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A B S T R A C T

The extrahepatic CYP enzymes, CYP1B1 and CYP2U1, have been predominantly found in both astrocytes and
brain microvessels. We investigated the alteration in the production of hydroxyeicosatetraenoic acids (HETEs)
from arachidonic acid (AA) mainly via CYP1B1 and CYP2U1 by glutamate. CYP1B1 and CYP2U1 mRNA levels
were dose-dependently induced by glutamate in human U251 glioma cells and hCMEC/D3 blood-brain barrier
cells. The increases in the CYP1B1 and CYP2U1 mRNA levels and the binding of CREB to CYP1B1 and CYP2U1
promoters following glutamate treatment were attenuated by mGlu5 receptor antagonist. The mRNA levels of
CYP1B1 and CYP2U1 were increased in the cortex, hippocampus, and cerebellum from adult rats that received a
subcutaneous injection of monosodium L-glutamate at 1, 3, 5, and 7 days of age; meanwhile, the protein levels of
CYP1B1 and CYP2U1 in the astrocytes were induced by glutamate. Glutamate treatment significantly increased
the production of 5-HETE, 8-HETE, 11-HETE, and 20-HETE in the cortex and cerebellum. These data suggested
that the neuron-astrocyte reciprocal signaling can change the CYP-mediated AA metabolism (e.g. EETs and
HETEs) in astrocytes via its specific receptor.

1. Introduction

Astrocytes have historically thought to be passive housekeeping
cells. Brain astrocytes in primary culture have been shown to metabo-
lize membrane phospholipids to produce arachidonic acid (AA) (Stella
et al., 1994a), which can be used to synthesize vasodilatory substances
such as prostaglandins and epoxyeicosatrienoic acids (EETs) within
astrocytes (Amruthesh et al., 1993; Alkayed et al., 1996c). The epox-
ygenase pathway has been confirmed in cultured rat hippocampal as-
trocyte homogenate (Amruthesh et al., 1993; Stella et al., 1994b;
Alkayed et al., 1996a). The generation of 20-hydroxyeicosatetraenoic
acid (20-HETE) was increased after incubation with AA using rat cer-
ebral vessel microsomes (Gebremedhin et al., 2000). The inhibition of

20-HETE synthesis ameliorated the reduction in cerebral blood flow
followed by cortical spreading depression or subarachnoid hemorrhage
in the rat (Kehl et al., 2002a). Furthermore, the inhibition of the
epoxygenase pathway of AA reduced cerebral blood flow in vivo
(Alkayed et al., 1996b). It was thus suggested that neuronal activation
may lead to the release of astrocyte-derived AA metabolites to affect the
functional neurovascular unit. David Attwell and Raymond C. Koehler
et al. hypothesize that blood flow in the brain is regulated by neuro-
transmitter-mediated signaling via the AA pathways (Koehler et al.,
2009; Attwell et al., 2010). Cytochrome P450 2C (CYP2C) and CYP4 A
have been shown as epoxygenase and ω-hydroxylase involved in the
production of EETs and HETEs from AA in heart, kidney, lung, and the
liver (El-Sherbeni et al., 2013). However, CYP2C and CYP4 A were
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present at lower levels or not observed in the human brain (Dutheil
et al., 2009a). Do the neurotransmitters released from the neurons
change AA epoxygenation and monooxygenation via astrocytic CYPs?

The previous study demonstrated that the main CYP isoforms pre-
sent in the human brain included CYP46A1, 2J2, 2U1, 1B1, 2E1 and
2D6 (Dutheil et al., 2009b, 2010). CYP1B1 and CYP2U1 were found in
the mitochondrial and microsomal fractions of astrocytes in the human
frontal lobe, hippocampus, substantia nigra and cerebellum. In freshly
isolated human brain microvessels, CYP1B1 and CYP2U1 were the only
quantifiable CYP isoforms from the 21 CYPs investigated (Shawahna
et al., 2011). The in vitro study reported that CYP1B1 preferentially
produced midchain HETEs, almost 55% of its total metabolites
(Choudhary et al., 2004). LC–MS analysis showed that CYP2U1 was
able to metabolize long chain fatty acids including the metabolism of
AA to 19- and 20-HETE (Chuang et al., 2004).

Glutamate is one of the most important neurotransmitters in the
central nervous system. Previous study has shown the direct respond of
the astrocytes to the glutamate released from synaptic terminals (Porter
and McCarthy, 1996). Astrocytes have been recognized to sense glu-
tamatergic synaptic activity over a large spatial domain. In the present
study, we investigated the regulatory mechanism of brain CYP1B1 and
CYP2U1 by glutamate and the changes in HETEs production in rat brain
regions. This work adds to the current knowledge on the regulation of
metabolic processes occurring in astrocytes by neurotransmitter-medi-
ated signaling, and the pivotal role of astrocytes in the neurovascular
unit.

