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A B S T R A C T

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a transcription factor that mediates a broad range of cellular
antioxidative, detoxification and anti-inflammatory effects. However, the precise mechanism by which Nrf2
regulates inflammation and metabolism in macrophages remains controversial and unclear. To further clarify the
roles of Nrf2 in inflammation and glucose metabolism regulation, retrovirus-mediated knockdown of Nrf2 was
performed in murine RAW264.7 macrophages, and the cells were stimulated with 100 ng/mL lipopolysaccharide
for 24 h for M1 activation. qPCR and western blotting results indicated that Nrf2 knockdown significantly en-
hanced expression of the inflammatory genes Il1a and Il1b in unstimulated macrophages and increased ex-
pression of the inflammatory genes Il1a, Il1b, Il6, Il10, Ccl2, Ccl22, and CD38 but decreased that of Tnfa and
Tgfb1 in M1 macrophages. Nrf2 knockdown also significantly elevated IL6 and IL10 secretion by M1 macro-
phages. Western blotting showed that Nrf2 knockdown reduced iNOS protein levels in resting macrophages and
enhanced CD38 protein levels in both resting and M1 macrophages. The differential regulation of these mac-
rophage inflammation and polarization markers by Nrf2 reveals multiple roles for Nrf2 in regulating in-
flammation in macrophages. Moreover, Nrf2 knockdown increased the Glu4 protein level and decreased AKT
and GSK3β protein phosphorylation in M1 macrophages, suggesting multiple roles for Nrf2 in regulating glucose
metabolism in macrophages. Overall, our results are the first to demonstrate mixed inflammation and glucose
metabolism regulatory effects of Nrf2 in macrophages that may occur independent of its classic function in redox
regulation. These findings support the potential of Nrf2 as a therapeutic target for the prevention and treatment
of inflammation- and obesity-associated syndromes, including diabetes and atherosclerosis.

1. Introduction

Nuclear factor (erythroid-derived 2)-like 2, also known as NFE2L2
or Nrf2, is a basic leucine zipper (bZIP) transcription factor that is
traditionally considered a master regulator of the antioxidant defense
system in cellular organisms [1–4]. Under static conditions, Nrf2 is
retained in the cytoplasm by Kelch-like ECH-associated protein 1
(Keap1) and undergoes constant ubiquitination and proteasomal de-
gradation. Upon oxidative or electrophilic stress, the Nrf2 protein is
released from Keap1, rapidly accumulates in the cytoplasm and then
translocates to the nucleus, where it forms heterodimers with other
bZIP proteins, binds to antioxidant response elements in the promoter
region of target genes, and induces expression of many cytoprotective

antioxidant and phase II detoxifying genes, including heme oxygenase 1
(Hmox1 or ho-1) and NAD(P)H:quinone oxidoreductase 1 (nqo1).

Extensive evidence to date indicates that the functions of Nrf2 are
not limited to antioxidant and detoxification effects. Indeed, Nrf2 has
also been implicated in many other molecular processes and diseases,
including inflammatory responses, metabolic diseases, cancer and cell
proliferation, senescence and survival [5–9]. However, the exact roles
of Nrf2 in the inflammatory response, atherosclerosis and metabolic
programming remain highly controversial.

Nrf2 deficiency can exacerbate inflammation and promote athero-
sclerosis and liver injury in a variety of murine models [10–13]. Para-
doxically, Nrf2 deficiency was reported to prevent the early onset and
development of atherosclerosis and to promote lipid metabolism in
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ApoE knockout mice [14,15] and also to prevent diet-induced obesity
and obesity-associated chronic inflammation in mouse adipose tissue
[16–21].

Furthermore, controversial functions of Nrf2 in the regulation of
inflammation and metabolism have also been observed in numerous
Nrf2-activated cell and murine models. For example, genetic activation
of Nrf2 via hypomorphic knockdown of Keap1 [22–24] or oral ad-
ministration of Nrf2 inducers [24–27] represses inflammation and
prevents the onset and development of diabetes mellitus and diabetes-
associated disorders in diabetic mice. Conversely, enhanced activity
and activation of Nrf2 have been reported to aggravate inflammation,
worsen insulin resistance and promote hepatic steatosis and lipid ac-
cumulation in mice [27–29].

