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Abstract

Silica nanoparticles with iron on their surface cause the production of oxidants and stimulate an 

inflammatory response in macrophages. Nuclear factor erythroid-derived 2 –like factor 2 (Nrf2) 

signaling and its regulated antioxidant genes play critical roles in maintaining redox homeostasis. 

In this study we investigated the regulation of four representative Nrf2-regulated antioxidant 

genes; i.e., glutamate cysteine ligase (GCL) catalytic subunit (GCLC), GCL modifier subunit 

(GCLM), heme oxygenase 1 (HO-1), and NAD(P)H:quinone oxidoreductase-1 (NQO-1), by iron-

coated silica nanoparticles (SiO2-Fe) in human THP-1 macrophages. We found that the expression 

of these four antioxidant genes was modified by SiO2-Fe in a time-dependent manner. At 6 h, their 

expression was unchanged except for GCLC, which was reduced compared with controls. At 18 h, 

the expression of these antioxidant genes was significantly increased compared with controls. In 

contrast, the Nrf2 activator sulforaphane induced all antioxidant genes at as early as 3 h. The 

nuclear translocation of Nrf2 occurred later than that for NF-κB p65 protein and the induction of 

proinflammatory cytokines (TNFα and IL-1β). NF-κB inhibitor SN50 prevented the reduction of 

GCLC at 6 h and abolished the induction of antioxidant genes at 18 h by SiO2-Fe, but did not 

affect the basal and sulforaphane-induced expression of antioxidant genes, suggesting that NF-κB 

signaling plays a key role in the induction of Nrf2-mediated genes in response to SiO2-Fe. 

Consistently, SN50 inhibited the nuclear translocation of Nrf2 caused by SiO2-Fe. In addition, 

Nrf2 silencing decreased the basal and SiO2-induced expression of the four reprehensive 

antioxidant genes. Taken together, these data indicated that SiO2-Fe induced a delayed response of 

Nrf2-regulated antioxidant genes, likely through NF-κB-Nrf2 interactions.
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Introduction

Ambient nanoparticulate matter (nPM), i.e. particles with a diameter less than 100 nm, 

exhibit greater toxicity compared to particles of similar composition in the ~1–10 

micrometer size range [1]. Nanoparticles are capable of freely entering alveoli, penetrating 

cells, evading alveolar microphage phagocytosis, and crossing through epithelium to enter 

the circulatory and lymphatic systems [2, 3]. Although the underlying mechanism remains to 

be further elucidated, it is postulated that oxidative stress plays a critical role in the 

pathogenesis and development of ambient particle-caused health disorders [2, 4–9]. 

Oxidants produced upon particle exposure may arise from several sources [10, 11], 

including redox cycling of surface-adsorbed quinones [12, 13], Fenton-like reactions of 

transition metals [12, 14–16], altered mitochondrial function [17], and an inflammatory 

response [11].

Nuclear factor erythroid 2 -like 2 (NFE2L2; more commonly known as Nrf2) is a redox 

sensitive transcription factor that regulates the basal and inducible expression of an array of 

antioxidant and detoxifying enzymes, including glutamate cysteine ligase (GCL) [18, 19], 

NADPH:quinone oxidoreductase 1 (NQO-1) [20, 21] and heme oxygenase-1 (HO-1) [22, 

23]. Under non-stimulated conditions, Nrf2 is rapidly degraded in the cytosol through 

ubiquitination mediated by Keap1. In response to electrophiles, Keap1 is modified so that it 

cannot assist in Nrf2 degradation. Non-degraded Nrf2 is phosphorylated and translocated 

into the nucleus where it binds to the electrophile response element (EpRE) in the promoter 

of target genes, and increases gene expression [24]. The Nrf2 signaling system plays a 

critical role in maintaining cellular redox homeostasis and also in protecting against 

oxidative injuries in response to oxidative stress [25]. Studies using animal models found 

that upon the exposure of ambient nanoparticles, Nrf2 signaling and its regulated antioxidant 

genes were increased [26–28], reflecting the effective response of this antioxidant system to 

ambient nanoparticle exposure. Regardless, it remains unclear how Nrf2 signaling is 

regulated upon nanoparticle exposure in macrophages, the first cells to encounter particles in 

both the airway and alveoli. Macrophages remove inhaled particles, but also play a central 

role in the inflammatory response [29, 30].

