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Abstract
Aims: Excessive	influx	of	manganese	(Mn)	into	the	brain	across	the	blood–brain	bar-
rier	induces	neurodegeneration.	CYP1B1	is	involved	in	the	metabolism	of	arachidonic	
acid	 (AA)	 that	affects	vascular	homeostasis.	We	aimed	 to	 investigate	 the	effect	of	
brain	CYP1B1	on	Mn-	induced	neurotoxicity.
Method: Brain Mn concentrations and α- synuclein accumulation were measured 
in	wild-	type	and	CYP1B1	knockout	mice	 treated	with	MnCl2	 (30 mg/kg)	and	biotin	
(0.2 g/kg)	 for	 21	 continuous	 days.	 Tight	 junctions	 and	 oxidative	 stress	 were	 ana-
lyzed	in	hCMEC/D3	and	SH-	SY5Y	cells	after	the	treatment	with	MnCl2	(200 μM)	and	
CYP1B1-	derived	AA	metabolites	(HETEs	and	EETs).
Results: Mn	exposure	inhibited	brain	CYP1B1,	and	CYP1B1	deficiency	increased	brain	
Mn concentrations and accelerated α-	synuclein	deposition	in	the	striatum.	CYP1B1	
deficiency	disrupted	the	integrity	of	the	blood–brain	barrier	(BBB)	and	increased	the	
ratio	of	3,	4-	dihydroxyphenylacetic	acid	(DOPAC)	to	dopamine	in	the	striatum.	HETEs	
attenuated Mn- induced inhibition of tight junctions by activating PPARγ in endothe-
lial	cells.	Additionally,	EETs	attenuated	Mn-	induced	up-	regulation	of	the	KLF/MAO-	B	
axis	and	down-	regulation	of	NRF2	in	neuronal	cells.	Biotin	up-	regulated	brain	CYP1B1	
and reduced Mn- induced neurotoxicity in mice.
Conclusions: Brain	CYP1B1	plays	a	critical	role	in	both	cerebrovascular	and	dopamine	
homeostasis, which might serve as a novel therapeutic target for the prevention of 
Mn- induced neurotoxicity.
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1  |  INTRODUC TION

Inhalation	of	manganese	(Mn)	fumes	or	dust	has	been	recognized	
as a huge concern in occupational and environmental health. Mn is 
an indispensable trace metal for brain development, but excessive 
Mn deposition in the brain results in neurological disorders (e.g., 
Parkinsonism).1 The divalent Mn has been shown to induce the 
liquid- to- solid phase transition of α- synuclein and facilitate the ag-
gregation of amyloid.2 The high accumulation of Mn was observed 
in the striatum, globus pallidus, ventral pallidum, and substantia 
nigra in mice intravenously injected with MnCl2·4H2O.3 The clear-
ance of Mn from the brain is very slow, and the half- lives range 
from	51	to	74 days	in	various	regions.4 The temporary disruption 
of	 the	 blood–brain	 barrier	 (BBB)	 by	 ultrasound	 or	 hyperosmotic	
mannitol effectively increased the entrance of Mn into rodent 
brains.5–7 Previous data indicated that one or more transporters 
could be involved in the uptake of Mn in the brain, while divalent 
Mn may also diffuse into the brain as an ionic or as a nonspecific 
binding type.8

The	 cytochrome	 P450	 (CYP)	 superfamily	 primarily	 located	 in	
the endoplasmic reticulum and mitochondrial membrane plays an 
important role in the synthesis and metabolism of endogenous and 
exogenous	 substances.	 The	 metabolites	 of	 arachidonic	 acid	 (AA)	
catalyzed	by	cytochrome	P450	 (CYP)	play	a	key	 role	 in	cardiovas-
cular	biology,	especially	hydroxyeicosatetraenoic	acids	(HETEs)	and	
epoxyeicosatrienoic	acids	(EETs).9	CYP1B1,	an	extrahepatic	isoform,	
has been shown to be involved in AA metabolism in both the cortex 
and the cerebellum.10	CYP1B1	 is	 abundant	 in	brain	microvascular,	
accounting	 for	77%	of	 all	CYP	 isoforms	expressed	 in	brain	micro-
vascular.11,12 β- catenin signaling is crucial for the development and 
maintenance of cerebral blood vessels,13	while	CYP1B1	was	signifi-
cantly decreased in endothelial cells with β- catenin deficiency.14 
However,	 the	 involvement	of	brain	CYP1B1	 in	 toxin-	induced	neu-
rotoxicity	 remains	 unclear.	 We	 investigated	 the	 involvement	 of	
CYP1B1	 in	 Mn-	induced	 neurotoxicity	 in	 mice.	 The	 present	 study	
adds	to	the	current	knowledge	on	the	influence	of	brain	CYP1B1	in	
toxin- induced neurotoxicity.

2  |  METHODS

2.1  |  Animals and treatment

Male	 adult	 CYP1B1	 knockout	 mice	 kindly	 provided	 by	 Dr.	 Frank	
J.	 Gonzalez,15	 and	 their	 wild-	type	 counterparts	 (C57BL/6J)	 were	
bred	 at	 the	Centre	 for	Animal	 Experiments	 Laboratory	 of	Wuhan	
University.	The	mice	were	genotyped	using	DNA	samples	extracted	
from	the	tails.	All	the	animals	were	kept	in	a	room	(22 ± 2°C)	under	a	
12 h	artificial	light/dark	cycle	with	free	access	to	food	and	water.	All	
procedures	were	approved	by	the	Animal	Care	Committee	of	Wuhan	
University.

Male adult mice were intranasally instilled with MnCl2	 (2 μL, 
30 mg/kg)	 or	 distilled	water	 for	 21	 continuous	 days	 as	 previously	

described.16,17 To investigate the effects of biotin on Mn- induced 
neurotoxicity, mice were intragastrically administrated with biotin 
(0.2 g/kg)	or	vehicle	following	Mn	treatment	for	30 min.

2.2  |  Flame atomic absorption spectrophotometry

Animals	were	sacrificed	by	decapitation	2 h	after	the	last	treatment	
and the brains were perfused with saline to remove blood. The 
sample	was	mixed	with	2 mL	of	concentrated	nitric	acid	and	0.5 mL	
of	30%	hydrogen	peroxide	and	then	heated	in	an	oil	bath	at	140°C.	
After	the	evaporation	of	acid,	the	samples	were	diluted	to	10 mL	
with ultrapure water. A high- resolution continuum source atomic 
absorption	spectrometer	(contrAA700)	was	used	as	an	instrumen-
tal detection system with a Xenon short- arc lamp and air/acetylene 
burner head.18,19	The	wavelength	used	for	Mn	was	279.5 nm.

2.3  |  Behavioral experiment

The open- field test is used to assess the general activity of mice. 
Each	mouse	was	placed	in	the	center	of	the	arena	(42 × 42 × 30 cm,	
AccuScan	 Instruments),	and	was	allowed	to	move	freely.	The	total	
distance	traveled	within	5 min	was	recorded	using	the	SMART	video	
tracking system.20

The rotarod test is used to evaluate the motor balance and 
coordination of mice. The mice were trained for three consecu-
tive	days,	and	the	rotating	speed	was	increased	from	4	to	40 rpm	
for	3 min	training	sessions.	In	the	final	experiment,	the	mice	were	
placed on the rod, and their falling time was recorded within 
10 min.	The	experiment	was	repeated	three	times	for	each	mouse	
with	 a	 minimum	 interval	 of	 30 min,	 and	 the	mean	 duration	 was	
used as the result.