To address the controversial functions of Nrf2 in the regulation of
inflammation and metabolism, Kobayashi et al. recently explored the
Nrf2-mediated inflammatory response in Nrf2-activated macrophages
[10]. In this elegant study, the authors revealed that Nrf2-mediated
inhibition of pro-inflammatory genes is independent of its redox control
and is not a secondary consequence of the elimination of reactive
oxygen species (ROS) through production of antioxidant enzymes and
proteins. Nrf2 can regulate the macrophage inflammatory response
through direct binding to its binding motif (TGAG/CnnnGC motif or
antioxidant responsive element, ARE) in inflammatory gene promoters
in both unstimulated and M1-activated cells as well as through re-
cruitment to form a regulatory protein complex with other transcription
factors or cofactors without direct motif binding. These two regulatory
mechanisms might coexist in an independent manner for transcriptional
regulation of individual genes, and the interplay between these two
mechanisms requires further elucidation.

Macrophages are cells of the innate immune system that are present
in all tissues, including the adipose tissue, the liver and the vasculature
[30,31]. Macrophages secrete a broad spectrum of cytokines, chemo-
kines, growth factors and extracellular vesicle-encapsulated material
that can influence the function of neighboring cells through paracrine
effects and the function of other tissues and organs through endocrine
activity [30,31]. Because of their phenotypic flexibility, these cells have
beneficial effects in tissue homeostasis [30,31], but they are also con-
sidered essential effector cells in the occurrence and development of
obesity-associated metabolic disorders and atherosclerosis, which are
associated with a state of chronic, low-grade inflammation [30–33]. As
the principle source of inflammatory mediators, infiltration, expression
and secretion of inflammatory cytokines in adipose tissue by macro-
phages precede the development of insulin resistance, underlying the
etiology of obesity-related metabolic disorders [34–37]. Anti-in-
flammatory therapies through either inhibition of pro-inflammatory
cytokines [38–41] or stimulation of anti-inflammatory cytokines
[42,43] have been shown to have beneficial metabolic effects in pa-
tients with type 2 diabetes. Liver macrophages are crucial for the pa-
thogenesis of acute and chronic liver diseases, in which they orchestrate
inflammation, fibrosis, angiogenesis and tumor progression [44,45].
Macrophages are also fundamental contributors to the initiation and
progression of atherosclerosis, which depend on local inflammation and
lipid accumulation in the vascular wall [46–49]. Thus, understanding
the finely tuned mechanisms underlying inflammation regulation in
macrophages is essential for clarifying the controversial roles of Nrf2 in
metabolic and inflammatory regulation in Nrf2-deficient [10–21] and
Nrf2-activated [22–29] mice.

In the study reported by Kobayashi et al., the observed Nrf2-medi-
ated inhibition of pro-inflammatory cytokines in M1 macrophages [10]
provided deeper insight into the beneficial effects of Nrf2 activation
[22–27] and the deleterious effects of Nrf2 deficiency [10–13] in mice.
However, the findings were insufficient to explain the opposite out-
comes of Nrf2 deficiency [14–21] or Nrf2 activation [27–29] in the
regulation of inflammation and metabolism in mice.

In the present study, we knocked down Nrf2 expression in murine
RAW 264.7 macrophages and evaluated effects on the inflammatory

response and glucose regulation in these cells with the aim of gaining a
comprehensive understanding of Nrf2-mediated inflammatory and
metabolic regulation in macrophages.

