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INTRODUCTION 
 

Vascular endothelial cell injury is a primary medical 

issue in the pathogenesis and progression of 

cardiovascular complications in diabetes mellitus 

patients [1, 2]. Sustained high glucose (HG) exposure 

to vascular endothelial cells will induce robust 

reactive oxygen species (ROS) production and 

oxidative injury. Subsequently, it will induce calcium 

overload, lipid peroxidation, as well as profound 

protein and DNA damage. These events together will 

induce cell death and apoptosis [3–7]. Human 

umbilical vein endothelial cells (HUVECs) were 

cultured with HG-containing medium, mimicking 

diabetes mellitus-induced pathogenesis in vascular 

endothelial cells [8–13].  

 

NF-E2 p45-related factor 2 (Nrf2) is a mater 

transcriptional factor suppressing cellular oxidative 

injury and other stresses [14–18]. Once activated, the 

transcription factor will depart from its suppressor 

protein Keap1. The Nrf2 protein will be then stabilized 

and translocate to cell nuclei. At last it will bind to 

antioxidant response element (ARE), essential for the 

basal and inducible expression of many different genes. 

These genes encode detoxification enzymes, antioxidant 

proteins and many other cytoprotective proteins  

[14–18].  

 

Studies have demonstrated that forced activation of 

Keap1-Nrf2 cascade can efficiently protect vascular 

endothelial cells from HG and other oxidative injury. 

Tang et al., demonstrated that 4-octyl itaconate (OI) 
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ABSTRACT 
 

In cultured human umbilical vein endothelial cells (HUVECs) high glucose (HG) stimulation will lead to significant cell 
death. Bardoxolone-methyl (BARD) is a NF-E2 p45-related factor 2 (Nrf2) agonist. In this study we show that BARD, 
at only nM concentrations, activated Nrf2 signaling in HUVECs. BARD induced Keap1-Nrf2 disassociation, Nrf2 
protein stabilization and nuclear translocation, increasing expression of antioxidant response element (ARE) genes. 
BARD pretreatment in HUVECs inhibited HG-induced reactive oxygen species production, oxidative injury and cell 
apoptosis. Nrf2 shRNA or knockout (using a CRISPR/Cas9 construct) reversed BARD-induced cytoprotection in HG-
stimulated HUVECs. Conversely, forced activation of Nrf2 cascade by Keap1 shRNA mimicked BARD’s activity and 
protected HUVECs from HG. Importantly, BARD failed to offer further cytoprotection against HG in the Keap1-silened 
HUVECs. Taken together, Keap1-Nrf2 cascade activation by BARD protects HUVECs from HG-induced oxidative 
injury. 
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protected HUVECs from HG through activation of Nrf2 

signaling cascade [8]. A study by Yang et al., showed 

that phloretin activated AMPK (AMP-activated protein 

kinase)-Nrf2 cascade to alleviate endothelial cell injury 

by palmitic acid [19]. Zeng et al., reported that a long 

non-coding RNA MALAT1 activated Nrf2 cascade to 

protect HUVECs from hydrogen peroxide [20]. 

Therefore, Nrf2 activation should be a valuable strategy 

to protect endothelial cells from oxidative injury.  

 

Bardoxolone-methyl (BARD) is a synthetic triterpenoid 

[21–25]. BARD has displayed antioxidant, anti-

inflammatory, anti-proliferative and anti-fibrotic 

activities under experimental and clinical settings  

[21–25]. BARD is an extremely efficient activator of 

Nrf2. It directly binds to Keap1, thus preventing it from 

interaction with Skp1-Cul1-Rbx1/Roc1 complex [22, 

25]. Therefore, BARD will induce release of activate 

Nrf2, causing Nrf2 protein stabilization and nuclear 

translocation [26, 27]. It will eventually promote 

expression of ARE-dependent genes. These genes 

include heme oxygenase-1 (HO1), NAD(P)H quinone 

oxidoreductase 1 (NQO1) and γ-glutamyl cysteine 
ligase catalytic subunit (GCLC) [18]. The results of the 

present study will show that BARD activates Nrf2 

signaling to protect HUVECs from HG-induced 

oxidative injury.  

 

RESULTS 
 

BARD robustly activates Nrf2 signaling cascade in 

HUVECs 

 

BARD can induce Nrf2 signaling cascade activation by 

releasing Nrf2 from Keap1 [21, 22]. A co-

immunoprecipitation (Co-IP) assay was carried out in 

cultured HUVECs. Results, in Figure 1A, demonstrated 

that the cytosol Keap1-Nrf2 association was disrupted 

with treatment of BARD (10-100 nM) for 3h. The input 

control results demonstrated that Nrf2 protein levels 

were elevated in BARD-treated HUVECs (Figure 1B), 

where Keap1 levels were unchanged (Figure 1B). By 

testing the nuclear fraction proteins, we found that the 

Nrf2 protein was enriched in the nuclei of BARD (10-

100 nM)-treated HUVECs, with significant increase of 

ARE activity (Figure 1D). Based on the results we 

propose that BARD treatment disrupted Nrf2-Keap1 

binding, causing cytosol Nrf2 protein stabilization and 

nuclear translocation, thus increasing ARE activity in 

HUVECs.  

 

Further results show that mRNA expression of Nrf2-

ARE-dependent genes, including HO1, NQO1 and 

GCLC, was significantly increased following BARD 

(10-100 nM) treatment in HUVECs (Figure 1E). 

Expression of Nrf2 mRNA was, however, unchanged 

(Figure 1F). Protein levels of HO1, NQO1 and GCLC 

were augmented as well in BARD-treated HUVECs 

(Figure 1G). Therefore, BARD efficiently (at nM 

concentrations) activated Nrf2 signaling cascade in 

HUVECs. Since 50 nM BARD induced robust Nrf2 

cascade activation, this concentration was chosen for 

the following studies.  

 

BARD inhibits high glucose-induced oxidative injury 

in HUVECs 

 

High glucose (HG) treatment in HUVECs can induce 

robust oxidative injury, responsible for following cell 

death and apoptosis [8, 28–31]. Contrarily, antioxidant 

agents or genetic strategies suppressing oxidative injury 

can protect HUVECs from HG [8, 28, 31]. We here also 

found that HG induced potent oxidative stress in 

HUVECs, leading to superoxide accumulation (Figure 

2A), GSH reduction (a GSH/GSSG ratio decrease, 

Figure 2B) and significant mitochondrial depolarization 

(green JC-1 monomers accumulation, Figure 2C), which 

were largely attenuated by pretreatment of BARD (50 

nM, 1h) (Figure 2A–2C).  

