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Abstract: Our previous study showed that Cyp1b1 deficiency could protect male mice from high fat diet (HFD) 
obesity. In this paper, we aim to explore the role of Cyp1b1 in HFD induced learning and memory deficits in female 
C57BL/6J mice. Methods: Female Cyp1b1 knock-out (KO) and wild type (WT) mice were both randomly divided into 
normal chew (NC) and HFD groups. All mice were fed research diet after weaning for 24 consecutive weeks. Morris 
Water Maze was carried out to evaluate the spatial learning and memory. Brain lipoxidation status was evaluated by 
malondialdehyde (MDA) level and 4-hydroxynonenal (4-HNE)-protein adducts in mice cerebral cortex. Both activity 
and expression of antioxidant enzymes were determined by commercial kits and realtime RT-PCR. β-amyloid (Aβ) 
was detected in mice brain by immunohistochemistry. Brain derived neurotrophic factor (BDNF), synaptic plasticity 
protein Activity-regulated cytoskeleton-associated protein (ARC), neuronal migration and positioning gene Reelin, 
and Nrf2, a key transcription factor in oxidative stress, and its downstream targets heme oxygenase-1 (HO-1) and 
NAD(P)H dehydrogenase (quinone) (NQO-1) were measured in cerebral cortex. Results: Cyp1b1 deficiency mice 
performed better on learning and memory tests compared with WT mice after 24 weeks HFD feeding. HFD elevated 
brain oxidative stress, lipoxidation in mice cerebral cortex, β-amyloid deposition in hippocampus; suppressed anti-
oxidant genes expression in cerebral cortex, and these effects were ameliorated by Cyp1b1 deletion. BDNF expres-
sion increased in Cyp1b1 deficiency mice after HFD feeding compared with WT. HFD activated Nrf2 and its target 
genes and Cyp1b1 deletion reversed such impact. Conclusion: Cyp1b1 deficiency protects mice from HFD induced 
cognitive impairment. Sustained BDNF expression, reduced β-amyloid accumulation and brain oxidative stress, and 
Nrf2 deactivation might be the key events in mice redox system through Cyp1b1-diet interaction. 
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Introduction

Increased brain oxidative stress is considered 
as an early event in cognitive function impair-
ment and has been implicated in its pathogen-
esis. Free radical damage from oxidative st- 
ress has long been thought to play an impor-
tant role in age-related neurodegenerative dis-
orders [1]. The feature of the oxidative stress 
hypothesis for neurodegenerative diseases is 
that cumulative oxidative damage could acc- 
ount for the slowly progressive nature of these 
disorders. The direct evidence supporting oxi-
dative stress in AD comes from the increased 
free radical generation, increased lipid peroxi-
dation, increased 4-HNE, increased DNA oxida-
tion, diminished energy metabolism and aggre-
gated Aβ [2]. 

Long term consumption of a high fat diet (HFD) 
results in excess energy intake, increased adi-
posity and impaired regulation of metabolic pro-
cesses [3, 4]. Long-term exposition to a high fat 
diet also induced β-amyloid depositions in the 
brain of C57BL/6J mice [5]. Lin’s lab found that 
HFD intake significantly promotes the progres-
sion of AD like pathology in 5XFAD mice via 
enhancing oxidative stress and cerebral amy-
loid angiopathy [6]. The cerebral accumulation 
of Aβ is a contributor to the initiation and main-
tenance of neuronal degeneration in AD [7, 8]. 
Some researchers focus on screening natural 
products which can influence the dynamic equi-
librium of Aβ. Supplementation of TQRF nano-
emulsion into a high fat-cholesterol diet (HFCD) 
mitigated memory deficits, lipid peroxidation 
and soluble Aβ levels in rats caused by HFCD 
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[9]. Long-term consumption of grape powder 
containing diet lowered Aβ expression and sub-
sequently ameliorated the cognitive decline in 
aged rats caused by a long-term high-fructose-
high-fat diet [10]. Silymarin ameliorated memo-
ry deficits in mouse model of HFD induced 
experimental dementia by its anti-oxidative 
potential and decreases in Aβ burden [11].

