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Abstract 

Oxidative stress and inflammation are major contributors to diabetes-induced endothelial 

dysfunction which is the critical first step to the development of diabetic macrovascular 

complications. Nuclear factor erythroid 2-related factor 2 (NRF2) plays a key role in combating 

diabetes-induced oxidative stress and inflammation. Sodium butyrate (NaB) is an inhibitor of 

histone deacetylase (HDAC) and an activator of NRF2. However, NaB’s effect on diabetes-

induced aortic injury was unknown. It was also not known whether or to what extent NRF2 is 

required for both self-defense and NaB’s protection in the diabetic aorta. Additionally, the 

mechanism by which NaB activates NRF2 was unclear. Therefore, C57BL/6 Nrf2 knockout (KO) 

and wild type (WT) mice were induced to diabetes by streptozotocin, and were treated in the 

presence or absence of NaB, for 20 weeks. The KO diabetic mice developed more severe aortic 

endothelial oxidative stress, inflammation and dysfunction, as compared with the WT diabetic 

mice. NaB significantly attenuated these effects in the WT, but not the KO, mice. In high 

glucose-treated aortic endothelial cells, NaB elevated Nrf2 mRNA and protein without 

facilitating NRF2 nuclear translocation, an effect distinct from that of sulforaphane. NaB 
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inhibited HDAC activity, and increased occupancy of the transcription factor aryl hydrocarbon 

receptor and the co-activator P300 at the Nrf2 gene promoter. Further, the P300 inhibitor C646 

completely abolished NaB’s efficacies. Thus, NRF2 is required for both self-defense and NaB’s 

protection against diabetes-induced aortic endothelial dysfunction. Other findings suggest that 

P300 mediates the transcriptional activation of Nrf2 by NaB. 
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1. Introduction 

Over a half of the diabetic individuals develop macrovascular complications [1, 2]. Since 

the prevalence of diabetes mellitus (DM) has been dramatically increasing in recent years [3, 4], 

it is urgently needed to develop novel effective medicines to prevent or slowdown the 

progression of diabetic macrovascular complications. 

Endothelial dysfunction is the critical first step to the development of diabetic vascular 

complications, with increased oxidative stress and inflammation as major contributors [5-9]. 

Within the vicious circle between oxidative stress and inflammation in atherogenesis [7], 

oxidative stress directly generates pro-inflammatory and adhesion molecules, and facilitates 

leukocyte or monocyte infiltration [6, 8]. Thus, targeting oxidative stress is an effective strategy 

to attenuate DM-induced endothelial injury. 

One approach to block DM-induced oxidative stress is the nuclear factor erythroid 2-related 

factor 2 (NRF2) antioxidant signaling pathway. NRF2 is a master regulator of cellular 

antioxidant activity [10, 11] and activates the transcription of various antioxidant genes, such as 

NAD(P)H dehydrogenase quinone 1 (Nqo1) and heme oxygenase 1 (Ho1) [12], thereby 

producing antioxidants that act as scavengers for DM-induced free radicals. In the cytoplasm, 

NRF2 is sequestered by Kelch-like ECH-associated protein 1 (KEAP1), which restricts NRF2 

from nuclear translocation and induces NRF2 proteasomal degradation [13]. NRF2 plays an 

essential role in self-defense against diabetic cardiomyopathy [14, 15] and nephropathy [16-18], 

since Nrf2 gene knockout (KO) mice develop more severe DM-induced heart [14, 15] and kidney 

injury [16-18], as compared with wild type (WT) mice. Previous reports highlighted the 
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beneficial effects of NRF2 activation by small molecule inhibitors of KEAP1, including 

sulforaphane (SFN) [19], dh404 [5] and dimethyl fumarate [20], on DM-induced aortic injury. 

However, it was still unclear whether or to what extent NRF2 was required for self-protection 

and the actions of these NRF2 activators in the diabetic aorta. Thus, the use of Nrf2 KO mice 

should be helpful to elucidate the role of NRF2 in these regards. 

Sodium butyrate (NaB) is a fatty acid derivative found in human diet, such as parmesan 

cheese and butter, and is also produced in large amounts from fermentation of dietary fiber in the 

large intestine [21]. NaB was primarily known as an histone deacetylase (HDAC) inhibitor [22]. 

Not until recent years was NaB found to be an activator of NRF2 [23]. However, little was 

known for the mechanism by which NaB activates NRF2. Additionally, the effect of NaB on 

DM-induced aortic oxidative stress and inflammation has not been studied and reported. We 

previously reported the protection of NaB against diabetic nephropathy [24], which is a 

microvascular complication of DM. NaB induced renal Nrf2 gene transcription and translation 

without facilitating NRF2 nuclear translocation [24]. Specifically, NaB increased the amount of 

Nrf2 mRNA, total cellular NRF2 protein (t-NRF2), cytosolic NRF2 protein (c-NRF2) and 

nuclear NRF2 protein (n-NRF2), but not the proportion of n-NRF2 out of t-NRF2 [24]. These 

findings suggest a NRF2-regulating mechanism of NaB distinct from that of the small molecule 

inhibitors of KEAP1. However, the mechanism of NaB in activating Nrf2 gene transcription 

remained unclear.  

