated from total RNA extracted from HUVEC using the 

SuperScript™ One-Step RT-PCR with Platinum Taq kit (Invitrogen). Gene specific primers 

were designed based on the human GPX1 sequence (GenBank accession number 

NM_000581.2) and incorporated BamHI and XbaI for cloning (5′-ACTGTAGGATCC 

CAGTTAAAAGGAGGCGCCTGCTGGCCT and 5′-

TGACATTCTAGAAGTGGGGAAACTCGCCTTGGTCTGGCA). The cDNA including a 

portion of the 5′UTR and most of the 3′UTR including selenocysteine-insertion sequence 

(SECIS) motif 21 was cloned into pcDNA 3.1 (Invitrogen) to generate pcDNA3.1/gpx1. To 

express GPX1, ECs were transfected with 1 μg pcDNA3.1/gpx1 using TransPass HUVEC™ 

Transfection Reagent.

TAF1 kinase assay

HAECs were washed with ice-cold PBS containing 1 mM Na3VO4 and 1 mM NaF and 

scraped on ice in 400 μl of 1:5 diluted buffer A (50 mM Hepes, pH 7.4, 1 mM EDTA, 10 

mM mannitol, 1 mM DTT, 1 mM Na3VO4, 1 mM NaF, 5 μM microcystin, 5 nM okadaic 

acid, 2μg/ml aprotinin, 2μg/ml leupeptin, and 1 mM PMSF) and homogenized with 25 G 

needle for 10 strokes. After brief centrifugation at 6,000 × g at 4°C, The pellet was collected 

and washed with buffer A and then suspended in 500 μL of lysis buffer plus 1 mM Na3VO4, 

1 mM NaF, 10 mM Na2MoO4, 20 mM β-glycerophosphate, 5 μM microcystin, 5 nM 

okadaic acid. After centrifugation, the supernatant (nuclear fraction) was collected and used 

for TAF1 immunoprecipitation. Cell lysates containing 1 mg protein were incubated with 

TAF1 antibodies (Ab1230) at 4°C for 3 h. After immunoprecipitation, the samples were 

washed once with ice-cold lysis buffer, once with lysis buffer containing 500 mM NaCl, 

once with phosphorylation buffer (20 mM HEPES, 12.5 mM MgCl2, 100 mM KCl, and 1 

mg/ml BSA, pH 7.9) and suspended in 40 μl of phosphorylation buffer. Kinase reactions 

were carried out at 30°C for 30 min using 120 ng of purified p53 as substrates in 

phosphorylation buffer. Thr55 phosphorylation of p53 was detected using anti-Thr55-Phos 

(Ab202).
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RT-PCR and qRT-PCR

Total RNA was extracted using TRIzol reagent (Sigma), and RT-PCR was performed using 

SuperScript One-Step RT-PCR kit (Invitrogen) according to manufacturer’s protocol. 

Primers used to amplify GPX1 mRNA are 5′-GTTTGGGCATCAGGAGAACGCCA-3′ and 

5′-CGCACCGTTCACCTCGCACTT-3′. qRT-PCR was performed using iQ™ SYBRR® 

Green supermix and the iScript cDNA synthesis kit (Bio-Rad, USA) on Bio-Rad CFX96 

Real Time System (Bio-Rad Laboratories) according to manufacturer’s protocol.

Cell Apoptosis Analysis

Following various treatment, HAECs were collected, treated with 500 μg/ml of RNase A 

(Sigma), stained with 50 μg/ml of propidium iodide (Sigma) for 30 min at room temperature 

and subsequently analyzed by FACScan flow cytometry (Becton Dickinson) for apoptotic 

cells (subG1) according to DNA content.