 

Further studies demonstrated that HG stimulation for 

48h led to significant viability (CCK-8 OD) reduction 

(Figure 2D) and cell death (medium LDH release, 

Figure 2E). Importantly, BARD pretreatment potently 

attenuated HG-induced cytotoxicity in HUVECs 

(Figure 2D, 2E). Additionally, significant apoptosis 

activation was detected in HG-treated HUVECs, which 

was reflected in the increase of caspase-3activity 

(Figure 2F), nuclear TUNEL staining (Figure 2G) and 

Annexin V ratio (Figure 2H). BARD pretreatment 

largely attenuated HG-induced apoptosis in HUVECs as 

well (Figure 2F, 2G). Collectively, BARD pretreatment 

potently inhibited HG-induced oxidative injury in 

HUVECs.  

 

Nrf2 silencing or knockout blocks BARD-induced 

cytoprotection in HG-stimulated HUVECs 

 

To test whether Nrf2 signaling activation was required 

for BARD-induced cytoprotection in HG-stimulated 

HUVECs, a shRNA strategy was applied to silence 

Nrf2 in HUVECs, and stable cells (“sh-Nrf2”) 

established with puromycin selection. Furthermore, the 

stable HUVECs with the lenti-CRISPR-GFP-Nrf2 

knockout (KO) construct (“ko-Nrf2”, provided by Dr. 

Xu [8]) were utilized. As shown BARD-induced Nrf2 

protein stabilization was completely abolished in sh-

Nrf2-HUVECs and ko-Nrf2-HUVECs (Figure 3A). 

The increase of ARE activity in response to BARD 

was also reversed with Nrf2 silencing or KO (Figure 

3B). Additional experimental results demonstrated that 

BARD-induced mRNA and protein expression of 
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ARE-dependent genes, HO1, NQO1 and GCLC, was 

completely blocked with Nrf2 shRNA or KO (Figure 

3C, 3D). In sh-Nrf2-HUVECs and ko-Nrf2-HUVECs 

HG-induced viability (CCK-8 OD) reduction (Figure 

3E) and apoptosis (nuclear TUNEL ratio, Figure 3F) 

were intensified (vs. parental control cells/“Pare”). 

Importantly, BARD was completely ineffective on HG-

induced cytotoxicity in sh-Nrf2-HUVECs and ko-Nrf2 

HUVECs (Figure 3E, 3F). These results show that Nrf2 

silencing or KO abolished BARD-induced 

cytoprotection in HG-stimulated HUVECs, suggesting 

that Nrf2 cascade activation is required for BARD-

induced activity in HUVECs.  
 

Keap1 silencing mimics BARD-induced 

cytoprotection in HG-stimulated HUVECs 
 

BARD activates Nrf2 signaling cascade through 

disrupting Nrf2-Keap1 association and inhibiting Nrf2 

protein degradation [21–25]. We therefore proposed 

that Nrf2 activation by Keap1 silencing should mimic 

BARD-induced cytoprotection in HG-stimulated 

HUVECs. Therefore, Keap1 shRNA lentiviral particles 

were added to cultured HUVECs, resulting in over 90% 

silencing of the Keap1 protein in the stable cells (“sh-

Keap1” cells) (Figure 4A). As shown Keap1 shRNA led 

to robust Nrf2 protein stabilization (Figure 4A) and 

significant increase of the ARE activity (Figure 4B) in 

HUVECs. Furthermore, mRNA and protein expression 

of HO1, NQO1 and GCLC was augmented in Keap1-

silenced HUVECs (Figure 4C, 4D). Thus, shRNA-

mediated silencing of Keap1 mimicked BARD-induced 

activity and activated Nrf2 cascade in HUVECs.  

 

Importantly, in the Keap1-silenced HUVECs, treatment 

with BARD failed to further increase Nrf2 protein 

levels (Figure 4A), ARE activity (Figure 4B) or the 

expression of ARE-dependent genes (HO1, NQO1 and 

GCLC, Figure 4C, 4D). Therefore, BARD was 

ineffective on Nrf2 signaling in HUVECs with Keap1 

silencing. Functional studies demonstrated that sh-

Keap1-HUVECs were protected from HG, presenting

 

 

 
 

Figure 1. BARD robustly activates Nrf2 signaling cascade in HUVECs. Human umbilical vein endothelial cells (HUVECs) were 
treated with Bardoxolone Methyl (BARD, at 10-100 nM) and cultured for applied time periods, Nrf2-Keap1 binding was tested by a co-
immunoprecipitation assay (A); Expression of listed protein in cytosol fraction lysates (B, G) and nuclear fraction lysates (C) was tested 
by Western blotting, with expression of listed Nrf2 pathway mRNAs examined by qPCR (E, F); The relatively ARE (antioxidant response 
element) activity was also tested (D). Expression of the listed proteins was quantified, normalizing to the indicated loading control 
protein. (A–C, G) Error bars stand for mean ± standard deviation (SD, n=5). “Veh” stands for vehicle control (same for all Figures).  
** p<0.01 vs. “Veh” (D, E) Each experiment was repeated five times to insure the consistency of experimental results.  
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with significantly decreased viability (CCK-8 OD) 

reduction (Figure 4E) and apoptosis activation (Figure 

4F), when compared to the control HUVECs with 

scramble non-sense shRNA lentivirus (“sh-C”). 

Significantly, in the sh-Keap1-HUVECs treatment 

with BARD failed to offer further cytoprotection 

against HG-induced cell death and apoptosis (Figure 

4E, 4F). These results further suggest that activation of 

Keap1-Nrf2 cascade mediated BARD-induced 

cytoprotection in HG-stimulated HUVECs.  

 

DISCUSSION  
 

Under the resting conditions, Nrf2 binds to its 

suppressor protein Keap1. It is distributed in an 

inactive state and eventually degraded in the cytosol. 

Following activation, the Nrf2 protein will disassociate 

with Keap1, causing Nrf2 cytoplasmic entry into the 

nuclei and binding to antioxidant genes. This will 

promote the transcription and activate cellular 

antioxidant functions [17, 18, 32]. The emerging 

studies have reported that BARD could activate Nrf2 

signaling and ameliorate oxidative stress through 

disrupting Keap1-Nrf2 association and induction of 

antioxidant genes [22, 33, 34].  

 

In the present study we show that BARD induced 

robust Nrf2 signaling activation in HUVECs. 