In this study using iron-coated silica nanoparticle (SiO2-Fe) as a model, we investigated how 

Nrf2 signaling is regulated in response to nanoparticles in macrophages. Silica particles are a 

component of ambient particulate matter [31, 32], and a major occupational hazard in 
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construction and farming [33]. Studies of the insoluble fraction of natural particulate matter 

show that the non-carbonaceous component is composed mostly of silica, aluminosilicate 

minerals, and Fe3+ oxides [34–36], and that particles are complex mixtures with different 

types of surface coatings [37]. Like ambient particulate matter, silica particles can stimulate 

oxidant production and, when iron is on the surface, trigger an inflammatory response [17, 

38, 39].

Our data demonstrates that the Nrf2 signaling and its regulated antioxidant genes are 

induced by SiO2-Fe in human THP-1 macrophages, but in a delayed manner compared to 

Nrf2 activators that directly modify Keap1, such as sulforaphane. The delayed response in 

Nrf2 signaling requires the activation of NF-κB signaling. In addition, a dual phase of 

GCLC regulation is observed in response to SiO2-Fe nanoparticle exposure. GCLC 

expression is reduced in the early phase, but increased along with other Nrf2-reguated genes 

in the later phase. Therefore, a complex interaction between Nrf2 and NF-κB signaling 

appears to exist in macrophages in response to ambient nanoparticle exposure.

Methods and Materials

Chemicals and reagents

Unless otherwise noted, analytical chemicals were from Sigma (St. Louis, MO). Antibodies 

to Nrf2, NF-κB p65, and lamin B1, and β-tubulin were from Cell Signaling Technology, Inc. 

(Danvers, MA). TriZol reagent, NE-PER Nuclear and Cytoplasmic Extraction Reagents, 

Reverse Transcription kit, SYBR Green PCR master mixture, and RPMI 1640 cell culture 

medium were from Thermal Fisher Scientific Inc. (Thermal Fisher, Rockford, IL). NF-κB 

SN50 inhibitor was from EMD Millipore (Billerica, MA). Nrf2 siRNA, negative control 

siRNA and Nrf2 primers were from Santa Cruz Biotechnology (Dallas, TX). Nucleofactor™ 

Kits for THP-1 was purchased from (Lonza, Rockland, ME).

Synthesis of SiO2-Fe nanoparticles

Silica synthesis—Colloidal silica was synthesized using a modified method after Stober 

et al. [40]. Briefly, 29 ml of ethanol (Anhydrous, Fisher Scientific) and 1.5 ml of 29% 

ammonium hydroxide (Sigma Aldrich) were combined under rapid and continuous stirring 

at ambient conditions in a glass bottle. To this was slowly dropwise added 0.75 ml of 

tetraethyl orthosilicate (Sigma Aldrich). The solution was continuously stirred for an 

additional 12 h and the resulting colloids were collected and washed with centrifugation 

(14,000 rpm for 60 minutes, three times) using 18 Mega-ohm water. The final suspension 

was oven dried (85–90 °C overnight) to a fine white powder. Specific surface area was 

measured on dried samples by the N2-BET (Brunauer–Emmett–Teller) method using a 

surface area analyzer (Tri-Star 3000, Micrometrics) and five point calibration. Particle size 

was characterized using a JEOL JEM-2010 Transmission Electron Microscope equipped 

with LaB6 filament and operated at 200 kV.

Fe-coating procedure—All reagents were ACS Reagent grade or trace metal grade. All 

containers were soaked in 5% nitric acid for 24 hours and thoroughly rinsed with 18 Mega-

ohm ultrapure deionized (DI) water to avoid trace metal contamination. Silica nanoparticles 
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were suspended in DI water (2 mg solid/1 mL water; pH 7) and mixed with an aliquot of 1 

mM FeCl3 solution (pH 6) under continuous stirring to produce a final solution 

concentration of 0.5 μM. The pH was slowly adjusted to 7–7.5 using trace metal grade 

NaOH. The final mixtures were equilibrated for 2 h with continuous mixing using a 

horizontal agitator. Following equilibration, suspensions were washed with degassed 

deionized water (pH 7–7.5) and then centrifuged at 14,000 g for 1 h in 50 mL 

ultracentrifugation tubes. The Fe-coated silica nanoparticles were dried in open centrifuge 

tubes in a clean drying oven in air at 30–35 °C. Total iron concentrations were determined 

by microwave-assisted digestion of 29.7 mg of solid in concentrated aqua regia (HCl + 

HNO3), dilution with ultrapure water, and elemental analysis by ICP-OES (Perkin-Elmer 

Optima 4000 DV; limit of detection for Fe = 1 ppb). Total Fe concentrations were 

normalized to solid dry weight and to the measured BET surface area of dry SiO2 

nanoparticles.