2. Materials and methods

2.1. Animals and treatment

Adult Wistar rats (250–300 g) supplied by the Experimental Animal
Center (Hubei, China) were kept in a room under a controlled tem-
perature (22–25 °C), on a 12 h artificial light/dark cycle, with free ac-
cess to food and water. All animal care and experimental procedures
were approved by the Animal Care Committee of Wuhan University.
The studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving animals
(McGrath et al., 2010; Kilkenny et al., 2010). After a 2-week accom-
modation period in our facilities, the animals were bred by randomly
housing two females in a cage with one male rat. The litters were ad-
justed to 2 or 4 male pups per cage on the day of parturition. Age-
matched pups were randomly divided into the monosodium L-glutamate
group and the control group and subcutaneously injected with either
monosodium L-glutamate (4mg/g BW; Cat. 6106-04-3, Sigma-Aldrich,
St. Louis, MO, USA) or an equivalent amount of saline at 1, 3, 5, and 7
days of age. Cortical spreading depression (CSD) has been thought as an
excitability-related phenomenon, monosodium L-glutamate treatment
(4 mg/g) in the developing rat brain has been used to establish the
animal CSD model (Lima et al., 2013). Previous study has shown the
activation of mitogen-activated protein kinases (MAPK) signaling
pathway in rat hippocampus at 6˜72 h after the last injection of
monosodium L-glutamate (Ortuno-Sahagun et al., 2014). The rats were
weaned at 25 days of age and sacrificed at 10 weeks after the injection.
The brains were quickly removed, and the tissues for mRNA detection
were stored in RNAlater according to the manufacturer’s protocol
(Ambion, Austin, TX). The samples for LC–MS/MS analysis were im-
mediately frozen and stored at −80 °C.

2.2. Cell culture

Human glioma U251 cells (China Centre for Type Culture
Collection, CCTCC, Wuhan, China) were incubated with glutamate
(10–50 μM) for 24 h. The specific inhibitors of ERK (U0126, Cat. U120,
Sigma-Aldrich, St Louis, MO, USA), p38 (SB202190, Cat. S8307, Sigma-
Aldrich, St Louis, MO, USA), or JNK (SP600125, Cat. S5567, Sigma-

Aldrich, St Louis, MO, USA) were pre-treated the cells for 30min before
the incubation with glutamate. The specific inhibitors of PKA (H 89
2HCl, Cat. S1582, Selleckchem, Houston, TX, USA) and PKC (Ro
31–8220, Cat. S7207, Selleckchem, Houston, TX, USA) were pre-treated
the cells for 60min before the incubation with glutamate. U251 cells
were pre-treated with or without the selective mGluR5 antagonist, 2-
methyl-6-(phenylethynyl)-pyridine (MPEP), for 30min before the in-
cubation with glutamate.

The brain microvascular endothelial cell line hCMEC/D3 (Shanghai
Honsun Biological Technology Co., Ltd., China) has been wildly used as
a useful model of the human blood-brain barrier, which was derived
from human temporal lobe microvessels isolated from tissue excised
during surgery for control of epilepsy (Weksler et al., 2013). The
hCMEC/D3 cells were incubated with glutamate (10–50 μM) for 24 h.

The brains of neonatal (0–3 days) Wistar rats were isolated for the
primary astrocyte culture as previously described (Fenghong et al.,
2012). Briefly, the tissues were washed with ice-cold PBS for three
times and then digested with 0.25% (w/v) trypsin solution (pH 7.4).
The cells were transferred into DMEM with 10% (v/v) FBS containing
penicillin and streptomycin. The samples were filtered using mesh
screens and diluted to a final density of 1×106/ml. After seeding in the
culture dishes pre-coated with poly-D-lysine, the astrocytes were iso-
lated by differential adhesion method. The media was replaced every 3
days, and the oligodendrocytes were removed by shaking the dishes for
15 h on the day 12. The obtained primary astrocytes were grown for 5
days, and then re-plated in a culture dish for the identification.

2.3. Real-time RT-PCR

Total RNA was isolated using TRIzol reagent (Cat. 108952,
Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s pro-
tocol. cDNA was synthesized using a cDNA synthesis kit (TOYOBO,
Osaka, Japan) and the real-time PCR reactions with SYBR Green (Cat.
K1621, TOYOBO, Osaka, Japan) were performed on a CFX connect real-
time PCR detection system (Bio-Rad, Hercules, CA, USA). GAPDH was
used for the normalization of relative expression levels. Gene expres-
sion levels were calculated using the 2−ΔΔCT method relative to the
internal control. Primers are listed in Supplementary Table S1.

2.4. Immunoblotting

The total proteins (20 μg) from U251 cells were separated by SDS-
polyacrylamide gel electrophoresis (4% stacking and 10% separating
gels). The samples were transferred onto PVDF membranes and in-
cubated for 2 h with a polyclonal rabbit anti-human CYP1B1 (ab33586
1:1500, Abcam, Cambridge, MA, USA) or a polyclonal rabbit anti-
human CYP2U1 antibody (ab65128 1:1000, Abcam, Cambridge, MA,
USA). For normalization of protein levels, β-actin (sc-47778 1:1000,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used as a loading
control. The blots were then incubated with the peroxidase-conjugated
goat anti-rabbit antibody (Cat.12–348, 1:3000, Millipore, Billerica, MA,
USA) for 1 h. The blots were visualized using chemiluminescence fol-
lowed by exposure to autoradiography film (Kodak X-OMAT, Kodak,
Rochester, NY, USA) and digitalized using a CCD camera (Beijing Liuyi
Instruments, Beijing, China). The blots were analyzed using the MCID
Elite software (InterFocus Imaging Ltd., Linton, UK), and the baseline
density of each band was subtracted from the density peak.