CYP1B1 is a member of the cytochrome P450 
family of proteins that metabolize a large num-
ber of compounds. This family of enzymes cata-
lyzes many mono-oxygenase reactions target-
ing both foreign and endogenous lipophilic 
compounds including fat-soluble vitamins and 
polyunsaturated fatty acid (PUFA) products 
[12]. CYPs are abundant in the liver and also 
expressed in many other tissues including the 
brain [13]. Although CYPs levels in the brain are 
much lower, they can potentially contribute to 
the local metabolism [14]. It has been recog-
nized that P450s can generate mutagenic 
metabolites and produce reactive oxygen spe-
cies (ROS) that result in oxidative stress and 
cell death [15, 16]. F. Chen found that inhibition 
of CYP1B1 reduced both oxidative stress and 
the activation of JNK signaling, among which 
oxidative stress is most prominent [17]. But Y.X. 
Tang demonstrated that CYP1B1 metabolized 
cell products that modulate intracellular oxida-
tive stress and lack of CYP1B1 leads to in- 
creased intracellular oxidative stress in the 
endothelium [18]. There are also some studies 
discovered the relationship between CYPs and 
cognitive function. Wang and Lee found that 
CYPs metabolized testosterone and estradiol 
[19], which belongs to neuroactive steroids that 
have a considerable impact on cognition and 
memory [20]. Brain-specific CYP46A1 knockout 
mice produced lower level of brain cholesterol, 
and CYP46A1 polymorphisms were associated 
with cognitive impairment in human [21]. 

Although there have been quite a number of 
studies investigated the mechanism of oxida-
tive stress and cognitive impairment induced 
by high fat diet (HFD), the specific role of CYP1- 
B1 in HFD effects on brain aging are poorly 
understood. To investigate the role of CYP1- 
B1 in oxidative stress and cognitive function, 
genetic knockout mice have been employed. 
Our investigation will provide important insight 
into the mechanisms of CYP1B1 regulated 
brain aging. Herein, we tested the hypothesis 

that Cyp1b1 deficiency ameliorates learning 
and memory deficits caused by HFD through 
balancing oxidative stress.

Materials and methods

Diets and animals

All animal experiments were approved by the 
Institutional Animal Care, Use Committee and 
Wuhan University. Cyp1b1 knock-out (KO) mice 
were generously sent by Frank Gonzale and 
C57Bl/6 wild type (WT) mice were obtained 
from Wuhan University Animal Experimental 
Center. All animals had free access to food  
and water, and were housed in cages (22°C 
temperature and 12-hour daylight cycle). In ini-
tial studies, mice were randomly assigned into 
high fat diet (HFD) or normal chew (NC) groups 
(8/group): HFD consisting of 60% animal fat 
(Shanghai Laboratory Animal Center), and their 
corresponding NC diet consisting of 5% animal 
fat. Mice were maintained on diet for 24 weeks, 
with body weight recorded every 2 weeks.

After 24 weeks on their respective diets, all 
mice were measured for cognitive performance 
using Morris Water Maze (described below). 
Afterwards, they were fasted overnight and 
scarified by either cervical translocation or 
transcardial perfusion, vena caudal blood was 
collected for biochemical parameters, brains 
were collected for molecular measures and 
immunohistochemistry. 