Following BARD treatment Nrf2 departed from 

KEAP1 in cytosol, causing Nrf2 protein stabilization. 

The active Nrf2 protein then translocated to cell nuclei 

in HUVECs, promoting transcription of ARE genes, 

including HO1, NQO1 and GCLC. Importantly, HG-

induced ROS production, oxidative injury and cell 

death/apoptosis were largely attenuated by BARD 

pretreatment in HUVECs. Thus, BARD activated Nrf2 

cascade and ameliorated HG-induced oxidative injury 

in HUVECs.  

 

 
 

Figure 2. BARD inhibits high glucose-induced oxidative injury in HUVECs. HUVECs were pretreated with Bardoxolone Methyl (BARD, 
at 50 nM) for 1h, followed by HG stimulation and cultured for applied time periods, the cellular superoxide contents (A), the GSH/GSSH ratio 
(B) and mitochondrial depolarization (JC-1 green intensity, C) were tested; Cell viability and death were tested by CCK-8 (D) and medium LDH 
release (E) assays, respectively, with cell apoptosis analyzed by caspase-3 activity (F), nuclear TUNEL staining (G) and Annexin V-FACS (H) 
assays. For TUNEL staining assays, at least 500 nuclei in five random views (1×200 magnification) for each condition were included to 
calculate the TUNEL/DAPI ratio (same for all Figures). Error bars stand for mean ± standard deviation (SD, n=5). “Ctrl” stands for cells-cultured 
in the normal glucose medium (same for all Figures). ** p<0.01 vs. “Ctrl” treatment. ##p<0.01. vs. HG only treatment (no BARD pretreatment). 
Each experiment was repeated five times to insure the consistency of experimental results.  
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Our results implied that activation of Keap1-Nrf2 

signaling is required for BARD-induced cytoprotection 

against HG in HUVECs. Nrf2 silencing or KO 

completely blocked BARD-induced increases of ARE 

activity and expression of ARE genes (HO1, NQO1 and 

GCLC). Furthermore, BARD-induced cytoprotection 

against HG was completely reversed with Nrf2 

silencing or KO in HUVECs. Further studies found that 

forced Nrf2 cascade activation by Keap1 shRNA 

mimicked BARD’s activity and protected HUVECs 

from HG-induced cell death/apoptosis. Importantly, 

BARD failed to offer further cytoprotection against HG 

in the Keap1-silened HUVECs. Therefore, Keap1 

depletion not only mimicked, but also nullified, BARD-

induced cytoprotection against HG in HUVECs. These 

results confirm that in HUVECs BARD-induced 

cytoprotection against HG requires Keap1-Nrf2 cascade 

activation.  

 

As compared to other known Nrf2 activators, one 

significant and obvious advantage of this compound is 

that it directly acts on Keap1, causing fast and sustained 

Keap1-Nrf2 disassociation and profound Nrf2 cascade 

activation [22, 23, 34]. Therefore, BARD is an 

extremely efficient and promising Nrf2 activator. 

 

Phase II clinical trials in chronic kidney diseases 

(CDKs) patients have demonstrated a long-term 

increment in glomerular filtration by BARD 

administration [35]. However, a phase III clinical trial 

evaluating patients with type 2 diabetes mellitus and 

stage 4 CDKs revealed that BARD failed to reduce the

 

 
 

Figure 3. Nrf2 silencing or knockout blocks BARD-induced cytoprotection in HG-stimulated HUVECs. The stable HUVECs with 
Nrf2 shRNA lentiviral particles (“sh-Nrf2”) or the lenti-CRISPR-GFP-Nrf2 knockout (KO) construct (“ko-Nrf2”), as well as the parental control 
cells (“Pare”), were treated with Bardoxolone Methyl (BARD, at 50 nM) for applied time periods, expression of listed genes was tested by 
qPCR and Western blotting analyses (A, C, D); The relative ARE activity was examined as well (B); Alternatively, cells were pretreated with 
BARD (50 nM) for 1h, followed by HG stimulation and cultured for 48h, cell viability (CCK-8 assay, E) and apoptosis (nuclear TUNEL staining 
assay, F) were tested. Expression of the listed proteins was quantified, normalizing to the indicated loading control protein (A, D). Error bars 
stand for mean ± standard deviation (SD, n=5). ##p<0.01. vs. “Pare” cells. Each experiment was repeated five times to insure the consistency 
of experimental results. 
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risk of end-stage renal disease (ESRD) or death from 

cardiovascular causes [36]. The trial was terminated due 

 

 
 

Figure 4. Keap1 silencing mimics BARD-induced 
cytoprotection in HG-stimulated HUVECs. The stable 
HUVECs with Keap1 shRNA lentiviral particles (“sh-Keap1”) were 
treated with or without Bardoxolone Methyl (BARD, at 50 nM) for 
applied time periods, control cells were transduced with the 
scramble control shRNA (“sh-C”), expression of listed genes was 
tested by qPCR and Western blotting analyses (A, C, D), with the 
relative ARE activity examined as well (B); Alternatively, cells 
were pretreated with BARD (50 nM) for 1h, followed by HG 
stimulation and cultured for 48h, cell viability (CCK-8 assay, E) and 
apoptosis (nuclear TUNEL staining assay, F) were tested. 
Expression of the listed proteins was quantified, normalizing to 
the indicated loading control protein (A and D). Error bars stand 
for mean ± standard deviation (SD, n=5). ##p<0.01. vs. “sh-C” cells. 
Each experiment was repeated five times to insure the 
consistency of experimental results. 

to a high rate of heart-related adverse events in patients, 

including nonfatal myocardial infarction, nonfatal 

stroke, heart failure, or death from cardiovascular 

causes [36]. Interestingly, a new phase II clinical trial is 

recruiting rare CKD patients to better define the safety 

and efficacy profiles of BARD [37]. Furthermore, a 

phase II clinical trial is ongoing to evaluate BARD in 

pulmonary arterial hypertension patients [37].  

 

It should be noted that the current results from in vitro 

studies shall not be directly translated to humans. A 

single concentration of HG stimulation in cultured 

HUVECs is also not equal to vascular injury in the 

diabetes mellitus patients. The efficacy and safety of 

BARD will need further in vivo characterizations. 

 

CONCLUSIONS  
 

Taken together, we conclude that Keap1-Nrf2 cascade 

activation by BARD protects HUVECs from HG-

induced oxidative injury. 