Nitric Oxide Release

NO quantification was performed using the NO-specific fluorescent dye 4,5-

diaminofluorescein diacetate (DAF-2 DA; Cayman Chemical, Ann Arbor, MI) as described 

previously.22 Briefly, HAEC were seeded in 96-well plates (3×104 cells/well), cultured for 

24 h and then serum starved for 2 h in phenol red-free EBM supplemented with L-arginine 

(100 μM) and uric acid (UA, 100 μM). Cells were then loaded with DAF-2 DA (5 μM final 

concentration) for 10 min at 37°C. After being loaded with DAF-2 DA, cells were washed 

three times with EBM at 37°C and kept in the dark. The fluorescence intensity was 

measured with a multilabel plate reader Wallac 1420 VICTOR2 (PerkinElmer) using 485 nm 

as excitation and 535 nm as emission wavelengths. The fluorescence intensities were 

corrected by subtracting the non-specific fluorescence in wells either without addition of 

DAF-2 DA or without cells.

Endothelial tube formation

Tube formation was assayed as previously described.23 In brief, HAECs were seeded at 

75,000 cells/well in 24-well cluster plates coated with 200 μl of Matrigel basement 

membrane matrix (BD Biosciences, Bedford, MA) for 24 hours. Photomicrographs were 

acquired on a stereo microscope (Leica MZIII) and number of capillary-like networks24 for 

three fields of view (×100 magnification) were counted per well.

Statistical Analysis

All results were analyzed with unpaired Student t test or 1-way ANOVA, except for those 

obtained from the time-course studies, which were analyzed with repeated-measures 

ANOVA. Values are expressed as mean±SD for all assays. Significance was accepted at 

P<0.05.
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Results

High glucose treatment inhibits GPX1 expression through p53 and leads to ROS 
accumulation in HAECs

Since blood glucose levels can range from 5.6 to 20 mM in hyperglycemia (American 

Diabetes Association guidelines), we first exposed HAECs to 20 mM high glucose (HG) for 

48 hours and assayed cellular ROS level as well as GPX1 protein levels (Fig. 1A). 

Compared to 5 mM glucose control (M), exposure of cells to HG led to a significant 

increase in cellular ROS level (as measured by H2O2 levels) after the treatment as well as a 

parallel reduction in GPX1 protein level (p<0.01). To better establish a dose-dependent 

effect, we treated HAECs with 5 to 25 mM glucose (Fig. S1A). Decreased GPX1 protein 

levels as well as increased cellular ROS levels were clearly detected with 15 mM glucose 

and the maximum level of effect was observed at 25 mM glucose. As an osmotic control, 

exposure of HAECs to 5 mM glucose plus 15 mM mannitol had no effect on GPX1 protein 

level (Fig. 1B).

To define molecular mechanism by which HG induces endothelial oxidative stress and 

damage, we also assayed p53 protein level upon HG exposure since it is a transcription 

activator for GPX1. The assay clearly showed a corresponding down-regulation of p53 

protein level upon HG exposure (Fig. 1A, S1A). To ensure the HG-induced GPX1 reduction 

was indeed mediated through p53, we knock-downed p53 by specific small interfering RNA 

(p53-siRNA) and showed that GPX1 protein levels decreased significantly even without HG 

treatment, implying that p53 play an important role in maintaining of GPX1 protein levels 

(Fig. 1C). Importantly, under this condition, HG-induced GPX1 reduction was abolished 

(Fig. 1C). To further confirm the role of p53, we showed overexpression of p53 rescued HG-

induced GPX1 reduction (Fig. 1D). To verify the role of p53 as a transcription activator to 

regulate GPX1 in response to HG, we performed RT-PCR and qRT-PCR analyses and 

showed that the GPX1 is regulated at transcription level in HAECs (Fig. 1E). Together, our 

data indicate that treating cells with high glucose inhibits p53, which leads to suppression of 

GPX1 expression and accumulation of ROS in HAECs.

