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ARTICLE INFO ABSTRACT

Keywords: Cytochrome P450 (CYP) epoxygenases and their metabolic products, epoxyeicosatrienoic acids (EETs), have
Cytochrome P450 been proposed as important therapeutic targets in the brain. However, CYP expression can be modified by the
NF-xB presence of diverse pro-inflammatory cytokines and the subsequent activation of the NF-xB pathway. It has been

Epgxygena'se indicated that CYP epoxygenases are down-regulated by inflammation in the heart, kidney and liver. However,
Kltamn;atlon up to this point, there has been no evidence regarding regulation of CYP epoxygenases during inflammation in
strocytes

the brain. Therefore, in order to explore the effects of inflammation and NF-kB activation in CYP2J3 and
CYP2C11 regulation, rat primary astrocytes cultures were treated with LPS with and without IMD-0354 (se-
lective NF-xB inhibitor). Cyp2j3 and Cyp2c11 mRNA expression was determined by qRT-PCR; protein expression
was determined by immunofluorescence and by Western Blot and total epoxygenase activity was determined by
the quantification of EETs by ELISA. NF-kB binding sites in Cyp2j3 and Cyp2c11 promoter regions were bioin-
formatically predicted and Electrophoretic Mobility Shift Assays (EMSA) were performed to determine if each
hypothetic response element was able to bind NF-kB complexes. Results shown that LPS treatment is able to
down-regulate astrocyte CYP2J3 and CYP2C11 mRNA, protein and activity. Additionally, we have identified NK-
kB as the transcription factor involved in this regulation.

1. Introduction

Cytochrome P450 (CYP) is a group of related enzymes highly con-
served in nature. In humans, 57 CYP genes have been found, and re-
search on the endogenous role of these enzymes continues. CYP en-
zymes metabolize approximately 75% of known drugs and promote
their elimination from the body. However, CYP enzymes can metabo-
lize a wide variety of endogenous substrates (cholesterol, hormones,
fatty acids) (Dutheil et al. 2008) and they are involved in several im-
portant metabolic pathways, even in the brain, where they have been
proposed as a therapeutic target for neurodegenerative diseases
(Navarro-Mabarak et al. 2018).

CYP epoxygenases mediate the oxidation of the arachidonic acid
(AA) to epoxyeicosatrienoic acids (EETs). The CYP2C and 2J sub-
families are the CYP enzymes with the highest epoxygenase activity,

although other CYP isoforms, including CYP1A, 2B, and 2E, also med-
iate epoxidation reactions, albeit to a lesser extent (Capdevila and
Falck, 2000). CYP epoxygenases add one oxygen atom to one of the four
AA double bonds, resulting in the formation of four regioisomeric acids
that are named according to the number corresponding to the carbons
involved in the epoxide (5,6-, 8,9-, 11,12-, and 14,15-EET). The EETs
can be subsequently hydrolyzed by the soluble epoxide hydrolase en-
zyme (sEH) into metabolites with lower biological activity, the dihy-
droxyeicosatrienoic acids (DHETSs) (Stables and Gilroy, 2011; Morisseau
and Hammock, 2013). In the central nervous system (CNS), the ex-
pression of CYP epoxygenases and sEH has been characterized in the
brain and its associated vasculature (Carver et al. 2014; Dutheil et al.
2009), as well as in specific cell types such as astrocytes (Liu and
Alkayed, 2005; Rawal et al. 2009) and neurons (Ruparel et al. 2012).
EETs display diverse biological properties, including cell proliferation,
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migration, angiogenesis, and vasodilation in vascular endothelial tissue
(where they have mostly been studied) (Spector and Norris, 2007). It
has also been reported that EETs have potent anti-inflammatory ac-
tivity, mediated primarily by inhibition of the NF-xB pathway, either
through inhibition of IKK (IxB kinase) complex activity or by the acti-
vation of nuclear receptors PPAR-a (peroxisome proliferator-activated
receptor-a) and PPAR-y (Fang et al. 2005, 2006; Node et al. 1999). In
addition, EETs inhibit the transcription of cyclooxygenase-2 (COX-2), a
feature that has been shown to have synergistic anti-inflammatory
properties when combined with other known anti-inflammatory agents
(Inceoglu et al. 2008; Schmelzer et al. 2006; Liu et al. 2010). In the
brain, it has been demonstrated that the EETs can improve the neu-
roinflammation generated in models that simulate both hemorrhagic
and ischemic cerebrovascular events (Koerner et al. 2008; Zhang et al.
2007) or traumatic brain injury (Hung et al., 2017). The sEH inhibition
or the CYP epoxygenases overexpression (and the subsequent increase
in EETs levels), has demonstrated to be neuroprotective, as it increases
cell viability, reduces neuronal apoptosis and enhances neurite out-
growth, synaptic neurotransmission and plasticity (Li et al. 2018; Wang
etal. 2018; Wu et al. 2015). Therefore, CYP epoxygenases and sEH have
acquired increasing attention as therapeutic targets for neurodegen-
erative diseases (Navarro-Mabarak et al. 2018), where EETs have de-
monstrated to counteract many of the etiological characteristics of
Parkinson's (Lakkappa et al. 2016, 2018, 2019) and Alzheimer's disease
(Sarkar et al. 2014).