Morris water maze

The Water Maze (Shanghai Mobiledatum In- 
formation Technology Co., China) consisted of a 
circular pool (1.2 m in diameter and 50 cm 
deep) filled to a depth of 45 cm with water ren-
dered opaque by addition of milk powder. A 
white platform with 6 cm in diameter was sub-
merged 1 cm below the surface of the water. 
Water temperature was maintained at 20-22°C. 
Spatial learning and memory was assessed in 
the hidden platform version of the Morris task. 
Mice were placed in the pool facing the wall 
and allowed to swim until they found the plat-
form or until 120 s had elapsed. If a mouse 
didn’t find the platform within 120 s, it was 
placed on it for 15 s. Mice received 8 trails per 
day during 5 consecutive days with the plat-
form positioned in the southwest quadrant. All 
trials were recorded with a video camera con-
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nected to a computerized system, and escape 
latency to find the visible platform was used as 
a parameter for spatial learning. On day 6, the 
mice performed a probe trial which involved 
removing the platform from the pool. The trial 
was performed with the cut-off time of 120 s. 
The time spent in the target quadrant (previ-
ously contained the platform) and the swim-
ming paths were used for spatial memory 
assessment. 

Brain homogenate oxidative stress

Cerebral cortex tissue was homogenized in a 
saline solution containing 0.9% NaCl. The 
homogenates were then centrifuged, the su- 
pernatants were collected and total protein 
concentration was determined using the BCA 
Protein Assay (Beyotime, China). Cerebral cor-
tex homogenate MDA, a common stable mark-
er for oxidative stress induced lipid peroxida-
tion, was determined by a spectrophotometric 
measurement of thiobarbituric acid-reactive 
substances (TBARS) according to the instruc-
tions (Nanjing jiancheng Biochemistry, China). 
The absorbance was read at 532 nm on micro-
plate reader for ELISA (Bio-Tek, USA). 

Brain homogenate antioxidant enzyme activity

A 10% cerebral cortex homogenate was pre-
pared in 0.1 M phosphate buffer (pH 7.4) con-
taining 0.1 M KCl. Enzyme assays were per-
formed in the supernatant obtained following 
centrifugation of the homogenate at 9000 × g 
for 10 min at 4°C. The protein concentration of 
each sample was determined by the Bradford 
reagent method with BSA standard. 

Cerebral cortex activities of catalase and glu- 
tathione level were assayed by the methods of 
He et al. (2008) [22] and Bi et al. (2008) [23], 
respectively. These assay kits were purchas- 
ed from Beyotime Institute of Biotechnology, 
China. And SOD activity was measured using 
the SOD Assay Kit-WST (Dojindo Laboratories, 
Japan), using the protocols provided by the 
manufacturer.

Immunohistochemistry

After being anesthetized with diethyl ether, 
mice were transcardially perfused with 25 ml 
0.1 M PBS, follow by 100 ml 4% paraformalde-
hyde. Brains were collected and post-fixed over-

night in 4% PFA at 4°C. The brains were trans-
ferred to 30% sucrose for overnight, and then 
were cut into 30-um sections by a cryostat 
microtome. After several washes in PBS, endog-
enous peroxidase activity was quenched by 3% 
hydrogen peroxide in PBS for 30 min, followed 
by 10 min wash in PBS. The slides were incu-
bated at 4°C with a rabbit polyclonal antibody 
against Aβ antibody (1:150, Abcam, ab2539) 
overnight. Slides were washed in PBS before 
incubated with a HRP conjugated goat anti- 
rabbit IgG secondary antibody (1:1000, Cell  
signaling) at room temperature for 1 h. Slides 
were washed with PBS and visualized by the 
chromogen 3,3’-diaminobenzidine (Vector La- 
boratories). Measurement of Aβ density in the 
CA1, CA3 and DG of the hippocampus were 
defined as the area covered by Aβ immunoreac-
tivity per mm2 of the total area of the region 
measured, and quantified in three succeeding 
slides of the hippocampus for each mouse by 
the program image J. 