Histone modifications modulate the packing of chromatin, which determines the access of 

the transcriptional machinery to the promoter in order for transcription to occur [25]. HDAC 

encourages high-affinity binding between the histones and DNA backbone, the effect of which 

condenses DNA structure, thereby preventing gene transcription [26]. In contrast, histone 
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acetylase, such as P300, reduces affinity between histones and DNA, facilitating transcription 

factor binding to gene promoters [25]. We therefore propose that NaB inhibits HDAC activity, 

facilitating recruitment of the known Nrf2’s transcription factor aryl hydrocarbon receptor (AHR) 

[27] and the co-activator P300 to the promoter of the Nrf2 gene, followed by its transcription. 

Collectively, the present study aimed to research the effect of NaB on DM-induced aortic 

endothelial dysfunction. To test whether or to what extent NRF2 is required for both self-defense 

and NaB’s protection, C57BL/6 WT and Nrf2 KO mice were induced to DM by streptozotocin 

(STZ), and were treated in the presence or absence of NaB, for 20 weeks. To confirm the level at 

which NaB regulates aortic endothelial Nrf2 expression, Nrf2 mRNA and NRF2 nuclear 

translocation were determined in NaB- or SFN-treated, high glucose (HG)-cultured aortic 

endothelial cells (ECs). In order to further explore the mechanism through which NaB activates 

Nrf2 gene transcription, HDAC activity and AHR and P300 occupancy at the Nrf2 promoter were 

measured. Finally, the requirement of P300 in mediating NaB’s activation of Nrf2 expression and 

function was tested using the P300 inhibitor C646 [28]. 

 

2. Materials and methods 

2.1 Animal housing 

C57BL/6 WT (Nrf2+/+) and Nrf2 KO (Nrf2-/-) mice were obtained through breeding of 

heterozygotes (Nrf2+/-) [11, 24, 29]. All the mice were housed in the Animal Center of Jilin 

University at 22°C, on a 12:12-h light-dark cycle with free access to rodent feed and tap water. 

The Institutional Animal Care and Use Committee at Jilin University approved all experimental 

procedures for the animals. Consequently, this procedure was in accordance with the 
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International Guiding Principles for Biomedical Research Involving Animals, as issued by the 

Council for the International Organizations of Medical Sciences. 

 

2.2 Animal treatment 

Eight-week-old male mice received either sodium citrate or STZ (50 mg/kg daily, dissolved 

in 0.1 M sodium citrate, pH 4.5; Sigma-Aldrich, Shanghai, PRC) through intraperitoneal 

injection for 5 consecutive days [11, 18, 30]. Fasting glucose levels (4-hour fast) were measured 

a week after the last injection of STZ. Mice with a fasting glucose level above 13.89 mM were 

considered diabetic. The diabetic and age-matched control (Ctrl) mice were then given either a 5% 

NaB (PureOne Biotechnology, Shanghai, PRC) diet or a standard diet, as described previously 

[24, 31]. Consequently, the mice received a NaB diet at ~ 5g/kg/day [24, 31] or a standard diet, at 

the normal daily rate of caloric intake, for a total period of 20 weeks. Blood glucose levels were 

recorded on days 0, 28, 56, 84, 112 and 140 post DM onset. At the end of the procedures, all the 

mice were euthanized under anaesthesia by an intraperitoneal injection of chloral hydrate at 0.3 

mg/kg [32] and their aortas were harvested for analysis. 

 

2.3 Vascular reactivity 

Enhanced vascular contractility and impaired vascular relaxation are two key features of 

diabetic endothelial dysfunction [5]. Thus, vascular contractility and relaxation were evaluated 

by measuring the contraction in response to phenylephrine (PE) and relaxation in response to 

acetylcholine (ACh), using the thoracic aortas. The thoracic aortas were cut into 4 mm segments 

and mounted on two L-shaped metal prongs. One prong was linked to a force-displacement 

transducer for continuous recording of isometric tension and the other was connected to a 
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displacement device which allowed adjustment of the distance between the two parallel prongs. 

The thoracic aortas were equilibrated for 45 minutes and normalized at 0, 15 and 25 mN to 

obtain the final micrometer setting between the prongs [5]. The thoracic aortas were then 

subjected to an oxygenated and pre-warmed high potassium physiological salt solution (KPSS, at 

37 °C), containing KCl 123 mM, MgSO4·7H20 1.17 mM, NaHCO3 25 mM, KH2PO4 1.18 mM, 

CaCl2 2.5 mM, glucose 6.05 mM and EDTA 0.03 mM [5], to determine the viability of the aortas. 

Vascular reactivity in response to PE and ACh (both at 10
-9

, 10
-8

, 10
-7

, 10
-6

, 10
-5

 and 10
-4 

M) was 

recorded. 

 

2.4 Histology 

The freshly harvested thoracic aortas were fixed immediately into 10% buffered formalin 

solution and were embedded in paraffin, followed by sectioning into 5-µm-thick sections onto 

glass slides. Hematoxylin and eosin staining was performed to evaluate the morphological 

change. Selection of areas to photograph and scoring was done by people blind to the identity of 

the samples. 