Cell culture and treatment

THP-1 cells (Human acute monocytic leukemia cell line) purchased from American Type 

Culture Collection were cultured in RPMI 1640 medium supplemented with 10% Fetal 

Bovine Serum (FBS), 100 μg/ml penicillin and 100 μg/ml streptomycin, and 0.05 mM β-

mercaptoethanol at 37°C in a humidified 5% CO2 incubator. Prior to experiments, THP1 

cells at a density of 3 × 105 cells/cm2 were differentiated into macrophages in medium 

containing 7.5 ng/ml phorbol 12-myristate-13-acetate (PMA) for 2 days, and then the 

medium was replaced with normal medium one day before further treatment. SiO2-Fe was 

suspended in deionized water at 1 mg/ml and sonicated for 2 min before adding to cells.

Western Analysis

Briefly, cell lysate was extracted with NE-PER and 20 μg protein was electrophoresed on a 

4–20% Tris-glycine acrylamide gel (Thermal Fisher Scientific, Rockford, IL) and 

transferred to polyvinylidene difluoride (PVDF) membranes. Membranes were blocked with 

5% fat-free milk and then incubated with primary antibody overnight at 4°C in 5% BSA 

dissolved in Tris-buffered saline (TBS). After being washed with 1XTBS containing 0.05% 

Tween 20 (TTBS), membranes were incubated with secondary antibody at room temperature 

for 2 h. After TTBS washing, membranes were treated with an enhanced 

chemiluminescence reagent mixture (ECL Plus; Thermal Fisher Scientific, Rockford, IL) for 

5 min and then imaged using Syngene PXi6 imaging system (Syngene, Cambridge, UK). 

The blots were analyzed with ImageJ.

mRNA assay

RNA extraction, cDNA reverse transcription, measurement of mRNA and calculation of 

mRNA levels relative to control were performed according to a procedure as described 

before [41]. The primer sequences for real time PCR assay were listed in Table 1.

Transfection of THP1 cells with siRNAs by electroporation

Nrf2 expression was silenced by transient transfection of THP1 cells with human Nrf2 

siRNA using Nucleofactor™ Kits for THP-1 (Lonza, Rockland, ME), as described by Maess 
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et al. [42]. The Nrf2 siRNA was a pool of three different siRNA duplexes consisting of A) 

5′-GCAUGCUACGUGAUGAAGAtt-3′; B) 5′-CUCCUACUGUGAUGUGAAAtt-3′; and 

C) 5′-GUGUCAGUAUGUUGAAUCAtt-3′. In brief, differentiated THP1 cells were 

detached with Accutase I (37°C for 30 min) and re-suspended in electroporation solution 

(1×106 cells/100 μl). Three microgram of Nrf2 or negative control siRNA was mixed with 1 

× 106 THP-1 cells (in 100 μl of electroporation solution). Cells were then transferred into a 

2-mm electroporation cuvette and electroporated using a BTX ECM399 Electroporation 

System (BTX, Holliston, MA) at the setting of 125 V of voltage pulse and 1050 μF of 

capacitance. Transfected cells were immediately transferred to 3 ml of cell medium (one 

transfection per well in a 6-well plate). After 4 h, medium was replaced with complete 

medium containing 2.5 ng/ml PMA. The medium was replaced again after 24 h before cells 

were treated with or without nanoparticles.

Statistical analysis

Data were expressed as mean ± standard error. One-way ANOVA with post hoc analysis was 

used for significance testing. Wilcoxon rank-Sign test was used for statistical analysis of 

Western densitometry data. Statistical significance was accepted when p < 0.05.

Results

SiO2-Fe induced pro-inflammatory cytokines

Previously we reported that SiO2-Fe induced pro-inflammatory cytokine expression in 

human macrophages [39]. The mean size (60±12 nm) and surface area (56.15±0.35 m2/g) of 

SiO2 nanoparticles used here were similar to those used in the prior study (42±11 nm; 54.5 

±0.34 m2/g). Furthermore, total Fe and surface-area normalized Fe concentrations in a bulk 

sample were lower than those of SiO2-Fe nanoparticles used in Premasekharen et al. [39]. 

Total Fe in bulk SiO2-Fe nanoparticles was 13.16 μM Fe/g solid, which gave an average 

surface-area normalized Fe concentration of 0.234 μM Fe/m2 SiO2 surface (±1.7%), 

compared with 54.03 μM Fe/g solid and 0.991 μM Fe/m2 SiO2 surface for particles. Electron 

micrographs of the iron-coated silica particles used in the present study are shown in 

Supplemental Fig. A.