HG treatment elevates ATP level and enhances p53 Thr55 phosphorylation in HAECs

We previously reported that, upon DNA damage, p53 transcriptional activity is affected by 

cellular ATP level through Thr55 phosphorylation in human osteosarcoma U2OS cells.18 We 

thus assayed whether HG inhibits p53 via altering cellular ATP levels and Thr55 

phosphorylation in HAECs. Treating HAECs with HG indeed increases cellular ATP level in 

a time- and dose-dependent manner, and importantly, concurrent with increased cellular ATP 

levels, increased p53 Thr55, but not other, phosphorylation was indeed evident upon HG 

exposure (Fig. 2A and S2A). Treating cells with 2-deoxyglucose (2-DG), an inhibitor of 

glucose metabolism,25 eliminated HG-induced ATP elevation and p53 Thr55 

phosphorylation (Fig. 2B), suggesting glucose metabolism is required for the effect. 

Importantly, 2-DG treatment also effectively blocked HG-induced GPX1 reduction at both 

protein (Fig. 2B) and mRNA levels (Fig. S2C) as well as ROS accumulation (Fig. 2C). 

Treating cells with 2-DG alone has no effect on p53 and GPX1 (Fig. S2B). These results 
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suggest that HG exposure increases cellular ATP level and p53 Thr55 phosphorylation, 

which leads to p53 inactivation, GPX1 suppression and ROS accumulation in HAECs.

TAF1 kinase activity is required for HG-induced GPX1 reduction

Since the kinase activity of TAF1 is responsible for p53 Thr55 phosphorylation,14 we 

investigated the role of TAF1 kinase activity in HG-induced p53 phosphorylation and GPX1 

reduction in ECs. As indicated in Figure 2D, treating cells with the TAF1 kinase inhibitor 

apigenin effectively blocked HG-induced GPX1 down-regulation at both protein and mRNA 

levels. To further explore the role of TAF1 in GPX1 down-regulation, we knocked down 

TAF1 using specific small interfering RNA (TAF1-siRNA) and showed that HG-induced 

GPX1 down-regulation was abolished under TAF1 abrogation condition (Fig. 2E). 

Importantly, reintroducing siRNA-resistant recoded TAF1 (rcTAF1) but not a TAF1 kinase 

dead mutant (A2)18 restored the effects of HG on p53 Thr55 phosphorylation as well as p53 

and GPX-1 reduction (Fig. 2E). Together, these results suggest that TAF1 kinase activity is 

critical for HG-mediated GPX1 suppression and endothelial oxidative stress.

To test whether TAF1 kinase activity is directly affected by HG exposure and subsequent 

ATP increase, we immunoprecipitated TAF1 from HAECs treated with HG in the presence 

or absence of 2-DG or apigenin, and assayed its kinase activity by measuring p53 Thr55 

phosphorylation in vitro. Our results show that TAF1 purified from HG-treated cells 

undergoes increased p53 Thr55 phosphorylation (Fig. 2F), while no increase was observed 

in the presence of 2-DG or apigenin. To ensure these effects, p53 phosphorylation as well as 

TAF1 autophosphorylation was confirmed by autoradiogram (Fig. 2F). These results suggest 

the kinase activity of TAF1 is required for HG-induced p53 Thr55 phosphorylation and 

inactivation, which leads to GPX1 reduction.

Thr55 phosphorylation inhibits GPX1 expression by preventing p53 from binding to the 
GPX1 promoter

To better elucidate the role of Thr55 phosphorylation in HG-induced GPX1 reduction, we 

transfected wild type (WT) or T55A mutant p53 into HAECs and subjected the cells to HG 

treatment. The assay showed HG-induced GPX1 reduction at both mRNA and protein levels 

were rescued by T55A but not WT (Fig. 3A). These observations support the notion that 

Thr55 phosphorylation is required for HG-induced GPX1 reduction. As p53 is a DNA-

bound transcription activator we investigated whether p53 Thr55 phosphorylation affects its 

ability to bind to the GPX1 promoter in response to HG. As shown in Figure 3B, binding of 

p53 to a p53-binding site (−182 to −163 bp)26–28 on the GPX1 promoter was indeed 

observed. Importantly, this binding was reduced upon HG challenge, while inhibition of 

glucose metabolism by 2-DG or inhibition of TAF1 by apigenin or TAF1-sRNA effectively 

abolished the reduction. Furthermore, upon HG challenge, reduced occupancy of p53 on the 

GPX1 promoter was rescued by p53 Thr55 phosphorylation mutant T55A but not wild type 

p53, suggesting that Thr55 phosphorylation prevents p53 from binding to the GPX1 

promoter in response to HG challenge (Fig. 3C). Together, these results suggest TAF1-

mediated p53 Thr55 phosphorylation is critical for HG-induced GPX1 reduction in HAECs. 

