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Abstract. Intracranial dural arteriovenous fistulas (DAVFs) 
are complex intracranial vascular malformations that may 
lead to hemorrhage. Although the precise mechanisms by 
which DAVFs occur remain unknown, dural angiogenesis 
may be a vital factor in its pathogenesis. Nuclear factor 
erythroid 2‑related factor 2 (Nrf2) significantly influences 
angiogenesis; however, the association between DAVF and 
Nrf2 remains unclear. Therefore, the present study inves-
tigated whether DAVF alters the expression of Nrf2 in an 
experimental animal model of DAVF. The DAVF group 
underwent surgery of the left common carotid artery-external 
jugular vein anastomosis, cauterization of the vein draining 
transverse sinus and thrombosis of the sagittal sinus to induce 
venous hypertension (VH). At 1, 4 and 7 days post surgery, rats 
were sacrificed to collect brain samples. Western blot analysis, 
immunofluorescence staining and reverse transcription‑quan-
titative polymerase chain reaction were used to determine 
whether DAVF activated the Nrf2 signaling pathway. The 
results demonstrated that the expression of Nrf2 mRNA and 
protein, and the expression of its downstream genes heme 
oxygenase‑1 and NAD(P)H: quinine oxidoreductase‑1 signifi-
cantly increased 1 day after surgery. The expression of these 
genes decreased but remained high 4 days following surgery 
and only returned to baseline 7 days after surgery. Compared 
with the sham‑surgery and control groups, DAVF‑induced 
brain edema reached a peak 1 day following DAVF surgery 
and only returned to normal levels 7 days post‑surgery. Taken 
together, these data indicate the potential contribution of Nrf2 
to the formation of DAVFs and suggest that VH may induce 
the upregulation of Nrf2.

Introduction

Cerebral dural arteriovenous fistulas (DAVFs) are aberrant 
vascular communications between dural sinuses and meningeal 
arteries and account for 10-15% of all cerebral arteriovenous 
diseases (1-3). Although its etiopathogenesis remains unknown, 
DAVF is considered to be an acquired disease (4,5) and a 
number of etiological factors, including brain trauma (4,6,7) 
and neurosurgery (8,9) may be responsible for its development. 
These lesions are important causes of hemorrhagic stroke, the 
degree of which is closely associated with the development 
of DAVF and venous drainage. The primary symptoms and 
prognosis of DAVF vary (10-12). Due to the complexity of the 
vessel architecture the therapies currently available to treat 
DAVF, including surgery and endovascular intervention, are 
insufficient. Radiotherapy is a novel treatment that may have 
a significant effect, however the prognosis of patients depends 
on the lesion size and cortical venous drainage (13). It has been 
demonstrated that chronic local poor perfusion may be a key 
factor in stimulating angiogenesis of the endocranium, which 
results in the formation of DAVFs (14). Patients with DAVF 
often exhibit symptoms associated with venous hyperten-
sion (VH), which may be important in the development and 
prognosis of DAVFs (15). However, it remains unclear how 
important these abnormal changes in hemodynamics are to 
the genesis or outcomes of these lesions.

Nuclear factor erythroid 2‑related factor 2 (Nrf2) is 
an important transcriptional factor for cellular responses 
to a variety of harmful stresses. It is part of the Kelch‑like 
ECH-associated protein 1-Nrf2-antioxidant response 
element (Keap1‑Nrf2‑ARE) signaling pathway and regu-
lates numerous genes associated with ARE, including heme 
oxygenase‑1 (HO‑1) and NAD(P)H: quinine oxidoreductase 1 
(NQO1) (16,17). Nrf2 contributes to the protection of tissues 
from damage induced by the outside environment, including 
damage arising from inflammation, trauma, ischemia, hemor-
rhage and cancer (18,19). Other studies have identified an 
association between Nrf2 and angiogenesis (20) and it was 
demonstrated that the absence of Nrf2 may suppress cancer 
cell angiogenesis and migration in vivo and in vitro (21-23). 
However, the association between DAVF and Nrf2 in the 
pathogenesis of DAVF remains unclear. The present study was 
performed to measure the expression of Nrf2 in a rat DAVF 
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model and identify the contribution of Nrf2 to the onset of 
DAVF.