2.5. Fluorescent immunocytochemistry

U251 cells were fixed with 4% paraformaldehyde for 20min, and
then permeabilized with 0.5% Triton X-100 for 10min. Fixed cells were
blocked with 3% fetal calf serum for 30min. The cells were incubated
with a monoclonal rabbit anti-human phospho-CREB (S133) antibody
(Cat. ab32096, 1:100, Abcam, Cambridge, UK) and a goat anti-mouse
alpha tubulin antibody (Cat. 66031-1-lg, 1:100, Proteintech Group,
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Chicago, IL, USA) overnight at 4 °C. The samples were then incubated
with a goat anti-rabbit fluorescein isothiocyanate for phospho-CREB
(Cat. AS1110, 1:100, Aspen Biotechnology, Wuhan, China) and a Cy3-
labeled goat anti-rat secondary antibody for alpha tubulin (Cat.
AS1111, 1:100, Aspen Biotechnology, Wuhan, China) in PBS for 1 h at
37 °C. Then the cells were washed twice in PBS and incubated with 4,6-
diamidino-2-phenylindole (DAPI) for 5min. The images were analyzed
under fluorescence microscopy (Olympus Corporation, Tokyo, Japan).
Identical illumination and camera settings were used within each data
set.

2.6. Chromatin immunoprecipitation (ChIP) assays

ChIP assays were performed using a kit (Epigentek Group Inc.,
Brooklyn, NY, USA) according to the manufacturer’s protocol. Briefly,

the cross-linked chromatin of the nuclear fractions was sheared by so-
nication to within a specific range of fragment lengths. Approximately
10% of the chromatin was retained as the input material. The chro-
matin solution was immunoprecipitated with an anti-CREB antibody or
a non-immune rabbit IgG as a negative control. The Transcription
Element Search Software (MatInspector; Genomatix) was employed to
identify putative transcription factor binding sites in the CYP1B1 and
CYP2U1 promoters. The immunoprecipitated DNA was retrieved and
then purified using a PCR cleanup kit (Axygen, USA). PCR was per-
formed with DNA isolated from both an aliquot of the total nuclear
extraction (input) and the immunoprecipitated complex. The number of
cycles used to amplify the PCR products (primers are listed in Table S1)
was within the linear range. Products were resolved on 2% agarose gel.
The band intensities were quantitated by the AutoChemi Imaging
System (UVP LLC, Upland, CA, USA).

Fig. 1. Glutamate induced CYP1B1 and CYP2U1 expression levels in vitro and in vivo. Glutamate increased CYP1B1 (A) and CYP2U1 (D) mRNA levels in a dose-
dependent manner after the treatment for 8 h in U251 cells. The initial increases in CYP1B1 (B) and CYP2U1 (E) mRNA levels were observed at 2 h after the glutamate
treatment (50 μM) in U251 cells. Compared with the control, the protein levels of CYP1B1 (C) and CYP2U1 (F) were increased in U251 cells treated with 50 μM of
glutamate for 24 h. The mRNA levels of CYP1B1 (G) and CYP2U1 (I) in primary astrocytes were dose-dependently up-regulated following glutamate exposure. The
maximal induction in CYP1B1 (H) and CYP2U1 (J) levels by glutamate (50 μM) were observed at 24 h in the astrocytes.The mRNA levels of CYP1B1 (K) and CYP2U1
(L) were dose-dependently increased after the glutamate treatment for 8 h in hCMEC/D3 cells. The mRNA levels of CYP1B1 (M) and CYP2U1 (N) were higher in the
frontal cortex (FC), hippocampus (HC), and cerebellum (CB) in rats treated with monosodium L-glutamate at 1, 3, 5, and 7 days of age. The data are mean ± S.D.;
n=3 per group; * p < 0.05, ** p < 0.01 and *** p<0.001 versus the respective control.
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2.7. Plasmid construction

The XhoI (Cat. ER0692, Thermo Scientific, Waltham, MA, USA)/
HindIII (Cat. ER0505, Thermo Scientific, Waltham, MA, USA) frag-
ments of the human CYP1B1 (corresponding to -1463 bp to -1927 bp)
and CYP2U1 (corresponding to -1690 bp to -1960 bp) promoter regions
were subcloned into the XhoI/HindIII-digested pGL4.11 vector
(Invitrogen, Carlsbad, CA, USA). The fragments encoding the CREB
were cloned into the pFLAG-CMV (-) vector (Invitrogen, Carlsbad, CA,
USA) following digestion with EcoRI (Cat. ER1921, Thermo Scientific,
Waltham, MA, USA)/BamHI (Cat. ER0505, Thermo Scientific,
Waltham, MA, USA). The forward primers for the deletion constructs of
the CYP1B1 and CYP2U1 promoters and the amplification of CREB are
listed in Supplementary Table S2. All final constructs were verified by
DNA sequence analysis.

