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Background: Reactive oxygen species (ROS) and antioxidants are associated with maintenance of cellular function and metabo-
lism. Nuclear factor-E2-related factor 1 (NFE2L1, Nrfl) is known to regulate the expression of a number of genes involved in
oxidative stress and inflammation. The purpose of this study was to examine the effects of NFE2L1 on the response to oxidative
stress in osteoblastic MC3T3-E1 cells.

Methods: The murine calvaria-derived MC3T3-E1 cell line was exposed to lipopolysaccharide (LPS) for oxidative stress induc-
tion. NFE2L1 effects were evaluated using small interfering RNA (siRNA) for NFE2LI mRNA. ROS generation and the levels
of known antioxidant enzyme genes were assayed.

Results: NFE2L1 expression was significantly increased 2.4-fold compared to the control group at 10 pg/mL LPS in MC3T3-E1
cells (P<0.05). LPS increased formation of intracellular ROS in MC3T3-El cells. NFE2LI knockdown led to an additional in-
crease of ROS (20%) in the group transfected with NFE2L1 siRNA compared with the control group under LPS stimulation
(P<0.05). RNA interference of NFE2LI suppressed the expression of antioxidant genes including metallothionein 2, glutamate-
cysteine ligase catalytic subunit, and glutathione peroxidase 1 in LPS-treated MC3T3-E1 cells.

Conclusion: Our results suggest that NFE2L1 may have a distinct role in the regulation of antioxidant enzymes under inflamma-
tion-induced oxidative stress in MC3T3-E1 osteoblastic cells.
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INTRODUCTION

Reactive oxygen species (ROS) are considered to be a causal
factor in inflammation, aging and a number of degenerative
diseases such as atherosclerosis, carcinogenesis, infarction, and

osteoporosis [1]. The effects of ROS are eliminated by enzy-
matic mechanisms involved in cellular antioxidant defense and
xenobiotic detoxification [2]. The delicate balance between
ROS and antioxidants is important to maintain equilibrium be-
tween osteoblasts and osteoclasts activities, respectively, under
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physiological conditions [3]. ROS and antioxidants are also
known to be involved in the pathogenesis of bone loss such as
in osteoporosis [4,5].

Lipopolysaccharide (LPS) is a constituent of the cell wall out-
er membrane of gram-negative bacteria and has various biologi-
cal effects including immune and inflammatory responses [6].
LPS has the capacity to induce bone resorption in vitro and also
stimulates osteoblasts to secrete osteolytic factors [7]. LPS is in-
volved in the suppression of bone sialoprotein, a mineralized
tissue-specific protein in osteoblast-like ROS 17/2.8 cells [8].

Nuclear factor-E2-related factor 1 (NFE2L1, Nrfl) is a basic
leucine zipper protein (bZIP) in the Cap-N-Collar (CNC) tran-
scriptional factor family and controls antioxidant response ele-
ment (ARE)-driven genes [9]. NFE2L1 was originally suggest-
ed to have a role in B-globin gene expression in erythroid cells;
however, NFE2L1 has also been shown to bind the ARE and
regulate the expression of many genes involved in oxidative
stress, cellular differentiation, and inflammation [10].

NFE2L1 can protect cells from oxidative stress by regulating
genes encoding enzymes related to glutathione (GSH) biosyn-
thesis and other oxidative defense enzymes [10]. Synthesis of
GSH, a major antioxidant in the cell, involves y-glutamylcysteine
ligase (y-GCL), which consists of a catalytic (GCLC) and a
modifier (GCLM) light chain [11]. Evidence suggests that
NFE2L1 regulates transcription of GSH synthesis-related
genes and other antioxidant genes including NAD(P)H dehy-
drogenase, quinone 1 (NQO1), ferritin-H, metallothionein
(MT)-1 and -2 in fibroblasts, and hepatocytes [12-15]. Howev-
er, despite these observations, there have been no investiga-
tions of the function of NFE2L1 in oxidative stress and the
NFE2L1-related antioxidant system in osteoblasts.

In the present study, we attempted to assess the effects of in-
flammation-induced oxidative stress on NFE2L1 expression
pattern and also determined a role of NFE2L1 in the expres-
sions of antioxidant-related enzymes using MC3T3-E1 osteo-
blastic cells.

METHODS

Cell culture and treatment
The murine calvaria-derived MC3T3-E1 osteoblast-like cell
line was used in this study. MC3T3-E1 cells were maintained
in a-modified minimum essential medium (a-MEM) contain-
ing antibiotics and 10% fetal bovine serum. This basic medium
was replenished every 3 days.