 

MATERIALS AND METHODS 
 

Materials and reagents 
 

BARD, CCK-8 dye and puromycin were provided by 

Sigma-Aldrich (St. Louis, MO). Antibodies utilized in this 

study were provided by Santa Cruz Biotechnology (Santa 

Cruz, CA) and Abcam (Shanghai, China). The cell culture 

reagents, fetal bovine serum (FBS) and others, were 

obtained from Hyclone Co. (Logan, UT). TRIzol along 

with other PCR agents and Lipofectamine 2000 were 

provided by Thermo-Fisher Invitrogen (Shanghai, China). 

All the primers and sequences were synthesized by 

Shanghai Genechem Co. (Shanghai, China).  

 

Culture of HUVECs 
 

HUVECs were provided by Dr. Jiang [38] at Nanjing 

Medical University, cultured in the described medium 

[8, 39]. For high glucose (HG) stimulation, HUVECs 

were cultured in the basal medium plus 50 mM glucose. 

Cells were further cultured for indicated time periods, 

before further biological analyses were performed. The 

protocols of this study were approved by the Ethics 

Committee of Nanjing Medical University.  

 

Quantitative real-time reverse transcription PCR 

assay (qPCR) 
 

Following the applied treatment, the total cellular RNA 

of HUVECs was extracted by TRIzol, that was 

reversely transcribed using a ReverTra Ace qPCR RT 

kit (Toyobo). qPCR was performed under an ABI Prism 

7900 HT System (Applied Biosystems, Foster City, 
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CA). mRNA primers for Nrf2, HO1, NQO1, and GCLC 

were listed in Table 1. The product melting temperature 

was always calculated [40]. Quantization of the listed 

mRNAs was carried out through a 2−∆∆Ct method, with 

GAPDH tested as the reference gene.  

 

ARE reporter assay 
 

HUVECs were initially seeded onto a six-well plate (at 

2 × 105 cells/well), and transfected with an ARE-

inducible firefly luciferase vector (provided by Dr. 

Jiang at Nanjing Medical University [41]). The 

transfected cells were treated with BARD and cell 

lysates subjected to tests of the luciferase activity using 

a luminescence machine. 

 

Western blotting 
 

HUVECs with applied treatments were incubated with 

the described lysis buffer [42]. For each treatment, 40 μg 

of protein lysates were separated in a denaturing  

10% SDS-PAGE gel, thereafter transferred onto a PVDF 

blot (Millipore, Shanghai, China). After blocking, the  

blot was incubated with applied primary antibody  

and corresponding secondary antibody at appropriate 

concentrations. An enhanced chemiluminescence (ECL) 

kit (Amersham) was utilized to test antibody-antigen 

binding based on the molecular weight of the targeted 

protein. An ImageJ software (National Institutes of 

Health, Bethesda, MD) was utilized for data 

quantification [43, 44]. The separation of nuclear 

fraction lysates through a kit from Sigma was described 

previously [45].  

 

Co-Immunoprecipitation (Co-IP) 

 

The detailed protocols for Co-IP were described  

in elsewhere [44]. Briefly, following the applied 

BARD treatment, 1 mg of total cell lysates from 

HUVECs were pre-cleared by adding the protein A/G 

Sepharose (“Beads”). Afterwards, an anti-Keap1 

antibody (15 μL for each treatment, Sana Cruz 

Biotech, Sana Cruz) was added to the pre-cleared 

lysates overnight. Thereafter, the protein A/G 

Sepharose were added back to the lysates for 3h. The 

Keap1-immunoprecipitated proteins were subjected to 

Western blotting analyses.  

 

Cell viability 
 

At the density of 30, 000 cells/cm2 HUVECs were 

initially seeded into 96-well tissue culture plates. 

Following the indicated treatments, cell viability  

was measured by using the Cell Counting Kit-8 (CCK-8, 

Dojindo Laboratories, Kumamoto, Japan). The optical 

density (OD) values of CCK-8 were tested at 550 nm. 

Caspase-3 activity 
 

At 30, 000 cells/cm2 HUVECs were initially seeded into 

six-well tissue culture plates. Following the applied HG 

stimulation, 25 μg of achieved total cell lysates were 

incubated with DEVD-AFC (the caspase-3 substrate, 

Invitrogen Thermo-Fisher, Shanghai, China). The 

relative caspase-3 activity, reflected by the AFC 

absorbance, was examined through a Fluoroskan 

Ascent FL equipment machine at 355 nm excitation and 

525 nm emission [8]. 

 

Annexin V FACS 
 

HUVECs with the applied treatments were co-incubated 

with 5 μg/mL of Annexin V and 5 μg/mL of propidium 

iodide (PI) for 20 min. A fluorescent-activated cell 

sorting (FACS) equipment (BD bioscience, Shanghai, 

China) was utilized to sort the apoptotic cells with 

positive Annexin V staining. Annexin V ratios were 

recorded.   

 

TUNEL staining 
 

At 30, 000 cells/cm2 HUVECs were initially seeded into 

six-well tissue culture plates. After the applied HG 

stimulation, the nuclei were stained with TUNEL (5 

μM, Sigma) and DAPI (1 μM, Sigma) for 30 min under 

the dark. TUNEL ratio (TUNEL/DAPI×100%) was 

recorded by counting 500 cells from five random views 

(1 × 200 magnification) from each condition.  

 

Mitochondrial depolarization 
 

After the applied treatment, mitochondrial 

depolarization (“∆Ψ”) in HUVECs was measured by a 

mito-dye JC-1, which shall form green monomers with 

mitochondrial depolarization in stressed cells [46]. The 

protocol of JC-1 assay has been described elsewhere 

[47]. JC-1 green fluorescence absorbance was recorded 

at the test wavelength of 550 nm. 

 

Superoxide assay 
 

At 30, 000 cells/cm2 HUVECs were initially seeded into 

six-well tissue culture plates. Following the applied HG 

stimulation, superoxide contents were tested through a 

superoxide colorimetric assay kit (BioVision, San 

Francisco, CA) following the attached protocols. At the 

wavelength of 450 nm the absorbance of superoxide 

was tested. 

 

Glutathione contents 
 

At 30, 000 cells/cm2 HUVECs were initially seeded into 

six-well tissue culture plates. Following the applied HG 
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Table 1. Primers utilized in this study. 