2.8. Luciferase assays

U251 cells were transiently co-transfected with luciferase reporter
plasmids of CYP1B1 and CYP2U1 promoter regions, CREB expression
vector (pFLAG-CMV) or with an empty vector. A dual-luciferase re-
porter assay was performed according to the manufacturer’s instruc-
tions (Promega, Madison, WI, USA). Luciferase activity was quantified
48 h after transfection using a luminometer and the Stop & GloH Dual
Luciferase Kit (Promega, Madison, WI, USA). Firefly luciferase activity
was corrected according to Renilla luciferase activity to control for
transfection efficiency.

2.9. Fluorescent immunohistochemistry

To investigate the effects of glutmate on CYP1B1 and CYP2U1
protein levels across the brain regions, the tissues were fixed with 4%
paraformaldehyde and embedded in paraffin. The antigen retrieval was

Fig. 2. mGlu5 receptor mediated the up-regulation of CYP1B1 and CYP2U1 levels by glutamate in U251 cells. The selective mGluR5 antagonist, 2-methyl-6-
(phenylethynyl)-pyridine (MPEP), abolished the glutamate-induced up-regulation of CYP1B1 (A) and CYP2U1 (B) mRNA levels. The inhibition of PKA by H 89
attenuated the glutamate-induced increases in the mRNA levels of CYP1B1 (C) and CYP2U1 (D), but there was no change in the levels of CYP1B1 and CYP2U1 in the
cells pre-treated with the inhibitor of PKC (Ro 31–8220) before the incubation with glutamate. The inhibitors of ERK1/2 (U0126), p38 (SB202190), and JNK
(SP600125) attenuated the induction of CYP1B1 (E) and CYP2U1 (F) mRNA levels after glutamate treatment. The data are mean ± S.D.; n=3 per group; ** p <
0.01 and *** p<0.001 versus the respective vehicle-treated controls; # p < 0.05, ## p<0.01 and ### p<0.001 versus the glutamate group.
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performed with citrate buffer (0.1 M, pH 6.0) after deparaffinization
and rehydration. The samples were incubated with a polyclonal rabbit
anti-rat CYP1B1 antibody (1:300), a polyclonal rabbit anti-rat CYP2U1
antibody (1:300), or a monoclonal mouse anti-rat GFAP antibody (Cat.
60190-1-Ig, 1:500, Proteintech, Wuhan, China) following the incuba-
tion with 3% BSA for 1 h. The secondary antibodies were a goat anti-
rabbit CY3 (Cat. AS1109, 1:100, Aspen Biotechnology, Wuhan, China)
for CYP1B1 and CYP2U1, or a Goat anti-mouse fluorescein iso-
thiocyanate for phospho-CREB (Cat. AS1112, 1:100, Aspen

Biotechnology, Wuhan, China). Images were observed using an
Olympus BX51 fluorescent microscope (Olympus Corporation, Tokyo,
Japan) equipped with a digital camera (DP 72 Olympus). Identical il-
lumination and camera settings were used within each data set. The
integrated option density (IOD) was calculated automatically with
Image J (National Institutes of Health, Bethesda, MD, USA). The area of
the positive labeling by both anti-GFAP antibody and anti-CYP1B1 or
anti-CYP2U1 antibody was automatically calculated to indicate the le-
vels of CYP1B1 or CYP2U1 protein in the astrocytes.

Fig. 3. mGlu5 receptor blockade decreased the glutamate-induced phosphorylation of CREB protein binding to CYP1B1 and CYP2U1 promoters in U251 cells. Fixed
cells were labeled with the antibody against alpha-tubulin (red), and nuclei were counterstained with DAPI (blue). Glutamate treatment increased the levels of
phosphorylated CREB at Ser133 (green) in the nuclear (A). The selective mGluR5 antagonist, 2-methyl-6-(phenylethynyl)-pyridine (MPEP), inhibited the activation
of p-CREB induced by glutamate in the nuclear. The increases in the binding of CREB with the CYP1B1 (B) and CYP2U1 (C) promoters determined by ChIP assay
following glutamate treatment was attenuated by MPEP. The data are mean ± S.D.; n=3 per group; ***p<0.001 versus the respective vehicle-treated controls; ##

p<0.01 and ### p<0.001 versus the glutamate group (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article).
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2.10. UPLC-ESI-MS/MS analysis