Western blot

The brain tissues were homogenized with RIPA 
buffer containing protease inhibitor cocktail 
and centrifuged at 10,000 × g for 15 min at 
4°C. Equal amounts of total proteins from cor-
tex tissue were resolved on 10% or 15% SDS-
PAGE, and then transferred to nitrocellulose 
membranes. Non-specific binding sites were 
blocked in TBST containing 5% skim milk at 
room temperature for 2 hrs. Then membranes 
were incubated with anti-4-HNE (1:1000; 
ab46545; Abcam), anti-BDNF (1:500; SC546; 
Santa Cruz), anti-Nrf2 (1:1000; D1C9; Cell 
Signaling), anti-eNOS (1:1000; 49G3; Cell Si- 
gnaling) and anti-actin (1:5000, A5441; Sigma) 
overnight at 4°C. After three washes with TBST, 
blots were incubated for 1 h at room tempera-
ture with anti-rabbit IgG-HRP-conjugated sec-
ondary antibody, followed by three washes with 
TBST. The membranes were visualized by che-
miluminescence reagents (SuperSignal West 
Pico, Pierce), and the densities of target bands 
were measured with Quantity One (Bio-Rad) 
and expressed as relative level with respect to 
the normal control.

Real-time RT-PCR

Brain cortex was carefully dissected from  
frozen tissue and total RNA was prepared by 
Trizol reagent (Invitrogen). The concentration of 
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nucleic acids was determined spectrophoto-
metrically at 260 nm and 280 nm. Total RNA (1 
μg) was subjected to reverse transcription with 
the Omniscript RT in a 20 μL reaction. The RT 
reaction was diluted ten-fold and 1 μL was 
amplified by Real-time PCR (quantitative PCR) 
in 5 μL reaction mixture containing Master  
Sybr Green (Applied Biosystems). Gene specific 
primers derived from mice genomic DNA se- 
quences for eNOS, iNOS, nNOS, GPx1, PHGPx, 
SOD, BDNF, ARC, Reelin, HO-1 and NQO-1 
genes (NCBI) will be provided upon request. 
Relative quantification of gene expression was 
carried out by comparative Ct method accord-
ing to manufacture protocol. 

Statistical analysis

Statistical analysis was performed using SPSS 
for Windows 19.0 package and the GraphPad 
Prism 5.0 software. Each experiment was per-
formed at least three times, and the results 
were presented as means ± SD. The repeated 
measures ANOVA was applied for the acquisi-
tion phase of the Morris Water Maze (MWM). 
Differences among groups in biochemical 
parameters and probe phase of the MWM were 
tested by multivariate ANOVA, followed by 
Bonferroni post hoc pairwise comparisons. 
Statistical outliers were removed from the 
dataset, and Statistical significance was set at 
P<0.05.

Results

CYP1B1 deficiency protects mice from excess 
body weight gained caused by HFD

Right after weaning, mice were put on the NC 
and HFD. Both WT and KO mice gained signifi-

Previous reports have demonstrated that obe-
sity increased cognitive impairment in ex- 
perimental animals [24]. To determine effects 
of CYP1B1 on cognitive function under HFD 
feeding, WT and KO mice were tested in the 
Morris Water Maze to assess their spatial learn-
ing and memory at the end of the 24 weeks of 
diet-exposure.

The total swimming distance during all trials 
was not affected by the increased body weights 
in the WT and KO mice caused by the HFD, 
therefore, we analyzed the data without adjust-
ing the body weight. 

During acquisition phase, the escape latency to 
platform significantly decreased in all groups, 
suggesting that the mice learned the task 
(Figure 2A). However, HFD fed WT mice dis-
played a significant increased escape latency 
compared to their counterparts. KO mice dem-
onstrated a significant decreased escape 
latency compared to WT mice in HFD feeding 
(Figure 2A). In the probe phase, KO mice spent 
significant longer time in platform area com-
pare to the control mice (Figure 2B). 

Furthermore, typical swim paths analysis indi-
cated that WT mice spent more time in the tar-
get quadrant than KO mice under normal condi-
tion. However, WT mice with HFD swam more 
randomly showing an obvious impairment to 
recognize the target, while Cyp1b1 deficiency 
reversed this impairment (Figure 2C).