MC3T3-El cells were seeded in either 96- or 6-well plates.
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Cells were then treated with different concentrations of LPS
(Sigma-Aldrich, St. Louis, MO, USA). Cells were subsequent-
ly washed twice with phosphate-buffered saline (PBS), and
then cells were harvested for experiments.

Transfection of small interfering RNA

MC3T3-E1 cells were plated in either 96- or 6-well plates. Af-
ter overnight culture, the cells were transfected using Lipo-
fectamine PLUS reagent (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer’s protocol. Each transfection assay
was performed with control small interfering RNA (siRNA) or
NFE2L] siRNA (siNFE2L1) (Santa Cruz Biotechnology, Santa
Cruz, CA, USA).

RNA isolation and quantitative real-time polymerase
chain reaction

Cultured cells were superficially washed with PBS, followed
by extraction of total RNA using Trizol (Invitrogen) according
to the manufacturer’s standard instructions. Samples (2 pg) of
total RNA were reverse transcribed, followed by oligo (dT)
primer and MMLV Reverse Transcriptase (Promega Co., Mad-
ison, WI, USA) at a final volume of 25 uL. Aliquots of 2 puL.
cDNA were used as templates for real-time polymerase chain
reaction (PCR). PCR amplification was performed with 2X
SYBR Premix Ex Ta (Takara Bio Inc., Shiga, Japan) and 10
pmol forward and reverse primers using Thermal Cycler DICE
Real Time System (Takara Bio Inc.). Reactions were performed
for 45 cycles of 95°C for 10 seconds, 60°C for 15 seconds, and
72°C for 30 seconds. Primers are listed in Table 1.

Measurement of intracellular ROS

Generation of intracellular ROS was measured according to the
method described by Wang and Lou [16]. Briefly, MC3T3-E1
cells were cultured on 96-well plates (1X10° cells/well) and
transfected with control siRNA (siCONT) or siNFE2L1. After
24 hours, cells were incubated in o-MEM containing fluores-
cent dye 50 uM H2DCF-DA (Invitrogen) for 15 minutes in the
dark, washed thoroughly by PBS, and further incubated in
o-MEM with or without 10 pg/mL LPS. The emitted fluores-
cence was measured by fluorometer (Wallac 1420D Fluorome-
ter, PerkinElmer Inc., Turku, Finland) with excitation and emis-
sion wavelengths at 485 and 535 nm, respectively.

Statistical analysis
Statistical analysis was performed with SPSS version 11.5
(SPSS Inc., Chicago, IL, USA). Results are expressed as the

www.e-enm.org 337




N EM I

Table 1. Primers Used

Gene Forward (5°-3") Reverse (5'-3")

p-Actin CCGCGAGCACAGCTTCTT CCCACGATGGAGGGGAATAC
NFE2L1 GGAGAGCTTCCCTGCACAGT TTACTTCCATAGCCTGCATTTCC
MTI ATGGACCCCAACTGCTCCT ACAGCCCTGGGCACATTT

MT2 CCGATCTCTCGTCGATCTTCAACC CAGGAGCAGCAGCTTTTCTTGCAG
GCLC GCACGGCATCCTCCAGTTCCT TCGGATGGTTGGGGTTTGTCC
GCLM GGCTTCGCCTCCGATTGAAGA TCACACAGCAGGAGGCCAGGT
NQO1 GCATTGGCCACACTCCACCAG ATGGCCCACAGAGAGGCCAAA
GPxI TGCTCATTGAGAATGTCGCGTCTC AGGCATTCCGCAGGAAGGTAAAGA
NFE2LI, nuclear factor-E2-related factor 1; MT1, metallothionein 1; MT2, metallothionein 2; GCLC, glutamate-cysteine ligase catalytic subunit;
GCLM, glutamate-cysteine ligase modifier subunit; NQO1, NAD(P)H dehydrogenase, quinone 1; GPx1, glutathione peroxidase 1.
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i
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Relative NFE2L1 expression (fold)

(5]

Fig. 1. The effect of lipopolysaccharide (LPS) on nuclear fac-
tor-E2-related factor 1 (NFE2L1) mRNA expression in MC3T3-
E1 cells. Cells were treated with 0, 2, 5, or 10 pg/mL LPS for 24
hours. Levels of mRNA were analyzed by (A) semi-quantitative
polymerase chain reaction (PCR) and (B) quantitative real time-
PCR. The expression level of each mRNA was normalized to the
[-actin levels. *P<0.05 compared with the control group.

mean=®SE and the statistical significance was determined by
Student 7 test or one-way analysis of variance with Tukey post
hoc test. Significance was defined by a P<0.05.