Materials and methods

Animals. A total of 138 adult male Sprague‑Dawley rats 
(2.5 months old, 350‑400 g) were purchased from the 
Model Animal Research Center of Nanjing University 
(Nanjing, China) and this was approved by the Institutional 
Experimental Animal Care and Use Committee of Nanjing 
Medical University (Nanjing, China). All animals were kept in 
a standard and comfortable laboratory environment at ~25˚C 
and a relative humidity of 70%, with a 12 h light/dark cycle 
and free access to food and water for 10 days prior to the 
experiments. The 138 rats were randomly assigned to one 
of three experimental groups: The control group (n=18), the 
sham‑surgery group (n=60) and the DAVF group (n=60). 
Rats in the DAVF group were subjected to intracranial VH, 
rats in the sham-surgery group were subjected to a similar 
procedure but without intracranial VH and rats in the control 
group did not undergo any surgery. A total of 18 rats from 
the sham‑surgery and DAVF groups at each time point (1, 4 
and 7 days following surgery) and 18 control rats were used for 
western blotting, and reverse transcription‑quantitative poly-
merase chain reaction (RT‑qPCR) and analysis of brain water 
content. The remaining 6 rats from the sham-surgery and 
DAVF groups were sacrificed at day 1 post surgery and used 
for immunofluorescence staining for Nrf2. The present study 
was approved by the Ethics Committee of Nanjing Medical 
University (Nanjing, China).

DAVF animal model. A DAVF rat model was produced 
according to a method described previously by Shin et al (24), 
which was partly modified. Briefly, rats were anesthetized by 
intraperitoneal injection of 50 mg/kg pentobarbital sodium 
(CAS57‑33‑0; Haling Biological Technology, Shanghai, 
China). An incision was made via the front middle cervix 
and then the left common carotid artery (CCA) and the left 
external jugular vein (EJV) were separated and exposed. 
Subsequently, the CCA and the EJV were crosscut following 
clamping using temporary aneurysm clips. An end-to-end 
anastomosis was performed between the near-end of CCA 
and the encephalic end of EJV using 11‑0 medical sutures. 
The residual end of the CCA and EJV were cauterized by 
bipolar coagulation. Subsequently, the draining vein of the 
transverse sinus was separated, exposed and cauterized. The 
skull was removed over the sagittal sinus and the wall of the 
sinus was incised and filled with surgical hemostatic material 
to form thrombosis of the sagittal sinus. Surgery incisions 
were sutured using 6-0 nylon sutures. The sham group 
received cervical medial, post-aurem and frontal incision and 
suture without the induction of VH. Rats in the control group 
did not undergo surgery.

Western blot analysis. The brain tissue at the coronal level 
4 mm on either side to the occluded sinus was collected, 
homogenized and lysed in radioimmunoprecipitation assay 
buffer [1% NP40, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM 
EGTA, 1 mM EDTA, 1 mM Na3VO4, 0.5 mM dithiothreitol, 
20 mM NaF, 1 nM phenylmethylsulfonyl fluoride and protease 

inhibitor cocktail in PBS (pH 7.4)]. To extract nuclear and cyto-
plasmic proteins, a nuclear and cytoplasmic protein extraction 
kit (Beyotime Institute of Biotechnology, Nantong, China) was 
used following the manufacturer's protocol. Protein concentra-
tion was determined using a BCA protein assay kit (Pierce; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) following 
the manufacturer's protocol. Equal amounts of total protein 
(50 µg) were loaded per lane, separated using 8% SDS‑PAGE and 
transferred to PVDF membranes (EMD Millipore, Billerica, 
MA, USA). The membranes were blocked with 3% skimmed 
milk for 2 h at room temperature. Subsequently, membranes 
were incubated with primary antibodies against Nrf2 (cat. 
no. ab137550; 1:500), NQO‑1 (cat. no. ab34173; 1:1,000), HO‑1 
(cat. no. ab13243; 1:1,000) and histone H3 (cat. no. ab1791; 
1:1,000), all purchased from Abcam (Cambridge, MA, USA), 
and β‑actin (cat. no. sc‑130657; 1:2,000) purchased from Santa 
Cruz Biotechnology, Inc. (Dallas, TX, USA) at 4˚C overnight. 
Membranes were then washed three times with washing 
buffer (tris‑buffered saline containing 0.05% Tween-20) 
and incubated with goat anti-rabbit horseradish peroxidase 
(HRP)‑conjugated IgG (cat. no. 7074S; 1:2,000; Cell Signaling 
Technology, Inc., Danvers, MA, USA) at room temperature for 
2 h. Membranes were washed using washing buffer for 15 min, 
visualized using immobilon Western chemiluminescent HRP 
substrate (EMD Millipore) and exposed to X‑ray film (Fuji 
Hyperfilm, Tokyo, Japan). Quantification of band density was 
performed using the UN‑Scan‑It 6.1 software (Silk Scientific 
Inc., Orem, UT, USA).