 

2.5 Immunohistochemical (IHC) staining 

The procedure of IHC staining was as previously described [33], using antibodies against 3-

nitrotyrosine (3-NT, Millipore, Temecula, CA, USA; 1:100), 4-hydroxynonenal (4-HNE, Alpha 

Diagnostic Int., San Antonio, TX, USA; 1:100), HO1 (Cell Signaling Technology; Danvers, MA, 

USA; 1:100), intercellular adhesion molecule-1 (ICAM-1, Santa Cruz Biotechnology, Dallas, TX, 

USA; 1:100), NRF2 (Santa Cruz Biotechnology; 1:100) and vascular cell adhesion molecule-1 
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(VCAM-1, Santa Cruz Biotechnology; 1:100).  Selection of areas to photograph and scoring was 

done by people blind to the identity of the samples.  

 

2.6 Cell culture and experiments 

ECs were isolated from the aortas of 8-week-old C57BL/6 WT male mice, following the 

established protocol for aortic EC isolation in mouse [34]. Briefly, each mouse was anesthetized 

by an intraperitoneal injection of chloral hydrate at 0.3 mg/kg [32]. The abdominal aorta was 

exposed and cut at the middle to release the blood. The aorta was perfused from the left ventricle, 

with PBS containing 1000 U/ml heparin, dissected out from the aortic arch to the abdominal 

aorta, and then immersed in 20% fetal bovine serum (FBS; Gibco, Shanghai, PRC)-normal 

glucose (NG; 1 g/L) Dulbecco's Modified Eagle Medium (DMEM; Gibco) containing 1000 U/ml 

heparin. The fat and connecting tissue were quickly removed under a stereoscopic microscope. 

The inside of the lumen was washed with serum-free DMEM (NG), filled with collagenase II (2 

mg/ml), and incubated at 37 °C, for 45 minutes. ECs were removed by flushing with 5 ml 20% 

FBS-DMEM (NG), and collected by centrifuging at 1200 rpm, for 5 minutes. The cells were then 

suspended gently by pipette with 20% FBS-DMEM (NG), and seeded in a collagen I-coated dish. 

After 7 to 10 days, confluent ECs were observable. After 2-3 passages, ECs were maintained in 

10% FBS-DMEM (NG). 

To test NaB’s protection in ECs, ECs were treated with NG, NG/mannitol (3.64 g/L), HG 

(4.5 g/L), or HG/NaB respectively, for 48 hours. To verify the role of NRF2 in NaB’s action, 

ECs were treated with HG in combination with NaB (PureOne Biotechnology) at 1 mM [35-37], 

in the presence of either Nrf2 siRNA (20 nM [38], GenePharma, Suzhou, Jiangsu, PRC) or its 

negative control (GenePharma). The transfection reagent RFect
PM

 was provided by Changzhou 
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Bio-generating Biotechnologies (Changzhou, Jiangsu, PRC). With the aim of verifying the exact 

level at which NaB activates Nrf2, HG-treated ECs were co-treated with either NaB or SFN (10 

µM [39-41], Sigma-Aldrich), for 48 hours. In order to further explore the mechanism by which 

NaB activates Nrf2, HG-treated ECs were subjected to NaB, in the presence or absence of C646 

(25 µM [28], MedChem Express, Shanghai, PRC), for 48 hours. 

 

2.7 Isolation of nuclei 

Nuclei of ECs were isolated using a nuclei isolation kit (Sigma-Aldrich), following the 

manufacturer’s instructions. Briefly, cells were gently washed with 10 ml ice cold PBS, followed 

by 10 ml iced cold Lysis Solution containing DTT and Triton X-100 added to each dish. The 

cells were then harvested and lysed by scraping with a bladed cell scraper. Cell lysate from all 

dishes was transferred into a 15 ml centrifuge tube, mixed with 1.8 M Sucrose Cushion Solution 

and centrifuged at 4 ˚C at 30,000 g, for 45 minutes. The nuclei were visible as a small, thin pellet 

at the bottom of the tube. The supernatant was saved for analysis of cytosolic NRF2. The nuclei 

pellet was further processed and stored with Nuclei PURE Storage Buffer.  

 

2.8 HDAC activity assay 

HDAC activity was determined using a HDAC assay kit (BioVision, Milpitas, CA, USA) 

following the manufacturer’s protocol. Briefly, 25μg of cell lysate was diluted to 85 μl of ddH2O 

in each well. 10 μl of the 10  HDAC Assay Buffer and 5 μl of the HDAC Fluorometric 

Substrate were added to each well. After mixing thoroughly, plates were incubated at 37 ˚C for 

30 minutes. Reaction was then terminated by adding 10 μl of Lysine Developer, incubating for 
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30 minutes. Fluorescence signal was detected with the excitation at 360 nm and emission at 460 

nm, using a fluorescence microplate reader (BioTek, Winooski, VT, USA). 

 

2.9 Chromatin immunoprecipitation (ChIP) assay 

ChIP assay was performed, with ChIP-enriched DNA analyzed by real-time PCR (RT-PCR). 

Briefly, ECs were fixed with 1% formaldehyde at 37 ˚C for 10 minutes, washed with cold PBS 

containing protease inhibitors, and lysed in Tris (pH 8.1) containing 1% SDS, 1 mM PMSF, and 

complete protease inhibitor cocktail. Cell lysates were sonicated to fragment chromatin into 500-

bp size, diluted in ChIP dilution buffer, and immunoprecipitated overnight at 4 ˚C with 

antibodies against AHR (Abcam, Shanghai, PRC) and P300 (Santa Cruz Biotechnology). The 

immune complexes were then collected on protein-A agarose beads, which were washed to 

remove nonspecific binding. DNA was eluted from the beads, with cross-links reversed and 

DNA extracted. ChIP-enriched DNA samples were analyzed by RT-PCR, using primers specific 

for the Nrf2 promoter (GenePharma).  