2. Materials and methods

2.1. RAW 264.7 cell culture, transduction with retrovirus shRNA, and M1
stimulation

The RAW 264.7 murine macrophage cell line was obtained from
American Type Culture Collection (ATCC, USA) and maintained in
Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal
bovine serum (Biological Industries, Israel) and 1% penicillin-strepto-
mycin at 37 °C in a humidified atmosphere containing 5% CO2. The
sequences of the shRNA utilized in this study to target mouse Nrf2 gene
were as follows: sense, 5′-GAAUUACAGUGUCUUAAUATT-3′, and anti-
sense, 5′-UAUUAAGACACUGUAAUUCTT-3′. RAW 264.7 cells were
transduced with according to the manufacturer's instructions. Briefly,
RAW 264.7 cells were seeded at a density of 2.5 ∗ 105 in six-well plates
for 1 day. Before transduction, 25 μL Nrf2 retrovirus carrying an anti-
puromycin construct (1 ∗ 108 U/mL) and control retrovirus with GFP
RNA (1 ∗ 108 U/mL) were separately added to 1mL of culture medium.
The retrovirus/medium complexes were added to cells, and 4 h later,
the cells were supplemented with 1mL normal medium. The vector-
containing medium was replaced with normal culture medium at 24 h,
and the cells were incubated for another 48 h. The percentage of GFP-
positive cells was determined using a fluorescence microscope
(Invitrogen EVOS FL Auto, Life Technologies, USA).

Cells carrying the Nrf2 retrovirus were selected using medium
containing 2 μg/mL puromycin. The levels of Nrf2 mRNA in cells
transduced with the Nrf2 retrovirus or the control retrovirus at each
passage were measured and compared by qPCR analysis until efficiency
of Nrf2 knockdown over 95% was attained. The retrovirus-transduced
cells were continually cultured in a macrophage medium containing
1 μg/mL puromycin to maintain a mild selective pressure, and this cell
pool was used for all experiments in this study.

To address the role of Nrf2 in inflammation regulation, we explored
Nrf2 target genes in the inflammatory state using pro-inflammatory
(M1)-activated macrophages stimulated with lipopolysaccharide (LPS,
100 ng/mL). Before each experiment, retrovirus-transduced cells were
switched to puromycin-free starvation medium containing 2% FBS,
cultured overnight (approximately ~12 h), and left untreated (Con) or
incubated with 100 ng/mL LPS (M1) in normal medium for 24 h. The
cells and culture medium were collected for experiments.

2.2. ELISA for inflammatory cytokine detection

The ELISA kit for IL6 was purchased from NeoBioscience (cat.#:
EMC004(H).96, Shenzhen, China); the kit for IL10 was purchased from
ExCell Bio (cat.#: EM005, Shanghai, China). Secretion of inflammatory
cytokines by macrophages was assessed by measuring the concentration
of cytokines in the culture medium by ELISA. The culture medium of
untreated or LPS-treated cells was collected and centrifuged at
1000 rpm for 7min to obtain cell-free supernatants. Aliquots of the cell-
free supernatants were used to measure the concentration of the in-
flammatory cytokines IL6 and IL10 in the culture medium with cytokine
sandwich ELISA kits according to the manufacturer's instructions.

2.3. Quantitative real-time polymerase chain reaction (qPCR) assay

Total RNA was extracted using a Hipure Total RNA Mini Kit (cat.#:
R4111-03, Magen, China) and converted to cDNA with a ReverTra Ace
qPCR RT kit (cat.#: FSQ-101, Toyobo, Japan). RNA quality was de-
termined by the A260:A280 ratio, whereby RNA samples with
A260:A280 ratios between 1.8 and 2.2 were considered to be pure and
were used for reverse transcription. Quantitative real-time polymerase
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chain reaction (qPCR) was performed using an ABI Step One Plus
system (Applied Biosystems, USA) with SYBR green PCR mix (cat.#:
QPK-201, Toyobo, Japan) with Gapdh and Actb as internal reference
genes. Primer specificity was determined by melting curves and agarose
gel electrophoresis of qPCR products. No-template controls were in-
cluded in each batch of samples to evaluate contamination and unin-
tended amplification. The sequences of primers used in this study and
the range of the threshold cycle (Ct) for each pair of primers under our
experimental conditions are listed in Supplementary Table 1. The fold
change in relative mRNA expression was calculated using the 2−ΔΔCt

method.

2.4. Western blot analysis

Equal amounts of proteins were separated by gel electrophoresis
and transferred onto a polyvinylidene difluoride membrane (Millipore,
USA). The membrane was blocked in 5% nonfat milk for 1 h and sub-
sequently probed with specific primary antibodies. The antibodies used
in this study are listed in Supplementary Table 2. Proteins were de-
tected via enhanced chemiluminescence (Boster, China) using a UVP
imaging system (UVP, USA).