2.4  |  In vivo multiphoton microscopy assay

Male	mice	(5-		and	12-	month	old)	were	anesthetized	by	the	intra-
peritoneal	injection	(50 mg/kg)	with	sodium	pentobarbital	and	then	
were	secured	in	a	stereotaxic	frame	(RWD	Life	science,	Shenzhen,	
China).	A	6 mm	in	diameter	cranial	window	over	the	parietal	cor-
tex was made by a cranial drill,21 and the skull was removed while 
keeping	the	dural	integrity.	Imaging	was	completed	within	40 min	
as previously described, and no significant inflammation or gliosis 
was observed.22	FITC-	dextran	(70 kDa,	sigma,	0.2 mL	of	10 mg/kg)	
was injected via the tail vein, and the images were captured by 
an	A1SiMP	multiphoton	microscope.	Multiphoton	z-	stack	images	
were	taken	from	the	depth	of	50 μm below the cortical brain sur-
face	to	500 μm	with	an	interval	of	2 μm between each acquisition. 
The	 cortical	 microvascular	 length	 (diameter <6 μm)	 in	 diameter	
was	 determined	 within	 the	 240 × 240 × 10 μm field by a blinded 
investigator	 using	 the	 Image	 J	 software	 (National	 Institutes	 of	
Health,	 Bethesda,	 MD,	 USA).	 The	 average	 capillary	 length	 was	
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calculated from 12 images per mouse, and three mice per group 
were analyzed.

2.5  |  Immunofluorescence

Brain sections were incubated with a primary antibody overnight 
at	 4°C	 after	 blocking.	 The	 primary	 antibodies	 were	 as	 follows:	
a monoclonal mouse anti- mouse α-	synuclein	 antibody	 (1:400);	
a polyclonal rabbit anti- mouse tyrosine hydroxylase antibody 
(1:500);	 a	 polyclonal	 rabbit	 anti-	mouse	 ZO-	1	 antibody	 (1:400),	

a	 monoclonal	 rabbit	 anti-	mouse	 Fibrin	 antibody	 (1:200),	 and	 a	
monoclonal	 mouse	 anti-	human	 CD31	 antibody	 (1:200).	 As	 sec-
ondary antibodies, a rhodamine- conjugated AffiniPure Goat anti- 
rabbit	IgG	for	tyrosine	hydroxylase	(1:100)	and	a	Cy3-	conjugated	
AffiniPure Donkey anti- mouse IgG for α-	synuclein	 (1:100)	were	
used.	Images	were	analyzed	with	an	Olympus	BX	51	fluorescence	
microscope	 (Olympus	Corporation,	Tokyo,	 Japan)	equipped	with	
an	 Olympus	 Micro	 DP	 72	 camera.	 The	 identical	 settings	 were	
used	for	each	image	dataset.	We	used	Image	J	(National	Institutes	
of	Health,	Bethesda,	MD,	USA)	to	calculate	the	integrated	option	
density	(IOD).

F I G U R E  1 Mn-	induced	neurotoxicity	is	exacerbated	by	CYP1B1	deficiency.	(A)	Relative	mRNA	levels	of	CYP1B1	and	genes	related	
to	tight	junctions	(ZO-	1,	OCLN,	and	CLDN1)	in	the	striatum	treated	with	Mn	(n = 5).	(B)	Relative	mRNA	levels	of	CYP1B1	in	hCMEC/D3	
cells treated with Mn (n = 3).	(C)	Relative	mRNA	levels	of	CYP1B1	in	SH-	SY5Y	cells	treated	with	Mn	(n = 3).	(D)	Brain	Mn	concentration	in	
2-	month-	old	wild-	type	mice	intranasally	exposed	to	Mn	for	21 days	(n = 5).	(E)	Brain	Mn	concentration	in	2-	month-	old	CYP1B1	knockout	
mice	intranasally	exposed	to	Mn	for	21 days	(n = 5).	(F)	The	total	distance	traveled	within	5 min	in	the	open-	field	test	(n = 8).	(G)	Time	spent	
on the rotarod in rotarod test (n = 8).	(H)	Representative	images	of	α-	synuclein	(green)	and	tyrosine	hydroxylase-	positive	(TH)	neurons	
(red)	in	the	substantia	nigra	(n = 3).	Data	in	(B)	and	(C)	are	shown	as	the	mean ± SEM;	data	in	all	other	panels	are	shown	as	the	mean ± SD.	
An	unpaired	two-	tailed	Student's	t- test was used to compare the means between two groups, and one- way ANOVA followed by the least 
significant	difference	(LSD)	was	used	to	identify	the	differences	among	four	groups;	*p < 0.05,	**p < 0.01,	***p < 0.001.
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2.6  |  Real- time RT- PCR

Total RNA from the cells or brain regions was extracted using 
TRIzol	 Reagent	 (Invitrogen,	 CA,	 USA)	 in	 accordance	 with	 the	
manufacturer's	 protocol.	 cDNA	 was	 synthesized	 with	 a	 cDNA	
Synthesis	 Kit	 (Toyobo,	 Osaka,	 Japan)	 for	 first-	strand	 synthesis.	
The	real-	time	RT-	PCR	reactions	with	SYBR	Green	(Toyobo,	Osaka,	
Japan)	were	 performed	 using	 a	 CFX	 connect	 real-	time	 PCR	 de-
tection	 system	 (Bio-	Rad,	 Hercules,	 CA,	 USA).	 The	 primers	 and	
PCR conditions are listed in Table S1. The relative expression 
levels	were	normalized	by	GAPDH	and	were	calculated	using	the	
2−△△Ct method.

2.7  |  UPLC- MS/MS analysis

All	 of	 the	 eicosanoid	 standards	 including	 HETEs,	 EETs,	 and	
dihydroxy-	eicosatrienoic	 acids	 (DHETs)	 were	 purchased	 from	
Cayman	 Chemical	 (Arbor,	 MI,	 USA).	 AA	 metabolites	 in	 the	 stria-
tum were detected as previously described.23 Briefly, samples 
were homogenized and extracted with an extraction solvent con-
taining 2,6- di- tert- butyl- 4- methylphenol and formic acid. The 
stable	isotope	probes,	2-	dimethylaminoethylamine	(DMED)	and	d4-	
DMED	were	added	for	derivatization.	A	Shimadzu	LC-	30 AD	UPLC	
(Tokyo,	Japan)	equipped	with	an	Acquity	UPLC	BEH	phenyl	column	
(2.1 mm × 50 mm,	 1.7 m,	Waters)	 was	 used	 for	 UPLS	 analysis.	 The	
separation	was	performed	with	the	mobile	phase	consisting	of	 (A)	
FA	in	water	(0.1%,	v/v)	and	(B)	ACN/MeOH	(7/3,	v/v).	An	ABI/SCIEX	
4500	Triple	Quad™	equipped	with	a	Turbo	V	ion	source	was	used	for	
mass	spectrometry	analysis.	Samples	were	detected	using	multiple	
reaction monitoring mode.

2.8  |  Cell culture and treatment

The human cerebral microvascular endothelial cell line (hCMEC/
D3)	was	cultured	 in	DMEM/F12	medium.	Human	neuroblastoma	
SH-	SY5Y	cells	were	maintained	 in	 the	DMEM	medium.	The	cells	
were treated with MnCl2	 (200 μM),	 5-	HETE	 (1 μM),	 15-	HETE	
(1 μM),	 12-	(3-	adamantan-	1-	yl-	ureido)-	dodecanoic	 acid	 (AUDA)	
(1 μM),	 and	 14,15-	EET	 (1 μM).	 For	 the	 co-	treatment,	 MnCl2 and 
AA metabolites were added into the medium without fetal bo-
vine	 serum	 at	 the	 same	 time,	 and	 AUDA	was	 administrated	 1 h	
before	 14,15-	EET	 and	MnCl2. To investigate the effects of bio-
tin	on	KLF11	and	MAO-	B,	SH-	SY5Y	cells	were	treated	with	biotin	
(40 μM)	or	vehicle	for	24 h.