CYP1B1 deficiency increases brain BDNF lev-
els in NC group, not HFD groups

BDNF can enhance synaptic plasticity which 
closely associated with cognitive function [25]. 

Figure 1. Changes in body weight and blood glucose. Female mice were 
placed on high fat diets (HFD) or normal chew for 24 weeks and analyzed for 
changes in body weight (A) and Blood glucose (B). Data are presented as the 
mean and SD from more than 6 animals per group. *Significantly different 
from WT-NC, #Significantly different from WT-HFD, P<0.05.

cant body weight relative to 
their NC partners after ex- 
posed to HFD for consecu- 
tive 24 weeks, but KO mice 
gained significant less weight 
than WT ones (Figure 1A). 
HFD exhibited similar effe- 
ct on blood glucose in both 
wild type mice and KO mice 
(Figure 1B).

CYP1B1 deficiency amelio-
rates learning and memory 
deficits induced by HFD
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Previous study showed that the diet rich in sat-
urated fat decreases brain-derived neurotro- 
phic factor (BDNF) to the extent that compro-
mises cognitive performance [26]. We found 
that Cyp1b1 deletion increased both protein 
and mRNA expression of BDNF compared to 
WT-NC mice, but did not reverse the inhibition 
of BDNF by HFD feeding (Figure 3A, 3B). 
Furthermore, ARC, a marker of synaptic plastic-
ity following memory consolidation in the brain, 
and Reelin, a marker of neuronal migration and 
position, were both elevated in Cyp1b1 defi-
cient mice when compared with their counter-
parts (Figure 3C, 3D).

CYP1B1 deficiency suppresses brain oxidation 
induced by HFD

Well documented relationship between cogni-
tive impairment and oxidative stress [27] pro- 
mpted us to investigate the role of oxidative 
stress in cyp1b1 regulated cognitive function. 

Malondialdehyde (MDA), as a lipid peroxidation 
marker, is widely used as an indicator of free 
radical-mediated lipid peroxidation injury [28]. 
We found Cyp1b1 deficiency markedly reduced 
brain MDA levels in HFD groups, suggesting 
Cyp1b1 deficiency reduced the brain oxidation 
(Figure 4A). 

4-hydroxynonenal (4-HNE), structurally modi-
fied proteins which forming stable adducts 
termed advanced lipid peroxidation end prod-
ucts [29], may also play a mechanistic role in 
the pathogenesis of oxidative stress. Previous 
reports indicated that HFD contributed to oxi-
dative injury in brain by 4-HNE accumulation. 
We found 4-HNE protein adduct were lower in 
Cyp1b1 deficiency mice, suggesting Cyp1b1 
deficiency might alleviate the effect of oxida-
tion injury induce by HFD (Figure 4B, 4C). 

Oxidative stress is essentially an imbalance 
between reactive oxygen species (ROS) produc-

Figure 2. Effects of Cyp1b1 and HFD diet on spatial learning and memory detected by Morris Water Maze. A. The 
escape latency (mean ± S.E.M) to find the platform was higher both in female WT and KO mice fed HFD. The learn-
ing curves indicated that KO mice learned the task faster when comparing with WT mice. B. Probe trial data showed 
that all groups spent significant longer time in the target quadrant than time spent in quadrants 1 and 2. KO mice 
performed better in the target area compared to WT controls either fed HFD or NC. C. Typical swimming paths in 
the probe trial. Compared with WT mice, KO mice found the platform more quickly and efficiently. D. Representative 
image of forced swimming test. *Significantly different from WT-NC, #Significantly different from WT-HFD, P<0.05.
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tion and the antioxidant defense. Different ROS 
scavenging enzymes including catalase, GPx, 
PHGPx and SOD in mice cerebral cortex were 
measured in both activity and mRNA levels. In 
general, HFD modestly suppressed these anti-
oxidant enzymes activities compared with NC 
groups, and Cyp1b1 deficiency displayed obvi-
ous higher antioxidant enzyme activities than 
WT-NC mice. In addition, cyp1b1 deficiency 
markedly reversed a significant decreased of 
GPx activity caused by HFD feeding (Figure 4D).