However, although EETs are now considered important modulators
of inflammation, it has been reported that CYP expression, protein le-
vels, and activity all change with alterations in the levels of pro-in-
flammatory cytokines (Abdel-Razzak et al. 1993; Nicholson & Renton
2001, 2002; Aitken and Morgan, 2007). It is well known that pro-in-
flammatory cytokines activate the NF-xB pathway (Baldwin, 1996;
Minogue et al. 2012; Schiitze et al. 1995), and it has been demonstrated
that cytokine-dependent CYP regulation is due to NF-kB activation
(Morgan, 2001; Ke et al. 2001; Gu et al. 2006; Iber et al. 2000; Bell and
Strobel, 2012). The NF-xB transcription factor can regulate CYP en-
zymes at different levels by binding directly to response elements in the
promoter region of their genes, through mutual repression of some
nuclear receptors involved in CYP regulation, and by affecting CYP
protein stability (Zordoky and El-Kadi, 2009). Anwar and colleagues
have reported that the CYP epoxygenases 2C11 and 2J3 are down-
regulated in the heart, kidney, and liver during a systemic in-
flammatory process in rat (Anwar-mohamed et al. 2010). However, the
response of CYPs to inflammation depends on the evaluated organ or
cell type. For example, CYP2E1 expression and protein levels are de-
creased in the heart and liver during a systemic inflammatory process
(Anwar-mohamed et al. 2010). But, in the brain, CYP2E1 is induced in
vivo during an inflammatory ischemic injury and in vitro by LPS or IL-1f3
administration to astrocytes (Tindberg et al. 1996; Kelicen and
Tindberg, 2004). To date, there is no evidence that demonstrates the
regulation of CYP epoxygenases during an inflammatory process in the
brain. Therefore, due to the relevance that these enzymes have acquired
in the brain, the aim of this work was to determine whether an in-
flammatory process and the activation of NF-kB pathway is able to
modify CYP2J3 and CYP2C11 expression, protein levels and activity in
astrocytes.

2. Materials and methods
2.1. Reagents

Eagle's Basal Medium (BME), Glucose, Lipopolysaccharide (LPS)
from Escherichia coli 0127: B8, IMD-0354 [N-(3,5-bis-trifluoromethyl-
phenyl)-5-chloro-2-hydroxy-benzamide], and Poly (2’-deoxyinosinic-2’-
deoxycytidylic acid) sodium salt (Poly dI dC) (SIGMA-Aldrich).
Glutamine, Penicillin-Streptomycin, and Trypsin inhibitor (Gibco).
Fetal Bovine Serum (FBS) (Byproductos). Chicken anti-glial fibrillary
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acidic protein (GFAP) polyclonal antibody and donkey anti-chicken IgG
biotin-SP-conjugated antibody (Merck Millipore). Mouse anti-glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) monoclonal antibody
(GeneTex). Rat TNF-a ELISA kit (PIERCE). 11,12-EET/DHET ELISA kit
and mouse monoclonal anti-CYP2C11 antibody (Detroit R&D). ECL
prime Western Blotting detection reagent (General Electric-Amersham).
Deoxyribonuclease I (DNAse), Oligo (dT), Ribonuclease inhibitor
(RNAse OUT), Moloney murine leukemia virus reverse transcriptase
(M-MLV RT) and goat anti-rabbit Alexa Fluor 488 (Invitrogen Life
Technologies). TRIzol (Ambion Life Technologies). TagMan Multiplex
Master Mix (Applied Biosystems). NF-kB consensus Gel Shift
Oligonucleotide, NF-kB consensus mutated Gel Shift Oligonucleotide,
rabbit polyclonal anti-NF-kB p65 and mouse monoclonal anti-CYP2J2
antibodies (Santa Cruz Biotechnology). Texas Red Avidin D (VECTOR
Laboratories).

2.2. Primary astrocytes culture

The protocol for the use and handling of all the animals in this study
was approved by the local Committee for Animal care (ID: 249) of the
Biomedical Research Institute at the National Autonomous University
of Mexico. The astrocytes were isolated from the cortex of 2-day-old
male Wistar rats obtained from the Animal care unit, as described by
Moran and Patel (1989) with some modifications (Moran and Patel,
1989). Each culture was derived from the cells pooled from four rat
cortices. In brief, the cortices were isolated and the meninges and blood
vessels were removed. The cortices were cut into small pieces and di-
gested in 0.25 mg/ml trypsin at 37 °C for 8 min. Digestion was stopped
with 1 mg/ml Trypsin inhibitor in the presence of 0.003% DNase at
room temperature. The tissue was dissociated with a pipette and fil-
tered in mesh. After centrifugation, the cells were diluted with fresh
medium. Culture medium consisted of BME supplemented with 10%
heat-inactivated FBS, 2mM glutamine, 750 mg glucose, 50 U/ml pe-
nicillin and 50 pg/ml streptomycin. Astrocytes were grown in a humi-
dified 37°C, 5% CO, tissue-culture incubator until they reached
90-95% confluency (at approximately 10 days of incubation), state
where contact inhibition prevents further cell division (Lange et al.
2012). The culture medium was replaced with fresh medium every
third day. To confirm the predominance of astrocytes in the culture, the
percentage of GFAP-positive cells was determined by immuno-
fluorescence. We found that astrocytes were > 99% of the cells present
in the culture as no microglial cells were found by Iba-1 staining
Supplementary Fig. 1).

2.3. Immunofluorescence

Astrocytes were grown on glass coverslips until they reached 90%
confluency in 12-well plates. After treatment, the medium was removed
and the cells were washed once with cold phosphate-buffered saline
(PBS), fixed with 1% paraformaldehyde/0.1 M phosphate buffer (PB)
for 10 min at 4 °C, and washed three times with 0.1 M PB/0.3% Triton
X-100. The cells were permeabilized with the wash solution for
10minat room temperature in agitation and then blocked with
0.1 MPB/0.3% Triton X-100/10% FBS for 2 h (at room temperature) or
overnight (at 4 °C). Primary antibodies were prepared in the blocking
solution (anti GFAP 1:1000; anti Iba-1 1:1000; anti CYP2C11 1:1000;
anti CYP2J3 1:500) and the cells were incubated with them overnight
at 4 °C in agitation. Then, the coverslips were washed three times with
0.1 MPB/0.3% Triton X-100 and incubated with the corresponding
secondary antibody (1:2500). Coverslips were then analyzed with an
Olympus Disk-Spinning Unit (DSU) IX2 microscope. Four different ex-
periments were performed (n = 4) and the images were obtained.