2.9  |  Transient transfection and luciferase assay

The	fragments	encoding	CYP1B1	and	KLF11	were	cloned	 into	the	
pcDNA3.1 (+)	vector.	The	fragment	encoding	PPARγ was cloned into 
the	 pSG5	 vector.	 The	 luciferase	 reporter	 PPAR	 response	 element	
(PPRE)	X3-	TK-	Luc	was	obtained	from	Addgene	(Watertown,	MA).	All	
the constructs were verified by DNA- sequence analysis. To investi-
gate	the	regulation	of	tight	junctions	by	CYP1B1,	hCMEC/D3	cells	
were	transiently	transfected	with	CYP1B1	or	PPARγ expression vec-
tor	for	24 h.	To	investigate	the	regulation	of	MAO-	B	by	CYP1B1,	SH-	
SY5Y	cells	were	transiently	transfected	with	the	CYP1B1	or	KLF11	
expression	vector	for	24 h.	The	respective	empty	vectors	were	used	
as the control.

To	 investigate	 the	 effects	 of	 HETEs	 on	 PPARγ transcriptional 
activity,	hCMEC/D3	cells	were	treated	with	5-	HETE	(1 μM)	and	15-	
HETE	(1 μM)	following	co-	transfection	with	PPRE	luciferase	reporter	
and PPARγ	 expression	vector	 for	24 h.	The	 luciferase	 activity	was	
determined using the Dual- Luciferase Reporter Assay kit (Promega, 
Madison,	WI,	USA),	and	the	firefly	luciferase	activity	was	normalized	
to the Renilla luciferase activity.

2.10  |  Statistical analysis

Relative mRNA and protein levels were expressed as arbitrary 
units.	Age-		and	sex-	matched	wild-	type	and	CYP1B1	knockout	mice	
were assigned to groups without randomization. The cellular data 
were obtained from at least three independent cell preparations. 
The	data	from	in	vivo	experiments	are	shown	as	the	mean ± SD,	and	
the	data	from	in	vitro	experiments	are	shown	as	the	mean ± SEM.	
The	Shapiro–Wilk	test	was	used	to	test	normality.	The	differences	
between the two treatment groups were tested with an unpaired 
two-	tailed	Student's	t- test. The differences among the groups were 
analyzed by one- way ANOVA followed by the least significant dif-
ference	(LSD)	test	for	equal	variances	or	Tamhane's	T2	for	unequal	
variances. Differences with p < 0.05	were	considered	significant.

3  |  RESULTS

3.1  |  CYP1B1 deficiency accelerates Mn 
accumulation in brain tissue and aggravates 
Mn- induced damage to dopaminergic neurons

The	 mRNA	 levels	 of	 CYP1B1	 and	 tight	 junction	 proteins	 (ZO-	1,	
OCLN,	and	CLDN1)	were	reduced	in	the	striatum	from	the	wild-	type	

F I G U R E  2 Changes	in	brain	microcirculation	and	tight	junctions	of	BBB	in	CYP1B1	knockout	mice.	(A)	Representative	in	vivo	multiphoton	
microscopy	analysis	of	FITC-	dextran	(70 kDa)	in	the	parietal	cortex	from	5-		and	12-		month-	old	mice	(n = 4).	(B)	Representative	images	of	
fibrin	(green)	and	CD31-	positive	microvessels	(red)	in	the	parietal	cortex	from	12-	month-	old	mice	(n = 4).	(C)	Co-	localization	analysis	of	ZO-	1	
proteins	(green)	and	CD31-	positive	microvessels	(red)	in	the	cortex	(CX)	and	striatum	(ST)	from	12-	month-	old	mice	(n = 4).	(D)	Relative	mRNA	
levels	of	ZO-	1,	CLDN1,	and	OCLN	in	the	ST	from	2-	month-	old	mice	(n = 5).	All	data	are	shown	as	the	mean ± SD.	An	unpaired	two-	tailed	
Student's	t- test;	*p < 0.05,	***p < 0.001.
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mice exposed to Mn, compared with the control (Figure 1A).	Given	
that	CYP1B1	is	highly	expressed	in	brain	microvessels	and	neuronal	
cells,	we	observed	the	effects	of	Mn	exposure	on	CYP1B1	levels	in	
endothelial and neuronal cells, respectively. Mn exposure reduced 
mRNA	levels	of	CYP1B1	in	both	endothelial	hCMEC/D3	cells	and	
neuroblastoma	SH-	SY5Y	cells	 (Figure 1B,C).	We	found	that	wild-	
type mice had increased Mn concentrations in whole brain tissue 
after intranasal Mn exposure (Figure 1D).	 Compared	 with	 wild-	
type	mice,	CYP1B1	 knockout	mice	 showed	 an	 accelerated	 accu-
mulation of Mn in brain tissue after Mn exposure (Figure 1E),	which	
may	be	owing	to	the	increased	BBB	permeability	by	CYP1B1	defi-
ciency. The data from the open- field test and rotarod test revealed 
that Mn exposure reduced the locomotor activity and motor bal-
ance capability in wild- type mice (Figure 1F,G).	CYP1B1	knockout	
mice had a shortened total distance and duration on rotarod after 
Mn	exposure	compared	with	the	control,	 indicating	that	CYP1B1	
deficiency exacerbated motor disorders. The accumulation of α- 
synuclein in dopaminergic neurons was observed in the substantia 
nigra	 from	wild-	type	mice	 after	Mn	exposure,	 and	CYP1B1	defi-
ciency aggravated the accumulation of α- synuclein (Figure 1H).

3.2  |  CYP1B1 deficiency drives the 
reduction of brain microcirculation and disruption of 
tight junctions

The in vivo images have shown that the length of microvessels in 
the	 parietal	 cortex	was	 reduced	 in	CYP1B1	 knockout	mice	 at	 the	
age	of	5	and	12 months,	compared	with	wild-	type	mice	(Figure 2A).	
The	 extravasation	 of	 70 kDa	 FITC-	dextran	 in	 the	 parietal	 cortex	
was observed in 12- month- old Cyp1b1−/− mice (Figure 2A),	 indicat-
ing the disruption of BBB. The increase in co- localization of vascu-
lar marker CD31 and fibrin confirmed BBB disruption in the cortex 
from 12- month- old Cyp1b1−/− mice (Figure 2B).	 Compared	 with	
wild- type mice, the reduced levels of tight junction protein ZO- 1 
were observed in microvessels of both the cortex and the striatum 
from 12- month- old Cyp1b1−/− mice (Figure 2C);	 additionally,	 the	
mRNA	 levels	of	 tight	 junction	proteins	 (ZO-	1,	OCLN,	 and	CLDN1)	
were decreased in the striatum from 2- month- old Cyp1b1−/− mice 
(Figure 2D).	 The	data	 suggest	 that	 brain	CYP1B1	may	 affect	BBB	
structure and permeability.

3.3  |  CYP1B1- derived HETEs attenuate 
Mn- induced inhibition of tight junctions via the 
activation of PPARγ in endothelial cells

Unsurprisingly,	mRNA	levels	of	tight	junction	proteins	(ZO-	1,	OCLN,	
and	CLDN1)	were	 increased	 in	hCMEC/D3	cells	by	CYP1B1	over-
expression, compared with the control (Figure 3A).	 A	 previous	
study has shown that PPARγ agonists strengthen tight junctions of 
human nasal epithelial cells.24	 CYP1B1	 overexpression	 increased	
PPARγ mRNA levels in hCMEC/D3 cells, compared with the control 
(Figure 3B).	 Additionally,	 PPARγ overexpression up- regulated the 
mRNA levels of tight junction proteins (Figure 3C).	The	data	suggest	
the involvement of PPARγ in the regulation of BBB permeability by 
CYP1B1.