Gene name Forward primer (5’-3’) Reverse primer (5’-3’) 

NQO1 (NM_000903) CATTCTGAAAGGCTGGTTTG GGCTGCTTGGAGCAAAATAC 

HO1 (NM_002133) GCTACCTGGGTGACCTGTCT GGGCAGAATCTTGCACTTTG 

Nrf2 (NM_006164) TGAGCATGCTTCCCATGAT CTTCTCTAGCCGCTCTGTGG 

GAPDH (NM_002046) CGGAGTCAACGGATTTGGTCGTAT AGCCTTCTCCATGGTGGTGAAGAC 

GCLC (NM_001498) GGAAGTGGATGTGGACACCAGA GCTTGTAGTCAGGATGGTTTGCG 

 

stimulation, levels of reduced glutathione (GSH) and 

oxidized disulfide form glutathione (GSSG) were  

tested [48], using a previously-described protocol [48]. 

GSH/GSSG ratios were always calculated.  

 

shRNA 
 

The Nrf2 short hairpin RNA (shRNA) lentiviral 

particles (sc-37030-V, Santa Cruz Biotech) or the 

Keap1 shRNA lentiviral particles (sc-43878-V, Santa 

Cruz Biotech) were individually added to cultured 

HUVECs (at 60% confluence) for 36h. Stable cells 

were established by culturing cells in puromycin (5.0 

μg/mL)-containing complete medium for 10-12 days. In 

the stable cells over 95% knockdown of target protein 

(Nrf2 or Keap1) was achieved. Control cells were 

transduced with scramble non-sense control shRNA 

lentiviral particles (“sh-C”).  

 

Nrf2 knockout 

 

The monoclonal stable HUVECs with the lenti-

CRISPR-GFP-Nrf2 knockout (KO) construct, or the 

Nrf2 KO HUVECs, as well as control cells with an 

empty vector, were provided by Dr. Xu [8]. Nrf2 KO 

was always verified by Western blotting and qPCR 

analyses.  

 

Statistics analyses 
 

Data were expressed as mean ± standard deviation 

(SD). Statistical analyses were performed by repeated-

measures analysis of variance (RMANOVA) with 

Dunnett’s post hoc test using a SPSS software  

(version 21.0, SPSS Inc., Chicago, IL). A two-tailed 

unpaired T test (Excel 2013, Microsoft) was  

carried out to examine significance between two 

treatment groups. P  < 0.05 was considered statistically 

significant. 

 

AUTHOR CONTRIBUTIONS 
 

All authors carried out the experiments, participated in 

the design of the study and performed the statistical 

analysis, participated in its design and coordination and 

helped to draft the manuscript. 

CONFLICTS OF INTEREST 
 

The listed authors have no conflicts of interest. 

 

FUNDING 
 

This work is supported by the National Natural Science 

Foundation.  

 

REFERENCES 
 

1. Rahman S, Rahman T, Ismail AA, Rashid AR. Diabetes-
associated macrovasculopathy: pathophysiology and 
pathogenesis. Diabetes Obes Metab. 2007; 9:767–80. 

 https://doi.org/10.1111/j.1463-1326.2006.00655.x 
 PMID:17924861 

2. Vinik A, Flemmer M. Diabetes and macrovascular 
disease. J Diabetes Complications. 2002; 16:235–45. 

 https://doi.org/10.1016/s1056-8727(01)00212-4 
 PMID:12015194 

3. Varghese JF, Patel R, Yadav UC. Novel insights in the 
metabolic syndrome-induced oxidative stress and 
inflammation-mediated atherosclerosis. Curr Cardiol 
Rev. 2018; 14:4–14. 

 https://doi.org/10.2174/1573403X13666171009112250 
 PMID:28990536 

4. Yang X, Li Y, Li Y, Ren X, Zhang X, Hu D, Gao Y, Xing Y, 
Shang H. Oxidative stress-mediated atherosclerosis: 
mechanisms and therapies. Front Physiol. 2017; 8:600. 

 https://doi.org/10.3389/fphys.2017.00600 
 PMID:28878685 

5. Förstermann U, Xia N, Li H. Roles of vascular oxidative 
stress and nitric oxide in the pathogenesis of 
atherosclerosis. Circ Res. 2017; 120:713–35. 

 https://doi.org/10.1161/CIRCRESAHA.116.309326 
 PMID:28209797 

6. Santilli F, D’Ardes D, Davì G. Oxidative stress in chronic 
vascular disease: from prediction to prevention. Vascul 
Pharmacol. 2015; 74:23–37. 

 https://doi.org/10.1016/j.vph.2015.09.003 
 PMID:26363473 

7. Li H, Horke S, Förstermann U. Vascular oxidative stress, 
nitric oxide and atherosclerosis. Atherosclerosis. 2014; 
237:208–19. 

https://doi.org/10.1111/j.1463-1326.2006.00655.x
https://pubmed.ncbi.nlm.nih.gov/17924861
https://doi.org/10.1016/s1056-8727(01)00212-4
https://pubmed.ncbi.nlm.nih.gov/12015194
https://doi.org/10.2174/1573403X13666171009112250
https://pubmed.ncbi.nlm.nih.gov/28990536
https://doi.org/10.3389/fphys.2017.00600
https://pubmed.ncbi.nlm.nih.gov/28878685
https://doi.org/10.1161/CIRCRESAHA.116.309326
https://pubmed.ncbi.nlm.nih.gov/28209797
https://doi.org/10.1016/j.vph.2015.09.003
https://pubmed.ncbi.nlm.nih.gov/26363473


 

www.aging-us.com 10378 AGING 

 https://doi.org/10.1016/j.atherosclerosis.2014.09.001 
 PMID:25244505 

8. Tang C, Tan S, Zhang Y, Dong L, Xu Y. Activation of 
Keap1-Nrf2 signaling by 4-octyl itaconate protects 
human umbilical vein endothelial cells from high 
glucose. Biochem Biophys Res Commun. 2019; 
508:921–27. 

 https://doi.org/10.1016/j.bbrc.2018.12.032 
 PMID:30545629 

9. Yu S, Liu X, Men L, Yao J, Xing Q, Du J. Selenoprotein S 
protects against high glucose-induced vascular 
endothelial apoptosis through the PKCβII/JNK/Bcl-2 
pathway. J Cell Biochem. 2018. [Epub ahead of print]. 

 https://doi.org/10.1002/jcb.28154 PMID:30485531 

10. Shen X, Li Y, Sun G, Guo D, Bai X. miR-181c-3p and -
5p promotes high-glucose-induced dysfunction in 
human umbilical vein endothelial cells by regulating 
leukemia inhibitory factor. Int J Biol Macromol. 
2018; 115:509–17. 