HFD feeding resulted in a significant decrease 
in GPx1, PHGPx and SOD, mRNA expression in 
WT mice, while knocking down Cyp1b1 mark-
edly increased GPx1, and PHGPx mRNA levels 
in both NC and HFD groups when compared to 
WT mice (Figure 4E). 

Oxidative stress is responsible for redox regula-
tion involving not only reactive oxygen species 

(ROS) but also reactive nitrogen species (RNS)
[26]. Nitric oxide (NO), is a reactive free radical 
produced by three isoforms of NO synthase in 
brain. Therefore, brain NO synthases (NOS)-
endothelial (eNOS), inducible (iNOS) and neuro-
nal (nNOS) were measured. HFD significantly 
decreased brain eNOS mRNA, whereas in- 
creased brain iNOS and nNOS mRNA expres-
sions (Figure 4F). Cyp1b1 deletion reverse the 
HFD effects on eNOS, iNOS and nNOS mRNA 
levels. Furthermore, Cyp1b1 deficient mice 
brain had highest eNOS protein levels; with 
HFD feeding, the eNOS protein levels became 
comparable between KO and WT groups (Figure 
4G). 

CYP1B1 deficiency reduces Aβ accumulation 
in DG region of hippocampus caused by HFD

Previous study found that HFD stimulates the 
expressions of APP, BACE1 and Aβ production 

Figure 3. Expression of Brain-derived neurotrophic factor (BDNF) in mice cerebral cortex. A. Brain tissue from Cy-
p1b1 deficient mice fed with NC had higher BDNF mRNA expression. B. Representative Western blots of BDNF, and 
quantified data show that BDNF protein levels are higher in KO mice fed with NC than in other groups. C and D. 
Cyp1b1 deficient mice had higher levels of activity-regulated cytoskeletal protein (ARC) and Reelin when compared 
with their counterparts. *Significantly different from WT-NC, #Significantly different from WT-HFD, P<0.05.
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Figure 4. Cyp1b1 deficiency decreased oxidative stress and increased anti-oxidant capacity caused by HFD. A. 
HFD significantly increased malondialdehyde (MDA) levels and Cyp1b1 deletion suppressed such effect. B. 4-HNE 
expression decreased in KO mice compared to WT mice. C. Representative Western blots of 4-hydroxynonenal (4-
HNE). D. Effect of Cyp1b1 deficiency on antioxidants GPx1, PHGPx and SOD mRNA expression in mice cerebral cor-
tex (β-actin as reference). E. Cyp1b1 deficiency enhanced catalase (CAT), glutathione peroxidase (GPx) and super-
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[30]. Existed findings suggest that oxidative 
stress is upstream of Aβ in AD and that Aβ 
might be generated as a compensatory re- 
sponse in neurons attempting to attenuate oxi-
dative stress [31]. Our observation indicated 
that HFD resulted in significant Aβ deposition in 
hippocampus of WT mice brains. Cyp1b1 defi-
ciency did not altered Aβ accumulation in NC 
groups, but did alleviate it in DG region of hip-
pocampus in HFD groups (Figure 5).

CYP1B1 deficiency rescued brain Nrf2 signal-
ing damage in HFD-fed mice

Nuclear factor-erythroid-2 related factor 2 
(Nrf2) is an essential transcription factor ma- 
intaining homeostasis in redox systems in- 
cluding antioxidant agents and phase II detoxi-
fying protect against ROS elicited tissue dam-
age. We found that HFD consumption decreas- 
ed Nrf2 content in cytoplasm (Figure 6A, 6B), 
and accompanied by markedly increased Nrf2 
target genes, including antioxidant heme oxy-
genase 1 (HO-1) and detoxifying agents NAD- 
PH dehydrogenase (quinone 1) 1 (NQO-1), sug-
gesting activation of Nrf2 (Figure 6C). Cyp1b1 
deletion partially inhibited Nrf2 activation, and 
such effects might attribute to its lower oxida-
tive stress and higher antioxidant enzymes 
(GPx and SOD) levels. 