 

2.10 Quantitative analysis of reactive oxygen species (ROS) and lipid peroxides 

ROS and malondialdehyde (MDA) levels were measured in cell lysates, by using a ROS 

assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, Jiangsu, PRC) and a lipid 

peroxidation assay kit (Sigma-Aldrich) respectively, following the manufacturers’ instructions.  

 

2.11 Quantitative real-time PCR (qPCR) 

Thoracic aortas and cell lysates were used for qPCR (TaqMan), as previously described [33]. 

The primers for glyceraldehyde 3-phosphate dehydrogenase (Gapdh, ID: Mm99999915_g1), Ho-
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1 (ID: Mm00516005_m1), Icam-1 (ID: Mm00516023_m1), inducible nitric oxide synthase (iNos, 

ID: Mm00440502_m1), Nqo1 (ID: Mm01253561_m1), Nrf2 (ID: Mm00477784_m1) and Vcam-

1 (ID: Mm01320970_m1) were all purchased from Life technologies (Shanghai, PRC). 

 

2.12 Western blot  

Western blot analysis was performed using cell lysates, as described in our previous studies 

[33, 42]. Briefly, proteins were collected from cell lysates, by centrifuging at 12,000 g at 4 °C for 

15 min, with concentration measured using Bradford assay. After diluting in loading buffer and 

heating at 95 °C for 5 minutes, the samples were subjected to electrophoresis on SDS-PAGE gel 

at 120 V. After electrophoresis, the proteins were transferred to nitrocellulose membranes, 

blocked in blocking buffer (5% milk and 0.5% BSA) for 1 hour, and washed 3 times with Tris-

buffered saline containing 0.05% Tween 20 (Beyotime Biotechnology, Shanghai, PRC). The 

membranes were incubated with primary antibodies overnight, washed as aforementioned and 

reacted with secondary horseradish peroxidase-conjugated antibodies at room temperature for 1 

hour. The primary antibodies used were anti-3-NT (Millipore, 1:1000), anti-4-HNE (Alpha 

Diagnostic Int., 1:1000), anti-GAPDH (Santa Cruz Biotechnology, 1:3000), anti-histone H3 

(Santa Cruz Biotechnology, 1:1000), anti-ICAM-1 (Santa Cruz Biotechnology; 1:500), anti-HO1 

(Cell signaling Technology; 1:1000), anti-NRF2 (Santa Cruz Biotechnology, 1:1000), anti-

VCAM-1 (Santa Cruz Biotechnology, 1:1000). 

 

2.13 Statistical analysis 

Seven mice per group were studied. Cell experiments were performed in triplicate. The 

measurements for each group were summarized as means ± SD. Western blots were analyzed by 
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Image Quant 5.2 software (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). IHC positive 

area was quantified using Image Pro Plus 6.0 software (Media Cybernetics, Rockville, MD, 

USA). One-way ANOVA, two-way ANOVA and Student’s t-test were performed for the 

comparisons, using Origin 8.6 data analysis and graphing software Lab (OriginLab, Northampton, 

MA, USA). A test is significant if p < 0.05.  

 

3. Results 

3.1 NaB improved DM-induced aortic endothelial dysfunction in the WT, but not the Nrf2 

KO, mice. 

Blood glucose levels were monitored in all the mice every four weeks post DM onset (Fig. 

1A). Significantly increased blood glucose levels were observed in the STZ-treated mice, but not 

the Ctrl mice (Fig. 1A). Neither Nrf2 gene deletion nor NaB treatment altered blood glucose 

levels in the diabetic mice (Fig. 1A). Thus, the impact of NaB on the DM-induced aortic injury, 

if any, must not be owing to the attenuation of hyperglycemia. To assess the role of NRF2 in 

NaB’s effect on diabetes-induced vascular dysfunction, aortic contractility and relaxation in 

response to either PE or ACh were determined in both the WT and the Nrf2 KO mice, in the 

presence or absence of NaB (Fig. 1B, C). The aortas of both the WT and the Nrf2 KO diabetic 

mice had a significantly enhanced contraction in response to PE at the doses from 10
-8

 M to 10
-4 

M, as compared with their respective Ctrl mice (Fig. 1B). The contraction of the diabetic aortas 

exhibited more prominently in response to 10
-7

, 10
-6

, 10
-5

 and 10
-4 

M PE in the Nrf2 KO mice, as 

compared with that in the WT mice (Fig. 1B). NaB diminished the aortic contractility in response 

to 10
-8

, 10
-7

, 10
-6

, 10
-5

 and 10
-4 

M PE in the WT, but not the Nrf2 KO, mice (Fig. 1B). In the 

presence of ACh at the doses of 10
-8

, 10
-7

, 10
-6

, 10
-5 

and 10
-4 

M, the NaB-treated diabetic aortas 
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were rescued from the DM-impaired relaxation in the WT, but not the Nrf2 KO, mice (Fig. 1C).  

