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Aberrant HO-1/NQO1�Reactive Oxygen Species�ERK Signaling
Pathway Contributes to Aggravation of TPA-Induced Irritant
Contact Dermatitis in Nrf2-Deficient Mice

Junkai Huang,*,†,1 Xiaoyue Feng,*,†,1 Jie Zeng,*,†,1 Shuchang Zhang,*,† Jing Zhang,*,†

Pan Guo,*,† Haoyue Yu,*,† Mengke Sun,*,† Jiangmei Wu,*,† Mengyan Li,*,† Yingxi Li,*,†

Xiaohua Wang,‡ and Lizhi Hu*,†

NF-erythroid 2�related factor 2 (Nrf2) is a major transcription factor to protect cells against reactive oxygen species (ROS) and
reactive toxicants. Meanwhile, Nrf2 can inhibit contact dermatitis through redox-dependent and -independent pathways.
However, the underlying mechanisms of how Nrf2 mediates irritant contact dermatitis (ICD) are still unclear. In this article, we
elucidated the role of Nrf2 in 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced acute ICD. Our study demonstrated that the
ear thickness, redness, swelling, and neutrophil infiltration were significantly increased, accompanied by increased expression of
inflammatory cytokines (IL-1a, IL-1b, IL-6, etc.) and decreased expression of antioxidant genes (HO-1 and NQO1) in Nrf2
knockout mice. Moreover, ERK phosphorylation was elevated in mouse embryonic fibroblasts (MEFs) from Nrf2 knockout
mouse. Inhibition of ERK significantly alleviated TPA-induced cutaneous inflammation and ROS accumulation in MEFs derived
from mouse. Conversely, ROS scavenging inhibited the ERK activation and TPA-induced inflammation in MEFs. Taken together,
the findings illustrate the key role of the Nrf2/ROS/ERK signaling pathway in TPA-induced acute ICD. The Journal of
Immunology, 2022, 208: 1424�1433.

Inflammation is an adaptive response to protect organisms from
harmful stimuli and injuries. As a redox-sensitive transcription
factor, NF-erythroid 2�related factor 2 (Nrf2) not only protects

cells against oxidative stress but also plays pivotal roles in attenuat-
ing inflammation (1, 2). Recent studies showed that Nrf2 deficiency
aggravates inflammation in a variety of disorders, such as colitis,
sepsis, and pneumonia in mouse models (3, 4). In lung inflammation
models, Nrf2 deficiency aggravates pulmonary inflammation and
hyperoxia caused by smoking (5). Several studies have demon-
strated that Nrf2 participates in the anti-inflammatory process by
orchestrating the recruitment of inflammatory cells and regulating
gene expression (6). Thus, Nrf2 is essential to control the inflamma-
tory response. Although the role of Nrf2 in inflammation is complex
and not fully understood, a line of evidence suggests that Nrf2 may
attenuate inflammation through an antioxidant pathway.
Inflammation and oxidative stress are closely related pathophysio-

logical events. Studies have shown that Nrf2 exhibits an anti-inflam-
matory property mainly through two pathways: redox-dependent

and -independent pathways (7, 8). In the redox-independent path-
way, activation of Nrf2 destroys the recruitment of the RNA poly-
merase II at the IL-6 and IL-1b promoter sites and further
attenuates the inflammatory phenotype in macrophages (9, 10). In
the redox-dependent pathway, Nrf2 binds to the antioxidant response
elements that are located in the promoter region encoding many
antioxidant genes, such as NQO1 and HO-1, which play a critical
role in cell defense by enhancing the elimination of reactive oxy-
gen-derived species (11�13). However, considering the dynamic of
occurrence and development of inflammation, the mechanism of
Nrf2 in different inflammation processes still needs to be elucidated.
Contact dermatitis (CD), a common inflammatory disease of the

skin, includes irritant CD (ICD) and allergic CD (ACD) (14). ICD
is caused by the direct toxic effects of irritants on epidermal kerati-
nocytes, disrupting the skin barrier and triggering the innate immune
system, while ACD is a delayed (type 4) hypersensitivity reaction to
exogenous exposure to Ag, which is mainly mediated by the interac-
tion of T cells and cytokines (15). In the process of ACD and ICD,
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a series of reactive oxygen species (ROS) are produced (16). Haptens
such as DNCB and DNFB can induce contact hypersensitivity, which
fully reflects Ag-specific T cell�mediated delayed hypersensitivity
(17). The phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA)
is acknowledged as a promoting agent to induce ROS production and
ICD (18). Topical application of TPA to the skin leads to the infiltra-
tion of inflammatory cells, release and production of proinflammatory
cytokines, and production of a large number of ROS. Nrf2 can effec-
tively inhibit inflammation by mediating ROS clearance in acute
inflammation of myeloid cells (19). Nrf2 deficiency�induced exacer-
bation of inflammation is attributable to the overproduction of ROS
in LPS-induced mouse sepsis (20). Thus, the antioxidant program
modulated by Nrf2 can tightly control the ROS levels in inflamma-
tion. In summary, considering that Nrf2 is involved in ACD through
oxidative stress, it is reasonable to postulate that Nrf2-mediated ROS
clearance may play a pivotal role in alleviation of ICD.
In this study, we used Nrf2-KO (knockout) mice (21) to investi-

gate the role of Nrf2 in the development of ICD and the potential
underlying mechanisms. Our data demonstrated that Nrf2 deficiency
aggravates TPA-induced ICD mainly through accumulation of ROS.
Our findings emphasize the important link between Nrf2 and oxida-
tive stress in inflammatory response.