Total RNA extraction and RT‑qPCR. To obtain the brain 
tissues, animals were deeply anesthetized with pentobarbital 
sodium and the cerebral cortex was harvested, immediately 
frozen in liquid nitrogen and stored at ‑80˚C until use. Total 
RNA was isolated from brain tissues at the coronal level 
4 mm either side of the occluded sinus using TRIzol reagent 
(Takara Biotechnology Co., Ltd., Dalian, China) following 
the manufacturer's protocol. The quantity and purity of the 

Figure 1. DAVF significantly aggravated cerebral edema in the cortex 1 day 
following surgery. Brain water content was significantly higher in the DAVF 
group compared with the sham‑surgery and control groups. The peak of brain 
edema occurred 1 day following DAVF surgery, gradually reduced at 4 days 
but was still maintained at a relatively high level and returned to a normal 
level at 7 days post-surgery. Data are expressed as the mean ± standard 
deviation. *P<0.05 vs. control group; #P<0.05 vs. time-matched sham-surgery 
group. DAVF, dural arteriovenous fistula.
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extracted total RNA were determined at the optical densities 
of 260 and 280 nm using a NanoDrop™ 2000c (Thermo Fisher 
Scientific, Inc.). In order to avoid RNA degradation, part of the 
RNA was reverse transcribed to cDNA immediately using a 
PrimeScript™ RT reagent kit (Takara Biotechnology Co., Ltd.). 
qPCR was performed using a previously described method (25). 
The qPCR reaction mixture was prepared according to the 
SYBR® Premix Ex Taq™ kit protocol (Takara Biotechnology 
Co., Ltd.), which contained diluted cDNA, SYBR‑Green I 
Nucleic Acid Stain, 0.2 µM of each gene‑specific primer and 
nuclease‑free water to a final volume of 25 µl. The primer 
sequences used in the present study were as follows: Nrf2 
forward, 5'‑TCA GCG ACG GAA AGA GTA TGA‑3' and reverse, 
5'‑CCA CTG GTT TCT GAC TGG ATG T‑3'; NQO1 forward, 
5'‑ATG GTC GGC AGA AGA GC‑3' and reverse, 5'‑GGA AAT 
GAT GGG ATT GAA GT‑3'; HO‑1 forward, 5'‑TCT CCG ATG 
GGT CCT TAC ACTC‑3' and reverse, 5'‑GGC ATA AAG CCC 
TAC AGC AAC T‑3'; and β‑actin forward, 5'‑CTG AAT GGC 
CCA GGT CTG AG‑3' and reverse, 5'‑AAG TCA GTG TAC AGG 
CCA GC‑3'. β-actin was selected as an endogenous reference 
‘housekeeping’ gene. Relative changes in target mRNA 
expression following surgery was determined using the 2‑∆∆Cq 
method (26).