H&E staining (Fig. 1D) revealed a slight increase in tunica media induced by DM [43, 44], 

which was prevented by NaB in the WT, rather than the Nrf2 KO, mice (Fig. 1C).  
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Fig. 1. NaB prevented DM-enhanced aortic contractility in the WT, but not the Nrf2 KO, 
mice. Eight-week-old C57BL/6 WT and Nrf2 KO male mice were induced to DM by STZ. (A) 
Blood glucose levels were recorded at 0, 4, 8, 12, 16 and 20 weeks post DM onset. (B) Vascular 

contractility was assessed by determining aortic contraction in response to PE at doses of 10
-9

，

10
-8

, 10
-7

, 10
-6

, 10
-5

 and 10
-4 

M. (C) Vascular relaxation in the presence of ACh at 10
-9

，10
-8

, 10
-

7

, 10
-6

, 10
-5

 and 10
-4 

M were measured. (D) H&E staining was performed for morphological 
analysis, with the thickness of tunica media measured. For (D), the data was normalized to WT 
Ctrl. All the data is presented as means ± SD (n = 7). *, p < 0.05 vs WT Ctrl; †, p < 0.05 vs KO 
Ctrl; ‡, p < 0.05 vs WT DM. Scatter plots and bars: black, WT Ctrl; red, WT DM; blue, WT 
DM/NaB; orange, KO Ctrl; green, KO DM; pink, KO DM/NaB. Abbreviations: ACh, acetylcholine; 
Ctrl, control; DM, diabetes mellitus; H&E, hematoxylin and eosin; KO, knockout; NaB, sodium 
butyrate; PE, phenylephrine; STZ, streptozotocin; WT, wild type. 
 

3.2 NRF2 was required for NaB’s protection against DM-induced aortic oxidative stress 

and inflammation. 

To test the effect of NaB on DM-induced aortic oxidative stress and inflammation, 

indicators for oxidative damage and inflammation were evaluated by IHC staining and RT-PCR. 

In the aortas of the WT mice, hyperglycemia enhanced endothelial protein expression of 3-NT 

(Fig. 2A), 4-HNE (Fig. 2B), VCAM-1 (Fig. 2C) and ICAM-1 (Fig. 2D), as well as the mRNA 

expression of iNos (Fig. 2E) and Vcam-1 (Fig. 2F), the effects of which were significantly 

prevented by NaB (Fig. 2A-F). These protective effects of NaB were not observed in the aortas 

of the Nrf2 KO mice (Fig. 2A-F). Therefore, these results demonstrate that NRF2 predominantly 

mediates NaB’s protection against DM-induced aortic oxidative stress and inflammation. 

Notably, the Nrf2 KO diabetic mice developed more severe aortic oxidative stress and 

inflammation, as compared with the WT diabetic mice (Fig. 2A-F), establishing the essential role 

of NRF2 in self-protection against DM-induced aortic injury.  
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Fig. 2. NRF2 was required for NaB’s protection against DM-induced aortic oxidative 
stress and inflammation. IHC staining was performed to determine the protein expression of 
(A) 3-NT, (B) 4-HNE, (C) VCAM-1 and (D) ICAM-1 in the aortas of both the WT and the KO 
mice, with the positively stained areas calculated. RT-PCR was further performed to measure 
the mRNA levels of (E) iNos and (F) Vcam-1. Data was normalized to WT Ctrl and presented as 
means ± SD (n = 7). *, p < 0.05 vs WT Ctrl; †, p < 0.05 vs KO Ctrl; ‡, p < 0.05 vs WT DM. Bars 
are the same as those in Fig. 1. Abbreviations: 3-NT, 3-nitrotyrosine; 4-HNE, 4-hydroxynonenal; 
ICAM-1, intercellular adhesion molecule-1; IHC, immunohistochemical; iNos, inducible nitric 
oxide synthase; VCAM-1, vascular cell adhesion molecule-1. Other abbreviations are the same 
as in Fig. 1.  
 

3.3 NaB activated Nrf2 expression and function in the aortas of the WT diabetic mice 

        Given that NRF2 was required for NaB’s prevention of DM-induced aortic injury (Fig. 2A-

F), the effect of NaB on aortic Nrf2 expression and function was evaluated. NaB increased both 

Nrf2 mRNA (Fig. 3A) and protein (Fig. 3B) levels, so did it enhance Ho1 mRNA (Fig. 3C) and 

protein (Fig. 3D) levels, in the aortas of the WT diabetic mice. Nrf2 mRNA (Fig. 3A) and protein 

(Fig. 3B) were not detectable in the aortas of the Nrf2 KO mice, as a confirmation of the Nrf2 

gene deletion. The Nrf2 KO mice had much less aortic expression of Ho1, as compared with the 

WT mice (Fig. 3C, D). NaB failed to enhance Ho1 expression in the absence of NRF2 (Fig. 3C, 

D). Therefore, NRF2 was found to be a key factor that controls aortic antioxidant activity, and 

mediates NaB’s antioxidative effect in the diabetic aorta. 
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Fig. 3. NaB activated Nrf2 expression and function in the aortas of the WT diabetic mice. 
Nrf2 (A) mRNA and (B) protein, as well as Ho1 (C) mRNA and (D) protein were determined in 
both the WT and the KO mice by RT-PCR and IHC staining respectively, with the IHC positive 
areas quantified. Data was normalized to WT Ctrl and presented as means ± SD (n = 7). *, p < 
0.05 vs WT Ctrl; †, p < 0.05 vs WT DM. Bars are the same as those in Fig. 1. Abbreviations: 
NRF2, Nuclear factor erythroid 2-related factor 2; HO1, heme oxygenase 1. Other abbreviations 
are the same as in Fig. 1.  
 