Discussion

We provide evidence that CYP1B1 plays an 
important role in the HFD-associated cognitive 
deficits and oxidative damage in animal experi-
ment. In this study, both KO mice and WT mice 
were given HFD (60% calories from fat), and 
their cognitive performance and brain oxidative 
stress were evaluated. Spatial learning and 
memory assessed by Morris water maze show 
that HFD did cause the detrimental cognitive 
performance, which is consistent with the doc-
umented relationship between obesity and cog-
nitive impairment [32]. Whereas Cyp1b1 defi-
cient mice perform better than WT mice with 
shorter escape latency and longer time spent in 
target quadrant. Compared to WT mice, Cyp1b1 

deficient mice achieved greater proficiency in 
locating the hidden platform and employed 
spatial search strategy earlier with greater 
accuracy. 

In agreement with previous reports [33], HFD 
consumption was associated with significant 
decreases in brain BDNF. However, KO-NC mice 
had the most abundant BDNF expression in 
cerebral cortex (Figure 3), which is in accor-
dance with the excellent cognitive performance 
(Figure 2). However, compare with WT-HFD 
mice, better spatial learning and memory per-
formance in KO-HFD group could not be 
explained by BDNF expression. Synaptic plas-
ticity here might play more important role in 
cognitive function because the upregulation of 
ARC and Reelin levels by Cyp1b1 deficiency in 
both NC and HFD groups. 

MDA level is not only reflect the extent of lipid 
peroxidation but also oxidative susceptibility of 
high- and low-density lipoproteins in serum 
[34]. Park’s group found that HFD increased 
the level of MDA and decreased BDNF expres-
sion. The high level of MDA reduced the growth 
of neural progenitor cells (NPCs), BDNF treat-
ment restored NPCs proliferation impaired by 
HFD [34]. Our MDA findings support previous 
studies that there is a negative correlation 
between cognitive function and oxidative dam-
age [35]. We found that 4-HNE level were con-
sistent with the MDA changes, suggesting that 
CYP1B1 may be a key trigger in HFD-induced 
oxidation resistance. 

SOD functions as one of the primary enzymatic 
antioxidant defenses against superoxide radi-
cals, and increases in SOD enzyme activity cor-
responds with enhanced resistance to oxida-
tive stress [36]. GPx is another antioxidant 
enzyme with a much greater affinity for hydro-
gen peroxide than catalase. Enhanced expres-
sion/activity of the endogenous antioxidant 
enzymes SOD and GPx has been commonly 
used as relevant indices of brain oxidative 
stress [37]. A decrease in the activity of any of 
these enzymes would lead to cellular death, 
which is one of the major characteristics of 

oxide dismutase (SOD) levels in mice cerebral cortex. F. Cyp1b1 deficiency modulates eNOS, iNOS and eNOS mRNA 
expression in mice cerebral cortex. G. Representative Western blots of eNOS, and Quantified data. One unit of  
CAT activity = 1 μmol hydrogen peroxide catalyzed per minute. One unit of GPx activity = 1 nmol NADPH oxidized per 
minute. One unit of SOD is defined as the amount of the enzyme in 20 μl of sample solution that inhibits the reduc-
tion reaction of WST-1 with superoxide anion by 50%. β-actin is loading control for mRNA detection. GAPDH is load-
ing control for protein detection. *Significantly different from WT-NC, #Significantly different from WT-HFD, P<0.05.
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Alzheimer’s disease in the cerebral cortex [38]. 
We found Cyp1b1 deficiency significantly ele-
vated GPx1, PHGPx mRNA expression and SOD 
activity in cerebral cortex in both NC and HFD 
groups when comparing to their counterparts, 
suggesting that improved antioxidant defense 
by Cyp1b1 deletion might contribute to their 
lower oxidative stress and better cognitive 
performance.