All the epoxyeicosanoids, including 5-HETE, 8-HETE, 11-HETE, 12-
HETE, 15-HETE, 16-HETE, 18-HETE, 19-HETE, and 20-HETE, were
purchased from Cayman Chemical (Arbor, MI, USA). Analytical grade
acetonitrile (ACN), ethyl acetate (EtOAc), 2,6-di-tert-butyl-4-methyl-
phenol (BHT), L(+)-ascorbicacid (L-AA), formic acid (FA), 2-chloro-1-
methylpyridinium iodide (CMPI), triethylamine (TEA), and 2-di-
methylaminoethylamine (DMED) were supplied by Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). The generation of HETEs
in rat brain regions was determined as previously described (Zhu et al.,
2015). Briefly, the homogenized brain tissue was extracted using ex-
traction solvent (EtOAc) containing BHT and FA. The extracted sample
was redissolved and added with CMPI and TEA. DMED or d4-DMED was
added to label HETEs after vortexing for 5min. UPLC analysis was
performed on a Shimadzu LC-30AD UPLC (Tokyo, Japan) with an Ac-
quity UPLC BEH phenyl column (2.1 mm×50mm, 1.7 m, Waters). The
mobile phase consisted of FA in water (0.1%, v/v) and ACN/MeOH (7/
3, v/v). The flow rate of the mobile phase was 0.4 mL/min with a
gradient elution. Mass spectrometry analysis was performed on an ABI/
SCIEX 4500 Triple Quad™with a Turbo V ion source, and the samples
were detected in positive ion mode. Curtain gas (CUR), nebulizer gas
(GS1), and turbo-gas (GS2) were set at 8, 35, and 30 psi, respectively.
Nebulizer gas and heater gas were set at 50 and 60 psi, respectively. The
electrospray voltage was 5000 V, and the turbo ion spray source

temperature was 500 °C. The analysis was performed in multiple reac-
tion monitoring (MRM) mode, and data acquisitions were performed
using Analyst 1.6.1 software (Applied Biosystems).

2.11. Statistical analyses

The mRNA and protein levels were expressed as arbitrary units
(mean ± S.D.). The cell data were collected from at least 3 in-
dependent cell preparations. The quantity of HETEs was calculated
using the peak area ratios (the metabolite/its own internal standard).
The differences in mRNA, protein, and HETEs between the treatment
groups were assessed by one-way ANOVA or one-way ANOVA followed
by least significant difference (LSD) post hoc tests. Differences with
p < 0.05 were considered significant.

3. Results

3.1. Glutamate induces CYP1B1 and CYP2U1 expression levels in cells and
rats

Previous report showed the extrasynaptic glutamate concentration
can reach 190 μM in Bergmann glia in the cerebellum (Lewerenz and
Maher, 2015). Approximately 80% of all glutamate released from
neurons is taken up by astrocytes, and astrocytes have also been found
to release glutamate by several different mechanisms (e.g. plasma
membrane glutamate transporters, volume-regulated anion channels)
(Rose et al., 2013). CYP1B1 and CYP2U1 mRNA levels were dose-de-
pendently induced by glutamate treated for 8 h in U251 cells. Com-
pared with the control, 50 μM of glutamate respectively increased
CYP1B1 and CYP2U1 mRNA levels by 1.68-fold (p < 0.01) and 1.80-
fold (p < 0.01) in U251 cells (Fig. 1A, D). The initial increases in
CYP1B1 and CYP2U1 mRNA levels were observed at 2 h after the glu-
tamate treatment (50 μM) in U251 cells (Fig. 1B, E). The protein levels
of CYP1B1 and CYP2U1 were increased by 1.20-fold (p < 0.05) and
1.28-fold (p < 0.01) after glutamate incubation for 24 h (Fig. 1C, F).
The induction of CYP1B1 and CYP2U1 mRNA levels by glutamate in
primary astrocytes was in a dose- and time-dependent manner. Com-
pared with the control, 50 μM of glutamate respectively increased
CYP1B1 and CYP2U1 mRNA levels by 1.83-fold (p < 0.001) and 2.02-
fold (p < 0.001) in the astrocytes (Fig. 1G, I). The maximal induction
of CYP1B1 and CYP2U1 levels was observed at 24 h after the glutamate
treatment (50 μM) in the cells (Fig. 1H, J). In addition, CYP1B1 and
CYP2U1 mRNA levels were increased by 1.79-fold (p < 0.001) and
1.34-fold (p < 0.01) in hCMEC/D3 cells (Fig. 1K,L).

The blood-brain-barrier is not fully developed before the weaning
stage in the rats, and subneurotoxic doses of monosodium L-glutamate

Fig. 4. The activation of the CYP1B1 and
CYP2U1 promoters by CREB proteins was de-
tected by luciferase assays. The predicted
binding sites of CYP1B1 (A) and CYP2U1 (B)
promoters were shown. Basal activity levels
measured in cells transfected with the pFLAG-
CMV empty vector were set to 1. The data are
mean ± S.D.; n=3 per group; ***p < 0.001
versus the respective control.

Table 1
Fluorescent Immunohistochemical analysis of the induction of brain CYP1B1
proteins by monosodium L-glutamate.