3.4 NRF2 predominantly mediated NaB’s effect on the attenuation of HG-induced aortic 

endothelial oxidative stress and inflammation. 

        Endothelium is directly exposed to serum stimuli, such as high blood glucose. In the present 

study, hyperglycemia-induced aortic oxidative stress and inflammation were found to be 

abundantly located in the endothelium (Fig. 2A-D). In contrast, NRF2 and NQO1 were highly 

expressed in the endothelium of the WT Ctrl mice, and were less expressed under the diabetic 

condition, the effect of which was reversed by NaB (Fig. 3B, D). These results indicate the active 

involvement of EC in hyperglycemia-induced aortic injury. Therefore, EC was culled for the 

tests in the following studies.  

        In order to test the impact of HG on endothelial NRF2 signaling and injury, ECs were 

treated with either NG or HG. To verify the role of NRF2 in mediating NaB’s protective effect 

on HG-induced endothelial injury, ECs were treated with HG and NaB, in the presence or 

absence of Nrf2 siRNA. As shown in Fig. 4A-D, HG resulted in a significant reduction of Nrf2 

expression (Fig. 4A, B) and the transcription of Nqo1 (Fig. 4C) and Ho1 (Fig. 4D), the effects of 

which were reversed by NaB (Fig. 4A-D). NaB markedly blunted the HG-enhanced ROS (Fig. 

4E) and MDA (Fig. 4F), as well as mRNA expression of Vcam-1 (Fig. 4G) and Icam-1 (Fig. 4H). 

All these effects of NaB were abrogated by the Nrf2 siRNA (Fig. 4A-H). Hence, in line with the 

observations in vivo (Fig. 2), NRF2 was found, in ECs, to be required for NaB’s attenuation of 

HG-induced oxidative stress and inflammation. 
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Fig. 4. NRF2 predominantly mediated NaB’s effect on the attenuation of HG-induced 
aortic endothelial oxidative stress and inflammation. To test the role of NRF2 in NaB’s 
protection against HG-induced aortic endothelial oxidative stress and inflammation, ECs were 
divided into the following groups: NG, NG/Mannitol, HG, HG/NaB, HG/NaB/siNC and 
HG/NaB/siNrf2. Nrf2 (A) mRNA, (B) protein, and mRNA expression of (C) Nqo1 and (D) Ho1 
were determined by RT-PCR and Western blot. In addition, levels of (E) ROS, (F) MDA were 
measured by assay kits and mRNA expression of (G) Vcam-1 and (H) Icam-1 determined by 
RT-PCR. Data was normalized to NG and presented as means ± SD (n = 3). *, p < 0.05 vs NG; 
†, p < 0.05 vs HG. ‡, p < 0.05 vs HG/NaB/siNC. Bars: white, NG; light grey, NG/Mannitol; dark 
grey, HG; black, HG/NaB; white with diagonal stripes, HG/NaB/siNC; light grey with diagonal 
stripes, HG/NaB/siNrf2. Abbreviations: HG, high glucose; Ho1, heme oxygenase 1; MDA, 
malondialdehyde; NG, normal glucose; ROS, reactive oxygen species; siNC, negative control 
siRNA; siNrf2, Nrf2 siRNA. Other abbreviations are the same as in Figs. 1-3. 
 

3.5 NaB activated Nrf2 at the transcription level without facilitating NRF2 nuclear 

translocation. 

        To further explore the mechanism by which NaB activates NRF2, HG-treated ECs were co-

treated with either NaB or SFN. Since SFN is known to inactivate KEAP1, thereby facilitating 

NRF2 nuclear translocation [13], the use of SFN might be helpful to understand the action of 

NaB. NaB, but not SFN, drastically increased Nrf2 mRNA (Fig. 5A). Both NaB and SFN 

increased t-NRF2 (Fig. 5B) and c-NRF2 (Fig. 5C). However, NaB produced more t-NRF2 and c-

NRF2, as compared with SFN (Fig. 5B, C). Interestingly, despite the less increased t-NRF2 and 

c-NRF2, SFN generated a similar level of n-NRF2 to that produced by NaB (Fig. 5D). We 

therefore speculated that SFN, but not NaB, triggers NRF2 nuclear translocation. We then 

calculated the ratio of n-NRF2/Histone H3 to c-NRF2/GAPDH (Fig. 5E), which could reflect 

NRF2 nuclear translocation. As expected, this ratio was significantly increased by SFN, but not 

NaB (Fig. 5E). Further, both NaB and SFN had similar effects on the induction of Nqo1 (Fig. 5F) 

and Ho1 (Fig. 5G) mRNAs. These results indicate that NaB activates Nrf2 at the transcription 

level, without facilitating NRF2 nuclear translocation. 
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Fig. 5. NaB activated Nrf2 at the transcription level without facilitating NRF2 nuclear 
translocation. To test the behavior of NaB in regulation of Nrf2 expression, HG-treated ECs 
were co-treated with either NaB or SFN. Nrf2 (A) mRNA was measured by RT-PCR. (B) t-
NRF2, (C) c-NRF2 and (D) n-NRF2 were determined by Western blot. (E) Ratio of n-
NRF2/histone H3 to c-NRF2/GAPDH was calculated, as a reflection of NRF2 nuclear 
translocation. mRNA expression of  (F) Nqo1 and (G) Ho1 was further tested by RT-PCR. Data 
was normalized to HG and presented as means ± SD (n = 3). *, p < 0.05 vs HG; †, p < 0.05 vs 
HG/NaB. Bars: white, HG; light grey, HG/NaB; dark grey, HG/SFN. Abbreviations: c-NRF2, 
cytosolic NRF2; n-NRF2, nuclear NRF2; SFN, sulforaphane; t-NRF2, total cellular NRF2. Other 
abbreviations are the same as in Figs. 1, 3, 4.  
 