2.4. Astrocytes treatment

The culture medium was replaced with fresh medium 18 h before
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treatments. Cells were treated with 100 ng/ml LPS (mRNA, protein and
EETs determination); 100, 200, 400, and 800 ng/ml LPS (immuno-
fluorescence and protein determination) or 500 ng/ml LPS (EMSAs).
The concentrations used of LPS were within the lower range of the
concentrations used in previous works (Tindberg et al. 1996; Nicholson
and Renton, 1999, 2002; Kelicen and Tindberg, 2004). The NF-xB
specific inhibitor IMD-0354 was concurrently added to a final con-
centration of 1ng/ml when indicated. It has been demonstrated that
IMD-0354 inhibits the phosphorylation of IkB and thus finally inhibits
the phosphorylation of NF-kB and its translocation into the nucleus
(Onai et al. 2004; Kanduri et al. 2011). Furthermore, NF-xB down-
stream regulated genes has been proved to be affected by IMD-0354
inhibition, like pro-inflammatory cytokines production (Sugita et al.
2009; Ogawa et al. 2011; Onai et al. 2004).

2.5. TNF-a quantification

TNF-a was determined from the supernatant of cultured astrocytes
treated with 100 ng/ml LPS at 6, 12, and 24 h after treatment. The
supernatant was recovered and centrifuged to remove any cell fraction.
The quantification was performed by ELISA with a commercial kit. The
procedure was performed according to the manufacturer's specifica-
tions. Concentrations were determined from four different cultures
(n = 4). The absorbance was read at 450 nm. The concentrations were
calculated from a standard curve.

2.6. RNA isolation and cDNA synthesis

Total RNA was obtained from the culture plates using TRIzol re-
agent, in accordance with the manufacturer's instructions. The RNA was
quantified spectrophotometrically at 260 nm. The purity of the samples
was determined by the spectrophotometric ratio Azsp/Azgp (ratios >
1.85) and the integrity was confirmed by denaturing electrophoresis of
the samples and by observation of them with ethidium bromide.
Thereafter, cDNA was obtained from 1pg of total RNA by reverse
transcription using the M-MLV RT, according to the manufacturer's
specifications.

2.7. Quantification of mRNA expression by qRT-PCR

Quantitative analysis of CYP mRNA expression was performed by
real time-polymerase chain reaction (RT-PCR). Commercial TagMan
gene expression primers (Applied Biosystems) were used to detect
Cyp2j3 (Rn00598500), Cyp2c11 (Rn01502203), and GAPDH
(Rn99999916). GAPDH was selected as the housekeeping gene because
its expression remained constant under our experimental conditions
Supplementary Fig. 2). RT-PCR was performed with a Corbett Rotor-
Gene 6000 (QIAGEN). For the amplification, the reactions were in-
cubated at 55 °C for 2 min, and then at 95 °C for 10 min, followed by 40
cycles at 95 °C for 15 s plus 1 min at 60 °C. All reactions were performed
in triplicate, with the cDNA obtained from four different experiments
(n = 4). The expression levels were calculated by AACT mathematical
algorithm, using the Rotor-Gene 6000 Series Software 1.7. The results
are shown as the expression levels of Cyp2j3 and Cyp2c11 in relation to
GAPDH = SD, taking as calibrator the control for each evaluated time.

2.8. Protein immunodetection by Western Blot

After 24 h of LPS and LPS + IMD-0354 treatments, the medium was
removed and the cells were washed once (2 ml) and scraped for re-
covery with PBS 1X. The suspension was centrifuged and the pellet was
disintegrated with extraction buffer (50 mM Tris-HCl pH = 7.5,
150 mM NaCl, 1% (v/v) of the NP40 detergent and 0.5% (w/v) of so-
dium deoxycholate). The homogenate was then sonicated in 3 cycles of
10 s, 3 times, always in ice. The amount of total protein in the sample
was quantified by the Bradford method. Sixty micrograms of total
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protein were separated using 11% SDS-PAGE and were transferred to
0.45 mm nitrocellulose sheets. The nitrocellulose membranes were
blocked for 2 h with 5% albumin in 0.3% TBS-Tween at room tem-
perature. Thereafter the membranes were incubated with the corre-
sponding primary antibodies (anti CYP2J2 1:500; anti CYP2C11 1:500;
anti GAPDH 1:5000) overnight at 4 °C. The membranes were then
washed three times with 0.3% TBS-Tween. The corresponding sec-
ondary antibody was incubated for 1 h at room temperature (1:5000)
and the membranes were then washed two times with 0.3% TBS-Tween
and one time with TBS. The chemiluminescence reaction was per-
formed with ECL prime Western Blotting detection reagent and the
resulting images were obtained with a Kodak GEL Logic 1500 imaging
system. The relative quantification was carried out determining band
intensities with ImageJ software. Protein levels were determined from
three independent experiments (n = 3).