We first confirmed the pro-inflammatory effects of SiO2-Fe nanoparticles by measuring the 

mRNA levels of TNFα and IL-1β, to establish the appropriate dose and exposure times for 

subsequent experiments. SiO2-Fe nanoparticles induced the expression of both TNFα and 

IL-1β in 6 h at 10 and 40 μg/ml, with a higher induction at 40 μg/ml than lower doses (Fig. 

1A). The mRNA induction of both cytokines occurred as early as 3 h and persisted at least 

until 9 h after SiO2-Fe exposure (Fig. 1B), indicating that the pro-inflammatory cytokines 

were induced in a time- and dose-dependent manner.

Delayed induction of Nrf2-regulated antioxidant genes by SiO2-Fe

SiO2-Fe nanoparticles stimulated O2
·− production and a small amount of lipid peroxidation 

in macrophages [39]. An increase in Nrf2-regulated antioxidant and detoxifying genes is a 

critical adaptive response to oxidative stress. Therefore, we wondered whether Nrf2 

signaling was also activated in response to SiO2-Fe in macrophages. To investigate this, we 
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determined the mRNA and protein levels of four representative genes that are regulated by 

Nrf2 signaling (GCLC, GCLM, HO-1, and NQO-1) after THP1 macrophages were treated 

with SiO2-Fe for different time. As shown in Fig. 2A, the expression of these antioxidant 

genes was differentially and time-dependently altered by SiO2-Fe exposure. At 6 h, SiO2-Fe 

decreased GCLC mRNA, but had no effect on the mRNAs of other genes; however, at 18 h, 

SiO2-Fe increased the mRNA levels of all four genes. Changes of the protein level of these 4 

genes in response to SiO2-Fe exposure followed a similar pattern as their mRNA levels: the 

protein levels started to increase from 9 h and remained higher (than control) at least until 18 

h of exposure, while GCLC protein decreased at 3 h and 6 h of exposure before its increase 

at 9 h. (Fig. 2B). The temporal change of the induction of Nrf2-regulated antioxidant genes 

by SiO2-Fe was markedly different from that by sulforaphane, a well-documented Nrf2 

activator. Following sulforaphane exposure (5 μM), the mRNA level of these antioxidant 

genes was increased at as early as 3 h and maintained at least until 18 h (Fig. 2C). These 

data indicate that SiO2-Fe exposure induced the expression of Nrf2-regulated antioxidant 

genes in THP-1 cells, but in a delayed manner compared to the direct Nrf2 activator 

sulforaphane.

The NF-κB inhibitor SN50 inhibited SiO2-Fe-induced expression of cytokine and 
antioxidant genes

Given the finding that NF-κB activation (pro-inflammatory cytokine induction) occurred 

earlier than the induction of Nrf2-regulated antioxidants genes, we hypothesized that the 

early induction of NF-κB-regulated pro-inflammatory cytokines or mediators was 

responsible for the delayed increase in Nrf2-regulated antioxidant genes caused by SiO2-Fe 

exposure. To test it, THP1 macrophages were pretreated with SN50, a specific NF-κB 

peptide inhibitor [43], before exposure to SiO2-Fe (20 μg/ml). As expected, SN50 (50 μg/ml) 

effectively inhibited the induction of both TNF-α and IL-1β caused by SiO2-Fe (Fig. 3A), 

suggesting that it blocked NF-κB-mediated induction of pro-inflammatory cytokines or 

mediators. Meanwhile, SN50 pretreatment inhibited SiO2-Fe-mediated induction of Nrf2-

regulated antioxidant genes at 18 h (Fig. 3B). Interestingly, SN-50 also prevented the 

decrease of GCLC mRNA by SiO2-Fe at 6 h (Fig. 3B).

To exclude the possibility of direct regulation of these antioxidant genes via NF-κB 

signaling in THP-1 macrophages, the effect of NF-κB antagonist SN50 on both baseline 

expression and sulforaphane induction of GCLC, GCLM, HO-1 and NQO-1 was 

determined. As shown in Fig. 3C, SN50 had no effect on either the basal expression or the 

induction of these antioxidant genes by sulforaphane at 18h (Fig. 3C), indicating they are 

not the direct targets of NF-κB signaling in contrast with the pro-inflammatory cytokines.

Taken together, data from above indicate that an NF-κB mediated product, rather than NF-

κB itself, is required for the induction of Nrf2-regulated antioxidant genes by SiO2-Fe 

nanoparticles.