2.5. Statistical analysis

Statistical analyses were carried out with IBM SPSS 16.0 software,
and the data are expressed as the means ± error of mean (SEM) of the
number of replicates indicated. A paired t-test was used for direct
analysis of two paired groups of ELISA data, and two-way analysis of
variance (ANOVA) was employed for all other group analyses;
p < 0.05 was considered statistically significant.

3. Results

3.1. Nrf2 knockdown in macrophages

To investigate the effects of Nrf2 knockdown (NK) on the in-
flammatory response of macrophages, we first knocked down expres-
sion of the Nrf2 gene in murine RAW 264.7 cells via retrovirus-medi-
ated transduction with Nrf2 shRNA (NK). Knockdown efficiency was
confirmed by a>95% decrease in the Nrf2 mRNA content and an over
70% decrease in the Nrf2 protein content in NK and NK-M1 cells
compared with counterpart macrophages transduced with a retrovirus
carrying the control (Con and M1 cells) (Fig. 1). The mRNA and protein
levels of Nrf2 were relatively constant between resting (Con) and M1
macrophages, suggesting that LPS treatment of cells under our experi-
mental conditions did not significantly affect Nrf2 gene or protein ex-
pression. The decrease in Nrf2 protein level in cells was accompanied
by decreased levels of gene and protein of HO-1 and NQO1, two re-
presentative downstream targets in Nrf2-directed redox signaling

(Fig. 1). As both the mRNA and protein levels of NQO1 increased in M1
cells compared to resting cells, it appears that mechanisms other than
Nrf2 are able to stimulate NQO1 gene expression in M1 macrophages,
consistent with our previous observation in AML12 hepatocytes that
regulation of NQO1 transcription is not completely Nrf2-dependent [9].
The mRNA level of HO-1 was strongly increased in M1 cells compared
to resting cells, though no significant difference was observed for the
HO-1 protein level. The elevated level of HO-1 gene transcription did
not increase HO-1 protein levels, suggesting the existence of a limiting
step during post-transcriptional HO-1 protein synthesis and modifica-
tion.

3.2. Nrf2 knockdown altered gene expression and secretion of inflammatory
cytokines in M1 macrophages

The effects of Nrf2 knockdown on the gene expression and secretion
of inflammatory cytokines involved in classical M1 and M2 macrophage
activation were then assessed in both resting and M1 macrophages.
These genes include the classical M1 macrophage markers Il1a, Il1b,
Il6, Tnfa, Ccl2, iNOS and CD38 and the M2 macrophage markers Il10,
Ccl22 and Tgfb1.

In the absence of LPS treatment, the expression levels of most of the
inflammatory genes evaluated, except for Tnfa, Tgfb1 and CD38, re-
mained relatively equivalent to the basal levels in both Con and NK
cells (Fig. 2A, Table S3). Nonetheless, subtle but significant increases in
Il1a and Il1b gene expression were observed in unstimulated cells after
Nrf2 knockdown, suggesting that Nrf2 can repress Il1a and Il1b gene
expression in resting macrophages.

LPS treatment stimulated the transcription of all inflammatory
genes tested in M1 macrophages compared with resting cells. In M1
macrophages, Nrf2 knockdown resulted in significantly elevated Il1a,
Il1b, Il6, Il10, Ccl2, Ccl22 and CD38 gene expression and significantly
decreased Tnfa and Tgfb1 gene expression (Fig. 2A). The mixed out-
comes of inflammatory genes in M1 macrophages following Nrf2
knockdown suggest that Nrf2 can mediate the inflammatory response
through multiple pathways in macrophages.

Secretion of pro-inflammatory IL6 and anti-inflammatory IL10 by
macrophages was also assessed by measuring their concentrations in
the culture medium after 24 h of incubation in fresh medium (Fig. 2B,
C). Due to technical limitations, IL6 and IL10 were not detectible in the
culture medium of unstimulated resting cells, indicating that secretion
of these cytokines by resting macrophages remained at very low levels,
which were undetectable under our experimental conditions, and that
Nrf2 knockdown did not significantly alter their secretion by resting
cells. However, LPS stimulation dramatically enhanced secretion of
both IL6 and IL10, and their levels were further enhanced by Nrf2
knockdown in M1 macrophages. This result is consistent with the
transcriptional activation of these genes by Nrf2 knockdown in M1
macrophages, revealing that Nrf2 is able to mediate secretion of both