 https://doi.org/10.1016/j.ijbiomac.2018.03.173 
 PMID:29605252 

11. Li G, Xu Y, Sheng X, Liu H, Guo J, Wang J, Zhong Q, 
Jiang H, Zheng C, Tan M, Rao S, Yu Y, Gao Y, et al. 
Naringin protects against high glucose-induced 
human endothelial cell injury via antioxidation and 
CX3CL1 downregulation. Cell Physiol Biochem. 2017; 
42:2540–51. 

 https://doi.org/10.1159/000480215 
 PMID:28848146 

12. Zhou DY, Su Y, Gao P, Yang QH, Wang Z, Xu Q. 
Resveratrol ameliorates high glucose-induced oxidative 
stress injury in human umbilical vein endothelial cells 
by activating AMPK. Life Sci. 2015; 136:94–99. 

 https://doi.org/10.1016/j.lfs.2015.07.008 
 PMID:26188290 

13. Ho FM, Lin WW, Chen BC, Chao CM, Yang CR, Lin LY, 
Lai CC, Liu SH, Liau CS. High glucose-induced apoptosis 
in human vascular endothelial cells is mediated 
through NF-kappaB and c-jun NH2-terminal kinase 
pathway and prevented by PI3K/Akt/eNOS pathway. 
Cell Signal. 2006; 18:391–99. 

 https://doi.org/10.1016/j.cellsig.2005.05.009 
 PMID:15970429 

14. Schmidlin CJ, Dodson MB, Madhavan L, Zhang DD. 
Redox regulation by NRF2 in aging and disease. Free 
Radic Biol Med. 2019; 134:702–07. 

 https://doi.org/10.1016/j.freeradbiomed.2019.01.016 
 PMID:30654017 

15. Krajka-Kuźniak V, Paluszczak J, Baer-Dubowska W. The 
Nrf2-ARE signaling pathway: An update on its 
regulation and possible role in cancer prevention and 
treatment. Pharmacol Rep. 2017; 69:393–402. 

 https://doi.org/10.1016/j.pharep.2016.12.011 
 PMID:28267640 

16. Zhang H, Davies KJ, Forman HJ. Oxidative stress 
response and Nrf2 signaling in aging. Free Radic Biol 
Med. 2015; 88:314–36. 

 https://doi.org/10.1016/j.freeradbiomed.2015.05.036 
 PMID:26066302 

17. Vriend J, Reiter RJ. The Keap1-Nrf2-antioxidant 
response element pathway: a review of its regulation 
by melatonin and the proteasome. Mol Cell Endocrinol. 
2015; 401:213–20. 

 https://doi.org/10.1016/j.mce.2014.12.013 
 PMID:25528518 

18. Suzuki T, Yamamoto M. Molecular basis of the Keap1-
Nrf2 system. Free Radic Biol Med. 2015; 88:93–100. 

 https://doi.org/10.1016/j.freeradbiomed.2015.06.006 
 PMID:26117331 

19. Yang Q, Han L, Li J, Xu H, Liu X, Wang X, Pan C, Lei C, 
Chen H, Lan X. Activation of Nrf2 by phloretin 
attenuates palmitic acid-induced endothelial cell 
oxidative stress via AMPK-dependent signaling. J Agric 
Food Chem. 2019; 67:120–31. 

 https://doi.org/10.1021/acs.jafc.8b05025 
 PMID:30525573 

20. Zeng R, Zhang R, Song X, Ni L, Lai Z, Liu C, Ye W. The 
long non-coding RNA MALAT1 activates Nrf2 signaling 
to protect human umbilical vein endothelial cells from 
hydrogen peroxide. Biochem Biophys Res Commun. 
2018; 495:2532–38. 

 https://doi.org/10.1016/j.bbrc.2017.12.105 
 PMID:29274336 

21. Wong MH, Bryan HK, Copple IM, Jenkins RE, Chiu PH, 
Bibby J, Berry NG, Kitteringham NR, Goldring CE, 
O’Neill PM, Park BK. Design and synthesis of 
irreversible analogues of bardoxolone methyl for the 
identification of pharmacologically relevant targets and 
interaction sites. J Med Chem. 2016; 59:2396–409. 

 https://doi.org/10.1021/acs.jmedchem.5b01292 
 PMID:26908173 

22. Wu J, Liu X, Fan J, Chen W, Wang J, Zeng Y, Feng X, Yu 
X, Yang X. Bardoxolone methyl (BARD) ameliorates 
aristolochic acid (AA)-induced acute kidney injury 
through Nrf2 pathway. Toxicology. 2014; 318:22–31. 

 https://doi.org/10.1016/j.tox.2014.01.008 
 PMID:24530882 

23. Wang YY, Yang YX, Zhe H, He ZX, Zhou SF. Bardoxolone 
methyl (CDDO-me) as a therapeutic agent: an update 
on its pharmacokinetic and pharmacodynamic 
properties. Drug Des Devel Ther. 2014; 8:2075–88. 

 https://doi.org/10.2147/DDDT.S68872 
 PMID:25364233 

https://doi.org/10.1016/j.atherosclerosis.2014.09.001
https://pubmed.ncbi.nlm.nih.gov/25244505
https://doi.org/10.1016/j.bbrc.2018.12.032
https://pubmed.ncbi.nlm.nih.gov/30545629
https://doi.org/10.1002/jcb.28154
https://pubmed.ncbi.nlm.nih.gov/30485531
https://doi.org/10.1016/j.ijbiomac.2018.03.173
https://pubmed.ncbi.nlm.nih.gov/29605252
https://doi.org/10.1159/000480215
https://pubmed.ncbi.nlm.nih.gov/28848146
https://doi.org/10.1016/j.lfs.2015.07.008
https://pubmed.ncbi.nlm.nih.gov/26188290
https://doi.org/10.1016/j.cellsig.2005.05.009
https://pubmed.ncbi.nlm.nih.gov/15970429
https://doi.org/10.1016/j.freeradbiomed.2019.01.016
https://pubmed.ncbi.nlm.nih.gov/30654017
https://doi.org/10.1016/j.pharep.2016.12.011
https://www.ncbi.nlm.nih.gov/pubmed/28267640
https://doi.org/10.1016/j.freeradbiomed.2015.05.036
https://pubmed.ncbi.nlm.nih.gov/26066302
https://doi.org/10.1016/j.mce.2014.12.013
https://pubmed.ncbi.nlm.nih.gov/25528518
https://doi.org/10.1016/j.freeradbiomed.2015.06.006
https://pubmed.ncbi.nlm.nih.gov/26117331
https://doi.org/10.1021/acs.jafc.8b05025
https://pubmed.ncbi.nlm.nih.gov/30525573
https://doi.org/10.1016/j.bbrc.2017.12.105
https://pubmed.ncbi.nlm.nih.gov/29274336
https://doi.org/10.1021/acs.jmedchem.5b01292
https://pubmed.ncbi.nlm.nih.gov/26908173
https://doi.org/10.1016/j.tox.2014.01.008
https://pubmed.ncbi.nlm.nih.gov/24530882
https://doi.org/10.2147/DDDT.S68872
https://pubmed.ncbi.nlm.nih.gov/25364233