Nrf2 silencing inhibited SiO2-Fe-induced expression of antioxidant genes

To further confirm the role of Nrf2 in the induction of these antioxidant genes by SiO2-Fe 

nanoparticles, Nrf2 expression in THP1-differentiated macrophages was silenced with Nrf2 
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siRNA (Fig. 4A). Nrf2 knockout decreased the basal expression of the four antioxidant 

genes significantly, and it also abrogated the induction of these genes in response to SiO2-Fe 

exposure (Fig. 4B). Interestingly, Nrf2 mRNA was also increased by SiO2-Fe, and its 

induction was abolished with Nrf2 silencing. Considering Nrf2 gene is auto-regulated 

through Nrf2 signaling [44], this adds further evidence that Nrf2 was required for the 

induction of antioxidant genes by SiO2-Fe nanoparticles.

Nrf2 activation by SiO2-Fe

To further elucidate the underlying mechanism of delayed induction of Nrf2-regulated 

antioxidant genes, we determined Nrf2 activation (nuclear translocation) upon exposure to 

SiO2-Fe nanoparticles. Following the exposure to SiO2-Fe, nuclear Nrf2 content (marker of 

Nrf2 activation) was increased from 3 h and returned to the basal level at 9 h (Fig. 5A). In 

contrast, the nuclear content of NF-κB p65, a marker of NF-κB activation, was increased at 

as early as 30 min, reached at maximal level at 3 h, and returned to baseline at 9 h. In 

comparison, sulforaphane activated Nrf2 at as early as 30 min after exposure (Fig. 5B), 

suggesting that the delayed antioxidant gene induction by SiO2-Fe could be due to the late 

Nrf2 activation (compared to sulforaphane).

NF-κB inhibitor blocked Nrf2 activation by SiO2-Fe

To further confirm that NF-κB activation was responsible for the delayed induction of Nrf2-

regulated antioxidant genes by SiO2-Fe, we determined the effect of NF-κB inhibitor SN-50 

on Nrf2 activation (nuclear translocation). As shown in Fig. 6, SN50 pretreatment inhibited 

SiO2-Fe-caused Nrf2 activation (Fig. 6), suggesting that NF-κB activation is essential for the 

following Nrf2 activation by SiO2-Fe.

Discussion

Alveolar macrophages play a central role in particulate toxicology. In addition to initiating 

the pro-inflammatory response upon the exposure to ambient particles and being involved in 

tissue repair, they are also the primary cells that phagocytize and clear particles [2, 45]. To 

understand how macrophages attempt to maintain their own redox homeostasis is important 

for elucidating their response to nanoparticle exposure and the mechanism of nanoparticle 

toxicology. In this study we found that Nrf2-regulated antioxidant and detoxifying enzymes 

were induced in macrophages in response to SiO2-Fe nanoparticles, suggesting that these 

cells could increase their adaptive antioxidant enzymes for protection against oxidative 

injury. In comparison to activation by the direct Nrf2 stimulator sulforaphane, the activation 

of Nrf2 signaling by SiO2-Fe was delayed. Using an NF-κB inhibitor, we showed that NF-

κB activation played a critical role in SiO2-Fe-induced Nrf2 activation and antioxidant gene 

induction. It was also found that GCLC expression was reduced, apparently through an NF-

κB dependent mechanism, in the early phase of SiO2-Fe exposure. These findings suggest 

that there is a complex interaction between the inflammatory (NF-κB signaling) and 

antioxidant (Nrf2 signaling) responses upon silica nanoparticle exposure.

The activation of Nrf2 signaling involves multiple steps, including oxidative modification of 

Keap1 to prevent its facilitation of Nrf2 degradation, Nrf2 phosphorylation and nuclear 
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translocation, and interaction of Keap1 and Nrf2 with several other proteins that modify 

their turnover [24]. Nrf2 level is constantly fine-tuned to maintain redox homeostasis [25], 

and its activation in response to electrophiles is rapid. In response to activators such as 4-

hydroxy-2-nonenal [46], resveratrol [19], and sulforaphane [47] (Fig.5B), a significant 

increase in nuclear Nrf2 protein level (marker of Nrf2 activation) is usually observed in 1 h 

or less, and the induction of Nrf2 target genes becomes evident at as early as 3 h (Fig. 2C). 

SiO2-Fe was able to increase O2
·− production and lipid peroxidation at as early as 10 min 

after exposure of THP-1 macrophages [39], and thus a quick response of Nrf2 signaling was 

expected. In contrast, the increase of nuclear Nrf2 became significant only at 3 h (Fig. 5A) 

and the induction of Nrf2-regulated genes was observed at as early as 9–12 h (Fig. 2) in 

response to SiO2-Fe exposure. Therefore, although SiO2-Fe initiated a rapid pro-

inflammatory response [39] (Fig. 1B and Fig. 5), the activation of Nrf2 signaling occurred in 

the later phase, which may explain the delayed increase in the Nrf2-regulated genes.