We	observed	 the	 effect	 of	 endogenous	metabolites	 on	 tight	
junctions	 in	 endothelial	 cells.	 The	major	 HETEs	 generated	 from	
AA	in	the	striatum	from	the	wild-	type	mice	included	5-	HETE,	11-	
HETE,	 12-	HETE,	 and	 15-	HETE	 (Figure 3D).	 CYP1B1	 deficiency	
resulted	 in	decreases	 in	most	HETEs	 in	 the	striatum	 (Figure 3E).	
The mRNA levels of PPARγ and tight junctions were increased in 
hCMEC/D3	 cells	 treated	 with	 CYP1B1-	derived	 AA	 metabolites,	
5-	HETE	 and	 15-	HETE,	 compared	 with	 the	 control	 (Figure 3F);	
meanwhile,	 5-	HETE	 and	 15-	HETE	 enhanced	 the	 transcriptional	
activity of PPARγ in these cells (Figure 3G).	The	data	suggest	that	
CYP1B1-	derived	HETEs	may	be	involved	in	the	regulation	of	tight	
junctions in the brain.

We	also	observed	the	effect	of	CYP1B1-	derived	metabolites	on	
Mn- induced inhibition of tight junctions. The Mn- induced reduc-
tion of PPARγ and genes related to tight junctions was attenuated 
by	5-	HETE	and	15-	HETE	(Figure 3H–K).	The	data	suggest	that	up-	
regulation	 of	 brain	CYP1B1	may	 attenuate	 the	 disruption	 of	 tight	
junctions by Mn exposure.

3.4  |  CYP1B1 deficiency aggravates Mn- induced 
oxidative stress

Previous data have shown that oxidative stress played a critical role 
in Mn- induced neurotoxicity.25	We	found	that	reactive	oxygen	spe-
cies	(ROS)	levels	were	increased	in	the	striatum	from	Cyp1b1−/− mice, 
compared with the control (Figure 4A).

F I G U R E  3 CYP1B1-	derived	HETEs	attenuate	Mn-	induced	inhibition	of	tight	junctions	in	endothelial	cells.	(A)	Relative	mRNA	levels	
of	genes	related	to	tight	junctions	(ZO-	1,	OCLN,	and	CLDN1)	in	hCMEC/D3	cells	transfected	with	the	CYP1B1	expression	vector	(n = 3).	
(B)	Relative	PPARγ	mRNA	level	in	hCMEC/D3	cells	transfected	with	the	CYP1B1	expression	vector	(n = 3).	(C)	Relative	mRNA	levels	of	
genes related to tight junctions in hCMEC/D3 cells transfected with PPARγ expression vector (n = 3).	(D)	The	concentrations	of	HETEs	in	
the striatum from the wild- type mice (n = 3).	(E)	Changes	in	the	concentrations	of	HETEs	in	the	striatum	from	Cyp1b1−/− mice relative to 
the wild- type mice (n = 3).	(F)	Relative	mRNA	levels	of	PPARγ	and	genes	related	to	tight	junctions	in	hCMEC/D3	cells	exposed	to	HETEs	
(n = 3).	(G)	The	luciferase	activity	in	hCMEC/D3	cells	transfected	with	the	PPRE	luciferase	reporter	vector.	Basal	activity	levels	measured	
in cells transfected with the empty vector were set to 1 (n = 3).	(H-	K)	Relative	mRNA	level	of	PPARγ and genes related to tight junctions in 
hCMEC/D3	cells	exposed	to	Mn	and	HETEs	(n = 3).	Data	in	(D)	and	(E)	are	shown	as	the	mean ± SD;	data	in	all	other	panels	are	shown	as	the	
mean ± SEM.	Data	in	(A),	(B),	(C),	and	(E)	were	analyzed	using	an	unpaired	two-	tailed	Student's	t-	test;	data	in	(F),	(J),	and	(K)	were	analyzed	
using	one-	way	ANOVA	followed	by	the	least	significant	difference	(LSD);	data	in	(G),	(H),	and	(I)	were	analyzed	using	one-	way	ANOVA	
followed	by	Tamhane's	T2;	**p < 0.01,	***p < 0.001.
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Monoamine	 oxidase	 B	 (MAO-	B)	 and	 catechol-	O-	
methyltransferase	 (COMT)	 are	 the	 main	 enzymes	 responsible	 for	
dopamine metabolism in the brain. The degradation of dopamine by 

MAO-	B	 is	 accompanied	by	ROS	production.	A	previous	 study	has	
shown that the transgenic mice with the specific elevation of astro-
cytic MAO- B levels were more sensitive to toxin- induced damage 
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to dopaminergic neurons due to the increased mitochondrial oxida-
tive stress.26	We	found	that	the	ratio	of	3,4-	dihydroxyphenylacetic	
acid	 (DOPAC)	 to	 dopamine	 was	 increased	 in	 the	 striatum	 from	

Cyp1b1−/− mice, compared with the control (Figure 4B).	 However,	
the	 ratio	 of	 homovanillic	 acid	 (HVA)	 to	 dopamine	was	 unchanged	
by	 CYP1B1	 deficiency	 (Figure 4C).	 The	 mRNA	 and	 protein	 levels	

F I G U R E  4 CYP1B1	deficiency	exacerbates	oxidative	stress	after	Mn	exposure.	(A)	Changes	in	ROS	levels	in	the	striatum	from	Cyp1b1−/− 
mice relative to the wild- type mice (n = 4).	(B)	The	ratio	of	3,4-	dihydroxyphenylacetic	acid	(DOPAC)	to	dopamine	in	the	striatum	(n = 8).	(C)	
The	ratio	of	homovanillic	acid	(HVA)	to	dopamine	in	the	striatum	(n = 8).	(D)	Relative	mRNA	levels	of	MAO-	A,	MAO-	B,	and	COMT	in	the	
striatum (n = 4).	(E)	Representative	images	of	MAO-	B	(red)	in	the	striatum	(n = 3).	(F-	I)	Relative	mRNA	levels	of	genes	related	to	mitochondrial	
oxidative	defense	including	NRF2,	SOD1,	CAT,	and	GPX1	in	the	striatum	(n = 5).	All	data	are	shown	as	the	mean ± SD.	Data	in	(A),	(B),	(C),	(D),	
and	(E)	were	analyzed	using	an	unpaired	two-	tailed	Student's	t-	test;	data	in	(F),	(H),	and	(I)	were	analyzed	using	one-	way	ANOVA	followed	
by	the	least	significant	difference	(LSD);	data	in	(G)	were	analyzed	using	one-	way	ANOVA	followed	by	Tamhane's	T2;	*p < 0.05,	**p < 0.01,	
***p < 0.001.