To ensure that p53-mediated GPX reduction is critical for ROS accumulation in the cell, we 

established an ectopic GPX1 expression system where GPX1 is expressed under a CMV 
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promoter and not regulated by p53. As shown in Figure 3D, “p53-resistant” GPX1 indeed 

became resistant to HG challenge and, as a result, antagonized the HG-mediated ROS 

accumulation. These results imply the TAF1-mediated p53 Thr55 phosphorylation is critical 

for ROS accumulation under HG conditions. As such, TAF1 may serve as a therapeutic 

target for diabetic cardiovascular complications to protect endothelial antioxidant defense 

systems.

TAF1 mediates HG-induced endothelial oxidative stress and apoptosis

Endothelial apoptosis is the final common pathway through which various insults could 

contribute to the development of certain cardiovascular diseases.29 Thus, to study the 

physiological relevance of HG-induced ROS accumulation to endothelial function, we first 

analyzed endothelial apoptosis by detecting cleaved caspases that play a pivotal role in the 

execution phase of ROS-triggered apoptosis.30 HG exposure significantly induces ROS 

accumulation and caspase-3 activation (cleavage) in HAECs (Fig. 4A). Treating cells with 2-

DG that blocks glucose metabolism and with PEG-catalase that convert H2O2 into water 

partially blocked cell apoptosis, suggesting glucose metabolism and resultant ROS 

accumulation play a role in cell apoptosis. Importantly, inhibition of TAF1 by apigenin (Fig. 

4A) or by TAF1-siRNA (Fig. 4B) also partially blocked ROS accumulation and cell 

apoptosis, suggesting TAF1 is required for HG-induced endothelial cell apoptosis.

To confirm this result, we next assayed the role of TAF1 in HG-induced cells apoptosis by 

FACS analysis. HG treatment alone causes 14% of cells to undergo apoptosis, while treating 

cell with HG in the presence of 2-DG or PEG-catalase reduced HG-induced apoptosis to 

3.03% or 4.29% respectively (Fig. 4C). Further, the combination of HG with the TAF1 

inhibitor apigenin also led to a significant decrease in HG-induced apoptosis, suggesting 

TAF1 plays an important role in the process. Finally, introducing constitutively expressed 

GPX1 that is independent of p53 regulation (p53-resistant GPX1) into cells also partially 

blocked HG-induced apoptosis (Fig. 4C and Fig. S3). Together, those data clearly support 

the role of TAF1-mediated p53 phosphorylation in GPX1 reduction and HG-induced 

endothelial apoptosis.

HG induced TAF1 activation decreases nitric oxide bioavailability and tube formation

Reduced Nitric Oxide (NO) bioavailability and increased oxygen free radical formation can 

individually or in combination contribute to endothelial dysfunction.31 A reduction in NO 

activity occurs very early in experimental and human hyperglycemia, even before any 

structural changes in the vascular wall.32, 33 Thus, to further elucidate the pathological 

relevance of ATP/TAF/p53/GPX1 pathway upon HG challenge, we detected intracellular 

generation of NO as an index of endothelial function. As reported previously,34 HG 

exposure significantly decreased NO production in HAECs (Fig. 5A). Importantly, the 

inhibitory effect of HG was partially reversed by addition of 2-DG, apigenin, catalase, or 

p53-resistant GPX1, supporting the notion that TAF1 and p53 mediated GPX1 reduction was 

clearly associated with endothelial dysfunction. Importantly, there was no detectable change 

in the expression or activation of eNOS (data not shown), suggesting a crucial role for 

antioxidant enzyme GPX1 in modulating NO bioavailability in HAECs.
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NO can trigger increased endothelial cell migration and thereby positively contribute to 

angiogenesis.35 We next determined whether GPX1-overexpressing cells were able to retain 

functional endothelial cell attributes, such as angiogenic responses, during HG exposure. 