Nonetheless, the current study showed that NF-κB activation might also be required for Nrf2 

signaling in response to SiO2-Fe. The classical NF-κB (p65/p50) is a dimer transcription 

factor that regulates the gene expression of pro-inflammatory cytokines and mediators 

including TNFα and IL-1β. In resting cells, the NF-κB dimer is requested in the cytosol by 

IκB or exists as precursors that can be proteolytically cleaved [48]. In response to 

inflammatory triggers, IκB is degraded and NF-κB is released and translocated into nucleus, 

where it binds to κB sites in promoter region and increases gene expression [48]. The 

p65/p50 NF-κB dimer plays a critical role in SiO2-Fe triggered pro-inflammatory response 

as evidenced in Fig. 3A and Fig. 5, which showed that p65 was activated by SiO2-Fe and 

that the p50 inhibitor SN50 blocked the induction of pro-inflammatory cytokines by SiO2-

Fe. SN50 pretreatment also abrogated the SiO2-Fe mediated Nrf2 activation (Fig. 6) and 

target gene induction (Fig. 3B) suggesting that Nrf2 activation by SiO2-Fe nanoparticles 

required the induction of some NF-κB-regulated gene.

There are some reports that these four antioxidant genes could also be regulated through NF-

κB signaling [49–52]. These reports however, are not supported by later studies based on 

chromatin immunoprecipitation (CHIP)-seq technology [53, 54]. A recent research 

demonstrated that the purported NF-κB inhibitor Pyrrolidine Dithiocarbamate (PDTC) 

actually up-regulated the expression of these antioxidant genes, through Nrf2 signaling [55], 

extending the earlier study by Mulcahy and coworkers that PDTC activated GCLC and 

GCLM through a copper-dependent pro-oxidant mechanism rather than through NF-κB 

inhibition [56]. In the current study, Nrf2 silencing decreased the basal mRNA levels of the 

four reprehensive Nrf2-regulated antioxidant genes and abrogated their induction by SiO2-

Fe (Fig.4), indicating that these genes were regulated by Nrf2 signaling in response to SiO2-

Fe exposure. Furthermore, the induction of these antioxidant genes did not occur until hours 

after proinflammatory cytokine mRNAs were increased (Fig.1). Indeed, GCLC mRNA level 

was negatively correlated with cytokine mRNA transcription. In addition, the NF-κB 

antagonist SN50 showed no effect on the induction of the antioxidant genes by sulforaphane 

and did not affect their basal expression (Fig. 3C). Taken together, this evidence indicate that 

the delayed induction of these antioxidant genes is not by direct NF-κB signaling, but 

through Nrf2 signaling, although some NF-κB–dependent gene products appear to be 

required for the later Nrf2 activation and antioxidant gene induction.
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There are many NF-κB regulated genes, including the pro-inflammatory cytokines, 

chemokines, and other stress response proteins [57]. Without going through a survey of 

which NF-κB-regulated gene product entirely was responsible for the induction of Nrf2, we 

can only speculate which protein(s) was responsible for the delayed increase in Nrf2-

regulated gene expression. The induction and release of NF-κB-regulated pro-inflammatory 

cytokines (TNFα and IL-1β) [58–61] or other inflammatory mediators such as 

cyclooxygenase-2 (COX-2) [62, 63] usually occurs as rapidly as 1 h following exposure to 

particles or other inflammatory triggers [64]. These cytokines or other inflammatory 

mediators could then activate NADPH oxidases [65] to produce H2O2, and/or increase 

production of electrophiles that activate or induce other redox-sensitive proteins and genes 

[66, 67]. This hypothesis is supported by studies from Barrett el al., who found that TNF-α 
induction by silica was required for the subsequent up regulation of chemokines in alveolar 

type II cells [68, 69]. Herseth et al. also found that the early induction of IL-1β and COX-2 

genes was required for a later up regulation of IL-6 by silica [70]. In addition, 15-deoxy-

delta-12,14-prostaglandin J2 (15d-PGJ2), a product of COX-2, is a well-established Nrf2 

activator [71]. Nonetheless, as stated above, this is speculation as many other NF-κB-

regulated proteins including NADPH oxidase 4 [72] and iNOS [73] that produce oxidants 

may also activate Nrf2 through direct oxidation of Keap1 cysteine residues.