2.9. 11,12-EET + 11,12-DHET determination

To determine CYP epoxygenase activity, 11,12-EET and its hydro-
lyzed product, 11,12-DHET, were measured from the cultured astro-
cytes using a commercial ELISA kit according to the manufacturer's
specifications. Briefly, after 24h of treatment, the medium was re-
moved and the cells were washed once with PBS/0.1 mM TPP (triphe-
nylphosphine). Cells were scraped, recovered, and sonicated in this
buffer. Once sonicated, the homogenates were acidified with acetic acid
to a pH of 3-4. Then, three extractions with ethyl acetate were per-
formed on the acid homogenates, thereby recovering the organic phase
each time, each of which were stored together. The pooled ethyl acetate
extraction was evaporated until it was fully dried up under nitrogen
gas, and the dried residue was then dissolved in 20 pl of ethanol. In
order to change EETs to DHETS, an acidic hydrolysis was performed by
adding 20 pl of acetic acid during 18 h at room temperature. After the
reaction, 60 pl of water was added and the samples were extracted three
times with equal volume of ethyl acetate. The pooled ethyl acetate
extract was evaporated until it was fully dried up under nitrogen gas,
and the dried residue was then dissolved in 30 pl of ethanol. To prepare
a stock solution, each sample was diluted with 90 ul of TBS 10X to
obtain a final volume of 120 pl. To perform the ELISA, each sample was
diluted 20X. Total epoxygenase activity from three independent ex-
periments was measured (n = 3).

2.10. Nuclear cell extracts

Nuclear extracts were obtained as originally described (Dignam
et al. 1983) with some modifications (Lopez-Bojorquez et al. 2004;
Blancas-Flores et al. 2012). After treatment, astrocytes were washed
twice with cold PBS, scraped, and centrifuged at 850 x g for 5 min to
obtain a pellet. The cell pellet was frozen in a dry ice/acetone bath for
3 min. After freezing, the cells were broken by allowing them to thaw in
hypotonic buffer (10 mM Hepes, 10 mM KCl, 1.5 mM MgCl,, 1 mM DTT,
pH 7.9) for 10 minat 4 °C. Nuclei and cytoplasm were separated by
centrifugation at 1,160 x g. The nuclear fraction was resuspended in
hypertonic buffer (20 mM Hepes, 400 mM NaCl, 1.5 mM MgCl,, 25% v/
v glycerol, 0.2mM EDTA, 1 mM DTT, 0.5mM PMSF, pH 7.9), and
maintained in vortex agitation for 30 min at 4 °C. The suspension was
centrifuged at 18,600 xg for 20 minat 4°C. The supernatants were
collected and the protein content in them was determined by the
Bradford assay. Supernatant aliquots were stored at —70 °C until they
were used.

2.11. Database sequence analysis

A search for putative NF-kB binding sites within the Cyp2j3 and
Cyp2c11 promoter region was conducted. The search was carried out
with AliBaba 2.1 free software (BIOBASE) using 4500 base pair up-
stream of ATG start site.
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Table 1

Single stranded sense and antisense oligonucleotides used for EMSA assay.

Neurochemistry International 129 (2019) 104499

Identifier 5’ Sense sequence 3’ 5’ Antisense sequence 3’
2C111 AGTCACAGGGAATTTCCCAGGC GCCTGGGAAATTCCCTGTGACT
2C11 2 AGTTGAGGGGAGACTCCCAGGC GCCTGGGAGTCTCCCCTCAACT
2C11 3 AGTTGAGTGGAATCCCTCAGGC GCCTGAGGGATTCCACTCAACT
2C11 4 AGTTGAGCGGAAATTCCCAGGC GCCTGGGAATTTCCGCTCAACT
2J31 AGTTAGAGGGACTTCCTCAGGC GCCTGAGGAAGTCCCTCTAACT
2J32 AGTTGAGAGAAATTCCCCAGGC GCCTGGGGAATTTCTCTCAACT
2J33 AGTTGAGGGAAATCCAACAGGC GCCTGTTGGATTTCCCTCAACT
2J3 4 AGTTGAGAGGAGTCTCCCAGGC GCCTGGGAGACTCCTCTCAACT
Consensus AGTTGAGGGGACTTTCCCAGGC Supplied as double-stranded DNA
Consensus mut AGTTGAGGCGACTTTCCCAGGC Supplied as double-stranded DNA
s0x2 AACTGCACATGGGTGTGTGCAAACCGT (Martinez-Ramirez et al. 2017) Supplied as double-stranded DNA

2.12. Oligonucleotide labeling with v*2P-ATP

Single stranded oligonucleotides were constructed with 22 bases
containing the predicted NF-xB binding sequences (Invitrogen Life
Technologies) (Table 1; Fig. 5). Single stranded sense and antisense
oligonucleotides were aligned at 65°C and were kept at room tem-
perature overnight (approx. 16 h). Twenty nanograms (20ng) of the
double stranded oligonucleotides were labeled with y>2 P-ATP. The la-
beling reaction was carried by a T4 polynucleotide kinase (Thermo
Scientific) in the presence of the 10x reaction buffer A, incubating at
37 °C for 30 min and stopping the reaction by heating it at 65 °C for
15 min followed by the addition of 30 ul of TBE 1X. The labeled oli-
gonucleotides were stored properly at —70 °C until they were used.

2.13. Electrophoretic mobility shift assay

To perform the Electrophoretic Mobility Shift Assays (EMSAs), 20 ug
of the nuclear protein from astrocytes stimulated with 500 ng of LPS for
60 min were incubated with 2l (1 ng) of the corresponding y>2-P-la-
beled oligonucleotide (Table 1). The binding reactions were carried out
by incubating on ice for 60 min in the reaction buffer (20 mM HEPES,
50 mM KCl, 20% glycerol, 0.2 mM EDTA, 0.5mM PMSF, 1 mM DTT,
1 pg/ml BSA, 1 mg/ml poli-dI-dC). The reaction mixture was loaded
onto a 6.5% non-denaturing polyacrylamide gel and resolved at 80 V
for 1 h and then at 120 V for 50 min. Electrophoresis was carried out in
TBE 1X buffer. The gel was dried and the DNA-protein complexes were
visualized by exposing the gel to a Storage Phosphor Screen. The screen
was read in a Typhoon 9400 Phosphorimager and analyzed with Im-
ageQuant software (Molecular Dynamics, San Francisco, CA). NF-xB
identity in the DNA-protein complexes was corroborated by supershift
assays with a NF-xB anti-p65 antibody. An antibody anti-cIAP1 (cellular
Inhibitor of Apoptosis Protein 1), kindly provided by Dr. Alejandro
Zentella-Dehesa was used as negative control in the supershift assay.
NF-kB consensus commercial oligonucleotide was used as positive
binding control. NF-kB consensus mutated commercial oligonucleotide
was used as negative binding control. Also competition assays were
performed using unlabeled (cold) specific and non-specific oligonu-
cleotides. A putative sox2 binding sequence oligonucleotide (SOX2
(S3)) (Martinez-Ramirez et al. 2017), kindly provided by Dr. Marcela
Lizano, was used as negative binding control in the competition assays
(Table 1). Four different experiments (n = 4) with the nuclear extracts
obtained from four different primary cultures were performed and the
images from the EMSAs were obtained to validate reproducibility.