F I G U R E  5 CYP1B1-	derived	EETs	attenuate	Mn-	induced	oxidative	stress	in	neuronal	cells.	(A)	Relative	MAO-	B	mRNA	level	in	SH-	SY5Y	
cells	transfected	with	the	CYP1B1	expression	vector	(n = 3).	(B)	Relative	NRF2	mRNA	level	in	SH-	SY5Y	cells	transfected	with	the	CYP1B1	
expression vector (n = 3).	(C)	Relative	KLF11	mRNA	level	in	the	striatum	(n = 4).	(D)	Relative	KLF11	mRNA	level	in	SH-	SY5Y	cells	transfected	
with	the	CYP1B1	expression	vector	(n = 3).	(E)	Relative	MAO-	B	mRNA	level	in	SH-	SY5Y	cells	transfected	with	the	KLF11	expression	vector	
(n = 3).	(F-	G)	The	concentrations	of	EETs	and	DHETs	in	the	striatum	from	the	wild-	type	mice	(n = 3).	(H-	I)	Changes	in	the	concentrations	of	
EETs	and	DHETs	in	the	striatum	from	Cyp1b1−/− mice relative to the wild- type mice (n = 3).	(J-	M)	Relative	mRNA	levels	of	KLF11,	MAO-	B,	
and	NRF2	in	SH-	SY5Y	cells	exposed	to	Mn,	14,15-	EETs,	and/or	AUDA.	(n = 3).	Data	in	(F),	(G),	(H),	and	(I)	are	shown	as	the	mean ± SD;	data	in	
all	other	panels	are	shown	as	the	mean ± SEM.	Data	in	(A),	(B),	(C),	(D),	(E),	(H),	and	(I)	were	analyzed	using	an	unpaired	two-	tailed	Student's	
t-	test;	data	in	(J),	(K),	and	(L)	were	analyzed	using	one-	way	ANOVA	followed	by	Tamhane's	T2;	**p < 0.01,	***p < 0.001.
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F I G U R E  6 Biotin	protects	against	Mn-	
induced damage to dopaminergic neurons 
in	2-	month-	old	mice.	(A)	Relative	mRNA	
levels	of	CYP1B1,	KLF11,	and	MAO-	B	
in	SH-	SY5Y	cells	treated	with	biotin.	(B)	
Relative	mRNA	levels	of	CYP1B1,	KLF11,	
and MAO- B in the striatum treated with 
biotin (n = 5).	(C)	Brain	Mn	concentration	
in mice intranasally exposed to Mn for 
21 days	(n = 5).	(D)	The	total	distance	
traveled	within	5 min	in	the	open-	field	
test (n = 8).	(E)	Time	spent	on	the	rotarod	
in rotarod test (n = 8).	(F)	Representative	
images of α-	synuclein	(green)	and	tyrosine	
hydroxylase-	positive	(TH)	neurons	(red)	
in	the	substantia	nigra	(SN)	(n = 3).	(G-	I)	
Representative images of PPARγ, NRF2, 
and MAO- B proteins in the striatum 
(ST)	(n = 3).	Data	in	(A)	are	shown	as	the	
mean ± SEM;	data	in	all	other	panels	are	
shown	as	the	mean ± SD.	An	unpaired	
two-	tailed	Student's	t- test was used to 
compare the means between two groups, 
and one- way ANOVA followed by the 
least	significant	difference	(LSD)	was	used	
to identify the differences among three 
groups;	*p < 0.05,	**p < 0.01,	***p < 0.001.
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of MAO- B were up- regulated in the striatum from Cyp1b1−/− mice 
compared with the control, while no changes in MAO- A, and COMT 
were observed (Figure 4D,E).

A previous study has shown that Mn preferentially enters into 
mitochondria.27	Nuclear	factor	erythroid	2-	related	factor	2	(NRF2)	is	
essential	for	mitochondrial	ROS	homeostasis	by	binding	to	the	antioxi-
dant	response	element	(ARE)	of	oxidative	defense	genes.28 The mRNA 
levels	of	NRF2	and	its	target	genes	(SOD1,	CAT,	and	GPX1)	in	the	stri-
atum	from	Mn-	treated	wild-	type	mice	were	decreased,	and	CYP1B1	
deficiency aggravated the reduction of these genes (Figure 4F–I).

3.5  |  CYP1B1- derived EETs attenuate Mn- induced 
up- regulation of the KLF/MAO- B axis and 
down- regulation of NRF2 in neuronal cells

The	MAO-	B	mRNA	levels	were	decreased	by	CYP1B1	overexpres-
sion	in	SH-	SY5Y	cells,	compared	with	the	control	(Figure 5A);	addi-
tionally,	CYP1B1	overexpression	markedly	up-	regulated	the	NRF2	
mRNA levels (Figure 5B).	A	previous	study	has	shown	the	activation	
of	 the	MAO-	B	 promoter	 by	KLF11	 (TIEG2)	 in	 neuronal	 cells.29 A 
positive	correlation	between	KLF11	and	MAO-	B	after	ethanol	ex-
posure	was	found	in	both	human	neuroblastoma	SH-	SY5Y	cells	and	
rat brains.30,31	We	found	the	up-	regulation	of	KLF11	in	the	striatum	
from Cyp1b1−/− mice (Figure 5C),	while	the	transcription	factors	in-
cluding	SP1,	SP3,	EGR1,	KLF11,	HIF1α,	JUN,	KLF7,	FOXC1,	PAX6,	
RAR,	RXR,	USF1,	AP4,	and	YY1	that	are	reported	or	predicted	to	
be involved in the regulation of MAO- B were unchanged (data not 
shown).	 CYP1B1	 overexpression	 reduced	 KLF11	mRNA	 levels	 in	
SH-	SY5Y	cells,	compared	with	the	control	(Figure 5D);	meanwhile,	
KLF11	overexpression	increased	MAO-	B	mRNA	levels	(Figure 5E).

EETs from the AA metabolizing pathway have been shown to 
protect mitochondrial from oxidative stress damage and improve 
function.9	EETs	are	further	metabolized	to	less	active	DHETs	by	sol-
uble epoxide hydrolase, which regulates the intracellular levels of 
the	EETs.	The	concentration	of	14,15-	EET	was	highest	among	EET	
metabolites in the striatum from the wild- type mice (Figure 5F).	
CYP1B1	deficiency	resulted	in	decreases	in	both	EETs	and	DHETs	in	
the striatum (Figure 5G).

The	elevation	of	KLF11	and	MAO-	B	mRNA	levels	by	Mn	expo-
sure was observed in neuronal cells; however, the up- regulation of 
KLF11	and	MAO-	B	by	Mn	was	attenuated	by	14,15-	EETs	and	 the	
soluble	epoxide	hydrolase	 inhibitor	AUDA	(Figure 5H,I).	The	NRF2	
mRNA levels were reduced by Mn exposure in neuronal cells; how-
ever,	 the	 inhibition	of	NRF2	by	Mn	was	attenuated	by	14,15-	EETs	
and	AUDA	(Figure 5J).

3.6  |  Biotin attenuates Mn- induced dopaminergic 
damage via up- regulation of CYP1B1

Biotin is a water- soluble vitamin that serves as a cofactor for enzymes 
involved in carboxylation reactions and may regulate protein levels 

through non- classical ways such as biotinylation of histones and trig-
gering	 signal	 transduction.	 Biotin	 markedly	 up-	regulated	 CYP1B1	
mRNA levels compared with the control, and down- regulated the 
mRNA	levels	of	KLF11	and	MAO-	B	(Figure 6A).	Consistent	with	cel-
lular	data,	the	increase	in	CYP1B1	mRNA	levels	and	the	decreases	
in	KLF11	and	MAO-	B	levels	were	also	observed	in	the	striatum	after	
biotin treatment (Figure 6B).	Mn	concentrations	in	the	whole	brain	
tissue from the mice co- treated with Mn and biotin were lower than 
those of the mice exposed to Mn alone (Figure 6C);	meanwhile,	the	
reduced locomotor activity and motor balance capability by Mn ex-
posure were attenuated in mice co- treated with biotin (Figure 6D,E).	
The Mn- induced accumulation of α- synuclein was decreased in the 
striatum from the mice co- treated with biotin compared with the 
mice treated with Mn alone (Figure 6F).	 Mn	 exposure	 decreased	
the protein levels of PPARγ and NRF2 in the striatum; however, the 
mice co- treated with Mn and biotin had higher levels of these pro-
teins compared with Mn treatment alone (Figure 6G,H).	Additionally,	
the induction of MAO- B protein by Mn was decreased in mice co- 
treated with biotin (Figure 6I).

4  |  DISCUSSION

The present study provides direct evidence that Mn inhibits brain 
CYP1B1	and	that	CYP1B1	deficiency	exacerbates	Mn-	induced	neu-
rotoxicity.	CYP1B1	deficiency	accelerates	Mn	accumulation	in	brain	
tissue and aggravates the damage to dopaminergic neurons. Brain 
CYP1B1	deficiency	results	in	the	disruption	of	BBB	integrity	and	oxi-
dative stress in the striatum. Our data firstly demonstrate that biotin 
attenuates Mn- induced neurotoxicity in mice, which may be owing 
to the improvement of BBB hyperpermeability and oxidative stress 
by	the	up-	regulation	of	CYP1B1.