 

www.aging-us.com 10379 AGING 

24. Zoja C, Corna D, Nava V, Locatelli M, Abbate M, 
Gaspari F, Carrara F, Sangalli F, Remuzzi G, Benigni A. 
Analogs of bardoxolone methyl worsen diabetic 
nephropathy in rats with additional adverse effects. 
Am J Physiol Renal Physiol. 2013; 304:F808–19. 

 https://doi.org/10.1152/ajprenal.00376.2012 
 PMID:23136004 

25. Rojas-Rivera J, Ortiz A, Egido J. Antioxidants in kidney 
diseases: the impact of bardoxolone methyl. Int J 
Nephrol. 2012; 2012:321714. 

 https://doi.org/10.1155/2012/321714 
 PMID:22701794 

26. Cleasby A, Yon J, Day PJ, Richardson C, Tickle IJ, 
Williams PA, Callahan JF, Carr R, Concha N, Kerns JK, Qi 
H, Sweitzer T, Ward P, Davies TG. Structure of the BTB 
domain of Keap1 and its interaction with the 
triterpenoid antagonist CDDO. PLoS One. 2014; 
9:e98896. 

 https://doi.org/10.1371/journal.pone.0098896 
 PMID:24896564 

27. Yates MS, Tauchi M, Katsuoka F, Flanders KC,  
Liby KT, Honda T, Gribble GW, Johnson DA, Johnson JA, 
Burton NC, Guilarte TR, Yamamoto M, Sporn MB, 
Kensler TW. Pharmacodynamic characterization of 
chemopreventive triterpenoids as exceptionally potent 
inducers of Nrf2-regulated genes. Mol Cancer Ther. 
2007; 6:154–62. 

 https://doi.org/10.1158/1535-7163.MCT-06-0516 
 PMID:17237276 

28. Yi Y, Shen Y, Wu Q, Rao J, Guan S, Rao S, Huang L, Tan 
M, He L, Liu L, Li G, Liang S, Xiong W, Gao Y. Protective 
effects of oxymatrine on vascular endothelial cells 
from high-glucose-induced cytotoxicity by inhibiting 
the expression of A2B receptor. Cell Physiol Biochem. 
2018; 45:558–71. 

 https://doi.org/10.1159/000487033 
 PMID:29402837 

29. Yasuda H, Iwata Y, Nakajima S, Furuichi K, Miyake T, 
Sakai N, Kitajima S, Toyama T, Shinozaki Y, Sagara A, 
Miyagawa T, Hara A, Shimizu M, et al. Erythropoietin 
signal protected human umbilical vein endothelial cells 
from high glucose-induced injury. Nephrology 
(Carlton). 2019; 24:767–74. 

 https://doi.org/10.1111/nep.13518 
 PMID:30346085 

30. Cao Y, Yuan G, Zhang Y, Lu R. High glucose-induced 
circHIPK3 downregulation mediates endothelial cell 
injury. Biochem Biophys Res Commun. 2018; 
507:362–68. 

 https://doi.org/10.1016/j.bbrc.2018.11.041 
 PMID:30454897 

31. Li J, Li J, Wei T, Li J. Down-regulation of MicroRNA-137 
improves high glucose-induced oxidative stress injury 

in human umbilical vein endothelial cells by up-
regulation of AMPKα1. Cell Physiol Biochem. 2016; 
39:847–59. 

 https://doi.org/10.1159/000447795 
 PMID:27497953 

32. Li W, Kong AN. Molecular mechanisms of Nrf2-
mediated antioxidant response. Mol Carcinog. 2009; 
48:91–104. 

 https://doi.org/10.1002/mc.20465 
 PMID:18618599 

33. Song MK, Lee JH, Ryoo IG, Lee SH, Ku SK, Kwak MK. 
Bardoxolone ameliorates TGF-β1-associated renal 
fibrosis through Nrf2/Smad7 elevation. Free Radic Biol 
Med. 2019; 138:33–42. 

 https://doi.org/10.1016/j.freeradbiomed.2019.04.033 
 PMID:31059771 

34. Reisman SA, Chertow GM, Hebbar S, Vaziri ND, Ward 
KW, Meyer CJ. Bardoxolone methyl decreases megalin 
and activates nrf2 in the kidney. J Am Soc Nephrol. 
2012; 23:1663–73. 

 https://doi.org/10.1681/ASN.2012050457 
 PMID:22859857 

35. Zhang DD. Bardoxolone brings Nrf2-based therapies to 
light. Antioxid Redox Signal. 2013; 19:517–18. 

 https://doi.org/10.1089/ars.2012.5118 
 PMID:23227819 

36. Pergola PE, Raskin P, Toto RD, Meyer CJ, Huff JW, 
Grossman EB, Krauth M, Ruiz S, Audhya P, Christ-
Schmidt H, Wittes J, Warnock DG, and BEAM Study 
Investigators. Bardoxolone methyl and kidney function 
in CKD with type 2 diabetes. N Engl J Med. 2011; 
365:327–36. 

 https://doi.org/10.1056/NEJMoa1105351 
 PMID:21699484 

37. Robledinos-Antón N, Fernández-Ginés R, Manda G, 
Cuadrado A. Activators and inhibitors of NRF2: a 
review of their potential for clinical development. Oxid 
Med Cell Longev. 2019; 2019:9372182. 

 https://doi.org/10.1155/2019/9372182 
 PMID:31396308 

38. Zhang XP, Li KR, Yu Q, Yao MD, Ge HM, Li XM, Jiang Q, 
Yao J, Cao C. Ginsenoside Rh2 inhibits vascular 
endothelial growth factor-induced corneal 
neovascularization. FASEB J. 2018; 32:3782–91. 

 https://doi.org/10.1096/fj.201701074RR 
 PMID:29465315 

39. Koerdt SN, Gerke V. Annexin A2 is involved in ca2+-
dependent plasma membrane repair in primary human 
endothelial cells. Biochim Biophys Acta Mol Cell Res. 
2017; 1864:1046–53. 