 

3.6 NaB inhibited HDAC activity and enhanced AHR and P300 binding at the promoter of 

the Nrf2 gene in HG-treated ECs. 

        The following studies aimed to define the mechanism through which NaB activates Nrf2 

gene transcription. HG enhanced HDAC activity in ECs (Fig. 6A), the effect of which was 

markedly inhibited by NaB (Fig. 6A). Further, we determined the binding of AHR and P300 at 

the promoter region of the Nrf2 gene by ChIP Assay. As expected, NaB increased the occupancy 

of both AHR and P300 at the promoter region of the Nrf2 gene under the HG condition (Fig. 6B). 

These results indicate an important role of HDAC inhibition-induced chromatin structure change 

in regulation of Nrf2 gene expression. 
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Fig. 6. NaB inhibited HDAC activity and enhanced AHR and P300 binding at the promoter 
of the Nrf2 gene in HG-treated ECs. The effect of NaB on (A) HDAC activity was determined 
in NG or HG-treated ECs by an HDAC assay kit. Further, ChIP assay was performed to evaluate 
the occupancy of (B) AHR, P300 and (C) H3K9ac at the Nrf2 gene promoter. Data was 
normalized to HG and presented as means ± SD (n = 3). *, p < 0.05 vs HG. Bars: white, NG; 
light grey, NG/Mannitol; dark grey, HG; black, HG/NaB. Abbreviations: AHR, aryl hydrocarbon 
receptor; ChIP, chromatin immunoprecipitation; HDAC, histone deacetylase. Other 
abbreviations are the same as in Figs. 1, 4.  
 

3.7 P300 mediated NaB-induced activation of Nrf2 in HG-treated ECs. 

        Although NaB increased P300 binding at the Nrf2 gene promoter (Fig. 6B, right panel), it 

was still unclear whether P300 plays a key role in mediating NaB-induced Nrf2 gene 

transcription.  Thus, ECs were treated with HG and NaB, in the presence or absence of the P300 

selective inhibitor C646 [28]. C646 reversed the NaB-induced P300 and AHR binding at the 

promoter of the Nrf2 gene (Fig. 7A), and abolished NaB-induced elevation of Nrf2 mRNA (Fig. 

7B) and protein (Fig. 7C), as well as the mRNA levels of Nqo1 and Ho1 (Fig. 7D). Hence, P300 

was found, in the present study, to mediate NaB-induced Nrf2 expression and function in HG-

treated ECs. 
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Fig. 7. P300 mediated NaB-induced activation of Nrf2 in HG-treated ECs. To explore 
whether P300 is required for NaB’s activation of Nrf2 expression and function, HG-treated ECs 
were co-treated with NaB, in the presence or absence of C646. (A) P300, AHR and (B) H3K9ac 
occupancy at the Nrf2 gene promoter was determined by ChIP assay. Nrf2 (C) mRNA and (D) 
protein levels were evaluated using RT-PCR and Western blot. The mRNA levels of (E) Nqo1 
and Ho1 were further determined by RT-PCR. Data was normalized to HG and presented as 
means ± SD (n = 3). *, p < 0.05 vs HG. †, p < 0.05 vs HG/NaB. Bars: white, HG; light grey, 
HG/NaB; dark grey, HG/NaB/C646. Abbreviations are the same as in Figs. 1, 3, 4, 6. 
 

3.8 P300 was required for NaB’s attenuation of HG-induced oxidative stress and 

inflammation in ECs. 

        The role of P300 in NaB’s protection against HG-induced oxidative stress and inflammation 

was further tested in HG-treated ECs, by using the P300 inhibitor C646. NaB significantly 

attenuated the levels of ROS (Fig. 8A, left panel) and MDA (Fig. 8A, right panel), as well as the 

mRNA expression of Vcam-1 (Fig. 8B, left panel) and Icam-1 (Fig. 8B, right panel). These 

effects of NaB were completely abrogated by C646 (Fig. 8A, B). These results provide an 

evidence for the critical role of P300 in mediating NaB’s protective effects on HG-induced aortic 

endothelial oxidative stress and inflammation. 
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Fig. 8. P300 was required for NaB’s attenuation of HG-induced oxidative stress and 
inflammation in ECs. In order to test whether or not P300 predominantly mediates NaB’s 
protection against HG-induced aortic endothelial oxidative stress and inflammation, (A) ROS 
and (B) MDA levels, as well as the expression of Vcam-1 and Icam-1 mRNAs were determined 
in HG and NaB co-treated ECs, in the presence or absence of C646. Data was normalized to 
HG and presented as means ± SD (n = 3). *, p < 0.05 vs HG. †, p < 0.05 vs HG/NaB. Bars: 
white, HG; light grey, HG/NaB; dark grey, HG/NaB/C646. Abbreviations are the same as in Figs. 
1, 2, 4. 
 