Excessive Mn exposure reduced BBB tight junctions in mice. 
BBB disruption and reduction in cerebral blood flow were found 
in	rats	 intraperitoneally	 injected	with	Mn	nanoparticles	 (30–40 nm	
size).32	The	interplay	between	brain	CYP1B1	and	Mn	may	result	in	
a sustained increase in BBB permeability. BBB disruption has been 
observed	 in	 both	 patients	 with	 Parkinson's	 disease	 and	 MPTP-	
induced animal model.33,34 Previous studies have shown that a dose- 
dependent decrease in β- catenin- positive cells in rat striatum by Mn 
exposure,35 and Cyp1b1 was one of the most prominent genes dif-
ferentially expressed in β- catenin- deficient endothelial cells.14 The 
inhibition	of	CYP1B1	by	Mn	might	be	due	 to	 the	down-	regulation	
of β- catenin signaling. The BBB permeability was increased in mice 
after	 subcutaneous	 injection	 with	 CYP1B1	 inhibitor,	 but	 the	 per-
meability of kidney vessels was unchanged.14	 CYP1B1	 deficiency	
impaired capillary morphogenesis in the retinal endothelial cells.36 
Our	data	suggest	that	CYP1B1	deficiency	reduced	the	length	of	mi-
crovessels and BBB integrity within the brain.

Biotin treatment reduced Mn accumulation in brain tissue during 
excessive Mn exposure, which may be due to the reduction of BBB 
permeability	 via	 the	 up-	regulation	 of	 CYP1B1.	 The	 induction	 of	
brain	CYP1B1	by	biotin	is	consistent	with	the	previous	finding	that	
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biotin	 increased	 CYP1B1	 mRNA	 levels	 in	 human	 lymphocytes.37 
Compared	 with	 the	 pretreatment,	 CYP1B1	 ranked	 fourth	 among	
139	up-	regulated	genes	in	peripheral	blood	mononuclear	cells	from	
healthy adults after biotin supplementation.38

CYP1B1-	mediated	 endogenous	 metabolites	 reduced	 Mn-	
induced	damage	to	BBB	and	oxidative	overstress.	CYP1B1-	derived	
HETEs	 from	 AA	 attenuated	Mn-	induced	 down-	regulation	 of	 tight	
junctions via the enhancement of PPARγ transcriptional activity in 
endothelial cells. PPARγ overexpression in hCMEC/D3 cells mark-
edly	 reduced	 HIV-	induced	 hyperpermeability	 via	 up-	regulation	 of	
tight junction proteins.39

Brain	 CYP1B1	 is	 responsible	 for	 approximately	 45%	 of	 14,15-	
EET production in the striatum, as indicated by the data from 
CYP1B1	knockout	mice.	We	found	that	EETs	might	be	 involved	 in	
the	regulation	of	dopaminergic	homeostasis	via	the	KLF11/MAO-	B	
axis.	 The	up-	regulation	of	MAO-	B	by	CYP1B1	deficiency	 resulted	
in increases in the transformation of DOPAC from dopamine in the 
striatum.	14,15-	EET	improved	Mn-	induced	mitochondrial	oxidative	
stress, possibly due to the anti- oxidative effect via the up- regulation 
of	NRF2	or	the	decreased	ROS	levels	via	the	inhibition	of	MAO-	B.	
EETs have been documented as neuroprotective substrates against 
ischemic brain damage, neural pain, and inflammation.40 Biotin treat-
ment attenuated Mn- induced up- regulation of MAO- B and down- 
regulation of NRF2 in mice.

5  |  CONCLUSIONS

Brain	CYP1B1	 affects	 blood–brain	 barrier	 integrity	 and	 dopamine	
homeostasis,	 and	 CYP1B1-	derived	 AA	metabolites	 attenuate	Mn-	
induced disruption of tight junctions and oxidative stress. Our data 
suggest that biotin may attenuate Mn- induced neurotoxicity by up- 
regulation	of	brain	CYP1B1,	and	that	brain	CYP1B1	may	serve	as	a	
novel target for the prevention of neurotoxicity induced by exog-
enous substances.

AUTHOR CONTRIBUTIONS
Juan	Wu,	Yuerang	Li,	Shuwei	Tian,	Shufang	Na,	and	Jiang	Yue	de-
signed	the	research.	Juan	Wu,	Yuerang	Li,	Shuwei	Tian,	Shufang	
Na,	Hongyan	Wei,	Yafei	Yang,	Zixia	Shen,	Jiayue	Ding,	Shenglan	
Bao,	Siqi	Liu,	Lingyun	Li,	and	Rongling	Feng	performed	the	exper-
iments.	Juan	Wu,	Yuerang	Li,	Shuwei	Tian,	Shufang	Na,	Hongyan	
Wei,	Yafei	Wu,	Yong	Zhu,	Chunyan	He,	and	Jiang	Yue	analyzed	
the	data.	Jiang	Yue	wrote	the	article.	All	 the	authors	have	read	
and	approved	the	final	manuscript.	Juan	Wu,	Yuerang	Li,	Shuwei	
Tian,	Shufang	Na,	and	Hongyan	Wei	contributed	equally	to	this	
work.

ACKNOWLEDG MENTS
This	study	was	supported	by	the	National	Natural	Science	Foundation	
of	 China	 (No.	 81173122	 and	 81673503)	 and	 the	Medical	 Science	
Advancement	 Program	 (Clinical	 Medicine)	 of	 Wuhan	 University	
(Grant	No.	TFLC	2018003).

CONFLIC T OF INTERE S T S TATEMENT
The authors declare no conflicts of interest.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Jiang Yue  https://orcid.org/0000-0001-8906-1253 

R E FE R E N C E S
 1. Burton NC, Guilarte TR. Manganese neurotoxicity: lessons learned 

from longitudinal studies in nonhuman primates. Environ Health 
Perspect.	2009;117:325-	332.	doi:10.1289/ehp.0800035

	 2.	 Xu	B,	Huang	S,	Liu	Y,	et	al.	Manganese	promotes	alpha-	synuclein	
amyloid aggregation through the induction of protein phase 
transition. J Biol Chem.	 2022;298:101469.	 doi:10.1016/j.
jbc.2021.101469

	 3.	 Bock	 NA,	 Paiva	 FF,	 Nascimento	 GC,	 Newman	 JD,	 Silva	 AC.	
Cerebrospinal fluid to brain transport of manganese in a non- 
human primate revealed by mri. Brain Res.	 2008;1198:160-	170.	
doi:10.1016/j.brainres.2007.12.065

	 4.	 Takeda	 A,	 Sawashita	 J,	 Okada	 S.	 Biological	 half-	lives	 of	 zinc	
and manganese in rat brain. Brain Res.	 1995;695:53-	58.	
doi:10.1016/0006-	8993(95)00916-	e

	 5.	 Lu	H,	Xi	ZX,	Gitajn	L,	Rea	W,	Yang	Y,	Stein	EA.	Cocaine-	induced	
brain activation detected by dynamic manganese- enhanced 
magnetic	 resonance	 imaging	 (MEMRI).	 Proc Natl Acad Sci USA. 
2007;104:2489-	2494.	doi:10.1073/pnas.0606983104

	 6.	 Weng	 JC,	 Chen	 JH,	 Yang	 PF,	 Tseng	 WY.	 Functional	 mapping	
of rat barrel activation following whisker stimulation using 
activity- induced manganese- dependent contrast. NeuroImage. 
2007;36:1179-	1188.	doi:10.1016/j.neuroimage.2007.04.010

	 7.	 Howles	 GP,	 Qi	 Y,	 Rosenzweig	 SJ,	 Nightingale	 KR,	 Johnson	 GA.	
Functional neuroimaging using ultrasonic blood- brain barrier dis-
ruption and manganese- enhanced mri. J Vis Exp.	 2012;65:e4055.	
doi:10.3791/4055

 8. Aschner M. The transport of manganese across the blood- brain barrier. 
Neurotoxicology.	2006;27:311-	314.	doi:10.1016/j.neuro.2005.09.002