Immunostaining. For immunofluorescence, consecutive 
coronal sections were cut at 4-µm intervals from the hippo-
campus and the cortex near the sagittal sinus thrombosis in 
the DAVF and the sham groups. Following routine deparaf-
finization and 2 h blocking in 10% normal goat serum (Wuhan 
Boster Biological Technology, Ltd., Wuhan, China) in PBS 
at room temperature, sections were incubated overnight with 
primary antibodies for Nrf2 (cat. no. ab137550; 1:100, Abcam) 
at 4˚C. On the second day, the slides were washed three times 
with PBS and incubated with Alexa Fluor 594®-conjugated 
Goat anti‑Rabbit IgG secondary antibodies (cat. no. A‑11037; 
1:200; Invitrogen; Thermo Fisher Scientific, Inc.) for 1 h at 
room temperature. Subsequently, slides were washed three 
times with PBS, counterstained with DAPI for 2 min at room 
temperature and covered with mounting media. Fluorescence 
was observed using an inverted microscope (Olympus IX71; 
Olympus Corporation, Tokyo, Japan) and analyzed using 
Image‑Pro Plus 6.0 software (Media Cybernetics, Inc., 
Rockville, MD, USA).

Assessment of brain water content. The change of water 
content in the brains of rats subjected to DAVF was detected 
using a previously reported method (27). Briefly, the rat brain 
was removed and placed a cooling brain matrix for 24 h at 1, 
4 and 7 days after surgery. Following separation and removal 
of the brainstem and cerebellum, ipsilateral brain hemisphere 
tissue was reserved and weighed up as wet weight (ww). 
Subsequently, the brain was kept in a drying oven at 80˚C for 
3 days to dehydrate and weighed up to obtain the dry weight 
(dw). At last, the brain water content was calculated using the 
following formula: [(ww‑dw)/ww] x100%.

Statistical analysis. At least three separate experiments were 
performed for each measurement and the data were expressed 
as the mean ± standard deviation. All analyses were performed 
using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). Data 

were analyzed by one-way analysis of variance followed by 
Tukey's post‑hoc test and P<0.05 was considered to represent a 
statistically significant difference.

Results

DAVF significantly aggravates cerebral edema. All rats in 
the DAVF group survived following surgery. To determine the 
secondary brain edema induced by DAVF, brain water content 
was measured 1, 4 and 7 days after surgery. As presented in 
Fig. 1, no significant difference was detected in brain water 
content between the sham-surgery group and the control 
group at each time point (1, 4 and 7 days). However, there was 
a significant aggravation of cerebral edema 1 day post‑surgery 
in the DAVF group compared with the sham‑surgery group 
at the same time point and compared with the control group 
(P<0.05). Additionally, 4 days following surgery, the brain 
water content in the DAVF group decreased but remained 
significantly higher than in the sham-surgery and control 
groups (P<0.05). Brain water content in the DAVF group 
returned to normal levels 7 days post surgery.

DAVF markedly activates Nrf2 in the rat brain cortex and 
hippocampus. The expression of Nrf2 in the cortex and hippo-
campus of rat brain was detected by immunofluorescence 
1 day following surgery. As depicted in Fig. 2, in the cortex of 
the rat brain, only a small number of Nrf2-stained cells were 
observed in the sham-surgery group, whereas a larger number 
of Nrf2‑stained cells were observed in the DAVF group. 
Similar results were observed in the hippocampus (Fig. 2).

Expression of Nrf2/ARE in DAVF rats. Nrf2 translocation is the 
primary mechanism by which the Nrf2-ARE signaling pathway 
is activated; thus the expression of Nrf2 in the nucleus was 
determined using western blot analysis. As presented in Fig. 3A 
and B, the results demonstrated that there was no significant 
difference in the expression of nuclear Nrf2 at each time point 
(1, 4 and 7 days) between the sham‑surgery and the control 
groups. However, following DAVF surgery, the expression of 
nuclear Nrf2 significantly increased and reached a peak 1 day 
following surgery (P<0.001). It began to gradually decrease but 
remained significantly higher 4 days after surgery compared 
with the control group (P<0.01). Nuclear Nrf2 expression 
returned to normal 7 days post-surgery. The expression of cyto-
plasmic Nrf2 was also measured (Fig. 3C and D) and the results 
were consistent with those for nuclear Nrf2. Subsequently, the 
expression of the Nrf2 downstream target proteins HO‑1 and 
NQO1 was also measured. It was demonstrated that HO‑1 and 
NQO1 expression was significantly upregulated 1 and 4 days 
following DAVF surgery compared with the sham‑surgery and 
control groups (P<0.05; Fig. 3E and F).