338 www.e-enm.org

RESULTS

NFE2L] expression after LPS treatment

We examined the effect of LPS treatment on NFE2LI mRNA
expression in MC3T3-E1 cells (Fig. 1). Cells were treated with
0,2, 5, or 10 pg/mL LPS for 24 hours. Although LPS treatment
showed a trend to stimulate the expression of NFE2LI gene in
MC3T3-El cells dose-dependently, NFE2L1 expression was
significantly increased 2.4-fold compared to the control group
at 10 pg/mL LPS (P<0.05) (Fig. 1B).

RNA interference of NFE2L1

To investigate the contribution of NFE2L1 to the oxidative
stress response in MC3T3-E1 cells, specific siRNA for
NFE2L] was transfected in MC3T3-E1 cells. Transfection with
siNFE2L 1 knocked down expression of NFE2L1 by 79% at 20
nm siRNA as determined by quantitative real time-PCR (P<
0.05) (Fig. 2).

Effects of NFE2L1I knockdown on ROS formation in
MC3T3-E1 cells

MC3T3-E1 cells transfected with siCONT or siNFE2L1 were
treated with LPS (10 pg/ml) for 10 minutes, and ROS genera-
tion was subsequently analyzed (Fig. 3). Quiescent cells (with-
out stimulation) displayed a similar level of ROS in both si-
CONT and siNFE2L1 groups. LPS exposure resulted in a sig-
nificant increase in the amount of ROS by 26% compared with
unstimulated cells (P<0.05). The siNFE2L1 led to an addition-
al increase of ROS (20%) compared with the siCONT group
under LPS stimulation (P<0.05).

Copyright © 2016 Korean Endocrine Society
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Fig. 2. Nuclear factor-E2-related factor 1 (VFE2L1) mRNA ex-
pression after transient transfection with control siRNA (siCONT)
or NFE2L1 siRNA (siNFE2L1) in MC3T3-E1 cells. Levels of
mRNA were analyzed by semi-quantitative (A) polymerase chain
reaction (PCR) and (B) quantitative real time-PCR. The expres-
sion level of each mRNA was normalized to the S-actin levels.
#P<0.05 compared with the siCONT group.

Effects of NFE2L1 knockdown on antioxidant gene
expression in LPS treated cells

We next examined the effect of mRNA inhibition of NFE2L1
on the mRNA expression of antioxidant genes against oxida-
tive stress in MC3T3-E1 cells. As shown in Fig. 4, there was
no significant difference in antioxidant gene expression be-
tween siCONT and siNFE2L1 groups under unstimulated con-
ditions. Exposure of MC3T3-E1 cells to LPS led to a signifi-
cant increase in the level of M72 compared to untreated con-
trols, and NFE2L1 knockdown resulted in a decrease of 48% in
MT?2 expression under LPS stimulation (P<0.05) (Fig. 4B). In
the presence of LPS, siNFE2L1 also significantly suppressed
the expression of GCLC and glutathione peroxidase 1 (GPx/)
by 41% and 37%, respectively, compared to the siCONT group
(P<0.05) (Fig. 4C, F). However, the differences in mRNA lev-
els of MT1, GCLM, and NOOI between siCONT and siN-
FE2L1 groups following stimulation with LPS were not signif-
icant.

Copyright © 2016 Korean Endocrine Society
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Fig. 3. Measurement of reactive oxygen species (ROS) with
H2DCF-DA in MC3T3-E1 cells. Intracellular ROS in the trans-
fectants of control siRNA (siCONT) and nuclear factor-E2-related
factor 1 siRNA (siNFE2L1) were compared under control (no
stimulation) and stimulations by lipopolysaccharide (LPS, 10 pg/
mL) for 10 minutes. *P<0.05 compared with the control group or
siCONT cells.

DISCUSSION

Bone remodeling is controlled by a wide range of systemic fac-
tors including hormones and steroids and local factors as well
as bacterial products such as LPSs. Bacteria-induced pathologi-
cal bone remodeling is related to bacterial arthritis, osteitis, os-
teomyelitis, and periodontitis [7]. Bone loss at sites of infection
results from mainly increased formation and function of bone-
resorbing osteoclasts, though bacterially stimulated osteoblasts
showed the ability to produce considerable inflammatory me-
diators that can promote osteoclastogenesis [17].

NFE2L1 is a member of the CNC family of bZIP transcrip-
tional factors and plays an important role in the control of a
wide range of genes involved in antioxidants, differentiation,
and inflammation [10]. While an understanding of the role of
NFE2L1 in the stress response has been demonstrated in vari-
ous cells, it remains unclear whether NFE2L1 has unique func-
tions under different conditions.