2.14. Statistical analysis

Data were analyzed using ANOVA, and Fisher's LSD procedure was
used for multiple comparisons. Homogeneity of variance was analyzed
using Levene's test. When heterogeneity of variance was detected,
Welch's ANOVA was used. Block design was used when necessary. The
differences were considered significant when p < 0.05. To perform the

statistical analysis, we used SAS 9.0 software.

3. Results
3.1. LPS treatment induced the production of TNF-a. in astrocytes

It has been established that stimulation of astrocytes with LPS leads
to the production of pro-inflammatory cytokines (Minogue et al. 2012).
To corroborate that 100 ng/ml of LPS lead to an inflammatory response
in our model, the production of TNF-a was measured from the control
supernatants and stimulated cultures using a specific rat TNF-a ELISA
kit. We found that stimulated astrocytes produced approximately 25
times more TNF-a than controls (p < 0.05; Table 2), reaching a pro-
duction of approximately 3 ng/ml, as has been seen in previous reports
(Minogue et al. 2012).

3.2. LPS-induced inflammation caused a decrease in Cyp2j3 and
Cyp2c11 mRNA expression, and this effect was prevented when NF-xB
activity was inhibited

Primary astrocyte cultures were stimulated or not with 100 ng/ml
LPS, or 100 ng/ml LPS +1 ng/ml IMD-0354, and CYP epoxygenase
mRNA expression was evaluated at different time points. LPS treatment
significantly decreased Cyp2j3 and Cyp2c11 expression by more than
50% compared to controls at all evaluated time points (p < 0.05;
Fig. 1). It is worth noting that LPS treatment decreased Cyp2c11 ex-
pression in a time-dependent manner, reaching a decrease of up to 90%
at 24h (Fig. 1B). LPS treatment triggered the production of pro-in-
flammatory cytokines like TNF-a, which in turn led to the activation of
NF-xB pathway (Minogue et al. 2012). To investigate the role of NF-xB
in CYP epoxygenases regulation, astrocytes were co-treated with LPS
and IMD-0354. Cyp2j3 down-regulation was almost completely pre-
vented by the addition of IMD-0354, and reached the control levels at
12h of treatment (p < 0.05; Fig. 1A). On the other hand, Cyp2c11
down-regulation was only partially prevented by NF-kB inhibition at 6
and 12 h, but it could not be prevented at 24 h of treatment (p < 0.05;
Fig. 1B).

Table 2

TNF-a production by astrocytes after LPS treatment. TNF-a levels were
measured from recovered supernatants using a specific rat TNF-a ELISA kit.”
(p < 0.05).

Treatment Time of exposition [TNF-a] Mean (pg/ml) SD
Control 6h 90 40
100 ng/ml LPS 2154* 832
Control 12h 135 85
100 ng/ml LPS 3131* 1680
Control 24h 109 35
100 ng/ml LPS 3156* 1557
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Fig. 1. Cyp2j3 and Cyp2c11 relative gene expression levels. Astrocytes
primary cultures were stimulated or not with LPS and LPS + IMD-0354 (se-
lective NF-kB inhibitor). Cyp2j3 (A) and Cyp2c11 (B) relative expression levels
were determined by qRT-PCR. Expression levels are shown relative to
GAPDH # SD (n = 4). Data were analyzed for multiple comparisons using
ANOVA, and Fisher's LSD procedure. The differences were considered sig-
nificant when p < 0.05. Means with the same letter are not significantly dif-
ferent; means with different letter are significantly different between each
other.

3.3. CYP2J3 and CYP2C11 protein levels are down-regulated in a LPS-
dose-dependent manner

In order to determine whether LPS-mediated Cyp2j3 and Cyp2c11
down-regulation could translate into a decrease in CYP epoxygenase
protein levels, astrocytes were treated with increasing concentrations of
LPS (from 100 to 800ng/ml) for 24 h. The CYP protein levels were
determined by immunofluorescence and by Western Blot.
Immunofluorescence images showed that CYP2J3 and CYP2Cl1 are
localized predominantly around the astrocyte nucleus, in accordance to
the characteristic localization of CYPs in the endoplasmic reticulum. It
could also be observed that CYP2J3 (Fig. 2A) and CYP2C11 (Fig. 3A)
signal decreased in an apparent dose-response manner. However, to
confirm quantitatively this effect, CYP protein levels were determined
by Western Blot (Figs. 2B and 3B). CYP2J3 and CYP2C11 protein levels
were significantly decreased from 100 ng/ml onwards of LPS treatment
(p < 0.05; Figs. 2C and 3C), but only CYP2C11 followed a significant
dose-response effect (p < 0.05; Fig. 3C). Also, it was found that
CYP2C11 protein levels decreased to a greater extent (reaching a
maximum decrease of 78%, with a stimulation of 800 ng of LPS) than
CYP2J3 protein levels (reaching a maximum decrease of 50% with a
stimulation of 800 ng of LPS). These results are in accordance with the
effect of LPS observed in the transcription of Cyp2j3 and Cyp2c11, in
which Cyp2c11 mRNA levels were decreased into a greater extent.