Tube formation assays on Matrigel basement membrane matrix revealed that HAECs 

incubated with HG formed less extensive tube networks compared to control cells and 

overexpression of p53-resistant GPX1 significantly recovered this effect. Moreover, the 

reduced tube formation was also partially rescued by 2-DG, apigenin, catalase or p53-

resistant GPX1 (Fig. 5B), suggesting the importance of TAF1/p53/GPX1/ROS pathway in 

high glucose-induced endothelial oxidative stress and dysfunction.

Discussion

In the present study, we presented evidence that HG, via increasing cellular ATP level, 

activated TAF1 kinase and led to p53 Thr55 phosphorylation. The phosphorylation, in turn, 

inactivates p53, down-regulates GPX1, and suppresses antioxidant system in vascular 

endothelium. We also demonstrated that GPX1 down-regulation contributes to HG-induced 

endothelial oxidative stress, leading to increased endothelial apoptosis as well as impaired 

NO bioavailability and angiogenic response. Our study unveiled a novel mechanism by 

which hyperglycemia under the diabetic status causes vascular endothelial dysfunction and 

potentially provided a therapeutic possibility for diabetes–associated cardiovascular 

diseases.

In addition to the foregoing mechanism, prolonged HG exposure (6 days) has been shown to 

reduce SIRT1 protein expression and increase p53 acetylation, which leads to p21 activation 

and endothelial senescence.36, 37 It is thus possible that, upon HG exposure, cells undergo a 

transit p53 inactivation due to increased Thr55 phosphorylation (6–16 hours) and subsequent 

GPX1 down-regulation, which contributes to generation of ROS and oxidative stress in the 

cell. If the stress prolongs, endothelial cells will likely call upon additional cell defense 

system, including SIRT1, which results in sustained hyperacetylation of p53, and potentially 

SIRT1/p53/p21-mediated endothelial senescence. To test this possibility, we examined 

SIRT1 expression and p53 acetylation under the condition while reduction of GPX1 level is 

first observed (16 hours after HG treatment) and found both of them are not affected by HG 

treatment (Fig. S4). These data suggest that transit p53 inactivation by TAF1 

phosphorylation maybe a critical early step in initiation of oxidative stress to the cell and in 

development of vascular endothelial dysfunction. These data are also in agreement with the 

finding from a recent functional genome-wide RNAi screening which identified TAF1 as an 

inducer of apoptosis in response to oxidative stress.38

Indeed, hyperglycaemia-induced oxidative stress has been shown a major contributing factor 

to the development of endothelial dysfunction. Furthermore, increased production of ROS is 

implicated in the pathogenesis of cardiovascular diseases and diabetic vascular 

complications.39, 40 To date, the specific, individual ROS that is most relevant to vascular 

signaling pathophysiologically is yet identified. Nevertheless, substantial evidence41, 42 

suggests that H2O2 is more atherogenic than O2
•− perhaps due to its longer biological life 

span and ability to diffuse across lipid bilayers.43 While some O2
•− spontaneously degrades 

by reacting with NO, O2
•− signal preserved by dismutation into H2O2 exerts prolonged 
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signaling effects. This may explain why direct scavenging H2O2 but not O2
•− is more 

effective in athero-protection. To protect themselves from oxidative damage, cells have 

developed a sophisticated antioxidant enzyme defense system. In this system, superoxide 

dismutases (SODs) convert O2
•− into H2O2, whereas GPXs and catalase convert H2O2 into 

water.44 In endothelial cells, H2O2 detoxification is primarily mediated by GPX1 as catalase 

is reportedly not expressed or expressed at very low levels in these cells.45 GPX1 represents 

the key antioxidant enzyme in vascular endothelial cells and has been shown to exert a 

protective effect against the presence of coronary artery disease.46 GPX1–deficient mice 

have endothelial dysfunction and abnormal cardiac function after ischemia/reperfusion 

injury.47, 48 In clinical studies, GPX1 activity measurements have been found to be 

predictors of cardiovascular risk in coronary artery disease patients.49 In the present study, 

our results reveal that HG dramatically suppresses GPX1 expression by inhibiting its 

transcription factor p53, leading to intracellular H2O2 accumulation. Moreover, we show that 