 https://doi.org/10.1016/j.bbamcr.2016.12.007 
 PMID:27956131 

https://doi.org/10.1152/ajprenal.00376.2012
https://pubmed.ncbi.nlm.nih.gov/23136004
https://doi.org/10.1155/2012/321714
https://pubmed.ncbi.nlm.nih.gov/22701794
https://doi.org/10.1371/journal.pone.0098896
https://pubmed.ncbi.nlm.nih.gov/24896564
https://doi.org/10.1158/1535-7163.MCT-06-0516
https://pubmed.ncbi.nlm.nih.gov/17237276
https://doi.org/10.1159/000487033
https://pubmed.ncbi.nlm.nih.gov/29402837
https://doi.org/10.1111/nep.13518
https://pubmed.ncbi.nlm.nih.gov/30346085
https://doi.org/10.1016/j.bbrc.2018.11.041
https://pubmed.ncbi.nlm.nih.gov/30454897
https://doi.org/10.1159/000447795
https://pubmed.ncbi.nlm.nih.gov/27497953
https://doi.org/10.1002/mc.20465
https://pubmed.ncbi.nlm.nih.gov/18618599
https://doi.org/10.1016/j.freeradbiomed.2019.04.033
https://pubmed.ncbi.nlm.nih.gov/31059771
https://doi.org/10.1681/ASN.2012050457
https://pubmed.ncbi.nlm.nih.gov/22859857
https://doi.org/10.1089/ars.2012.5118
https://pubmed.ncbi.nlm.nih.gov/23227819
https://doi.org/10.1056/NEJMoa1105351
https://pubmed.ncbi.nlm.nih.gov/21699484
https://doi.org/10.1155/2019/9372182
https://pubmed.ncbi.nlm.nih.gov/31396308
https://doi.org/10.1096/fj.201701074RR
https://pubmed.ncbi.nlm.nih.gov/29465315
https://doi.org/10.1016/j.bbamcr.2016.12.007
https://pubmed.ncbi.nlm.nih.gov/27956131


 

www.aging-us.com 10380 AGING 

40. Wu T, Li J, Li Y, Song H. Antioxidant and 
hepatoprotective effect of swertiamarin on carbon 
tetrachloride-induced hepatotoxicity via the Nrf2/HO-1 
pathway. Cell Physiol Biochem. 2017; 41:2242–54. 

 https://doi.org/10.1159/000475639 
 PMID:28448964 

41. Chen ZJ, Rong L, Huang D, Jiang Q. Targeting cullin 3 by 
miR-601 activates Nrf2 signaling to protect retinal 
pigment epithelium cells from hydrogen peroxide. 
Biochem Biophys Res Commun. 2019; 515:679–87. 

 https://doi.org/10.1016/j.bbrc.2019.05.171 
 PMID:31178131 

42. Cao C, Rioult-Pedotti MS, Migani P, Yu CJ, Tiwari R, 
Parang K, Spaller MR, Goebel DJ, Marshall J. 
Impairment of TrkB-PSD-95 signaling in angelman 
syndrome. PLoS Biol. 2013; 11:e1001478. 

 https://doi.org/10.1371/journal.pbio.1001478 
 PMID:23424281 

43. Xu Y, Gao YW, Yang Y. SC79 protects dopaminergic 
neurons from oxidative stress. Oncotarget. 2017; 
9:12639–48. 

 https://doi.org/10.18632/oncotarget.23538 
 PMID:29560097 

44. Tang C, Wang X, Xie Y, Cai X, Yu N, Hu Y, Zheng Z. 4-
octyl itaconate activates Nrf2 signaling to inhibit pro-
inflammatory cytokine production in peripheral blood 
mononuclear cells of systemic lupus erythematosus 
patients. Cell Physiol Biochem. 2018; 51:979–90. 

 https://doi.org/10.1159/000495400 
 PMID:30466076 

45. Zhang H, Liu YY, Jiang Q, Li KR, Zhao YX, Cao C, Yao J. 
Salvianolic acid A protects RPE cells against oxidative 
stress through activation of Nrf2/HO-1 signaling. Free 
Radic Biol Med. 2014; 69:219–28. 

 https://doi.org/10.1016/j.freeradbiomed.2014.01.025 
 PMID:24486344 

46. Brooks MM, Neelam S, Fudala R, Gryczynski I, 
Cammarata PR. Lenticular mitoprotection. Part A: 
Monitoring mitochondrial depolarization with JC-1 
and artifactual fluorescence by the glycogen synthase 
kinase-3β inhibitor, SB216763. Mol Vis. 2013; 
19:1406–12. 

 PMID:23825920 

47. Tang XF, Liu HY, Wu L, Li MH, Li SP, Xu HB. Ginseng Rh2 
protects endometrial cells from oxygen glucose 
deprivation/re-oxygenation. Oncotarget. 2017; 
8:105703–13. 

 https://doi.org/10.18632/oncotarget.22390 
 PMID:29285285 

48. Zitka O, Skalickova S, Gumulec J, Masarik M, Adam V, 
Hubalek J, Trnkova L, Kruseova J, Eckschlager T, Kizek 
R. Redox status expressed as GSH:GSSG ratio as a 
marker for oxidative stress in paediatric tumour 
patients. Oncol Lett. 2012; 4:1247–53. 

 https://doi.org/10.3892/ol.2012.931 
 PMID:23205122 

https://doi.org/10.1159/000475639
https://pubmed.ncbi.nlm.nih.gov/28448964
https://doi.org/10.1016/j.bbrc.2019.05.171
https://pubmed.ncbi.nlm.nih.gov/31178131
https://doi.org/10.1371/journal.pbio.1001478
https://pubmed.ncbi.nlm.nih.gov/23424281
https://doi.org/10.18632/oncotarget.23538
https://pubmed.ncbi.nlm.nih.gov/29560097
https://doi.org/10.1159/000495400
https://pubmed.ncbi.nlm.nih.gov/30466076
https://doi.org/10.1016/j.freeradbiomed.2014.01.025
https://pubmed.ncbi.nlm.nih.gov/24486344
https://www.ncbi.nlm.nih.gov/pubmed/23825920
https://doi.org/10.18632/oncotarget.22390
https://pubmed.ncbi.nlm.nih.gov/29285285
https://doi.org/10.3892/ol.2012.931
https://pubmed.ncbi.nlm.nih.gov/23205122