3.4. Inhibition of NF-xB pathway partially prevented CYP2J3 and
CYP2C11 protein levels down-regulation

The CYP2J3 and CYP2C11 protein levels were significantly de-
creased by LPS treatment (100ng/ml, 24h), and this effect was
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partially prevented when 1 ng/ml of IMD-0354 was added concurrently
(p < 0.05; Fig. 4A and B). These results agree with those obtained at
the transcription level, mainly for CYP2J3 (Fig. 4A), given that its
transcripts almost reached control levels at 6 and 24 h, and reached
control levels at 12h of IMD-0354 concurrent treatment (Fig. 1A).
CYP2C11 protein levels down-regulation was also partially prevented
when NF-kB pathway was blocked (Fig. 4B), like its mRNA levels at 6
and 12h of treatment (Fig. 1B).

3.5. Total epoxygenase activity is decreased after LPS treatment, and this
effect was prevented when NF-kB activity was inhibited

NF-xB not only can regulate CYP enzymes at the transcriptional or
protein level, but can also interfere ultimately with the activity of the
enzyme (Zordoky and El-Kadi, 2009). To investigate whether LPS-in-
duced inflammation could affect total epoxygenase activity, as well as
the role of NF-kB in this regulation, astrocytes were treated with
100 ng/ml LPS or LPS +1 ng/ml IMD-0354 for 24 h, and 11,12-EET +
11,12-DHET was measured from the cultured astrocytes. It was chosen
to measure both metabolites due to the fast conversion of EETs to
DHETs by sEH. The 11,12-EET has been previously identified as the EET
with the greatest anti-inflammatory activity (Node et al. 1999); there-
fore, it was chosen as the representative epoxide to be quantified. Total
epoxygenase activity was significantly decreased after LPS treatment,
measured as 11,12-EET + 11,12-DHET levels (p < 0.05; Fig. 5). The
inhibition of NF-xB activity could completely prevent this effect, as
EETs reached control levels when IMD-0354 was concurrently added
(p < 0.05; Fig. 5), demonstrating that LPS-induced inflammation af-
fects EETs production in astrocytes by the activation of NF-kB pathway.

3.6. NF-«B is able to bind specifically, but with different affinities, to all the
response elements found in the promoter region of Cyp2j3 and Cyp2c11

Four putative NF-xB binding sites were found within Cyp2j3 and
Cyp2c11 promoter regions using the AliBaba 2.1 software (Table 1;
Fig. 6). EMSAs were performed to determine whether NF-kB complexes
were able to recognize and bind to the four putative response elements
(Fig. 7). Nuclear proteins from astrocytes stimulated with or without
LPS were used to perform the binding reactions. Two major DNA-pro-
tein complexes were identified when the binding reactions were per-
formed with the consensus sequence, but only the heaviest complex was
increased with LPS treatment. Additonally, only the heaviest complex
disappeared when the mutated consensus sequence was used in the
binding reactions (Fig. 7). Therefore, the heaviest complex was chosen
as the complex of interest. NF-xB was able to bind to the four putative
response elements of each of the Cyp2j3 and Cyp2c11 genes, but with
different affinities. CYP2J3 1, CYP2J3 2, CYP2C11 1 and CYP2Cl11 4
were the sequences with the greatest binding affinity, observed as a
thicker and more intense band (Fig. 7). CYP2C11 1 sequence even
showed more affinity than the commercial consensus sequence (Fig. 7B,
lane 5). In order to determine the identity of NF-kB in the DNA-protein
complexes, supershift assays were performed using 300, 600, or
1200ng of NF-xB anti-p65 antibody. Only the sequences with the
greatest binding affinities were tested in the supershift assays (CYP2J3
1, CYP2J3 2, CYP2C11 1 and CYP2C11 4) (Supplementary Fig. 3). The
addition of the anti-p65 antibody resulted in a subtle supershift of the
bands and a reduction in the DNA-protein complexes, observed as
thinner and less intense bands (Supplementary Fig. 3 and Fig. 8, lane 9),
demonstrating the identity of NF-kB. To further demonstrate the iden-
tity of NF-kB, an antibody against a protein different from NF-kB (anti-
cIAP1) was used as negative control (Fig. 8, lane 10), and it was not
observed a supershifted band, neither a reduction in the DNA-protein
complex.

Additionally, in order to evaluate whether the putative binding sites
were able to compete with the consensus commercial sequence to
generate the DNA-protein complexes, 100-fold (100X) of cold CYP2C11
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Fig. 2. Effect of LPS treatment in CYP2J3 protein
levels in astrocytes. Astrocytes were treated with
increasing concentrations of LPS (from 100 to
800ng/ml) for 24h. The CYP protein levels were
determined by immunofluorescence (A) and by
Western Blot (B). Relative quantification of CYP2J3
protein levels was carried out determining band in-
tensities with ImageJ software (C). CYP protein le-
vels were normalized to GAPDH protein levels and
the results are shown as the percentage of control (%
of control). Three independent experiments were
carried out (n = 3). The differences were considered
significant when p < 0.05. Means with the same
letter are not significantly different; means with
different letter are significantly different between
each other.
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1, CYP2C11 4, CYP2J3 1, and CYP2J3 4 oligonucleotides were added to
the binding reactions (Fig. 8). The NF-kB consensus commercial labeled
oligonucleotide was completely competed by CYP2C11 1 and CYP2C11
4 sequences, as the DNA-protein complexes were almost totally formed
by the cold oligonucleotides, observed as no bands (Fig. 8, lanes 4 and
5). Instead, CYP2J3 1 and CYP2J3 2 sequences competed differentially
with the consensus sequence, depending on their affinity. CYP2J3 2
showed a greater affinity for NF-kB (Fig. 7B, lane 6); therefore, its cold
oligonucleotide competed more and the band disappeared more (Fig. 8,
lane 7). CYP2J3 1 also competed with the consensus sequence, but to a
lesser extent; therefore, the band of the complexes formed by the con-
sensus oligonucleotide disappeared less (Fig. 8, lane 6).

