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Abstract

Several reports indicate crosstalk between the transcription factor nuclear factor erythroid 2-
related factor 2 (Nrf2) and estrogen, which has a protective effect in colorectal cancer
(CRC). The aim of this study was to investigate the role of Nrf2 signaling in the anti-inflam-
matory effect of estrogen using Nrf2 knockout (Nrf2 KO) mouse embryonic fibroblasts
(MEFs), a powerful system to test the function of target genes due to their easy accessibility,
and rapid growth rates. After inducing inflammation by tumor necrosis factor alpha (TNF-a),
the effects of 17B-estradiol (E2) on the expression of proinflammatory mediators [i.e., NF-kB
and inducible nitric oxide synthase (iNOS)] and estrogen receptors were evaluated by West-
ern blot. In wild type (WT) MEFs, E2 treatment ameliorated TNF-a-induced nuclear translo-
cation of NF-kB and expression of its target protein INOS. Estrogen receptor beta (ER)
expression was decreased by TNF-a-induced inflammation and restored by E2 treatment.
When treated to WT MEFs, E2 induced nuclear translocation of Nrf2. The inhibitory effect of
E2 on TNF-a-induced enhancement of INOS was markedly dampened in Nrf2 KO MEFs.
Notably, ERB expression was significantly diminished in Nrf2 KO MEFs compared to that in
WT cells. Promoter Database (EPD) revealed two putative anti-oxidant response elements
(AREs) within the mouse ERB promoter. Furthermore, in WT MEFs, E2 treatment repressed
TNF-a-induced expression of iINOS protein and recovered by 4-(2-phenyl-5,7-bis(trifluoro-
methyl)pyrazolo(1,5-a)pyrimidin-3-yl)phenol (PHTPP), a selective ER( antagonist, treat-
ment, but not in Nrf2 KO MEFs. In conclusion, Nrf2 plays a pivotal role in the anti-
inflammatory of estrogen by direct regulating the expression of ERp.

Introduction

Inflammation in which immune cells, blood vessels, and molecular mediators are involved [1]
is generally classified as either acute or chronic. Chronic inflammation plays a key role in a
variety of inflammatory diseases, including carcinogenesis [2], rheumatoid arthritis [3], and
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neurodegenerative diseases [4]. To prevent the inflammation, our body tries to localize and
eliminate the initial cause of tissue injury and to remove damaged tissue components, which
facilitate tissue repair.

The complex immunomodulating role of estrogen on the inflammatory process [5,6]
revealed that estrogens affect susceptibility to chronic inflammatory diseases and response to
infections in relation to the menstrual cycle, pregnancy, and menopause [5]. Interestingly, a
large number of data suggest a protective role of estrogen in chronic inflammatory diseases,
such as neurodegenerative diseases [7] and colon cancer development [8-10]. Furthermore,
estrogen suppressed inflammation in rat cerebral blood vessels by blocking the interleukin
(IL)-1B-mediated induction of the NF-kB/cyclooxygenase-2 (COX-2) pathway [11]. These
diverse and contradictory results are attributable, at least in part, presence of two different
types of receptors, estrogen receptor alpha (ERo) and beta (ERB) encoded by distinct genes
which have differential expression patterns between tissues and organs [12]. In particular, ERp
is closely related to the protective functions of estrogen. In human colon tissue, ER was pre-
dominantly expressed in normal colonic mucosa, but its expression level was decreased in
colon cancers. In contrast, ERa expression was found to be enhanced in colon cancer com-
pared to normal colon tissue [13]. In female normal colonic epithelial CCD841CoN cells,
selective ERP antagonist, 4-(2-phenyl-5,7-bis(trifluoromethyl)pyrazolo(1,5-a)pyrimidin-3-yl)
phenol (PHTPP), abrogated the inhibitory effect of 17B-estradiol (E2) on the tumor necrosis
factor alpha (TNF-o))-induced COX-2 expression [14]. Furthermore, compared to wild type
mice, ERB knockout (KO) mice showed more severe clinical symptoms, such as colon shorten-
ing, elevated inflammation score, grade of dysplasia, and the greater number and the size of
polyps [15]. In addition, the mRNA expression of inflammatory genes, including IL-6, IL-17,
TNF-o, and interferon-gamma (IFNY), was significantly increased in ERB KO mice [15].

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a well-known transcription factor that
regulates an adaptive cellular defense response to various stresses, including oxidative, proteo-
toxic, and metabolic stresses as well as inflammation [16]. Under stress conditions, Nrf2 regu-
lates downstream target genes encoding antioxidant and phase II carcinogen detoxifying
enzymes, such as heme oxygenase-1 (HO-1), nicotinamide adenine dinucleotide phosphate:
quinone dehydrogenase 1 (NQO1), glutamate-cysteine ligase catalytic subunit (GCLC), and
glutamate-cysteine ligase modifier subunit (GCLM), through binding to the consensus bind-
ing sequence (5-TGACnnnGC-3’) called the antioxidant response element (ARE) [17]. The
activation of these enzymes potentiates antioxidant capacity of the cells, thereby protecting
against diseases that are often associated with oxidative stress [18,19]. It has been reported that
the activation of Nrf2 prevents the expression of proinflammatory cytokines, including IL-1p,
IL-6, and IL-17, in lipopolysaccharide (LPS)-induced macrophages [20], dextran sodium sul-
fate (DSS)-induced murine colitis [21], and experimentally induced autoimmune encephalo-
myelitis in mice [22]. Nrf2 has also been reported to inhibit inflammation by attenuating the
NF-«B signaling through up-regulation of HO-1 [23,24].

Gene KO models are commonly used to study the function of genes. Instead of in vivo KO
animal experiments, ex vivo culture of mouse embryonic fibroblasts (MEFs) prepared from
mouse embryos represents a powerful system to test the function of target genes due to their
easy accessibility, rapid growth rates, and possibility of a large number of experiments [25].
MEFs are often used as “feeder cells” that help to support and maintain mouse and human
embryonic stem cells in an undifferentiated state [26]. Additionally, MEFs can be converted to
a pluripotent state or directly transdifferentiated into mature cells, such as functional neurons
[27] and cardiomyocytes [28]. Because of their ubiquitous distribution as tissue cells, the MEFs
are poised to respond to factors released by newly activated innate immune cells, and hence
often used in studying inflammation and immunity [25].
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Previously, we reported that E2 (10 mg/kg) inhibited the initiation of colorectal cancer
(CRC) by activating Nrf2 in azoxymethane (AOM) plus DSS-treated male ICR mice, which
showed more severe colitis-associated colon carcinogenesis compared to female mice [9]. Fur-
thermore, the protective effect of E2 on the intestinal barrier was mediated by inducing the
expression of MUC2 and tight junction molecules (i.e., ZO-1, OCLN, and CLDN4) and inhib-
iting proinflammatory cytokines (i.e., NF-xB and COX-2) in male ICR mice treated with
AOM and DSS [29]. We further verified that E2 exerted anti-inflammatory effects by blocking
NF-«B signaling and downregulating COX-2 expression and inducing expression of anti-oxi-
dant enzymes and ERP in CCD841CoN cells [14]. Based on this background information, we
hypothesized that E2 inhibits inflammation through directly activating Nrf2. To test this
hypothesis, we explored the expression profiles of proinflammatory mediators modulated by
E2 in MEFs prepared from Nrf2 knockout (Nrf2'") and wild type (Nrf2*/*) mice.