Control Glutamate

Cortex
Layer Ⅰ ± +
Layer Ⅱ-Ⅴ +++ ++++
Layer Ⅵ ± ±

Hippocampus
Dentate gyrus + +
CA1,CA2,CA3 ++ +++

Cerebellum
Molecular layer ± +
Granular layer +++ ++++
White matter ++ +++
Brainstem ± ±
Substantia nigra + +

The integrated option density (IOD) analyzed by Image J. ± , 0 < IOD≤ 100;
+, 100 < IOD ≤ 1000; ++, 1000 < IOD ≤ 3000; +++, 3000 < IOD ≤
5000; ++++, IOD>5000.
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could result in subtle, prolonged alterations in the basal levels of the
glutamate system (Lima et al., 2013). Compared with the control group,
the CYP1B1 mRNA levels were significantly increased in the frontal
cortex (1.65-fold), hippocampus (1.53-fold), and cerebellum (1.58-fold)
from adult rats that received a subcutaneous injection of monosodium L-
glutamate at 1, 3, 5, and 7 days of age (Fig. 1M). The increases in
CYP2U1 mRNA levels were also observed in the frontal cortex (1.31-
fold), hippocampus (1.82-fold), and cerebellum (1.47-fold) from glu-
tamate-treated rats (Fig. 1N).

3.2. mGlu5 receptor blockade attenuates the up-regulation of CYP1B1 and
CYP2U1 levels by glutamate in U251 cells

Compared with the control, the mRNA levels of CYP1B1 and
CYP2U1 were increased after glutamate treatment for 24 h; however,
the MPEP pretreatment abolished the induction of CYP1B1 and CYP2U1
by glutamate (Fig. 2A, B). Compared with the glutamate group, the PKA
inhibitor (H 89) reduced the glutamate-induced CYP1B1 and CYP2U1
mRNA levels by 13.8% (p < 0.05) and 20% (p < 0.001); however,
there was no significant change in CYP1B1 and CYP2U1 mRNA levels in
cells exposed to glutamate following the pretreatment of the PKC in-
hibitor (Ro 31–8220) (Fig. 2C, D). Compared with the glutamate group,

Fig. 5. Changes in the CYP1B1 proteins in the brain regions from rats treated with monosodium L-glutamate at 1, 3, 5, and 7 days of age. The tissues were labeled
with the antibodies against CYP1B1 (red) and GFAP (green), and nuclei were counterstained with DAPI (blue). The fluorescent intensity of CYP1B1 was stronger in
the cortex (CX) in monosodium L-glutamate group, compared with the controls (A); the staining was stronger in the cells of CA2 in the hippocampus (HC) in
monosodium L-glutamate group (C); in the cerebellum (CB), staining was stronger in glial cells in the white matter (WM) following monosodium L-glutamate
treatment (E). The co-localization area labeled by both anti-CYP1B1 antibody and anti-GFAP antibody was increased in the cortex (B), hippocampus (D), and the
cerebellum (F) after the treatment of monosodium L-glutamate, compared with the controls. The data are mean ± S.D.; n=3 per group; *p < 0.05 versus the
respective control (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 2
Fluorescent Immunohistochemical analysis of the induction of brain CYP2U1
proteins by monosodium L-glutamate.

Brain region Control Glutamate

Cortex
Layer Ⅰ ± ±
Layer Ⅱ-Ⅴ ++ +++
Layer Ⅵ ± +

Hippocampus
Dentate gyrus ± +
CA1,CA2,CA3 + ++

Cerebellum
Molecular layer ± ±
Granular layer ++ ++++
White matter + ++
Brainstem ± ±
Substantia nigra + ++

The integrated option density (IOD) analyzed by Image J. ± , 0 < IOD≤ 100;
+, 100 < IOD ≤ 1000; ++, 1000 < IOD ≤ 3000; +++, 3000 < IOD ≤
5000; ++++, IOD>5000.
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the specific inhibitors of ERK (U0126), p38 (SB202190), and JNK
(SP600125) respectively decreased glutamate-induced CYP1B1 mRNA
levels by 20% (p < 0.01), 29% (p < 0.001) and 15% (p < 0.05)
(Fig. 2E). Meanwhile, the glutamate-induced CYP2U1 mRNA levels
were inhibited by the specific inhibitors of ERK, p38, and JNK by 32%
(p < 0.001), 36% (p < 0.001), 20% (p < 0.01), compared with the
glutamate group (Fig. 2F). The data suggest the involvement of PKA
and MAPK signaling pathways in the induction of astrocytic CYP1B1
and CYP2U1 by glutamate via mGlu5 receptor.

3.3. mGlu5 receptor blockade decreases the glutamate-induced
phosphorylation of CREB protein in the nuclear and the CREB-mediated
activation of CYP1B1 and CYP2U1 promoters in U251 cells

Compared with the control, the increases in the phosphorylated
CREB protein (green) in the nuclear (blue) was seen at 30min in cells
(red) after glutamate treatment; however, the MPEP pretreatment sig-
nificantly inhibited the induction of the phosphorylated CREB protein
by glutamate (Fig. 3A). The ChIP assay showed that the binding of
CREB protein with the CYP1B1 and CYP2U1 promoters were increased
by 1.80-fold (p < 0.001) and 1.94-fold (p < 0.001) by glutamate
treatment for 24 h compared with the control (Fig. 3B, C). The MPEP

pretreatment attenuated the induction of the binding of CREB protein
with the CYP1B1 and CYP2U1 promoters by glutamate. The data from
the luciferase assay indicated that CREB activated the CYP1B1 pro-
moter located at -1722 bp to -1701 bp, and CYP2U1 promoter located at
-1821 bp to -1800 bp (Fig. 4A, B).