Fig. 1. Nrf2 knockdown in macrophages decreased levels of its downstream redox signaling targets HO-1 and NQO1. Nrf2 knockdown (NK) decreased the relative
mRNA levels (A) and protein levels Nrf2, HO-1 and NQO1 in both resting (Con) and M1 macrophages, as shown by a representative western blot (B) and relative
protein levels (C). The data are expressed as the mean ± SEM, n= 4/group. Different letters indicate differences among treatment groups (p < 0.05). Nrf2, nuclear
factor E2-related factor 2; HO-1, heme oxygenase; NQO1, quinone oxidoreductase 1; Con, resting macrophages without LPS treatment; NK, Nrf2 knockdown in
macrophages; M1, LPS-treated macrophages; NK-M1: LPS-treated macrophages with Nrf2 knockdown.
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pro-inflammatory (e.g., IL6) and anti-inflammatory (e.g., IL10) cyto-
kines in M1 macrophages, which suggests a complex role for Nrf2 in the
regulation of inflammatory homeostasis in the local environment.

Protein levels of M1 markers iNOS and CD38 were also evaluated by
western blot analysis (Fig. 2D, E). In resting cells, Nrf2 knockdown
significantly decreased the level of iNOS and increased that of CD38.
Moreover, LPS treatment significantly enhanced the protein levels of
both iNOS and CD38, and Nrf2 knockdown further increased the level
of CD38 in M1 cells, without significantly affecting the level of iNOS.

3.3. Metabolism reprogramming induced by Nrf2 knockdown in M1
macrophages

A change in Nrf2 expression in mice, including both Nrf2 deficiency
[10–21] and Nrf2 activation [22–29], may result in altered inflamma-
tion and metabolism regulation in mice. As the protein kinase B (AKT)
pathway converges inflammatory and metabolic signals to regulate
macrophage responses and modulate their activation phenotype [50],
we also examined the protein levels and activation of certain key
players possibly involved in Nrf2-mediated metabolic reprogramming,
including glucose transporter type 4 (Glut4), AKT, glycogen synthase
kinase 3β (GSK3β), mammalian target of rapamycin (mTOR) and mi-
crotubule-associated protein 1A/1B-light chain 3 (LC3), in both resting
and M1 macrophages.

The level of Glut4 protein significantly increased upon LPS treat-
ment and was further increased in both resting and M1 cells after Nrf2
knockdown. In contrast, the total protein levels of GSK3β and AKT
remained relatively constant among all groups under our experimental
conditions. Knockdown of Nrf2 significantly decreased p-GSK3β and p-
AKT levels in both resting and M1 cells, but p-GSK3β and p-AKT levels
remained relatively constant in M1 macrophages compared with resting
cells (Fig. 3). No significant differences in the protein levels of p-mTOR,
mTOR and LC3 were observed among the groups under our experi-
mental conditions (Fig. 3).

4. Discussion

4.1. Nrf2 regulates inflammatory cytokines in resting macrophages

Previous ChIP-sequencing analysis has demonstrated direct binding
of Nrf2 to the upstream region of Il1b and Il6 genes in both resting and
M1 macrophages, and Nrf2 overexpression represses expression of Il1b
and Il6 genes in M1 cells [10]. In this study, Nrf2 knockdown in resting
macrophages resulted in subtle but significantly increased expression of
the pro-inflammatory gene Il1b, confirming direct binding of Nrf2 to
the promoter of this gene and further suggesting a repressive role of
Nrf2 in regulating its expression, even in resting macrophages. In this
study, the level of Il6 mRNA remained unchanged from the basal level
in resting cells after Nrf2 knockdown, indicating that binding of Nrf2 to
the upstream region of Il6 in resting cells did not have a repressive
effect on basal Il6 expression in cells in this state.

Nrf2 knockdown also increased the level of Il1a mRNA in resting
cells, suggesting that Nrf2 can also inhibit Il1a expression in resting
cells. Because ChIP-sequencing analysis showed a lack of a significant
Nrf2 binding pattern for Il1a in resting macrophages [10], Nrf2 likely
inhibits Il1a and Il1b through different pathways in these cells.