Materials and methods
Preparation and culturing of mouse embryonic fibroblasts and treatment

MEFs were isolated from Nrf2 knockout (Nrf2™”") and wild type (Nrf2*/*) mice on a C57BL6/
129SV mixed background generated by the laboratory of Yuet Wai Kan [30] which were
kindly by Professor Jeffrey Johnson (University of Wisconsin-Madison). Nrf2 knockout and
WT MEFs were a kind gift from Prof. Young-Joon Surh, Seoul National University. Briefly,
the Nrf27/~, Nrf2*/~, and wild-type mice were maintained in the animal quarters in accordance
with the university guidelines for Seoul National University Animal Care and Use committee
(SNU 20140624-2) and were housed in a 12 h light/dark cycle. They were fed standard rodent
chow and given water ad libitum. Male and female Nrf2*'~ mice were paired and the pregnan-
cies were monitored. Embryos were obtained at the day 13.5 after pairing under aseptic condi-
tions. The heads of the embryos were used to confirm the Nrf2 genotype by PCR, and the
embryo bodies were minced into small pieces and cultured in high glucose Dulbecco’s Modi-
fied Eagle’s Media (DMEM) supplemented with 10% fetal bovine serum (FBS) and kept at
37°C with 5% CO, [31].

The cells were maintained in DMEM supplemented with 10% FBS and antibiotic-antimy-
cotic mixture (Gibco BRL, Gaithersburg, MD, USA). The cells were kept in phenol red-free
DMEM supplemented with 10% charcoal-stripped FBS (CSS) for 24 h for serum starvation
prior to stimulation. This step is necessary to maintain the quiescent status of these cells before
they are exposed to proinflammatory stimuli for optimal responses [25]. The cells were then
treated with or without 10 ng/mL human recombinant TNF-o. for 6 h (210-TA-005, R&D sys-
tem, Minneapolis, MI, USA) in the absence or presence of 10 nM water soluble E2 (Sigma
E4389, Sigma-Aldrich Co., St. Louis, MO, USA) for 48 h. In addition, 10 uM PHTPP (Sigma
SML1355, Sigma-Aldrich Co., St. Louis, MO, USA) was treated for 48 h in the presence of E2.
All cells were cultured at 37°C in a 95% humidified atmosphere containing 5% CO,.

Western blot analysis

After treatment, the media on the apical side were aspirated, and the cells were collected by
centrifugation at 1,000 rpm for 5 minutes at 4°C. Cells were suspended in RIPA cell lysis buffer
(Cell Signaling Technology, Beverly, MA, USA) with protease and phosphatase inhibitors and
kept on ice for 20 minutes. After centrifugation at 13,000 rpm for 15 minutes, the supernatant
was collected and stored at -70°C until use.

Whole cell extracts were isolated using RIPA buffer with protease and phosphatase inhibi-
tors. Protein concentrations were determined using the bicinchoninic acid (BCA) protein
assay reagent (Pierce). Protein samples were mixed with an equal volume of 5 x sodium
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dodecyl sulfate (SDS) sample buffer, boiled for 5 minutes, and then separated using 8% to 15%
SDS-polyacrylamide gel electrophoresis (PAGE). After electrophoresis, proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with
5% nonfat dry milk in Tris-buffered saline with Tween-20 buffer (TBST) for 1 h at room tem-
perature. Membranes were incubated overnight at 4°C with specific antibodies. Primary anti-
bodies were removed by washing the membranes three times in TBS-T and incubated for 2 h
with horseradish peroxidase-conjugated anti-rabbit, anti-goat, or anti-mouse immunoglobulin
antibody (Santa Cruz Biotechnology, Dallas, TX, USA). Following three washes with TBS-T,
antigen-antibody complexes were detected with the ECL Prime Western Blotting Detection
Kit (GE Healthcare Biosciences, Piscataway, NJ, USA). The intensity of the blots was quanti-
fied by densitometry analysis using Image] software (National Institutes of Health, Bethesda,
MD, USA). The antibodies are listed in detail in Table 1.

Preparation of nuclear protein fractions

The NE-PER Nuclear and Cytoplasmic Extraction Kit (Pierce, Rockford, IL, USA) was used
for efficient cell lysis and extraction of cytoplasmic and nuclear protein fractions according to
the manufacturer’s instructions. The localization of Nrf2 and NF-kB into the nucleus was ana-
lyzed using Western blotting. To ensure proper separation of the subcellular fractions, an anti-
Lamin B-specific antibody against nuclear fractions was used.

Identification of Nrf2-binding sites through in silico analysis

The JASPAR CORE database [32] and Eukaryotic Promoter Database (EPD) [33] were used to
identify the Nrf2 binding sites, called ARE, within the promoter region of the ERP gene. JAS-
PAR is a collection of transcription factor DNA-binding preferences used for scanning geno-
mic sequences [32]. EPD is a biological database and web-based tool to predict putative
transcription factor binding elements of eukaryotic RNA polymerase II promoters with experi-
mentally defined transcription start sites (T'SSs) [33]. In EPD, the search was limited to the -5
kb upstream promoter region relative to TSS. In this study, we focused on the proximal pro-
moter region within the -1 kb upstream promoter of TSS.

Statistical analysis

Data are expressed as the mean + SEM. Statistical significance was examined with the Mann-
Whitney U test. A p-value < 0.05 was considered to indicate statistical significance. All

Table 1. List of antibodies and their characteristics.

Antigen Antibody Dilution
Nrf2 Abcam (ab62352) WB (1:500)
HO-1 Abcam (ab13248) WB (1:500)
NF-«B p65 Santa Cruz Biotechnology (sc8008) WB (1:500)
iNOS BD Biosciences (#610328) WB (1:1000)
ERa Abcam (ab93021) WB (1:500)
ERP Abcam (ab3576) WB (1:500)
Lamin B Santa Cruz Biotechnology (sc6216) WB (1:1000)
B-actin Santa Cruz Biotechnology (sc47778) WB (1:3000)

WB, Western blot; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase 1; NF-kB, nuclear factor-
kappa B; iNOS, inducible nitric oxide synthase; ER, estrogen receptor; p-Actin, beta-actin.

https://doi.org/10.1371/journal.pone.0221650.t001
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statistical analyses were conducted using GraphPad Prism (GraphPad, La Jolla, CA, USA) and
SPSS version 18.0 (SPSS Inc., Chicago, IL, USA).

Results

The expression and activation of Nrf2 were completely abolished in Nrf2
KO MEFs

MEFs from Nrf2 WT or KO mice were subjected to serum starvation for 24 h to keep the qui-
escent status for optimal response [14,25]. Cells were then treated with 10 nM of E2 or vehicle
for 42 h, followed by treatment of TNF-o (10 ng/mL) for 6 h (Fig 1A) as described in our previ-
ous study [14].