Our evidence does, however, clearly suggests that NF-κB plays the role of a double-edged 

sword in SiO2-Fe induced Nrf2 signaling and regulation of antioxidant genes. One side of 

the NF-κB signaling sword appears to interfere with baseline Nrf2 signaling while the other 

side appears to cause a delayed Nrf2 activation. A possible mechanism for the initial 

suppression of Nrf2 is that NF-κB and Nrf2/EpRE transcription compete for the 

transcriptional co-activator cAMP response element binding protein (CREB) binding protein 

(CBP)/p300, which can be rate limiting because of limited abundance [74]. Although 

competition between the two signaling pathways cannot be excluded as also playing a role in 

the delayed up regulation of Nrf2-regulated genes, that seems less likely as NF-κB signaling 

was required for the nuclear translocation of Nrf2 (Fig. 6). Therefore, the induction of an 

NF-κB-mediated protein that stimulates Nrf2 activation seems more likely be responsible 

for the participation of NF-κB in Nrf2 activation by SiO2-Fe.

Among the four representative Nrf2-regulated antioxidant genes examined in this study, the 

expression of GCLC was different from other three genes (GCLM, HO-1 and NQO-1) in 

response to SiO2-Fe nanoparticles. Unlike the other genes whose expression remained 

unchanged, the expression of GCLC was initially reduced in the early phase (3–6 h), and 

then increased at 9 h following exposure as did the other genes (Fig. 2). The reduction of 

GCLC expression by SiO2-Fe was prevented by inhibiting NF-κB signaling (Fig. 3A), 

indicating another potential regulatory mechanism of NF-κB on GCLC expression other 

than Nrf2 signaling. GCLC mRNA stability is regulated through the binding of HuR to the 

3′-untranslated region [75]. HuR is also involved in the mRNA binding of nearly half of the 

cytokines [76], whose mRNAs are significantly increased during the inflammatory process. 

The competition of a large amount of cytokine mRNAs for HuR could result in less HuR 

binding to GCLC mRNA and lead to its rapid decay. The underlying mechanism of how 

GCLC expression was down regulated by SiO2-Fe was however, beyond the scope of the 

present investigation.
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It should be noted that the interaction between NF-κB and Nrf2 signaling network is more 

complex than described in the brief discussion above. Several interaction points have been 

reported. RAC1, a small G-protein of the Rho family, for instance, is involved in the 

activation of both NF-κB and Nrf2 signaling pathways. By inducing Nrf2/EpRE signaling, 

RAC1 could block RAC1-dependent NF-κB activation [77]. NF-κB/p65 can also antagonize 

Nrf2 binding to DNA by competing for co-activators and promoting a co-repressor (histone 

deacetylase 3) [78]. Considering the overlapping time of the increased presence of both NF-

κB and Nrf2 in the nucleus after SiO2-Fe exposure (Fig. 5), antagonistic between these two 

pathways could result in less capacity of both to enhance gene transcription. The 

involvement of these interactions in the delayed induction of Nrf2-regulated genes by SiO2-

Fe remains to be determined.

In summary, our data suggest that NF-κB signaling is required for the activation of Nrf2 and 

the induction of Nrf2-regulated genes in response to SiO2-Fe nanoparticles in macrophages 

(Fig. 7). It remains for future investigation to determine which NF-κB-regulated genes are 

involved.
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Highlights

• Silica nanoparticles with iron induced pro-inflammatory cytokines at early 

phase of exposure in human macrophages

• Nrf2 signaling and its target antioxidant genes were activated or induced at a 

later phase of exposure to silica nanoparticles with iron

• NF-κB inhibition blocked the induction of pro-inflammatory cytokines by 

silica nanoparticles with iron

• NF-κB inhibition blocked the activation of Nrf2 and the induction of Nrf2-

regulated antioxidant genes by silica nanoparticles with iron
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Figure 1. 
SiO2-Fe stimulated induction of pro-inflammatory cytokines. (A) SiO2-Fe-induced TNF-α 
and IL-1β in a dose dependent manner. Differentiated THP1 macrophages cells were treated 

with SiO2-Fe for 6 h with indicated concentration of Si-Fe and the mRNA levels of TNF-α 
and IL-1β were measured with real time PCR assay. (B) Change of TNF-α and IL-1β 
mRNAs with time after SiO2-Fe exposure. Cells were treated with 20 μg/ml SiO2-Fe for 

indicated time and the mRNA level was measured. N=3; *, P<0.05 compared to vehicle 

control.
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Figure 2. 
SiO2-Fe increased Nrf2-regulated antioxidant and detoxifying genes. (A) mRNA level at 6 h 

and 18 h; (B) Protein level; (C) mRNA induction by sulforaphane. Differentiated THP1 

macrophages cells were treated with Si-Fe with indicated doses for 6 h (A), or 20 μg/ml Si-