In an attempt to eradicate bacterial, fungal, and viral infections by
promoting nitric oxide (NO) production, both resting and M1 macro-
phages express iNOS [46,51]. In this study, we observed a decrease in
iNOS protein levels after Nrf2 knockdown in resting macrophages,
though iNOS mRNA levels remained relatively constant; this indicates
that Nrf2 is able to increase the level of iNOS protein in resting mac-
rophages through mechanisms independent of transcriptional regula-
tion. This result also uncovers a protective role for Nrf2 in macrophages
against infections under physiological conditions via stimulation of a
host defense iNOS/NO-mediated process.

4.2. Nrf2-mediated macrophage polarization and inflammation regulation
upon LPS treatment

IFNγ, inflammatory cytokines such as TNF and microbial products
such as LPS drive, alone or in combination, classical M1 activation of

Fig. 2. Nrf2 knockdown altered gene expression and secretion of inflammatory cytokines in resting and M1 macrophages. (A) Nrf2 knockdown (NK) altered the
mRNA levels of Il1a, Il1b, Il6, Il10, Ccl2, Ccl22, Tnfa, and Tgfb1 in both resting (Con) and M1 macrophages. The concentrations of IL6 (B) and IL10 (C) proteins in the
supernatant of resting and M1 macrophages were measured by ELISA. The protein levels of iNOS and CD38 in resting (Con) and M1 macrophages are shown by a
representative western blot (D) and relative protein levels (E). The data are expressed as the mean ± SEM, n= 4/group. Different letters indicate differences among
treatment groups (p < 0.05).
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macrophages [46,52,53]. In this study, treatment of murine RAW264.7
macrophages with 100 ng/mL LPS was chosen for experiments to mimic
clinical acute infection, such as that found in clinical chorioamnionitis
[54]. Treatment of cells with 100 ng/mL LPS was sufficient to stimulate
classical M1 activation of cells, as confirmed by global upregulation of
M1 macrophage markers such as Il1a, Il1b, Il6, Ccl2, CD38 and iNOS
under our experimental conditions (Fig. 2). Treatment of cells with
100 ng/mL LPS also allowed us to assess the secretion of inflammatory
cytokines by cells after 24 h of incubation with LPS, without affecting
cell viability (data not shown).

In a previous study [10], Nrf2 overexpression in M1 macrophages
dramatically decreased Il1a, Il1b and Il6 gene expression; however, in
the present study, Nrf2 knockdown in M1 macrophages increased the
expression levels of these three genes in NK-M1 cells, confirming the
repressive role of Nrf2 toward these pro-inflammatory genes [10].
Furthermore, the strong fluctuations in expression levels of these pro-
inflammatory genes after Nrf2 knockdown or overexpression in M1
cells indicated that Nrf2-mediated inhibition is a major contributor to
their regulation in M1 macrophages and that Nrf2-mediated inhibition
is independent of its redox control, as the expression levels of the
downstream Nrf2 redox targets Hmox1 and Nqo1 were both decreased
in NK-M1 cells compared with M1 cells.

CD38 is a multifunctional ectoenzyme that contributes to the in-
flammatory response in a variety of inflammatory diseases in mice and
humans [53,55–57], and its expression is upregulated in macrophages
upon LPS treatment, promoting LPS-induced macrophage M1 polar-
ization [53]. Upregulation of CD38 in LPS-treated macrophages was
confirmed in this study (Fig. 2A, D, E). Moreover, Nrf2 knockdown
further enhanced CD38 gene and protein expression in both resting and
M1 macrophages, suggesting that Nrf2 inhibits M1 polarization in
macrophages and relieves the CD38-mediated inflammatory response in
inflammatory diseases through inhibition of CD38 expression.

Under our experimental conditions, Nrf2 knockdown increased ex-
pression of pro-inflammatory genes, including Il1a, Il1b, Il6, Ccl2, iNOS
and CD38, increased that of the anti-inflammatory genes Il10 and Ccl22
and decreased that of the pro-inflammatory gene Tnfa and the anti-
inflammatory gene Tgfb1. Cytokines and chemokines, including Il1a,
Il1b, Il6, Tnfa, Ccl2, iNOS and CD38, are pro-inflammatory markers of
M1 macrophages; Il10, Ccl22 and Tgfb1 are anti-inflammatory markers
of M2 macrophages [46,58]. Hence, our study revealed a heterogeneity
of Nrf2 function in the transcriptional regulation of both pro- and anti-
inflammatory genes in LPS-stimulated macrophages and showed that
Nrf2 knockdown drove macrophages to alternative activation/polar-
ization upon LPS treatment, exhibiting mixed features of both classical
M1-like and M2-like activation (Table 1) [32,33,46].