To verify the Nrf2 deficiency in Nrf2 KO MEFs, the expression of Nrf2 was measured. As
shown in Fig 1B, the total protein expression of Nrf2 was strongly abolished in Nrf2 KO MEFs
compared to WT cells (p = 0.03 for WT vs Nrf2 KO). In line with this observation, the expres-
sion of HO-1, one of the representative target protein of Nrf2, was almost completed sup-
pressed in Nrf2 deficient MEFs (Fig 1C, p = 0.03 for WT vs Nrf2 KO). Next, the protein

Hour -24 0 42 48
Starvation I 10 nM E2
A A
10 nM E2 10 ng/mL TNF-a
Harvest
B hirf2 c Ho-1 D WT  Nri2KO
15 15
= * = 10 nM E2 - + - +
25 — £2°sc
e S 5 —— .
25 35 Nrf2
£9010 =910
D > D > N
i i o [ — — ]
235 05 235 05
SE S E
0 QO
¢ c ©c
0.0 0.0
& ¢ $
& &
& &
Nref2 [T HO-1 | s——m
B-actin | ee—— B-actin | e——
E Vehicle 10 nM E2
10 ng/mL TNF-a 0 5 10 30 60 120 0 5 10 30 60 120 (min)
Nl“ﬂ - - —— —— —— — —— ——= —.
WT
Lamin B | &= == = W | - o -~—|

Nrf2
Nrf2 KO

LaminB (e o o o o o (- e e - - o

Fig 1. The protein expression and activation of Nrf2 in WT and Nrf2 KO MEFs. (A) The experimental scheme to
evaluate the effects of E2 against TNF-o-induced inflammation in WT and Nrf2 KO MEFs. (B-C) WT and Nrf2 KO
MEFs were kept in phenol red-free DMEM supplemented with 10% CSS for 3 days and harvested for Western blot
analysis to measure expression of Nrf2 (B) and HO-1 (C). (D) WT and Nrf2 KO MEFs were treated with or without 10
nM E2 for 48 h and harvested for Western blot analysis to measure protein expression of nuclear Nrf2. (E) WT and
Nrf2 KO MEFs were treated with 10 ng/mL TNF-o. for the indicated times in the absence or presence of 10 nM E2 for
48 h followed by Western blot analysis with Nrf2 antibody. B-actin and Lamin B were used as internal controls to
normalize the expression. Mean with SEM. *, p<0.05 for comparison between two groups.

https://doi.org/10.1371/journal.pone.0221650.g001
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expression levels of nuclear Nrf2 in Nrf2 WT and KO MEFs were measured by Western blot
analysis. In WT MEFs, the nuclear translocation of Nrf2 increased by E2 treatment which was
not achievable in Nrf2 KO MEFs (Fig 1D). As shown in Fig 1E, under TNF-o only treatment,
the level of translocated Nrf2 to the nucleus at early time points (5 and 10 min) showed similar
to basal level (0 min). After 30 min treatment with TNF-o, Nrf2 was translocated to the
nucleus in a time-dependent manner. However, under E2 treated condition, the nuclear trans-
located Nrf2 consistently kept at high level by 60 min even under TNF-a. treatment (Fig 1E).

E2 failed to inhibit the proinflammatory protein expression in TNF-a-
treated Nrf2 KO MEFs

To investigate whether estrogen modulates expression of inflammatory factors through activa-
tion of Nrf2, we measured expression levels of the prototypic proinflammatory transcription
factor NF-xB and its target protein iNOS using Western blot analysis. In WT MEFs, TNF-o.
treatment transiently increased the expression of nuclear NF-xB, which peaked at 10 min,
while pre-treatment with E2 completely blocked TNF-o-induced upregulation of nuclear NF-
kB (Fig 2A). Interestingly, the protein expression level of nuclear NF-«B gradually increased
by TNF-o. treatment in a time-dependent manner in Nrf2 KO MEFs in both E2 pretreated and
untreated conditions (Fig 2A). Next, we measured the protein expression level of iNOS which
is a well-known NF-«B target protein. In WT MEFs, TNF-o. treatment induced iNOS
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R
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Fig 2. Inhibitory effect of E2 on the TNF-a-induced expression of nuclear NF-kB and iNOS through Nrf2. (A) WT
and Nrf2 KO MEFs were treated with 10 ng/mL TNF-o. for the indicated times in the absence or presence of 10 nM E2
for 48 h followed by Western blot analysis with NF-«xB antibody. (B) WT and Nrf2 KO MEFs were treated with 10 ng/
mL TNF-o. for 6 h in in the absence or presence of 10 nM E2 for 48 h and harvested for Western blot analysis to
measure expression of INOS. Lamin B and B-actin were used as internal controls to normalize the expression. Mean
with SEM. ¥, p<0.05 for comparison between two groups.

https://doi.org/10.1371/journal.pone.0221650.g002
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expression (p = 0.05 for vehicle vs TNF-a), and this was attenuated by E2 pretreatment

(p = 0.05 for TNF-o vs TNF-a. plus E2) (Fig 2B). The lack of Nrf2 resulted in a significant
increase in TNF-o-induced iNOS expression (p = 0.05 for vehicle vs TNF-c), and the inhibi-
tory effect of E2 on TNF-a-induced iNOS expression was also diminished in the absence of
Nrf2 (p = 0.05 for TNF-a vs TNF-o plus E2) (Fig 2B).

ERp expression, but not ERa, was completely abolished in Nrf2 KO MEFs

To further evaluate the effects of E2 on the mutual regulation between Nrf2 and ERs, we mea-
sured the protein expression levels of ERo. and ERB in WT and Nrf2 KO MEFs. In WT MEFs,
the expression level of ERo was decreased by E2 treatment (p = 0.01 for TNF-o vs TNF-a plus
E2) (Fig 3A). However, ERa expression strongly increased in Nrf2 KO MEFs even at the basal
expression level (Fig 3A). In contrast, the protein expression level of ERB, which is highly
expressed at the basal level, was inhibited by TNF-o treatment in WT MEFs (p = 0.01 for
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Fig 3. The protein expression of ERa and ERf was oppositely altered in WT and Nrf2 KO MEFs. (A-B) WT and
Nrf2 KO MEFs were treated with 10 ng/mL TNF-o. for 6 h in in the absence or presence of 10 nM E2 for 48 h and
harvested for Western blot analysis to measure expression of ERo. (A) and ER (B). (C) A MAF/NF-E2 complex
binding motif logo (upper panel) and frequency matrix (bottom panel) from JASPAR. (D) In silico analysis of Nrf2
binding sites. Schematic representation shows two putative positions of in silico-predicted Nrf2 binding sites (AREs) in
the promoter region of mouse ERP. (E-F) WT (E) and Nrf2 KO MEFs (F) were treated with 10 ng/mL TNF-o. for 6 h
in the absence or presence of 10 nM E2 for 48 h. 10 uM PHTPP was treated along with E2 for 48 h and harvested for
Western blot analysis to measure expression of iNOS. B-actin was used as an internal control to normalize the
expression. Mean with SEM. *, p<0.05 for comparison between two groups.