Expression of Nrf2/ARE mRNA in the DAVF group. The afore-
mentioned results indicate that DAVF activates the Nrf2/ARE 
signaling pathway by increasing the expression of Nrf2 
protein in the nucleus and cytoplasm. To determine whether 
DAVF surgery altered the expression of Nrf2/ARE mRNA, 
RT‑qPCR was performed. As demonstrated in Fig. 4A, 
no significant differences in Nrf2 mRNA expression were 
observed between the sham-surgery and control groups at 
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each time point (1, 4 and 7 days). However, the expression of 
Nrf2 mRNA significantly increased 1 day following DAVF 
surgery compared with the control and sham-surgery groups 
(P<0.01). Nrf2 mRNA expression decreased gradually 4 days 
post-surgery but remained significantly higher than in the 
control and sham‑surgery groups (P<0.05). It then returned to 
baseline 7 days after surgery. Similar results were obtained 
regarding the expression of HO‑1 and NQO1 mRNA (Fig. 4B 
and C).

Discussion

Knowledge of the genesis and progression of brain arteriove-
nous malformations and arteriovenous fistulas has improved 
due to the development of appropriate experimental animal 
models. Numerous studies using an experimental rat model 
that produced an arteriovenous fistula between the CCA and 
the EJV indicated that intracranial VH may be involved in 
the development of DAVF (24,15-31). The rat DAVF model 

in the present study was formed by performing anastomosis 
between the left CCA and EJV, occluding the contralateral 
draining vein and thrombosing the sagittal sinus to investigate 
the role of intracranial VH and venous blood flow obstruction 
in the development of DAVF (28). The histological changes of 
the cerebral venous sinus response to VH were subsequently 
investigated.

Although there have been numerous studies investigating 
DAVF, the exact mechanisms of its genesis and development 
remain unclear. Over the past few decades, knowledge 
regarding the pathophysiology of DAVF has improved 
greatly. Lawton et al (32) demonstrated that angiogenesis 
was important in the genesis and development of DAVF and 
identified the major factors influencing angiogenesis, including 
hypoxia, ischemia and VH. Zhu et al (33) demonstrated 
that the hypoxia-inducible factor 1-α/vascular endothelial 
growth factor (VEGF) signaling pathway was activated and 
contributed to angiogenesis induced by nonischemic VH 
in the brain tissues. Additionally, Chen et al (14) identified 

Figure 2. Representative photomicrographs of the cortex and hippocampus in brain tissue from rats 1 day after DAVF or sham surgery. Images present immu-
nofluorescent staining for Nrf2 (green). Nuclei were counterstained with DAPI (blue). Staining for Nrf2 was weak in the sham group but markedly enhanced in 
the DAVF group. Red arrows indicate Nrf2 positive stained cells. Scale bar, 20 µm. DAVF, dural arteriovenous fistula; Nrf2, nuclear factor erythroid 2‑related 
factor 2.
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Figure 3. DAVF activates the Nrf2/ARE signaling pathway at the protein level. Rat brain tissues were collected 1, 4 and 7 days following surgery in the sham 
and DAVF groups and the nuclear and cytoplasmic Nrf2 protein was detected by western blot analysis. (A) A representative western blot of Nrf2 expression in 
the nucleus. (B) Quantified analysis of Nrf2 expression in the nucleus, where upregulation of Nrf2 was observed in the DAVF group compared with the sham 
and control groups. (C) A typical western blot of Nrf2 expression in the cytoplasm. Quantification of the change in expression of (D) Nrf2 and its downstream 
target proteins (E) HO‑1 and (F) NQO1, in the cytoplasm. β-actin was used as the cytoplasm loading control and histone H3 as the nucleus loading control. Data 
are expressed as the mean ± standard deviation (n=6). *P<0.05, **P<0.01 and ***P<0.001 vs. control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. time-matched 
sham‑surgery group. DAVF, dural arteriovenous fistula; Nrf2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme oxygenase‑1; NQO1, NAD(P)H: quinine 
oxidoreductase 1.