4. Discussion 

Here we report NaB’s protection against DM-induced aortic endothelial dysfunction. By 

using Nrf2 KO mice, NRF2 was found to be essential for both self-defense and the NaB’s 

beneficial effects. By comparing to SFN, NaB was confirmed to activate Nrf2 at the transcription 

level, without facilitating NRF2 nuclear translocation. Mechanistically, NaB inhibited HDAC 

activity and increased AHR and P300 occupancy at the Nrf2 promoter. Furthermore, by using 

C646, P300 was found to be essential in mediating NaB’s effects on the activation of Nrf2 

expression and function, as well as the attenuation of oxidative stress and inflammation. 

One important finding, as observed in the present study, is the distinct behaviors of NaB and 

SFN in regulation of Nrf2 gene expression. SFN facilitated NRF2 nuclear translocation (Fig. 5E) 

without increasing Nrf2 gene transcription (Fig. 5A). However, NaB did not trigger NRF2 

nuclear translocation (Fig. 5E). Rather, it activated Nrf2 at the transcription level (Fig. 5A), the 

effect of which produced abundant NRF2 protein (Fig. 5B, C) and increased the amount (Fig. 

5D), but not the proportion (Fig. 5E), of n-NRF2. Hence, despite both being activators of NRF2, 

NaB and SFN activate NRF2 through completely different mechanisms.  

Extensive studies have previously been focusing on KEAP1 inhibition, as the strategy to 

activate NRF2 [45-47]. However, little attention was paid to prior steps of Nrf2 gene expression, 

including translation and transcription. The present study may provide histone modification as a 

NRF2-activating strategy, which is different from KEAP1 inhibition. In addition, transcription 
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factor-induced gene expression pathway also needs to be further studied. Enough attention has 

not been previously paid to AHR-induced Nrf2 gene expression. As a transcription factor of 

NRF2, AHR activation may enhance Nrf2 expression and function. In the present study, HDAC 

inhibition by NaB facilitated AHR binding at the Nrf2 promoter (Fig. 7A, right panel), 

suggesting the requirement of physical space for the transcriptional machinery at the Nrf2 

promoter. Future studies will be focused on whether the increase in AHR could activate Nrf2 

transcription upon different status of the chromatin structure. 

 One concern for HDAC inhibition could be the possible off-target effects. Change of the 

chromatin structure by HDAC inhibition might possibly facilitate the expression of various genes, 

in addition to Nrf2. However, only 2% of mammalian genes are affected by HDAC inhibition 

[48], indicating a relatively selective effect of NaB on the alteration of the genome transcription. 

The action of butyrate is often mediated through Sp1/Sp3 binding sites, which recruit HDACs, 

within the promoters of genes, namely butyrate-responsive genes [48]. One explanation is that 

Nrf2 might be a butyrate-responsive gene, whereas many other genes, probably the rest 98% of 

mammalian genes, might not be. Supporting this view, HDAC inhibition by NaB led to an 

enhanced Nrf2 gene transcription (Fig. 7B) and a decreased Vcam-1 and Icam-1 gene 

transcription (Fig. 8B) in HG-treated ECs, as well as an unaltered Keap1 gene transcription in 

both the diabetic and non-diabetic kidneys [24]. Thus, despite the decompression of the DNA, 

not all the tested genes positively responded to NaB. Another possible speculation could be that 

this relatively selective effect might be caused by HDAC inhibition-induced incomplete 

decompression of the chromatin structure, which prevents most genes from transcription. Further 

studies are needed to investigate these interesting speculations. Nonetheless, the final outcome of 

NaB treatment was, indeed, a mixture of the global effects produced by HDAC inhibition, 
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including both the beneficial and the detrimental, with the beneficial effect playing the 

predominant role. Additionally, since butyrate itself inhibits class I HDAC activity, specifically 

HDAC1, HDAC2, HDAC3 and HDAC8 [22], future studies may be performed to dissect and 

clarify the function of each isoform in control of Nrf2 gene transcription. This may facilitate 

better understanding of the action of each isoform and may thus improve specificity in Nrf2 

activation. 

NRF2 activators were tested in clinical trials [49-52], with dimethyl fumarate approved in 

clinical treatment of multiple sclerosis [53], demonstrating NRF2 to be a viable drug target. 

However, to date, no NRF2 activator has been studied in clinical trials of diabetic macrovascular 

complications. The fact that NaB is not only found in human food but also is produced by human 

intestinal fermentation [21] has granted NaB supplementation a unique advantage in safety, in 

future small clinical trials. 

Taken together, the present study highlighted a NRF2-mediated protection by NaB against 

DM-induced aortic endothelial dysfunction. NaB transcriptionally activated Nrf2 gene expression, 

the effect of which was mediated by P300. The present study demonstrates an epigenetic 

regulatory mechanism of Nrf2 antioxidant signaling, which may be a strategy in future 

management of diabetic vasculopathy. 
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Highlights  
 

 NRF2 is critical in self-defense and NaB’s protection against diabetes-induced aortic 

endothelial dysfunction. 

 NaB activates Nrf2 expression at the transcription level. 

 P300 is required for NaB’s effects on Nrf2 activation and endothelial protection.  

 