3.4. Changes in the protein levels of CYP1B1 and CYP2U1 by glutamate in
rats

The fluorescent immunohistochemistry data confirmed the up-reg-
ulation of brain CYP1B1 and CYP2U1 by glutamate. Compared with
control animals, CYP1B1 immunostaining was more intense in the layer
II - V of the cortex, the CA1 - CA3 of the hippocampus, and the granular
layer and white matter of the cerebellum following monosodium L-
glutamate treatment (Table 1, Fig. 5); meanwhile, CYP2U1 protein le-
vels were also higher in the layer II - V of the cortex, the CA1 - CA3 of
the hippocampus, the granular layer and white matter of the cere-
bellum, and the substantia nigra after monosodium L-glutamate treat-
ment (Table 2, Fig. 6). The co-localization assay indicated that both
CYP1B1 and CYP2U1 proteins were present not only in the astrocytes,
but also in the neurons. The positive area labeled by both anti-CYPs
antibody and anti-GFAP antibody calculated by Image J showed that

Fig. 6. Changes in the CYP2U1 proteins across the brain regions from rats treated with monosodium L-glutamate at 1, 3, 5, and 7 days of age. The tissues were labeled
with the antibodies against CYP1B1 (red) and GFAP (green), and nuclei were counterstained with DAPI (blue). The fluorescent intensity of CYP2U1 was stronger in
the cortex (CX) in monosodium L-glutamate group, compared with the controls (A); the staining was stronger in the cells of CA2 in the hippocampus (HC) in
monosodium L-glutamate group (C); in the cerebellum (CB), the staining was stronger in glial cells in the white matter (WM) after monosodium L-glutamate
treatment(E). The co-localization area labeled by both anti-CYP2U1 antibody and anti-GFAP antibody was increased in the cortex (B), hippocampus (D), and the
cerebellum (F) after the treatment of monosodium L-glutamate, compared with the controls. The data are mean ± S.D.; n=3 per group; *p < 0.05 versus the
respective control (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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astrocytic CYP1B1 (Fig. 5B, D, F) and CYP2U1 (Fig. 6B, D, F) proteins
were increased by monosodium L-glutamate treatment.

3.5. Changes in the production of HETEs by glutamate in rats

Glutamate increased the total production of the mid-chain HETEs,
generated by CYP1B1 from AA, in the cortex and the cerebellum after
the treatment of monosodium L-glutamate (Fig. 7F). Compared with the
control, 5-HETE, 8-HETE, and 11-HETE were respectively increased by
1.33-fold (p < 0.05), 1.25-fold (p < 0.05), and 1.29-fold (p < 0.05)
in the cortex from rats treated with monosodium L-glutamate; ad-
ditionally, 5-HETE, 8-HETE, and 11-HETE were respectively increased
by 1.34-fold (p < 0.05), 1.34-fold (p < 0.05), and 1.46-fold
(p < 0.01) in the cerebellum (Fig. 7A - C). The treatment of mono-
sodium L-glutamate induced the total production of 19- and 20-HETE,
produced by CYP2U1 from AA, in the cortex and the cerebellum

(Fig. 7I). The previous study has shown that microsomal preparations
from Sf9 cells transfected with pVL-CYP2U1 vector preferentially me-
tabolize AA to 20-HETE (Chuang et al., 2004). Compared with the
control, 20-HETE was respectively increased by 1.73-fold (p < 0.001)
in the cortex and 1.32-fold (p < 0.05) in the cerebellum from gluta-
mate-treated rats (Fig. 7H). The changes in the production profile of
HETEs in the cortex and cerebellum can be due to the regulation of
CYP1B1 and CYP2U1 in both neurons and astrocytes in the micro-
environment respond to the neurotransmitter.

4. Discussion

This study demonstrated that mGlu5 receptor mediated the reg-
ulation of brain CYP1B1 and CYP2U1 by glutamate, and that glutamate
changed the HETEs production within the brain. We showed that glu-
tamate up-regulated brain CYP1B1 and CYP2U1 via CREB. Our

Fig. 7. Changes in the production of hydroxyicosatetraenoic acids (HETEs) in the brain regions from rats treated with monosodium L-glutamate at 1, 3, 5, and 7 days
of age. Compared with the control, the generation of 5-HETE (A), 8-HETE (B), and 11-HETE (C) was increased in the cortex (CX) and the cerebellum (CB) by
monosodium L-glutamate. The total production of the mid-chain HETEs in the cortex and the cerebellum was increased by the treatment of monosodium L-glutamate
compared with the controls (F), although there was no change of the production 12-HETE (D), and 15-HETE (E). Compared with the control, the production of 20-
HETE was increased in the cortex and the cerebellum from glutamate-treated rats (H). Glutamate increased the total production of the terminal HETEs in the cortex
and the cerebellum compared with the controls (I), although there was no change of the generation of 19-HETE after the treatment of monosodium L-glutamate (G).
n= 8 per group; *p < 0.05, **p < 0.01 and ***p < 0.001 versus the respective control.