https://doi.org/10.1371/journal.pone.0221650.g003
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vehicle vs TNF-o). The decrease was recovered by E2 treatment (p = 0.07 for TNF-o. vs TNF-o.
plus E2) (Fig 3B). Surprisingly, ERB expression was almost completely abolished in Nrf2 KO
MEFs (Fig 3B). To explain the regulatory mechanism, we performed in silico promoter analysis
for the Nrf2 binding site sequence on the ERB promoter using the JASPAR CORE database
and EPD web-based tools (Fig 3C and 3D). We found the MAF/NF-E2 binding motif (5’-rTG
ACTCAGCArwwy-3’), which contains the core consensus ARE sequence (5-TGACnnnGC-
3’) [34], from the JASPAR 2018 library (Name: MAF:NFE2, matrix ID: MA0501.1, and data
type: ChIP-seq) [32]. Through in silico promoter analysis using the EPD website (https://epd.
vital-it.ch/index.php), we were able to identify two putative AREs within the -1 kb upstream
promoter of the TSS of the mouse ERB gene (ENSEMBL ID: ENSMUSG00000021055 or
RefSeq ID: NR_104386) (Fig 3D). To further verify the function of ERPB on TNF-a-mediated
inflammation, WT and Nrf2 KO MEFs were treated with ERB-specific antagonist PHTPP. In
WT MEFs, TNF-o-mediated enhanced expression level of iINOS protein was approximately
64% decreased by E2 treatment (p = 0.04 for TNF-o. vs TNF-o plus E2) and the expression was
strongly recovered by PHTPP treatment (p = 0.05 for TNF-o plus E2 vs TNF-a. plus E2 and
PHTPP) (Fig 3E). However, in Nrf2 KO MEFs, TNF-o-mediated increased expression level of
iNOS protein was approximately 26% decreased by E2 treatment, but not significantly, and the
expression was not changed by PHTPP treatment (Fig 3F).

Discussion

Several reports indicate crosstalk between Nrf2 and estrogen. However, most of these studies
examined the effect of estrogen on the Nrf2 signaling [35-37]. Our present study demon-
strates, for the first time, that Nrf2 plays a pivotal role in the anti-inflammatory effects of estro-
gen, and this is attributable to its upregulating the expression of ERp through promoter
binding. In order to precisely assess the involvement of Nrf2 in mediating the estrogen effects,
we used MEFs prepared from WT and Nrf2 KO mice. Our results indicate that E2 acts through
the Nrf2 pathway to reduce inflammation, as demonstrated by its downregulation of proin-
flammatory protein expression to a much greater extent in WT MEFs than in Nrf2 KO MEFs.
Inflammation-mediated reduction of ERB expression was also recovered by E2 treatment. One
of the most salient features of our present study is that ERP expression was diminished in Nrf2
KO MEEF cells. Furthermore, we identified two putative core ARE motifs within the mouse
ERp promoter through in silico analysis. Also, the anti-inflammatory function of ERP was con-
firmed by a selective ERP antagonist PHTPP treatment. These results suggest that Nrf2 plays a
critical role in mediating the anti-inflammatory effects of E2, which is likely to be mediated
through the ER signaling.

TNF-a is one of the most potent proinflammatory cytokines that that triggers the inflam-
matory response [38]. NF-«B activation is essential for the TNF-o-induced inflammatory
response [39]. The development of chronic inflammatory diseases, including rheumatoid
arthritis, multiple sclerosis, inflammatory bowel disease, and ulcerative colitis, is associated
with NF-kB overactivation [40]. In the present study, E2 treatment inhibited iNOS expression
as well as NF-xB activation in TNF-a stimulated WT MEFs. Notably, inhibition of NF-«B acti-
vation by E2 appeared only in the early treatment with E2. However, the anti-inflammatory
effect of E2 was weakened in Nrf2 KO MEFs. Numerous studies have demonstrated the anti-
inflammatory effects of estrogen [7,41]. In addition, Boyanapall et al. reported that peritoneal
macrophages derived from Nrf2 KO mice are less responsive to the anti-inflammatory effects
of phenethyl isothiocyanate and curcumin in terms of inhibition of proinflammatory protein
(i.e,, COX-2,iNOS, IL-6, and TNF-a) and induction of anti-oxidant enzyme (i.e., HO-1)
expression [42]. As Nrf2 counteracts the NF-kB [43], the anti-inflammatory effect of E2
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appears to be associated with its potentiation of Nrf2 signaling though its direct inhibition of
up-/down-stream of NF-kB signaling cannot be excluded.

The Nrf2 signaling pathway plays a key role in the regulation of inflammation and oxidative
stress both in vitro [42,44,45] and in vivo [46,47]. It has been well-documented that Nrf2 acti-
vation leads to increased expression of the antioxidant enzyme HO-1, which also exerts anti-
inflammatory effects by inducing IL-10, an anti-inflammatory cytokine, in mouse liver,
human HepG2 cells, and mouse ]J774.1 macrophages [48]. It has been shown that the lack of
Nrf2 in sickle cell disease (SCD) mice produced greater splenomegaly with red pulp expansion
and obscured architecture [49]. In addition, SCD-Nrf2 KO mice exhibited reduced expression
of its target antioxidant proteins, leading to increased levels of ROS, proinflammatory cyto-
kines, and adhesion molecules [49]. Furthermore, we proposed regulatory mechanism of
estrogen during colitis and colon cancer progression in terms of Nrf2 in AOM/DSS-treated
mouse model [9]. Following our previous results, estrogen activated Nod-like receptor protein
3 (NLRP3) inflammasome complexes, which are inducing pyroptosis to eliminate precancer-
ous cells, via Goul 3-protein kinase C& (PKCS)-Nrf2 signaling pathway. After then, NF-«xB was
inhibited by Nrf2 and anti-oxidant enzymes. In contrast, in the absence of estrogen, NF-«B
pathway was activated by inflammatory stimuli. However, after unsuccessful elimination of
precancerous cells, inflammation progressed to cancer via Go12/Gol 3-NF-xB pathway and
Go13-PKC3-Nrf2 signaling pathway. Nrf2 promoted tumor progression by activation of anti-
oxidant enzymes and NLRP3 inflammasome complexes. Numerous studies have suggested
that Nrf2-deficient mice are more susceptible to inflammatory disorders [50,51]. For instance,
Nrf2 knockout enhanced intestinal tumorigenesis in adenomatous polyposis coli APC™™'*
mice due to attenuation of the anti-oxidative stress defense with concomitant exacerbation of
inflammation [52]. In the present study, the level of iNOS protein expression was approxi-
mately 47% and 15% significantly inhibited by 10 nM E2 treatment in TNF-o stimulated WT
MEFs and Nrf2 KO MEFs, respectively. However, the expression level of iNOS significantly
decreased by 10 nM E2 treatment was significantly higher in Nrf2 KO than in WT. Study on
peritoneal macrophages prepared from WT and Nrf2 KO mice have also reported the anti-
inflammatory effects of phytochemicals such as phenethyl isothiocyanate and curcumin via
Nrf2 [42]. According to their findings, iNOS protein expression was inhibited by phenethyl
isothiocyanate and curcumin treatment both in WT and Nrf2 KO macrophages. Additionally,
the presence of Nrf2 has more attenuating effects on COX-2 and iNOS [42]. Furthermore, in
the present study, the TNF-a-induced activation of NF-kB was gradually increased in a time