GPX1 plays an essential role in preserving endothelial function and NO bioavailability in an 

eNOS-independent manner (Fig. 5). This result agrees with those by Ulker et al50 showing 

that endothelial dysfunction was associated with decreased expression of GPX1 in 

spontaneous hypertensive rats without change in the expression or activation of eNOS. This 

may be attributed to the antioxidant actions of GPX1 in removing intracellular H2O2, which 

can induce eNOS uncoupling51 and augment superoxide production by stimulating NADPH 

oxidase activation.52 Taken together, these data strongly support the notion that impairment 

of antioxidant system GPX1 plays an important role in HG-induced endothelial dysfunction 

and TAF1-mediated p53 phosphorylation plays a critical role in this process. The fact that 

the impairment can be reversed by the TAF1 inhibitor apigenin provides an avenue for 

possible therapy for endothelial dysfunction in type 1 and type 2 diabetes mellitus.

Conclusions

Our study revealed a novel mechanism by which HG induces endothelial oxidative stress 

and damage through TAF1-mediated, cellular ATP level-regulated p53 Thr55 

phosphorylation and subsequent GPX1 inactivation. Furthermore, our results possibly 

provided an avenue for targeted therapy for diabetes-associated cardiovascular diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Treating endothelial cells with high glucose increased cellular ATP level, resulting 

in activation of TAF1 kinase and p53 Thr55 phosphorylation

Thr55 phosphorylated p53 dissociates from the GPX1 promoter, leading to 

reduction of GPX1 expression and suppression of antioxidant system

The p53 phosphorylation mediated GPX1 reduction plays a role in endothelial 

dysfunction under high glucose condition
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Fig. 1. 
High glucose exposure inhibits GPX1 and increases ROS formation in endothelial cells. A, 

B, HAECs were treated with high glucose (20 mM) or with osmotic control (5 mM glucose 

+ 15 mM mannitol) at various times. The p53 and GPX1 protein were assayed by 

immunobloting. Intracellular ROS was assessed by fluorescence intensity of 

dichlorofluorescin (DCF fluorescence) emission. Data are presented as mean fold increases 

(±SD) in treated groups over basal values from three independent experiments. *p<0.05 

versus controls. C, HAECs were transfected with either p53 or control siRNA. The p53 and 

GPX1 protein were assayed by immunobloting. D, HAECs were transfected with either p53 

or empty vector (EV). The p53 and GPX1 protein were assayed by immunobloting. E, RT-

PCR or qRT-PCR analysis reveals GPX1 mRNA levels at the time points following HG 

treatment. The blot is a representative of 3 blots from 3 independent experiments (n = 3 

each). Results are expressed as mean ± SD. *p<0.05 vs. control.
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Fig. 2. 
Increased cellular ATP level is responsible for TAF1 activation, p53 Thr55 phosphorylation, 

GPX1 reduction, and ROS formation. A, HAECs were treated with 20 mM glucose, as well 

as MG132 to normalize the p53 protein level. Ser15, Ser20 and Thr55 phosphorylated p53 

were detected using corresponding phospho-specific antibody. The intracellular ATP levels 

were determined using a luciferin/luciferase method according to manufacturer’s protocol. 