The bioavailability of nitric oxide (NO) can be 
affected by metabolism including increases in 
the generation of ROS [39]. Consistent with 
Tang’s results, Cyp1b1 deletion dramatically 
decreased brain eNOS expression in HFD-fed 
mice compared with WT ones [40], but not in 
NC-fed mice. It’s documented that inactivation 

upregulated BDNF. Furthermore, curcumin, 
exerting its anti-tumor activity by modulating 
cytochrome P450 function, was found to re- 
duce Aβ1-42 protein accumulation in brain of 
mice [47].

Nrf2 is a transcription factor that plays an 
important role in defending against oxidative 
stress induced damage. Nrf2 expression was 
significantly decreased in transgenic AD mice 
[48]. HFD consumption increased hippocam-
pus oxidative stress and damaged cognitive 
function, which were correlated with decreased 
Nrf2 signaling [24]. In the other spectrum of 
story, the activation of Nrf2/HO-1 pathway 
attenuated Aβ neurotoxicity [49], and sup-
pressed Aβ induced oxidative stress in a cellu-

Figure 5. Cyp1b1 deficiency protect HFD induced Aβ deposition. A. Represen-
tative low magnification images of Aβ staining in hippocampus. B. Quantified 
data showed that HFD induced Aβ accumulation and Cyp1b1 deficiency re-
versed such effect in DG region of hippocampus. *Significantly different from 
WT-NC, #Significantly different from WT-HFD, P<0.05.

of eNOS under oxidative 
stress results in decreased 
NO bioavailabilit [41], which  
is an effective anti-oxidant 
through the reaction with 
superoxide to form peroxyni-
trite [42]. Downregulations of 
iNOS and nNOS expression 
were observed in Cyp1b1 defi-
cient mice with HFD. iNOS 
contributes to lipid peroxida-
tion injuries in the intermit-
tent hypoxia model [43]. NO 
produced by iNOS and nNOS 
has been implicated in brain 
damage, while by eNOS is 
known to be neuroprotective 
because of its vasodilative 
effects [44]. 

Previous study found that oxi-
dative stress is upstream of 
Aβ in AD [31]. Sustained HFD 
over the entire lifespan result-
ed in impaired perivascular 
clearance of Aβ from brain 
[45]. Our observation indicat-
ed that Aβ accumulation did 
not altered by Cyp1b1 dele-
tion in NC groups, but did alle-
viate it in DG region of hippo-
campus in HFD feeding gro- 
ups. BDNF treatment reduc- 
ed production of toxic Aβ via 
enhancing a-secretase [46], 
less Aβ deposition in KO-HFD 
group might be due to the  
fact that Cyp1b1 deficiency 
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lar model of AD [50]. Our 24 weeks of feed- 
ing study indicated that HFD produced signifi-
cant oxidative stress, while Cyp1b1 deletion 
provided a compensatory response including 
Nrf2 activation and its target genes expression 
which ameliorates the impact of oxidative 
stress. 

In conclusion, the current data demonstrated 
that mice with 24 weeks of HFD consumption 
displayed cognitive impairment, and this effect 
was associated with an increased oxidative 
damage within the brain. However, Cyp1b1 defi-
ciency was effective in ameliorating memory 
deficits and reducing HFD-induced brain oxida-
tive stress, as evidenced by better performan- 
ce in Morris Water Maze, downregulation of 
lipid peroxidation and Aβ accumulation, eleva-
tion of antioxidant enzymes levels. Nrf2 activa-
tion might be the key pathway Cyp1b1 exerts 
its protection, however, further studies are 
required to confirm such relationship by apply-
ing Nrf2 inhibitor.
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