	 9.	 Wang	B,	Wu	L,	Chen	J,	et	al.	Metabolism	pathways	of	arachidonic	
acids: mechanisms and potential therapeutic targets. Signal Transduct 
Target Ther.	2021;6:94.	doi:10.1038/s41392-	020-	00443-	w

	10.	 Yu	X,	Wu	J,	Hu	M,	et	al.	Glutamate	affects	the	cyp1b1-		and	cyp2u1-	
mediated hydroxylation of arachidonic acid metabolism via astro-
cytic	 mglu5	 receptor.	 Int J Biochem Cell Biol.	 2019;110:111-	121.	
doi:10.1016/j.biocel.2019.03.001

	11.	 Dauchy	 S,	 Dutheil	 F,	 Weaver	 RJ,	 et	 al.	 Abc	 transporters,	 cyto-
chromes	p450	and	their	main	transcription	factors:	expression	at	
the human blood- brain barrier. J Neurochem.	2008;107:1518-	1528.	
doi:10.1111/j.1471-	4159.2008.05720.x

	12.	 Shawahna	 R,	 Uchida	 Y,	 Decleves	 X,	 Ohtsuki	 S,	 Yousif	 S,	 et	 al.	
Transcriptomic and quantitative proteomic analysis of transporters 
and drug metabolizing enzymes in freshly isolated human brain mi-
crovessels. Mol Pharm. 2011;8:1332- 1341. doi:10.1021/mp200129p

	13.	 Daneman	R,	Agalliu	D,	Zhou	L,	Kuhnert	F,	Kuo	CJ,	Barres	BA.	Wnt/
beta-	catenin	signaling	is	required	for	CNS,	but	not	non-	CNS,	angio-
genesis. Proc Natl Acad Sci USA.	 2009;106:641-	646.	doi:10.1073/
pnas.0805165106

	14.	 Ziegler	 N,	 Awwad	 K,	 Fisslthaler	 B,	 et	 al.	 Beta-	catenin	 is	 re-
quired for endothelial cyp1b1 regulation influencing metabolic 
barrier function. J Neurosci.	 2016;36:8921-	8935.	 doi:10.1523/
JNEUROSCI.0148-	16.2016

https://orcid.org/0000-0001-8906-1253
https://orcid.org/0000-0001-8906-1253
https://doi.org//10.1289/ehp.0800035
https://doi.org//10.1016/j.jbc.2021.101469
https://doi.org//10.1016/j.jbc.2021.101469
https://doi.org//10.1016/j.brainres.2007.12.065
https://doi.org//10.1016/0006-8993(95)00916-e
https://doi.org//10.1073/pnas.0606983104
https://doi.org//10.1016/j.neuroimage.2007.04.010
https://doi.org//10.3791/4055
https://doi.org//10.1016/j.neuro.2005.09.002
https://doi.org//10.1038/s41392-020-00443-w
https://doi.org//10.1016/j.biocel.2019.03.001
https://doi.org//10.1111/j.1471-4159.2008.05720.x
https://doi.org//10.1021/mp200129p
https://doi.org//10.1073/pnas.0805165106
https://doi.org//10.1073/pnas.0805165106
https://doi.org//10.1523/JNEUROSCI.0148-16.2016
https://doi.org//10.1523/JNEUROSCI.0148-16.2016


    |  13 of 13WU et al.

	15.	 Li	 F,	 Jiang	 C,	 Larsen	 MC,	 et	 al.	 Lipidomics	 reveals	 a	 link	 be-
tween cyp1b1 and scd1 in promoting obesity. J Proteome Res. 
2014;13:2679-	2687.	doi:10.1021/pr500145n

	16.	 Johnson	 J	 Jr,	 Pajarillo	 E,	 Karki	 P,	 et	 al.	 Valproic	 acid	 attenu-
ates manganese- induced reduction in expression of glt- 1 and 
glast with concomitant changes in murine dopaminergic neu-
rotoxicity. Neurotoxicology.	 2018;67:112-	120.	 doi:10.1016/j.
neuro.2018.05.001

	17.	 Kornblith	 ES,	 Casey	 SL,	 Lobdell	 DT,	 Colledge	 MA,	 Bowler	 RM.	
Environmental exposure to manganese in air: tremor, motor and 
cognitive symptom profiles. Neurotoxicology.	 2018;64:152-	158.	
doi:10.1016/j.neuro.2017.09.012

	18.	 Jeníková	E,	Nováková	E,	Hraníček	J,	Musil	S.	Ultra-	sensitive	spe-
ciation analysis of tellurium by manganese and iron assisted photo-
chemical vapor generation coupled to icp- ms/ms. Anal Chim Acta. 
2022;1201:339634.	doi:10.1016/j.aca.2022.339634

	19.	 Frentiu	T,	Ponta	M,	Hategan	R.	Validation	of	an	analytical	method	
based on the high- resolution continuum source flame atomic ab-
sorption spectrometry for the fast- sequential determination of 
several hazardous/priority hazardous metals in soil. Chem Cent J. 
2013;7:43.	doi:10.1186/1752-	153x-	7-	43

	20.	 Zhang	 F,	 Li	 J,	 Na	 S,	 et	 al.	 The	 involvement	 of	 ppars	 in	 the	
selective regulation of brain cyp2d by growth hormone. 
Neuroscience.	 2018;379:115-	125.	 doi:10.1016/j.neuroscience. 
2018.03.009

	21.	 Meyer-	Luehmann	M,	Spires-	Jones	TL,	Prada	C,	et	al.	Rapid	appear-
ance and local toxicity of amyloid- beta plaques in a mouse model 
of	 alzheimer's	 disease.	 Nature.	 2008;451:720-	724.	 doi:10.1038/
nature06616

	22.	 Bell	RD,	Winkler	EA,	Sagare	AP,	et	al.	Pericytes	control	key	neu-
rovascular functions and neuronal phenotype in the adult brain 
and during brain aging. Neuron.	 2010;68:409-	427.	 doi:10.1016/j.
neuron.2010.09.043

	23.	 Zhu	QF,	Hao	YH,	Liu	MZ,	et	al.	Analysis	of	cytochrome	p450	me-
tabolites of arachidonic acid by stable isotope probe labeling cou-
pled with ultra high- performance liquid chromatography/mass 
spectrometry. J Chromatogr A.	2015;1410:154-	163.	doi:10.1016/j.
chroma.2015.07.100

	24.	 Ogasawara	N,	Kojima	T,	Go	M,	et	al.	Ppargamma	agonists	upreg-
ulate the barrier function of tight junctions via a pkc pathway in 
human nasal epithelial cells. Pharmacol Res.	 2010;61:489-	498.	
doi:10.1016/j.phrs.2010.03.002

	25.	 Sidoryk-	Wegrzynowicz	M,	Aschner	M.	Role	of	astrocytes	in	manga-
nese mediated neurotoxicity. BMC Pharmacol Toxicol. 2013;14:23. 
doi:10.1186/2050-	6511-	14-	23

	26.	 Mallajosyula	 JK,	 Kaur	 D,	 Chinta	 SJ,	 et	 al.	 Mao-	b	 elevation	 in	
mouse	brain	astrocytes	results	in	parkinson's	pathology.	PLoS One. 
2008;3:e1616. doi:10.1371/journal.pone.0001616

	27.	 Gavin	CE,	Gunter	KK,	Gunter	 TE.	Manganese	 and	 calcium	efflux	
kinetics in brain mitochondria. Relevance to manganese toxicity. 
Biochem J.	1990;266:329-	334.	doi:10.1042/bj2660329

	28.	 Ma	 Q.	 Role	 of	 nrf2	 in	 oxidative	 stress	 and	 toxicity.	 Annu 
Rev Pharmacol Toxicol.	 2013;53:401-	426.	 doi:10.1146/
annurev- pharmtox- 011112- 140320

	29.	 Ou	XM,	Chen	K,	Shih	JC.	Dual	 functions	of	 transcription	factors,	
transforming	 growth	 factor-	beta-	inducible	 early	 gene	 (TIEG)2	
and	Sp3,	are	mediated	by	CACCC	element	and	Sp1	sites	of	human	
monoamine	oxidase	(MAO)	B	gene.	J Biol Chem.	2004;279:21021-	
21028. doi:10.1074/jbc.M312638200

	30.	 Lu	D,	Johnson	C,	Johnson	S,	Tazik	S,	Ou	XM.	The	neuroprotective	
effect of antidepressant drug via inhibition of TIEG2- MAO B medi-
ated cell death. Drug Discov Ther.	2008;2:289-	295.