/ Normal condition N [ Nrf2 gene deficient condition \

AN

++s+D> Multistep activation ~——3> Stimulates ———] Inhibits 'Increment ‘ Decrement

Fig 4. Proposed scheme illustrating the regulatory mechanism of estrogen via Nrf2 and ERp against TNF-a.
mediated inflammation. In TNF-o-treated WT MEFs, estrogen inhibits expression of inflammatory signaling
molecules including nuclear NF-kB and iNOS (left panel). However, in TNF-o-treated Nrf2 KO MEFs, estrogen failed
to inhibit expression of nuclear NF-kB and iNOS (right panel).

https://doi.org/10.1371/journal.pone.0221650.g004
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dependent manner by Nrf2 deficiency compared to WT MEFs. Moreover, the inhibitory effect
of E2 on the expression of iNOS and activation of NF-kB was weakened in Nrf2 KO MEFs.
Taken together, these data suggest that Nrf2 plays a major role in mediating the anti-inflam-
matory properties of estrogen. To overcome the limitation of our ex vivo study, we will per-
form further animal experiments using Nrf2 knockout mice to clarify the regulation of the
NF-«B signaling pathway through Nrf2.

In conclusion, when compared to the effect of estrogen in TNF-a-treated WT MEFs, estro-
gen failed to inhibit expression of inflammatory signaling molecules including nuclear NF-xB
and iNOS in Nrf2 KO MEFs as schematically illustrated in Fig 4. Our data suggest that Nrf2
acts as a key player in the anti-inflammatory effects of estrogen. Furthermore, our data suggest
that Nrf2 could directly regulate the expression of ERp by binding to the ARE consensus
sequence within the ERB promoter.

Author Contributions
Conceptualization: Nayoung Kim.

Data curation: Chin-Hee Song, Nayoung Kim.
Formal analysis: Chin-Hee Song.

Funding acquisition: Nayoung Kim.
Investigation: Chin-Hee Song, Nayoung Kim.
Methodology: Chin-Hee Song, Nayoung Kim.
Project administration: Nayoung Kim.
Resources: Do-Hee Kim, Ha-Na Lee.
Supervision: Nayoung Kim, Young-Joon Surh.
Writing - original draft: Chin-Hee Song.
Writing - review & editing: Nayoung Kim, Do-Hee Kim, Ha-Na Lee, Young-Joon Surh.

References

1. Ferrero-Miliani L, Nielsen OH, Andersen PS, Girardin SE. Chronic inflammation: importance of NOD2
and NALP3 in interleukin-1beta generation. Clin Exp Immunol. 2007; 147: 227-35. https://doi.org/10.
1111/j.1365-2249.2006.03261.x PMID: 17223962

2. Khansari N, Shakiba Y, Mahmoudi M. Chronic inflammation and oxidative stress as a major cause of
age-related diseases and cancer. Recent Pat Inflamm Allergy Drug Discov. 2009; 3: 73-80. http://doi.
org/10.2174/187221309787158371. PMID: 19149749

3. Straub RH, Schradin C. Chronic inflammatory systemic diseases: An evolutionary trade-off between
acutely beneficial but chronically harmful programs. Evol Med Public Health. 2016; 2016: 37-51.
https://doi.org/10.1093/emph/eow001 PMID: 26817483

4. Amor S, Puentes F, Baker D, van der Valk P. Inflammation in neurodegenerative diseases. Immunol-
ogy. 2010; 129: 154-69. https://doi.org/10.1111/j.1365-2567.2009.03225.x PMID: 20561356

5. Straub RH. The complex role of estrogens in inflammation. Endocr Rev. 2007; 28: 521-74. https://doi.
org/10.1210/er.2007-0001 PMID: 17640948

6. Kovats S. Estrogen receptors regulate innate immune cells and signaling pathways. Cell Immunol.
2015; 294: 63-9. https://doi.org/10.1016/j.cellimm.2015.01.018 PMID: 25682174

7. Vegeto E, BenedusiV, Maggi A. Estrogen anti-inflammatory activity in brain: a therapeutic opportunity
for menopause and neurodegenerative diseases. Front Neuroendocrinol. 2008; 29: 507—-19. https://
doi.org/10.1016/j.yfrne.2008.04.001 PMID: 18522863

PLOS ONE | https://doi.org/10.1371/journal.pone.0221650  August 23, 2019 10/13


https://doi.org/10.1111/j.1365-2249.2006.03261.x
https://doi.org/10.1111/j.1365-2249.2006.03261.x
http://www.ncbi.nlm.nih.gov/pubmed/17223962
http://doi.org/10.2174/187221309787158371
http://doi.org/10.2174/187221309787158371
http://www.ncbi.nlm.nih.gov/pubmed/19149749
https://doi.org/10.1093/emph/eow001
http://www.ncbi.nlm.nih.gov/pubmed/26817483
https://doi.org/10.1111/j.1365-2567.2009.03225.x
http://www.ncbi.nlm.nih.gov/pubmed/20561356
https://doi.org/10.1210/er.2007-0001
https://doi.org/10.1210/er.2007-0001
http://www.ncbi.nlm.nih.gov/pubmed/17640948
https://doi.org/10.1016/j.cellimm.2015.01.018
http://www.ncbi.nlm.nih.gov/pubmed/25682174
https://doi.org/10.1016/j.yfrne.2008.04.001
https://doi.org/10.1016/j.yfrne.2008.04.001
http://www.ncbi.nlm.nih.gov/pubmed/18522863
https://doi.org/10.1371/journal.pone.0221650

@ PLOS|ONE

Nrf2 is a key regulator of the anti-inflammatory effects of estrogen

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

Chlebowski RT, Wactawski-Wende J, Ritenbaugh C, Hubbell FA, Ascensao J, Rodabough RJ, et al.
Estrogen plus progestin and colorectal cancer in postmenopausal women. N Engl J Med. 2004; 350:
991-1004. https://doi.org/10.1056/NEJM0a032071 PMID: 14999111

Son HJ, Sohn SH, Kim N, Lee HN, Lee SM, Nam RH, et al. Effect of Estradiol in an Azoxymethane/Dex-
tran Sulfate Sodium-Treated Mouse Model of Colorectal Cancer: Implication for Sex Difference in Colo-
rectal Cancer Development. Cancer Res Treat. 2019; 51: 632—-648. https://doi.org/10.4143/crt.2018.
060 PMID: 30064198

Lee SM, Kim N, Son HJ, Park JH, Nam RH, Ham MH, et al. The Effect of Sex on the Azoxymethane/
Dextran Sulfate Sodium-treated Mice Model of Colon Cancer. J Cancer Prev. 2016; 21: 271-78.
https://doi.org/10.15430/JCP.2016.21.4.271 PMID: 28053962