Fe (B) or 5 μM sulforaphane (C) for indicated time. The mRNA of target genes was 

measured with real time PCR and the protein was determined with Western Blotting. N=3, *, 

P<0.05 compared to vehicle control.
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Figure 3. 
SN-50 inhibited the effects of SiO2-Fe on Nrf2-regulated antioxidant genes. (A) SN50 

inhibited Si-Fe-induced pro-inflammatory cytokines. (B) SN-50 effects on antioxidant gene 

regulation by SiO2-Fe. (C) NF-κB antagonist SN50 had no effect on sulforaphane induction 

or baseline expression of Nrf2-regulated antioxidant genes. Cells were pretreated with 50 

μg/ml SN-50 for 15 min and then exposed to 20 μg/ml of SiO2-Fe for 6 h (A) and 18 h (B) 

respectively, or to 5 μM sulforaphane for 18 h (C). The mRNA levels of cytokines and 

antioxidant genes were measured with real time PCR. Si-Fe, SiO2-Fe. N=3; *, P<0.05 

compared to vehicle control; #, P<0.05 compared with SiO2-Fe exposure.

Zhang et al. Page 21

Free Radic Biol Med. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Nrf2 silencing abrogated the induction of antioxidant genes by SiO2-Fe in THP-1 

macrophages. Differentiated THP1 macrophages were transfected with negative control 

siRNA (NC siRNA) or Nrf2 siRNA for 24.before being treated with vehicle control or 

20μg/ml SiO2-Fe nanoparticles (Si-Fe) for 18 h. The mRNA levels of Nrf2 (A) and GCLC, 

GCLM, HO-1, and NQO-1 were measured using real time PCR assay. *, P<0.05 compared 

with vehicle control of NC siRNA, N=4; #, P<0.05 compared with SiO2-Fe of NC siRNA, 

N=4.
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Figure 5. 
Nrf2 activation by SiO2-Fe required NF-κB signaling. (A) Time-dependent increases of 

nuclear Nrf2 and NF-κB/p65 with Si-Fe treatment. (B) Activation of Nrf2 and NF-κB/p65 

by sulforaphane. THP1 macrophages were treated with 20 μg/ml of SiO2-Fe (A) or 5 μM 

sulforaphane (B) for indicated time and the nuclear protein was extracted, then Nrf2 and p65 

in the nucleus were measured as a function of time after exposure using Western blotting. 

N=3; *, P<0.05 compared to vehicle control; #, P<0.05 compared to SiO2-Fe.
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Figure 6. 
SN50 inhibited SiO2-Fe-caused Nrf2 activation. Cells were pretreated with 50 μg/ml SN-50 

for 15 min and then exposed to 20 μg/ml of SiO2-Fe for indicated times, the nuclear protein 

was extracted and Nrf2 was determined with Western blotting. *, P<0.05 compared with 

vehicle control, N=3; #, P<0.05 compared with SiO2-Fe, N=3.
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Figure 7. 
Summary of the temporal effect of SiO2-Fe on the activation of NF-κB and Nrf2 signaling. 

X Axis shows the exposure time and Y Axis shows the induction of genes regulated by NF-

kB (red line) or Nrf2 signaling (Green line).

Zhang et al. Page 25

Free Radic Biol Med. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhang et al. Page 26

Table 1

Primer sequences for mRNA assay

Genes Primers

Actin Forward 5′-CATGGAGTCCTGTGGCATC-3′; Reverse 5′-GGAGCAATGATCTTGATCTTC-3′

GCLC Forward 5′-ATGGAGGTGCAATTAACAGAC-3′; Reverse 5′-ACTGCATTGCCACCTTTGCA-3′

GCLM Forward 5′-GCTGTATCAGTGGGCACAG-3′; Reverse 5′-CGCTTGAATGTCAGGAATGC -3′

HO-1 Forward 5′-TCTCTTGGCTGGCTTCCTTAC-3′; Reverse 5′-GGCTTTTGGAGGTTTGAGACA-3′

NQO-1 Forward 5′-TGCAGCGGCTTTGAAGAAGAAAG-3′; Reverse 5′-TCGGCAGGATACTGAAAGTTCGC-3′

TNF-α Forward 5′-CCCAGGGACCTCTCTCTAATCA-3′; Reverse 5′-AGCTGCCCCTCAGCTTGAG-3′

IL-1β Forward 5′-CGACACATGGGATAACGAGGCTT-3′; Reverse 5′-TCTTTCAACACGCAGGACAGGTA-3′
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