Bars represent mean fold increases (±SD) in treated groups over basal values from 3 

independent experiments. The blot is a representative of 3 blots from 3 independent 

experiments. *p<0.05 vs. control. B, C, HAECs were treated with 20 mM HG in the 

presence of 2-DG. Following the treatment, cells were harvested for detection of p53 

phosphorylation and p53 and GPX1 protein, as well as for determination of intracellular 

ROS (n = 3 each). D, HAECs were incubated with HG in the presence of DMSO or 

apigenin. p53, GPX-1 and Thr55 phosphorylated p53 were detected by immuneblotting. p53 

GPX1 mRNA was detected by RT-PCR (n = 3 each). E, HUVECs were transfected with 

TAF1–specific or control siRNA, with or without recoded wild type TAF1 (WT rcTAF1) or 

kinase dead mutant (A2) as indicated. p53, GPX1, TAF1 protein level as well as Thr55 

phosphorylation were detected by immunobloting (n = 3 each). F, HAECs were treated with 

HG in the presence or absence of 2-DG and apigenin as indicated, TAF1 was 

immunoprecipitated and in vitro TAF1 kinase assay was carried out using baculovirus 

expressed and purified p53. TAF1 and p53 phosphorylation were detected by either 

autoradiograph or immunobloting as indicated (n = 3 each).
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Fig. 3. 
Thr55 phosphorylation inhibits p53 binding to the GPX1 promoter. A, HAECs were 

transfected with either empty vector (EV), wild-type p53 or T55A and treated with HG. 

GPX1 mRNA levels were analyzed by RT-PCR or qRT-PCR. B, HAECs were incubated 

with HG in the presence or absence of 2-DG or apigenin, control or TAF1 siRNA 

transfection, and subject to ChIP assay. p53 binding site indicated on the top was amplified 

by PCR. PCR products were resolved by agarose gel electrophoresis and visualized by 

ethidium bromide staining. C, HAECs were transfected with empty vector (EV), wild-type 

p53, or T55A and treated with HG. ChIP analysis of p53 binding to the GPX promoter was 

assayed. D, HAECs were transfected with either empty vector (EV) or GPX-1 expression 

construct and treated with HG. Intracellular ROS was assessed by the fluorescence intensity 

of DCF emission. Data are presented as mean fold increases (±SD) in treated groups over 

basal values from 4 independent experiments. *p<0.01 vs. control; #p<0.01 vs. HG group.
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Fig. 4. 
TAF1 inhibition ameliorates HG-induced H2O2 accumulation and endothelial apoptosis. A, 

HAECs were incubated with HG in the presence or absence of 2-DG, apigenin or PEG-

catalase. Cleaved caspase-3 was assayed by immunobloting. Intracellular ROS was analyzed 

as mentioned above. *p<0.01 vs. control; #p<0.01 vs. HG/control siRNA. B, HAECs were 

transfected with control or TAF1 siRNA and treated with HG. Intracellular ROS and cleaved 

caspase-3 levels were analyzed as mentioned above. *p<0.01 vs. control; #p<0.01 vs. HG/

control siRNA. C, HAECs were treated with HG in the presence or absence of 2-DG, 

apigenin or PEG-catalase, EV or GPX1 transfection and processed for FACS analysis for 

apoptotic cells (subG1) according to DNA content (PI staining). Bar graphs represent mean 

± SD of three independent experiments. * p<0.01 vs. control; # p<0.01 vs. HG; $ p<0.01 vs. 

HG+EV.
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Fig. 5. 
TAF1 inhibition alleviates HG-induced decrease in endothelial nitric oxide bioavailability 

and tube formation. A, HAECs were incubated with HG in the presence or absence of 2-DG, 

apigenin or PEG-catalase and NO production from 4 independent experiments were assessed 

using DAF-2/DA as described. Quantitative results corrected by protein concentrations were 

shown. The results are represented as mean fold increases (±SD) in treated groups over basal 

values. * p<0.05 vs control; ♣ p<0.05 vs HG or HG+EV. B, Young HAEC populations were 

seeded on Matrigel basement membrane matrix in growth media with either 5 mM (control) 

or 20 mM glucose (HG) in the presence or absence of 2-DG, apigenin, catalase or GPX1 

overexpression. Tube network formation was monitored by microscopy (×100 

magnification) (upper panel) and quantified by counting capillary-like networks per field of 

view (lower panel). n = 3; * p < 0.05 vs. control; ♣ p < 0.05 vs. HG or HG + EV.
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