Ospina JA, Brevig HN, Krause DN, Duckles SP. Estrogen suppresses IL-1beta-mediated induction of
COX-2 pathway in rat cerebral blood vessels. Am J Physiol Heart Circ Physiol. 2004; 286: H2010-9.
https://doi.org/10.1152/ajpheart.00481.2003 PMID: 14684367

Kuiper GG, Carlsson B, Grandien K, Enmark E, Haggblad J, Nilsson S, et al. Comparison of the ligand
binding specificity and transcript tissue distribution of estrogen receptors alpha and beta. Endocrinol-
ogy. 1997; 138: 863-70. https://doi.org/10.1210/endo.138.3.4979 PMID: 9048584

Principi M, Barone M, Pricci M, De Tullio N, Losurdo G, lerardi E, et al. Ulcerative colitis: from inflamma-
tion to cancer. Do estrogen receptors have a role? World J Gastroenterol. 2014; 20: 11496-504.
https://doi.org/10.3748/wjg.v20.i33.11496 PMID: 25206257

Son HJ, Kim N, Song CH, Lee SM, Lee HN, Surh YJ. 17beta-Estradiol reduces inflammation and modu-
lates antioxidant enzymes in colonic epithelial cells. Korean J Intern Med. 2018. https://doi.org/10.3904/
kjim.2018.098 PMID: 30336658

Saleiro D, Murillo G, Benya RV, Bissonnette M, Hart J, Mehta RG. Estrogen receptor-beta protects
against colitis-associated neoplasia in mice. Int J Cancer. 2012; 131: 2553-61. https://doi.org/10.1002/
ijc.27578 PMID: 22488198

Rojo de la Vega M, Dodson M, Gross C, Mansour HM, Lantz RC, Chapman E, et al. Role of Nrf2 and
Autophagy in Acute Lung Injury. Curr Pharmacol Rep. 2016; 2: 91—101. https://doi.org/10.1007/
540495-016-0053-2 PMID: 27313980

Lee JM, Calkins MJ, Chan K, Kan YW, Johnson JA. Identification of the NF-E2-related factor-2-depen-
dent genes conferring protection against oxidative stress in primary cortical astrocytes using oligonucle-
otide microarray analysis. J Biol Chem. 2003; 278: 12029-38. https://doi.org/10.1074/jbc.M211558200
PMID: 12556532

Thimmulappa RK, Mai KH, Srisuma S, Kensler TW, Yamamoto M, Biswal S. Identification of Nrf2-regu-
lated genes induced by the chemopreventive agent sulforaphane by oligonucleotide microarray. Cancer
Res. 2002; 62: 5196—203. PMID: 12234984

Kundu JK, Surh YJ. Nrf2-Keap1 signaling as a potential target for chemoprevention of inflammation-
associated carcinogenesis. Pharm Res. 2010; 27: 999-1013. https://doi.org/10.1007/s11095-010-
0096-8 PMID: 20354764

Kobayashi EH, Suzuki T, Funayama R, Nagashima T, Hayashi M, Sekine H, et al. Nrf2 suppresses
macrophage inflammatory response by blocking proinflammatory cytokine transcription. Nat Commun.
2016; 7: 11624. https://doi.org/10.1038/ncomms 11624 PMID: 27211851

Osburn WO, Karim B, Dolan PM, Liu G, Yamamoto M, Huso DL, et al. Increased colonic inflammatory
injury and formation of aberrant crypt foci in Nrf2-deficient mice upon dextran sulfate treatment. Int J
Cancer. 2007; 121: 1883-91. hitps://doi.org/10.1002/ijc.22943 PMID: 17631644

Pareek TK, Belkadi A, Kesavapany S, Zaremba A, Loh SL, Bai L, et al. Triterpenoid modulation of IL-17
and Nrf-2 expression ameliorates neuroinflammation and promotes remyelination in autoimmune
encephalomyelitis. Sci Rep. 2011; 1:201. https://doi.org/10.1038/srep00201 PMID: 22355716

Soares MP, Seldon MP, Gregoire IP, Vassilevskaia T, Berberat PO, Yu J, et al. Heme oxygenase-1
modulates the expression of adhesion molecules associated with endothelial cell activation. J Immunol.
2004; 172: 3553-63. https://doi.org/10.4049/jimmunol.172.6.3553 PMID: 15004156

Bellezza |, Tucci A, Galli F, Grottelli S, Mierla AL, Pilolli F, et al. Inhibition of NF-kappaB nuclear translo-
cation via HO-1 activation underlies alpha-tocopheryl succinate toxicity. J Nutr Biochem. 2012; 23:
1583-91. https://doi.org/10.1016/j.jnutbio.2011.10.012 PMID: 22444871

Qiu LQ, Lai WS, Stumpo DJ, Blackshear PJ. Mouse Embryonic Fibroblast Cell Culture and Stimulation.
Bio Protoc. 2016; 6. pii: €1859. https://doi.org/10.21769/BioProtoc.1859 PMID: 28573158

Tamm C, Pijuan Galito S, Anneren C. A comparative study of protocols for mouse embryonic stem cell
culturing. PLoS One. 2013; 8: e81156. https://doi.org/10.1371/journal.pone.0081156 PMID: 24339907

PLOS ONE | https://doi.org/10.1371/journal.pone.0221650  August 23, 2019 11/13


https://doi.org/10.1056/NEJMoa032071
http://www.ncbi.nlm.nih.gov/pubmed/14999111
https://doi.org/10.4143/crt.2018.060
https://doi.org/10.4143/crt.2018.060
http://www.ncbi.nlm.nih.gov/pubmed/30064198
https://doi.org/10.15430/JCP.2016.21.4.271
http://www.ncbi.nlm.nih.gov/pubmed/28053962
https://doi.org/10.1152/ajpheart.00481.2003
http://www.ncbi.nlm.nih.gov/pubmed/14684367
https://doi.org/10.1210/endo.138.3.4979
http://www.ncbi.nlm.nih.gov/pubmed/9048584
https://doi.org/10.3748/wjg.v20.i33.11496
http://www.ncbi.nlm.nih.gov/pubmed/25206257
https://doi.org/10.3904/kjim.2018.098
https://doi.org/10.3904/kjim.2018.098
http://www.ncbi.nlm.nih.gov/pubmed/30336658
https://doi.org/10.1002/ijc.27578
https://doi.org/10.1002/ijc.27578
http://www.ncbi.nlm.nih.gov/pubmed/22488198
https://doi.org/10.1007/s40495-016-0053-2
https://doi.org/10.1007/s40495-016-0053-2
http://www.ncbi.nlm.nih.gov/pubmed/27313980
https://doi.org/10.1074/jbc.M211558200
http://www.ncbi.nlm.nih.gov/pubmed/12556532
http://www.ncbi.nlm.nih.gov/pubmed/12234984
https://doi.org/10.1007/s11095-010-0096-8
https://doi.org/10.1007/s11095-010-0096-8
http://www.ncbi.nlm.nih.gov/pubmed/20354764
https://doi.org/10.1038/ncomms11624
http://www.ncbi.nlm.nih.gov/pubmed/27211851
https://doi.org/10.1002/ijc.22943
http://www.ncbi.nlm.nih.gov/pubmed/17631644
https://doi.org/10.1038/srep00201
http://www.ncbi.nlm.nih.gov/pubmed/22355716
https://doi.org/10.4049/jimmunol.172.6.3553
http://www.ncbi.nlm.nih.gov/pubmed/15004156
https://doi.org/10.1016/j.jnutbio.2011.10.012
http://www.ncbi.nlm.nih.gov/pubmed/22444871
https://doi.org/10.21769/BioProtoc.1859
http://www.ncbi.nlm.nih.gov/pubmed/28573158
https://doi.org/10.1371/journal.pone.0081156
http://www.ncbi.nlm.nih.gov/pubmed/24339907
https://doi.org/10.1371/journal.pone.0221650