4. Discussion

In this study, we demonstrate that inflammation is capable of down-
regulate the expression, protein levels and activity of CYP epoxygenases
in astrocytes and that NF-kB has an important role in this regulation. It
has been previously reported that systemic inflammation is able to
down-regulate CYP epoxygenases in heart, liver and kidney (Anwar-
mohamed et al. 2010). However, in the brain, there is no evidence
regarding the regulation of CYP2C and 2J subfamilies (the enzymes
with the highest epoxygenase activity). In this work, we studied the
regulation of CYP2J3 and CYP2C11 during an inflammatory process in
astrocytes. To accomplish this, primary cultures of rat astrocytes were



C. Navarro-Mabarak, et al.

CONTROL

100 ng/ml

£
—
<]
c
o
=]
«

400 ng/ml

800 ng/ml

C 100 200 400 800
CYP2C11 w8 &= »

-
o

9
©

o
o

GAPDH e Sn e s S

o4
S

o
N

7

Protein levels (% of control)

o
[S]

e

Neurochemistry International 129 (2019) 104499

Fig. 3. Effect of LPS treatment in CYP2C11 pro-
tein levels in astrocytes. Astrocytes were treated
with increasing concentrations of LPS (from 100 to
800ng/ml) for 24h. The CYP protein levels were
determined by immunofluorescence (A) and by
Western Blot (B). Relative quantification of CYP2C11
protein levels was carried out determining band in-
tensities with ImageJ software (C). CYP protein le-
vels were normalized to GAPDH protein levels and
the results are shown as the percentage of control (%
of control). Three independent experiments were
carried out (n = 3). The differences were considered
significant when p < 0.05. Means with the same
letter are not significantly different; means with
different letter are significantly different between
each other.
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stimulated with LPS. The resulting inflammation was able to down-
regulate Cyp2j3 and Cyp2c11 expression by more than 50% (Fig. 1).
Cyp2c11 was more susceptible to down-regulation, depending on the
exposure time, as has been previously observed in other tissues during
systemic inflammation (Anwar-mohamed et al. 2010). Otherwise,
Cyp2j3 exhibited an initial decrease in its mRNA levels, which was
maintained regardless of the exposure time. It has been previously re-
ported that Cyp2j3 expression is regulated differentially by inflamma-
tion in the heart, kidney, and liver, and is down-regulated in a time-
dependent manner only in the liver (Anwar-mohamed et al. 2010).

It had already been reported that Cyp2c11 is down-regulated in liver
or primary rat hepatocytes during inflammation (Wright and Morgan,

LPS (ng/ml)

1990), mainly as a result of the presence of pro-inflammatory cytokines
like IL-1, IL-6, or TNF-a (Chen et al. 1995; Sewer and Morgan, 1997).
Cytokine-dependent down-regulation was then attributed to the acti-
vation of NF-xB and its binding to a response element within the
transcription start site of Cyp2c11 (Iber et al. 2000). We searched for
NF-kB response elements within 4500 base pairs upstream of the ATG
start site of Cyp2c11 and Cyp2j3 (Fig. 6). Four different putative binding
sites were found for each gene, and it was demonstrated that NF-kB is
able to bind specifically to them (Fig. 7). This is the first time that the
presence of NF-kB specific binding sites is reported within the promoter
of Cyp2j3, although other mechanisms of transcriptional regulation
have already been described (Murray, 2016). However, the most
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Fig. 4. Effect of NF-kB selective inhibitor (IMD-0354) in CYP2J3 and
CYP2C11 protein levels down-regulation. Astrocytes were treated with LPS
or LPS + IMD-0354 for 24 h. The CYP2J3 (A) and CYP2C11 (B) protein levels
were determined by Western Blot. CYP protein levels were normalized to
GAPDH protein levels and the results are shown as the percentage of control (%
of control). Three independent experiments were carried out (n = 3). The
differences were considered significant when p < 0.05. Means with the same
letter are not significantly different; means with different letter are significantly
different between each other.
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Fig. 5. Total epoxygenase activity determined as the production of 11,12-
EET + 11,12-DHET. 11,12-EET and its hydrolyzed product, 11,12-DHET, were
measured from the cultured astrocytes stimulated or not with LPS and
LPS + IMD-0354 (selective NF-kB inhibitor) using a commercial ELISA kit.
Total epoxygenase activity from three independent experiments was measured
(n = 3). The differences were considered significant when p < 0.05. Means
with the same letter are not significantly different; means with different letter
are significantly different between each other.

compelling evidence of transcriptional regulation of CYP epoxygenases
by NF-«B is the fact that, when the NF-kB pathway was blocked with
IMD-0354, the effect of inflammation on Cyp2j3 and Cyp2c11 mRNA
levels was diminished, and was observed as significantly increased
mRNA levels for both genes (Fig. 1A and B). It is noteworthy that
Cyp2j3 expression reached control levels (at 12h) when NF-«xB was
inhibited, demonstrating that, at least during inflammatory processes,
NF-kB is a major player in Cyp2j3 regulation. Otherwise, even when we
found that the Cyp2c11 promoter region contains at least two NF-kB
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response elements that bind NF-kB complexes with great affinity
(Fig. 7B), the inhibition of NF-xB only partially prevented Cyp2c11
down-regulation, suggesting that there are additional regulatory me-
chanisms involved in Cyp2c11 regulation during inflammation. It had
been reported that Cyp2c11 can be down-regulated by PPAR-a agonists,
demonstrating the involvement of PPAR-a in Cyp2c1l regulation
(Corton et al. 1998; Shaban et al. 2005; Vecefa et al. 2011). Ad-
ditionally, it has also been demonstrated that Cyp2cI11 can be down-
regulated via AhR transcription factor and that it could exist a sy-
nergistic inhibitory effect with PPAR-a (Shaban et al. 2005).