Here we found that expression of NFE2LI was increased
dose-dependently by LPS in MC3T3-E1 cells. LPS is known to
have biologic effects to stimulate the production of cytokines
such as interleukin 1 (IL-1), IL-6, and tumor necrosis factor o
from osteoblasts [7] and these factors contribute to produce
ROS in nonphagocytic cells [18]. We then observed that ROS
generation by LPS was additionally increased after NFE2L1 si-
lencing. Other studies have reported that NFE2L1-deficient he-
patocytes and fibroblasts showed elevated free radicals under
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Fig. 4. The effect of nuclear factor-E2-related factor 1 (NVFE2L1) knockdown on antioxidant gene mRNA expression in lipopolysaccha-
ride (LPS) treated cells. Antioxidant genes are as follows: (A) metallothionein 1 (M71), (B) metallothionein 2 (M72), (C) glutamate-cys-
teine ligase catalytic subunit (GCLC), (D) glutamate-cysteine ligase modifier subunit (GCLM), (E) NAD(P)H dehydrogenase, quinone 1
(NQOI), and (F) glutathione peroxidase 1 (GPx1). MC3T3-El cells were transfected with control siRNA (siCONT) or NFE2LI siRNA
(siNFE2L1) followed by 24-hour treatment of 10 pg/mL LPS. Controls received culture medium only. Quantitation of mRNA levels was
analyzed by quantitative real-time polymerase chain reaction. The expression level of each mRNA was normalized to the f-actin levels.

*P<0.05 compared with the control group or siCONT cells.

normal conditions and with cytotoxic agents, respectively
[12,19]. Our results suggest that osteoblasts could deal with the
increased intracellular oxidative stress burden partially mediat-
ed by NFE2L1.

In this study, LPS treatment led to a strong induction of M72
expression in MC3T3-E1 cells and functional inhibition of
NFE2LI by siRNA caused a significant decrease in expression
of MT2 in the presence of LPS. The MT gene is known to be
regulated transcriptionally in vivo by heavy metals, glucocorti-
coid hormones, and LPS [20-22]. The level of MT2 expression
is relatively higher than MT1, with the ratio of M7/ mRNA to
MT2 mRNA ranging from 2:3 to 5:7 [23]. The mouse M7/ and
MT?2 genes are located in close proximity on chromosome 8
and are amplified together by heavy metals such as cadmium
[23,24]. Although the ARE of the mouse M7/ gene is preferen-
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tially regulated by NFE2L1 [15], the presence of two forms of
MT genes could allow greater flexibility in the regulation of
expression depending on the different types of inducers. There-
fore, our study suggests that LPS might act as a strong inducer
of MT2 expression in osteoblastic MC3T3-E1 cells, which is
dominantly affected by NFE2L1 under oxidative stress.

We also observed that the expression of GCLC and GPx]
was affected after NFE2L1 knockdown under LPS stimulation.
The mRNA expression of GPx/ and GCLC genes might be up-
regulated to a negligible extent with LPS-only treatment. Li et
al. [25] reported that the levels of GPx were not changed in
LPS-stimulated macrophages but significantly elevated in LPS-
activated cells exposed to an antioxidative stress reagent. Pre-
vious studies have shown that GCLC and GPx1 were induced
in response to overexpression of NFE2L1 or increased intracel-

Copyright © 2016 Korean Endocrine Society
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lular accumulation of NFE2L1 [14,26]. The expression of
GCLM and NQOI was not changed by LPS and knockdown of
NFE2LI, as NFE2L2 has been shown to primarily regulate
GCLM and NQO1 [27,28].

Our study has several limitations. First, oxidative stress
could be induced by many agents such as H.O», high glucose,
cytotoxic drugs and metal; however, we focused on inflamma-
tion-induced oxidative stress using LPS. Second, we did not
assess the association of NFE2L1 with forkhead homeobox
type O-1, which is a crucial regulator of oxidative stress in os-
teoblasts [29]. Third, NFE2LI is known to involve in cellular
differentiation [30,31]. It remains to be examined whether os-
teoblasts differentiation is affected by the change of NFE2L1
expression and antioxidant enzymes under LPS-induced oxida-
tive stress. Finally, we only included the knock-down system
of target gene, not performing over-expression system in this
study.

In conclusion, this is the first study to elucidate the effects of
NFE2L1 on inflammation-induced oxidative stress and the re-
sponse of antioxidant enzymes in MC3T3-E1 cells. Our results
show that the NFE2LI gene is induced by LPS treatment and
NFE2L1 mediates expression of antioxidant enzymes under
oxidative stress induced by LPS in osteoblastic MC3T3-El
cells. This work suggests that NFE2L1 has a distinct function
in regulating the response to oxidative stress in osteoblastic
cells.
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