@ PLOS|ONE

Nrf2 is a key regulator of the anti-inflammatory effects of estrogen

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Vierbuchen T, Ostermeier A, Pang ZP, Kokubu Y, Sudhof TC, Wernig M. Direct conversion of fibro-
blasts to functional neurons by defined factors. Nature. 2010; 463: 1035—41. https://doi.org/10.1038/
nature08797 PMID: 20107439

Efe JA, Hilcove S, Kim J, Zhou H, Ouyang K, Wang G, et al. Conversion of mouse fibroblasts into cardi-
omyocytes using a direct reprogramming strategy. Nat Cell Biol. 2011; 13:215-22. https://doi.org/10.
1038/ncb2164 PMID: 21278734

Song CH, Kim N, Sohn SH, Lee SM, Nam RH, Na HY, et al. Effects of 17beta-Estradiol on Colonic Per-
meability and Inflammation in an Azoxymethane/Dextran Sulfate Sodium-Induced Colitis Mouse Model.
Gut Liver. 2018; 12: 682-93. https://doi.org/10.5009/gnl18221 PMID: 30400733

Chan K, Lu R, Chang JC, Kan YW. NRF2, a member of the NFE2 family of transcription factors, is not
essential for murine erythropoiesis, growth, and development. Proc Natl Acad Sci U S A. 1996; 93:
13943-8. https://doi.org/10.1073/pnas.93.24.13943 PMID: 8943040

Lee HG, Li MH, Joung EJ, Na HK, Cha YN, Surh YJ. Nrf2-Mediated heme oxygenase-1 upregulation as
adaptive survival response to glucose deprivation-induced apoptosis in HepG2 cells. Antioxid Redox
Signal. 2010; 13: 1639-48. https://doi.org/10.1089/ars.2010.3226 PMID: 20446774

Khan A, Fornes O, Stigliani A, Gheorghe M, Castro-Mondragon JA, van der Lee R, et al. JASPAR
2018: update of the open-access database of transcription factor binding profiles and its web frame-
work. Nucleic Acids Res. 2018; 46: D260-D66. https://doi.org/10.1093/nar/gkx1126 PMID: 29140473

Dreos R, Ambrosini G, Perier RC, Bucher P. The Eukaryotic Promoter Database: expansion of EPDnew
and new promoter analysis tools. Nucleic Acids Res. 2015; 43: D92-6. https://doi.org/10.1093/nar/
gku1111 PMID: 25378343

Rushmore TH, Morton MR, Pickett CB. The antioxidant responsive element. Activation by oxidative
stress and identification of the DNA consensus sequence required for functional activity. J Biol Chem.
1991; 266: 11632-9. PMID: 1646813

Torihata Y, Asanuma K, lijima K, Mikami T, Hamada S, Asano N, et al. Estrogen-Dependent Nrf2
Expression Protects Against Reflux-Induced Esophagitis. Dig Dis Sci. 2018; 63: 345-55. https://doi.
org/10.1007/s10620-017-4885-3 PMID: 29282639

Gorrini C, Gang BP, Bassi C, Wakeham A, Baniasadi SP, Hao Z, et al. Estrogen controls the survival of
BRCA1-deficient cells via a PI3BK-NRF2-regulated pathway. Proc Natl Acad Sci U S A. 2014; 111:
4472-7. https://doi.org/10.1073/pnas.1324136111 PMID: 24567396

Wu J, Williams D, Walter GA, Thompson WE, Sidell N. Estrogen increases Nrf2 activity through activa-
tion of the PI3K pathway in MCF-7 breast cancer cells. Exp Cell Res. 2014; 328: 351-60. https://doi.
org/10.1016/j.yexcr.2014.08.030 PMID: 25172557

Bradley JR. TNF-mediated inflammatory disease. J Pathol. 2008; 214: 149-60. https://doi.org/10.
1002/path.2287 PMID: 18161752

Schutze S, Wiegmann K, Machleidt T, Kronke M. TNF-induced activation of NF-kappa B. Immunobiol-
ogy. 1995; 193: 193-203. PMID: 8530143

Lawrence T. The nuclear factor NF-kappaB pathway in inflammation. Cold Spring Harb Perspect Biol.
2009; 1:a001651. https://doi.org/10.1101/cshperspect.a001651 PMID: 20457564

Spence RD, Wisdom AJ, Cao Y, Hill HM, Mongerson CR, Stapornkul B, et al. Estrogen mediates neuro-
protection and anti-inflammatory effects during EAE through ERalpha signaling on astrocytes but not
through ERbeta signaling on astrocytes or neurons. J Neurosci. 2013; 33: 10924-33. https://doi.org/
10.1523/JNEUROSCI.0886-13.2013 PMID: 23804112

Boyanapalli SS, Paredes-Gonzalez X, Fuentes F, Zhang C, Guo Y, Pung D, et al. Nrf2 knockout attenu-
ates the anti-inflammatory effects of phenethyl isothiocyanate and curcumin. Chem Res Toxicol. 2014;
27:2036—43. https://doi.org/10.1021/tx500234h PMID: 25387343

Surh YJ, Na HK. NF-kappaB and Nrf2 as prime molecular targets for chemoprevention and cytoprotec-
tion with anti-inflammatory and antioxidant phytochemicals. Genes Nutr. 2008; 2: 313—7. https://doi.
org/10.1007/s12263-007-0063-0 PMID: 18850223

Wu TY, Khor TO, Saw CL, Loh SC, Chen Al, Lim SS, et al. Anti-inflammatory/Anti-oxidative stress activ-
ities and differential regulation of Nrf2-mediated genes by non-polar fractions of tea Chrysanthemum
zawadskii and licorice Glycyrrhiza uralensis. AAPS J. 2011; 13: 1-13. https://doi.org/10.1208/s12248-
010-9239-4 PMID: 20967519