X. Yu, et al. International Journal of Biochemistry and Cell Biology 110 (2019) 111–121

119



previous work showed that glutamate affects the production of epox-
yeicosanoids via brain CYP2J (Liu et al., 2017). The alteration of the
CYP-mediated AA metabolism in the brain by the neurotransmitter-
mediated signaling support the hypothesis that neurons and/or astro-
cytes may play an important role in the autoregulation of cerebral
blood flow. The previous studies demonstrated that the alteration of
both HETEs and EETs synthesis affected cerebral blood flow in the rat
(Kehl et al., 2002b; Alkayed et al., 1996a). Brain CYPs may be the
important mediators in the autoregulation of the cerebral blood flow by
neurotransmitters.

A sustained induction of brain CYP1B1 and CYP2U1 were observed
in the cortex, hippocampus, and cerebellum from the rats that received
monosodium L-glutamate before the weaning stage. The data from the
fluorescent immunohistochemistry indicated the regulation of CYP1B1
and CYP2U1 in both neurons and glial cells following glutamate
treatment. The expression levels of CYP1B1 mRNA and protein have
been shown to be changed by triclosan in primary cultures of neocor-
tical neurons from mouse embryos, indicating the regulation of CYP1B1
by exogenous compounds (Szychowski et al., 2016). The previous study
has shown that CYP1B1 protein was present at a high level in the as-
trocytes, but not found in the neurons in human brain (Dutheil et al.,
2009a). Our data showed the up-regulation of CYP1B1 proteins in both
neurons (e.g. Purkinje cell) and astrocytes in rat brain. The in vitro data
showed that glutamate can regulate CYP1B1 and CYP2U1 in both U251
cells and hCMEC/D3 cells. The co-localization of the CYPs and GFAP
indicated the induction of astrocytic CYP1B1 and CYP2U1 by gluta-
mate. As brain-specific CYP isoform, CYP2U1 proteins have been
strongly detected in the astrocyte foot processes that contact micro-
vessels (Dutheil et al., 2009b). The increased production of midchain
and terminal HETEs by the neurotransmitter released from neurons
may affect cerebral blood flow, especially under the pathological con-
ditions.

The mGlu5 receptor, the main mGlu receptor subtype expressed in
the astrocytes, has been recognized as the mediator in the cross-talk
between neurons and astrocytes (Bradley and Challiss, 2012a). In the
present study, we showed that the blockade of mGlu5 receptor atte-
nuated the induction of the phosphorylated CREB proteins in the nu-
clear and the binding of the CREB protein with the CYP1B1 and
CYP2U1 promoters by glutamate. Both PKA and MAPK signaling
pathways triggered by mGlu5 receptor were involved in the regulation
of astrocytic CYP1B1 and CYP2U1, although the regulation mechanism
of CYP1B1 and CYP2U1 in hCMEC/D3 cells need to be further eluci-
dated. It has been reported that the stimulation of mGlu5 receptors
leads to robust oscillatory changes in [Ca2+]i, and [Ca2+]i increases
within astrocyte endfeet can lead to the induction of Ca2+-dependent
phospholipase A2 activity (Bradley and Challiss, 2012b). Our data
suggest that mGlu5 receptor plays a pivotal role in the regulation of AA
metabolism in the neuronal cells. As HETEs were found to play an
important role in vascular homeostasis(Yousif et al., 2010; Fan and
Roman, 2017), the changes in the AA metabolism may lead to vascular
dysfunction. Migraine is a neurovascular disorder characterized by a
decrease in cerebral blood flow and a potent dilatation of cranial ex-
tracerebral blood vessels (Maassenvandenbrink and Chan, 2008;
Brennan and Andrew, 2010). Glutamate and its receptors have since
long been suggested in migraine pathophysiology (Chan and
MaassenVanDenBrink, 2014).A recent study suggested that mGlu5 re-
ceptor was a novel therapeutic target in the treatment of migraine in
human. The blockade of mGlu5 receptor attenuated neurogenic dural
vasodilation in rats, while the N-methyl-D-aspartate receptor blocker
MK-801 had no effect (Waung et al., 2016). Our data support the hy-
pothesis that the blockade of mGlu5 receptor may improve the vascular
dysfunction via the alteration of the vasoactive substances from AA in
the neuronal cells triggered by neurotransmitter-mediated signaling.

In conclusion, we demonstrated that extrasynaptic glutamate could
in situ affect the AA metabolism via brain CYPs. CYP1B1 and CYP2U1
genes in the astrocytes are the downstream genes of CREB, and the up-

regulation of CYP1B1 and CYP2U1 expression by glutamate was due to
the increases in phosphorylated CREB proteins in the nuclear and the
binding of the CREB protein with the CYP1B1 and CYP2U1 promoters.
These data provided the evidence that the neuron-astrocyte reciprocal
signaling can change the AA metabolism (e.g. EETs and HETEs) in as-
trocytes via its specific receptor. The alteration of AA deviates may
affect blood flow in the microenvironment within the brain.
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