Figure 4. DAVF activates the Nrf2/ARE signaling pathway at the mRNA level. Rat brain tissues were collected 1, 4 and 7 days after surgery in the DAVF and 
sham groups. (A) NRf2 (B) HO‑1 and (C) NQO1 mRNA was measured by reverse transcription‑quantitative polymerase chain reaction. The mean of three 
independent experiments was performed. Data are presented as‑fold induction following surgery compared with the control group (control=1) and expressed 
as the mean ± standard deviation (n=6). *P<0.05; and ***P<0.001 vs. control group; #P<0.05, ##P<0.01 and ###P<0.001 vs. time-matched sham-surgery group. 
DAVF, dural arteriovenous fistula; Nrf2, nuclear factor erythroid 2‑related factor 2; HO‑1, heme oxygenase‑1; NQO1, NAD(P)H: quinine oxidoreductase 1.
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that VH may promote angiogenesis induced by chronic 
regional poor perfusion and the upregulation of VEGF matrix 
metallopeptidase 9 expression. Regulating the expression of 
VEGF may be a potential novel treatment option of controlling 
angiogenesis in DAVF. VEGF is a vital pro‑angiogenic factor 
that is upregulated following hypoxia and ischemia and 
stimulates the migration and proliferation of vessel endothelial 
cells (34).

Immunohistochemistry has been used in DAVF to demon-
strate the histological response to VH (35), and the results 
indicate that local tissue hypoxia caused by VH may be the 
initial step causing neoangiogenesis in DAVFs. Numerous 
pro-angiogenic growth factors have been reported in detail, 
including platelet-derived growth factor, fibroblast growth 
factor and VEGF (36). Previous studies have identified the 
close association between DAVF and VEGF (24,29,37). 
Kweider et al (36) demonstrated that VEGF may activate 
the Nrf2-ARE signaling pathway in human choriocarcinoma 
BeWo cells and that this activation could be completely elimi-
nated using the Nrf2‑specific short hairpin RNA. However, 
few studies have evaluated the role of Nrf2 in DAVF.

The aim of the present study was to measure the expres-
sion of Nrf2 in mice following surgery to induce DAVF. 
The results demonstrated that the expression of Nrf2 protein 
in the nucleus and cytoplasm, as well as Nrf2 mRNA, was 
upregulated and peaked 1 day following DAVF surgery. 
Afterwards, expression gradually decreased but still remained 
high 4 days post-surgery, only returning to the baseline 7 days 
after surgery. It was observed that the HO‑1 and NQO1 were 
also upregulated. These results indicate that the expression 
of Nrf2 increases immediately following DAVF surgery and 
that the activation of the Nrf2-ARE pathway early on may be 
important in the pathogenesis of DAVF.

Nrf2 is a vital cytoprotective transcription factor involved 
in the regulation of detoxifying, anti‑inflammatory, antioxida-
tive and antiapoptotic genes (38), which protect the cells from 
harmful damage. Under normal conditions, Nrf2-mediated 
transcription is blocked due to the inhibitory effect of cyto-
plasmic protein Keap1, which facilitates Nrf2 proteasomal 
degradation (39). However, following exposure to oxidative 
and chemical stress, the Keap1-Nrf2 complex is disrupted and 
Nrf2 translocates into the cell nucleus. Nrf2 then activates its 
downstream target genes, including HO‑1 and NQO1, which 
are involved in regulating redox reactions in the cells (40,41). 
However, the function of Nrf2 action may be much broader 
since it also regulates angiogenesis; for example, it may promote 
the formation of blood vessels to protect the retina from oxida-
tive injury that occurs following hyperoxic stimulation (42). 
Furthermore, it has been demonstrated that downregulation of 
Nrf2 inhibits cancer cell vasculogenesis and migration in vivo 
and in vitro (21-23). These results indicate that the Nrf2/ARE 
signaling pathway may potentially contribute to the growth of 
DAVFs through the angiogenesis induced by VH.

In conclusion, although there are certain limitations of 
the present study, including a lack of long‑term experimental 
observation and in vitro experiments, taken together, the results 
demonstrate that Nrf2 may contribute to the formation of DAVF 
via angiogenesis induced by intracranial VH. However, further 
studies are essential to determine the precise mechanisms by 
which Nrf2 affects the pathophysiology of DAVF.
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