In addition, CYP2J3 and CYP2C11 protein levels were also de-
creased by LPS-induced inflammation and this effect was partially
prevented when NF-kB pathway was blocked. CYP2C11 protein levels
decreased in a LPS dose-response manner (Fig. 3), while CYP2J3 pro-
tein levels decreased significantly, but only showed a dose-response
tendency (Fig. 2). These results are in accordance with what we ob-
served transcriptionally at 24 h, given that Cyp2j3 mRNA initially de-
creased by approximately 60%, but did not decrease further over time
(Fig. 1A). When IMD-0354 was concurrently added to LPS, both
CYP2J3 and CYP2C11 protein levels were increased (p < 0.05; Fig. 4),
demonstrating the involvement of NF-kB in this regulation. CYP2J3 is
apparently regulated by inflammation only to a certain extent, but this
extent is almost completely dependent on NF-kB activity, as it can be
seen transcriptionally and in its protein levels. Instead, CYP2C11 is
regulated greatly by inflammation, but there may be other pathways
involved in addition to the NF-kB pathway, like the nuclear receptor
PPAR-a (Shaban et al. 2005; Corton et al. 1998) or the transcription
factor AhR (Shaban et al. 2005).

We also found that total EET production was significantly decreased
by LPS-induced inflammation, and that it reached control levels when
NF-kB was inhibited (Fig. 4). This is in accordance with the fact that
CYP2C and CYP2J subfamilies are the major contributors to EET pro-
duction (Capdevila and Falck, 2000). Therefore, a decrease in CYP2C11
and CYP2J3 levels may be greatly reflected in total EET levels. These
results confirm that inflammation down-regulates epoxygenases’ ac-
tivity via NF-kB activation in astrocytes. The significant changes that
we found in the levels of these metabolites is a solid evidence of a
biological response to these processes, even though 11,12-EET +
11,12-DHET determination by ELISA includes the basal amount of
DHETs produced by sEH.

It is now well known that CYP enzymes are regulated during in-
flammation (Zordoky and El-Kadi, 2009; Morgan, 2001; Aitken et al.
2006). However, the significance that this regulation could have in
physiological processes that involve CYP-mediated endogenous meta-
bolism has been much overlooked. CYP epoxygenases and EETs have
been proposed as important anti-inflammatory therapeutic targets (Liu
et al. 2010; Oni-Orisan et al. 2013; Schmelzer et al. 2005). At the same
time, it has been demonstrated that systemic inflammation could reg-
ulate CYP epoxygenase levels and EET production (Anwar-mohamed
et al. 2010). Therefore, it has been proposed that there is a cycle be-
tween inflammation and CYP epoxygenase expression/EET production,
which promotes the increase of the inflammatory cascade, and that, if it
somehow fails, it could promote chronic inflammatory processes
(Shahabi et al. 2014). Hence, it is important to study the regulation of
CYP epoxygenases in the central nervous system, where chronic in-
flammatory processes have been related to the etiology of various
neurodegenerative diseases (Pimplikar, 2014; Qin et al. 2007; Hong
et al. 2016).

5. Conclusions

LPS-induced inflammation in astrocytes is able to down-regulate
CYP2J3 and CYP2C11 mRNA expression, protein levels and total
epoxygenase activity. This effect may be due in part to the production
of pro-inflammatory cytokines and the subsequent activation of the NF-
kB pathway, since its inhibition by IMD-0354 prevented the observed
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Fig. 6. Putative NF-kB binding site predictions. A search for putative NF-kB binding sites within the Cyp2j3 (A) and Cyp2c11 (B) promoter region was conducted.
The search was carried out with AliBaba 2.1 free software (BIOBASE) using 4500 base pair upstream of ATG start site. Four putative NF-kB binding sites were found
for each gene. Single stranded oligonucleotides were constructed with 22 bases containing the predicted NF-kB binding sequences and they were tested by EMSAs.
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response elements in the promoter region of Cyp2j3 and Cyp2c11, thus

indicating that this could be the mechanism by which NF-xB carries out The authors declare that there are no conflicts of interest.
the regulation of these genes.
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Fig. 7. Electrophoretic Mobility Shift Assays (EMSAs). EMSAs were performed to determine whether NF-kB complexes were able to recognize and bind to the four
putative response elements found within Cyp2j3 (A) and Cyp2c11 (B) promoter region. 20 pg of the nuclear protein from astrocytes stimulated with 500 ng of LPS for
60 min were incubated with 2 il of the corresponding y**-P-labeled oligonucleotide in the binding reactions. NF-xB consensus commercial oligonucleotide was used
as positive binding control. NF-kB consensus mutated commercial oligonucleotide was used as negative binding control.
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Fig. 8. Supershift and competition controls. Supershift and competition as-
says were performed to specifically assert the DNA-protein interactions. NF-kB
anti-p65 antibody was used to confirm NF-kB identity. As negative control anti-
cIAP1 antibody was used. Also, competition assays were performed using cold
specific and non-specific oligonucleotides. 100X of cold CYP2C11 1, CYP2C11
4, CYP2J3 1, and CYP2J3 4 oligonucleotides were used to compete with the NF-
kB consensus commercial labeled oligonucleotide. As negative control, 100X of
sox2 oligonucleotide was used.
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