Garzon-Castano SC, Lopera-Castrillon |A, Jimenez-Gonzalez FJ, Siller-Lopez F, Veloza LA, Sepul-
veda-Arias JC. Nrf2-Mediated Antioxidant Activity of the inner bark extracts obtained from Tabebuia
rosea (Bertol) DC and Tabebuia chrysantha (JACQ) G. Nicholson. F1000Res. 2018; 7: 1937. https:/
doi.org/10.12688/f1000research.17165.2 PMID: 30728952

Levonen AL, Inkala M, Heikura T, Jauhiainen S, Jyrkkanen HK, Kansanen E, et al. Nrf2 gene transfer
induces antioxidant enzymes and suppresses smooth muscle cell growth in vitro and reduces oxidative

PLOS ONE | https://doi.org/10.1371/journal.pone.0221650  August 23, 2019 12/13


https://doi.org/10.1038/nature08797
https://doi.org/10.1038/nature08797
http://www.ncbi.nlm.nih.gov/pubmed/20107439
https://doi.org/10.1038/ncb2164
https://doi.org/10.1038/ncb2164
http://www.ncbi.nlm.nih.gov/pubmed/21278734
https://doi.org/10.5009/gnl18221
http://www.ncbi.nlm.nih.gov/pubmed/30400733
https://doi.org/10.1073/pnas.93.24.13943
http://www.ncbi.nlm.nih.gov/pubmed/8943040
https://doi.org/10.1089/ars.2010.3226
http://www.ncbi.nlm.nih.gov/pubmed/20446774
https://doi.org/10.1093/nar/gkx1126
http://www.ncbi.nlm.nih.gov/pubmed/29140473
https://doi.org/10.1093/nar/gku1111
https://doi.org/10.1093/nar/gku1111
http://www.ncbi.nlm.nih.gov/pubmed/25378343
http://www.ncbi.nlm.nih.gov/pubmed/1646813
https://doi.org/10.1007/s10620-017-4885-3
https://doi.org/10.1007/s10620-017-4885-3
http://www.ncbi.nlm.nih.gov/pubmed/29282639
https://doi.org/10.1073/pnas.1324136111
http://www.ncbi.nlm.nih.gov/pubmed/24567396
https://doi.org/10.1016/j.yexcr.2014.08.030
https://doi.org/10.1016/j.yexcr.2014.08.030
http://www.ncbi.nlm.nih.gov/pubmed/25172557
https://doi.org/10.1002/path.2287
https://doi.org/10.1002/path.2287
http://www.ncbi.nlm.nih.gov/pubmed/18161752
http://www.ncbi.nlm.nih.gov/pubmed/8530143
https://doi.org/10.1101/cshperspect.a001651
http://www.ncbi.nlm.nih.gov/pubmed/20457564
https://doi.org/10.1523/JNEUROSCI.0886-13.2013
https://doi.org/10.1523/JNEUROSCI.0886-13.2013
http://www.ncbi.nlm.nih.gov/pubmed/23804112
https://doi.org/10.1021/tx500234h
http://www.ncbi.nlm.nih.gov/pubmed/25387343
https://doi.org/10.1007/s12263-007-0063-0
https://doi.org/10.1007/s12263-007-0063-0
http://www.ncbi.nlm.nih.gov/pubmed/18850223
https://doi.org/10.1208/s12248-010-9239-4
https://doi.org/10.1208/s12248-010-9239-4
http://www.ncbi.nlm.nih.gov/pubmed/20967519
https://doi.org/10.12688/f1000research.17165.2
https://doi.org/10.12688/f1000research.17165.2
http://www.ncbi.nlm.nih.gov/pubmed/30728952
https://doi.org/10.1371/journal.pone.0221650

@ PLOS|ONE

Nrf2 is a key regulator of the anti-inflammatory effects of estrogen

47.

48.

49.

50.

51.

52.

stress in rabbit aorta in vivo. Arterioscler Thromb Vasc Biol. 2007; 27: 741-7. https://doi.org/10.1161/
01.ATV.0000258868.80079.4d PMID: 17255530

Itoh K, Mochizuki M, Ishii Y, Ishii T, Shibata T, Kawamoto Y, et al. Transcription factor Nrf2 regulates
inflammation by mediating the effect of 15-deoxy-Delta(12,14)-prostaglandin j(2). Mol Cell Biol. 2004;
24: 36—45. https://doi.org/10.1128/MCB.24.1.36-45.2004 PMID: 14673141

Piantadosi CA, Withers CM, Bartz RR, MacGarvey NC, Fu P, Sweeney TE, et al. Heme oxygenase-1
couples activation of mitochondrial biogenesis to anti-inflammatory cytokine expression. J Biol Chem.
2011; 286: 16374-85. https://doi.org/10.1074/jbc.M110.207738 PMID: 21454555

Zhu X, Xi C, Thomas B, Pace BS. Loss of NRF2 function exacerbates the pathophysiology of sickle cell
disease in a transgenic mouse model. Blood. 2018; 131: 558-62. https://doi.org/10.1182/blood-2017-
10-810531 PMID: 29255069

Ma Q, Battelli L, Hubbs AF. Multiorgan autoimmune inflammation, enhanced lymphoproliferation, and
impaired homeostasis of reactive oxygen species in mice lacking the antioxidant-activated transcription
factor Nrf2. Am J Pathol. 2006; 168: 1960—74. https://doi.org/10.2353/ajpath.2006.051113 PMID:
16723711

Kim J, Cha YN, Surh YJ. A protective role of nuclear factor-erythroid 2-related factor-2 (Nrf2) in inflam-
matory disorders. Mutat Res. 2010; 690: 12—23. https://doi.org/10.1016/j.mrfmmm.2009.09.007 PMID:
19799917

Cheung KL, Lee JH, Khor TO, Wu TY, Li GX, Chan J, et al. Nrf2 knockout enhances intestinal tumori-
genesis in Apc(min/+) mice due to attenuation of anti-oxidative stress pathway while potentiates inflam-
mation. Mol Carcinog. 2014; 53: 77—84. https://doi.org/10.1002/mc.21950 PMID: 22911891

PLOS ONE | https://doi.org/10.1371/journal.pone.0221650  August 23, 2019 13/13


https://doi.org/10.1161/01.ATV.0000258868.80079.4d
https://doi.org/10.1161/01.ATV.0000258868.80079.4d
http://www.ncbi.nlm.nih.gov/pubmed/17255530
https://doi.org/10.1128/MCB.24.1.36-45.2004
http://www.ncbi.nlm.nih.gov/pubmed/14673141
https://doi.org/10.1074/jbc.M110.207738
http://www.ncbi.nlm.nih.gov/pubmed/21454555
https://doi.org/10.1182/blood-2017-10-810531
https://doi.org/10.1182/blood-2017-10-810531
http://www.ncbi.nlm.nih.gov/pubmed/29255069
https://doi.org/10.2353/ajpath.2006.051113
http://www.ncbi.nlm.nih.gov/pubmed/16723711
https://doi.org/10.1016/j.mrfmmm.2009.09.007
http://www.ncbi.nlm.nih.gov/pubmed/19799917
https://doi.org/10.1002/mc.21950
http://www.ncbi.nlm.nih.gov/pubmed/22911891
https://doi.org/10.1371/journal.pone.0221650