IL6 is not only an essential pro-inflammatory cytokine implicated in
the pathogenesis of a variety of diseases often associated with in-
flammation, immune dysfunction and tumors but is also a key compo-
nent of the senescence-associated secretory phenotype (SASP) that
promotes and develops aging and aging-related diseases, including
atherosclerosis [46,49]. In contrast, IL10 is a pleiotropic anti-in-
flammatory cytokine that plays a central role in inflammatory bowel
disease; by opposing the switch to the metabolic program induced by
inflammatory stimuli, macrophages are as the main target cells of its
inhibitory effects [60]. In this study, Nrf2 knockdown elevated secre-
tion of both IL6 and IL10 protein by LPS-treated macrophages (Fig. 2C,
D), which indicates that Nrf2 mediates the inflammatory response of
macrophages by regulating secretion of both pro- and anti-in-
flammatory cytokines.

Although it is difficult to conclude which of the pro- and anti-in-
flammatory effects of Nrf2 are more dominant on a global level under
our experimental conditions, our present findings support the notion
that NK-M1 macrophages can be either pro-inflammatory or anti-in-
flammatory because Nrf2 can mediate expression of genes and secretion
of inflammatory cytokines of both types.

4.3. Effects of Nrf2 knockdown on glucose metabolism in M1 macrophages

Macrophages dramatically alter their metabolic pathway from oxi-
dative to glycolytic when activated by LPS, and this change is essential
for the production of pro-inflammatory mediators when energy is re-
quired [59]. Consistent with previous studies [60,61], LPS treatment
increased the Glut4 protein level in M1 cells compared to resting cells

Fig. 3. Alteration of AKT and mTOR signaling induced by Nrf2 knockdown (NK) in macrophages. Representative western blots showing Glut4, p-GSK3β, GSK3β, p-
AKT, AKT, p-mTOR, mTOR and LC3 protein expression (A) and relative protein levels (B) in resting (Con) and M1 macrophages. The data are expressed as the
mean ± SEM, n= 4/group. Different letters indicate differences among treatment groups (p < 0.05). p-AKT, phosphorylated protein kinase B; GSK3β, glycogen
synthase kinase 3β; mTOR, mammalian target of rapamycin (mTOR), LC3, microtubule-associated protein 1A/1B-light chain 3.

Table 1
Overview of NK-M1 induced macrophage polarization that exhibits mixed
features of M1-like and M2-like activation.

Gene Marker of the
macrophage
phenotype

Gene expression change
in NK-M1 macrophages

NK-M1 induced
macrophage
polarization

Il1a M1 [59] ↑ M1-like
Il1b M1 [46] ↑ M1-like
Il6 M1 [46] ↑ M1-like
Il10 M2 [46] ↑ M2-like
Ccl2 M1 [46] ↑ M1-like
Ccl22 M2 [46] ↑ M2-like
Tnfa M1 [46] ↓ M2-like
Tgfb1 M2 [46] ↓ M1-like
iNOS M1 [46] − −
CD38 M1 [53] ↑ M1-like
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(Fig. 3), suggesting increased Glut4-mediated glucose uptake and en-
ergy requirement during macrophage M1 activation. Nrf2 knockdown
further increased the level of Glut4 protein in both resting and M1 cells
(Fig. 3), consistent with the increased expression and secretion of most
inflammatory cytokines in NK-M1 cells (Fig. 2). These results suggest
that Nrf2 suppresses the elevated metabolic program in macrophages
upon LPS treatment [60,61].

AKT may promote glycogenesis by inactivating GSK3α/β via phos-
phorylation [9,62]. We found that Nrf2 knockdown significantly de-
creased AKT and GSK3β phosphorylation, suggesting that Nrf2 pro-
motes AKT activation and phosphorylation of downstream GSK3β, thus
inhibiting GSK3β-mediated glycogenesis, in macrophages.