	31.	 Ou	XM,	Johnson	C,	Lu	D,	et	al.	Ethanol	increases	TIEG2-	MAO	B	cell	
death cascade in the prefrontal cortex of ethanol- preferring rats. 
Neurotox Res.	2011;19:511-	518.	doi:10.1007/s12640-	010-	9164-	4

	32.	 Sharma	A,	Feng	L,	Muresanu	DF,	Sahib	S,	Tian	ZR,	et	al.	Manganese	
nanoparticles induce blood- brain barrier disruption, cerebral 
blood flow reduction, edema formation and brain pathology as-
sociated with cognitive and motor dysfunctions. Prog Brain Res. 
2021;265:385-	406.	doi:10.1016/bs.pbr.2021.06.015

	33.	 Chao	YX,	He	BP,	 Tay	 SS.	Mesenchymal	 stem	 cell	 transplantation	
attenuates blood brain barrier damage and neuroinflammation 
and protects dopaminergic neurons against MPTP toxicity in the 
substantia	nigra	in	a	model	of	parkinson's	disease.	J Neuroimmunol. 
2009;216:39-	50.	doi:10.1016/j.jneuroim.2009.09.003

	34.	 Al-	Bachari	 S,	 Naish	 JH,	 Parker	 GJM,	 Emsley	 HCA,	 Parkes	 LM.	
Blood-	brain	 barrier	 leakage	 is	 increased	 in	 parkinson's	 disease.	
Front Physiol.	2020;11:593026.	doi:10.3389/fphys.2020.593026

	35.	 Jiang	J,	Shi	S,	Zhou	Q,	et	al.	Downregulation	of	the	Wnt/beta-	catenin	
signaling pathway is involved in manganese- induced neurotoxicity 
in rat striatum and PC12 cells. J Neurosci Res.	 2014;92:783-	794.	
doi:10.1002/jnr.23352

	36.	 Tang	Y,	Scheef	EA,	Wang	S,	et	al.	Cyp1b1	expression	promotes	the	
proangiogenic phenotype of endothelium through decreased intra-
cellular oxidative stress and thrombospondin- 2 expression. Blood. 
2009;113:744-	754.	doi:10.1182/blood-	2008-	03-	145219

	37.	 Rodriguez-	Melendez	R,	Griffin	JB,	Zempleni	J.	Biotin	supplemen-
tation	 increases	expression	of	 the	cytochrome	P450	1B1	gene	 in	
Jurkat	 cells,	 increasing	 the	 occurrence	 of	 single-	stranded	 DNA	
breaks. J Nutr. 2004;134:2222- 2228. doi:10.1093/jn/134.9.2222

	38.	 Wiedmann	S,	Rodriguez-	Melendez	R,	Ortega-	Cuellar	D,	Zempleni	
J.	Clusters	 of	 biotin-	responsive	 genes	 in	 human	peripheral	 blood	
mononuclear cells. J Nutr Biochem.	2004;15:433-	439.	doi:10.1016/j.
jnutbio.2004.02.005

	39.	 Huang	W,	 Eum	 SY,	 Andras	 IE,	 Hennig	 B,	 Toborek	 M.	 Pparalpha	
and ppargamma attenuate hiv- induced dysregulation of tight 
junction proteins by modulations of matrix metalloproteinase and 
proteasome activities. FASEB J.	2009;23:1596-	1606.	doi:10.1096/
fj.08- 121624

	40.	 Iliff	JJ,	Jia	J,	Nelson	J,	Goyagi	T,	Klaus	J,	Alkayed	NJ.	Epoxyeicosanoid	
signaling	 in	 CNS	 function	 and	 disease.	 Prostaglandins Other Lipid 
Mediat.	2010;91:68-	84.	doi:10.1016/j.prostaglandins.2009.06.004

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting	Information	section	at	the	end	of	this	article.

How to cite this article: Wu	J,	Li	Y,	Tian	S,	et	al.	CYP1B1	
affects	the	integrity	of	the	blood–brain	barrier	and	oxidative	
stress in the striatum: An investigation of manganese- 
induced neurotoxicity. CNS Neurosci Ther. 2024;30:e14633. 
doi:10.1111/cns.14633

https://doi.org//10.1021/pr500145n
https://doi.org//10.1016/j.neuro.2018.05.001
https://doi.org//10.1016/j.neuro.2018.05.001
https://doi.org//10.1016/j.neuro.2017.09.012
https://doi.org//10.1016/j.aca.2022.339634
https://doi.org//10.1186/1752-153x-7-43
https://doi.org//10.1016/j.neuroscience.2018.03.009
https://doi.org//10.1016/j.neuroscience.2018.03.009
https://doi.org//10.1038/nature06616
https://doi.org//10.1038/nature06616
https://doi.org//10.1016/j.neuron.2010.09.043
https://doi.org//10.1016/j.neuron.2010.09.043
https://doi.org//10.1016/j.chroma.2015.07.100
https://doi.org//10.1016/j.chroma.2015.07.100
https://doi.org//10.1016/j.phrs.2010.03.002
https://doi.org//10.1186/2050-6511-14-23
https://doi.org//10.1371/journal.pone.0001616
https://doi.org//10.1042/bj2660329
https://doi.org//10.1146/annurev-pharmtox-011112-140320
https://doi.org//10.1146/annurev-pharmtox-011112-140320
https://doi.org//10.1074/jbc.M312638200
https://doi.org//10.1007/s12640-010-9164-4
https://doi.org//10.1016/bs.pbr.2021.06.015
https://doi.org//10.1016/j.jneuroim.2009.09.003
https://doi.org//10.3389/fphys.2020.593026
https://doi.org//10.1002/jnr.23352
https://doi.org//10.1182/blood-2008-03-145219
https://doi.org//10.1093/jn/134.9.2222
https://doi.org//10.1016/j.jnutbio.2004.02.005
https://doi.org//10.1016/j.jnutbio.2004.02.005
https://doi.org//10.1096/fj.08-121624
https://doi.org//10.1096/fj.08-121624
https://doi.org//10.1016/j.prostaglandins.2009.06.004
https://doi.org/10.1111/cns.14633

	CYP1B1 affects the integrity of the blood–brain barrier and oxidative stress in the striatum: An investigation of manganese-induced neurotoxicity
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Animals and treatment
	2.2|Flame atomic absorption spectrophotometry
	2.3|Behavioral experiment
	2.4|In vivo multiphoton microscopy assay
	2.5|Immunofluorescence
	2.6|Real-time RT-PCR
	2.7|UPLC-MS/MS analysis
	2.8|Cell culture and treatment
	2.9|Transient transfection and luciferase assay
	2.10|Statistical analysis

	3|RESULTS
	3.1|CYP1B1 deficiency accelerates Mn accumulation in brain tissue and aggravates Mn-induced damage to dopaminergic neurons
	3.2|CYP1B1 deficiency drives the reduction of brain microcirculation and disruption of tight junctions
	3.3|CYP1B1-derived HETEs attenuate Mn-induced inhibition of tight junctions via the activation of PPARγ in endothelial cells
	3.4|CYP1B1 deficiency aggravates Mn-induced oxidative stress
	3.5|CYP1B1-derived EETs attenuate Mn-induced up-regulation of the KLF/MAO-B axis and down-regulation of NRF2 in neuronal cells
	3.6|Biotin attenuates Mn-induced dopaminergic damage via up-regulation of CYP1B1

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