The mTOR pathway, another downstream effector of AKT activa-
tion, plays critical roles in coordinating metabolism, inflammation and
autophagy signals in macrophages [50,63], and mTOR is a vital nega-
tive controller of cell autophagy associated with LC3 [64]. In the pre-
sent study, Nrf2 knockdown did not significantly affect the levels of
mTOR or LC3 protein or mTOR protein phosphorylation (Fig. 3), sug-
gesting that mTOR signaling was not strongly affected by Nrf2 knock-
down under our experimental conditions.

IL10 may oppose the switch to the metabolic program induced by
inflammatory stimuli in macrophages by inhibiting glucose uptake,
suppressing mTOR signaling and promoting autophagy in macrophages
[60]. In this study, Nrf2 knockdown resulted in dramatic elevation of
Il10 gene expression and protein secretion in M1 macrophages (Fig. 3),
which indicates that Nrf2 may enhance glucose uptake and mTOR
signaling through inhibition of IL10 expression and secretion.

Thus, our results reveal a mixed function for Nrf2 in the regulation
of glucose metabolism in M1 macrophages, including downregulation
of Glut4-mediated glucose uptake and AKT/GSK3β-mediated glyco-
genesis on the one hand and upregulation of glucose metabolism
through inhibition of IL10 on the other hand.

4.4. Time-dependent inflammatory responses of macrophages upon LPS
treatment

Wang et al. reported roles for Nrf2 in the differential regulation of
pro-inflammatory gene expression in LPS-treated peritoneal macro-
phages extracted from Nrf2−/− and Nrf2+/+ mice [65]. Our study
confirms most of their observations, including upregulation of Il1b and
Il6 genes and downregulation of the TNFa gene; an exception is iNOS
gene expression, which remained relatively unchanged in NK-M1 cells
compared to that in M1 cells (Fig. 2A). However, Wang et al. extracted
mRNA from cells for qPCR analysis 8 h after the beginning of LPS
treatment [65], whereas we extracted RNA for qPCR analysis at 24 h
after LPS treatment. Therefore, the difference between the 2 studies
may be explained by the existence of a time dependency of iNOS gene
expression that peaked at 6 h after the beginning of LPS treatment and
then attenuated over time [65]. The expression profile of pro-in-
flammatory TNFa in macrophages during LPS treatment also exhibited
a time dependency similar to that of iNOS [65]. Moreover, macro-
phages exhibit differential desensitization of a variety of LPS-induced
inflammatory responses, including both pro- and anti-inflammatory
genes [54,66]. As macrophages are capable of tightly coordinating their
metabolic programs to adjust their immunological and bioenergetic
functional requirements, including polarization and activation [67,68],
we speculate that there is a time dependency of metabolism repro-
gramming in macrophages during LPS treatment.

Although Nrf2-mediated inhibition of pro-inflammatory genes [10]
appears insufficient to explain the beneficial effects of Nrf2 deficiency
[14–21] or the deleterious effects of Nrf2 activation [27–29] on the
regulation of inflammation and metabolism in mice, our revelation of
the mixed functions of Nrf2 in regulating inflammation and glucose
metabolism in NK-M1 cells may provide a plausible explanation for the
controversial role of Nrf2 in mice. In other words, under different ex-
perimental conditions, particular environmental stressors, including

mouse dietary and hygiene conditions and the time of exposure to
stressors, might activate macrophages to attain different inflammatory
and metabolic states through differential activation of pro-/anti-in-
flammatory and pro-/anti-glucose metabolic genes. Such a mechanism
may consequently contribute to the beneficial, deleterious or even
mixed effects on inflammation and metabolism regulation observed in
Nrf2-deficient [10–21] and Nrf2-activated [22–29] mice in previous
studies. Overall, the present study revealed for the first time mixed
functions for Nrf2 in inflammation and glucose metabolism in macro-
phages, which may occur independently of its classic function in redox
regulation. The findings provide a plausible explanation for the con-
troversial role of Nrf2 in inflammation and metabolism regulation in
mice and support the potential of Nrf2 as a therapeutic target for the
prevention and treatment of inflammation- and obesity-associated
syndromes, including diabetes and atherosclerosis.
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