Materials and Methods
Experimental animals

Nrf2-KO mice on a C57BL/6 background were obtained from Jackson Labo-
ratories. Male mice aged 8 wk old were used in these studies. Sex- and age-
matched C57BL/6 mice were from SiPeiFu Company (Beijing, China). All
animals were housed in the animal facility of Tianjin Medical University
(Tianjin, China). The study was approved by the Institute Research Ethics
Committee of Tianjin Medical University.

TPA-induced skin inflammation in mice

Skin inflammation was induced in the ear of 8-wk-old male mice by topical
application of 20 ml TPA (P-8139; Sigma) solution (50 mg/ml in acetone).
Ear swelling was measured 0, 6, 12, 18, 24, 30, and 36 h after TPA applica-
tion, and changes in ear thickness were computed as follows: (swelling at
each time point) − (swelling at 0 h).

Cell transfection

Mouse embryonic fibroblasts (MEFs) were derived from the dorsal skin of
newborn mice. pFLAG-CMV2-mus HO-1 and pFLAG-CMV2-mus NQO1
were transfected, respectively, into MEFs using Lipofectamine 2000 transfec-
tion reagent. Real-time RT-PCR was used to assess the expression levels of
HO-1/NQO1 mRNA in the MEFs 72 h after transfection. Transfected MEFs
were stimulated with TPA (15 nM) for 3 h.

Induction of ACD with DNFB

Induction of ACD with DNFB was performed as described previously (22).
Mice were sensitized by a single application of 25 ml DNFB solution (0.4%,
v/v dissolved in a 4:1 acetone/olive oil mixture) on the abdomen skin on day
1. On day 6, the mice were challenged with 20 ml DNFB (0.1%, v/v dis-
solved in a 4:1 acetone/olive oil mixture) on the external aspects of the ear
pinnae. The ear thickness was measured using a caliper 0, 6, 12, 18, 24, and
30 h after challenge, and changes in ear thickness were computed as follows:
(swelling at each time point) − (swelling at 0 h).

Histological examination

The ear tissue was fixed and embedded in paraffin. The paraffin-embedded
specimens were cut into 5- to 7-mm sections and stained with H&E. Neutro-
phil infiltration into the ear tissue was assessed by measuring myeloperoxidase
(MPO) activities, and the infiltrated inflammatory cells were counted. The
experimental method of MPO has been detailed in a previous publication (23).

Immunohistochemistry

Serial ear sections 5�7 mm thick were placed on poly-L-lysine�coated slides,
deparaffinized in xylene, and rehydrated with a sequence of isopropyl alco-
hol solutions. Methanol containing 0.3% hydrogen peroxide was used to
inactivate endogenous peroxidase at room temperature for 30 min. The non-
specific background was blocked at room temperature using 1% BSA and

5% goat serum in PBS-T (0.1% Tween 80) for 1 h, followed by incubation
with the following primary Abs: CD4 (ab183685; Abcam), CD8 (ab209775;
Abcam), Nrf2 (ab31163; Abcam), IL-1a (ab7632; Abcam), and IL-1b
(ab254360; Abcam) overnight at 4◦C. Afterward, slides were washed with
PBS-T and incubated with the following secondary Abs: Alexa Fluor 488
(RS3211; Immunoway) and Alexa Fluor 594 (ab150080; Abcam) for 1 h at
room temperature. Then DAPI staining of nuclei was followed. Images were
photographed using a fluorescence microscope (Carl Zeiss).

Quantitative RT-PCR

Total RNA was isolated using TRIzol reagent (15596018; Life Technolo-
gies). cDNA was synthesized with All-in-One First-Strand cDNA Synthesis
SuperMix (AE341-02; TransGen Biotech). The real-time RT-PCR was
conducted on the 7500 Real Time PCR system, using Green qPCR Super-
Mix(1Dye II) (AQ602-21; TransGen Biotech). The relative mRNA levels
of each sample were determined by the Quote Ct method with the house-
keeping gene GAPDH. The primer sequences for real-time RT-PCR are
listed in Supplemental Table I.

Western blot analysis

Tissues were homogenized using RIPA Lysis Buffer (CW2333S; CWbio)
and 1 mM PMSF (P0100; Solarbio) on ice. The concentration of protein was
measured using the Pierce TM BCA Protein Assay Kit (23227; Thermo).
Protein bands were separated on 10% SDS-PAGE gels by electrophoresis
and the WT and Nrf2-KO samples were on the same gel. Six lanes on the
left side were used to load the WT samples and six lanes on the right
side were used to load the Nrf2-KO samples. Due to the similar molecular
weight, b-Actin expression levels were analyzed on another gel each time
when analyzing ERK and p-ERK expression levels. Then, the gels were
transferred onto 0.45 mm polyvinylidene-fluoride membranes (IPVH00010;
Immobilon). Membranes were blocked with 5% (w/v) nonfat milk in TBST
buffer (pH 7.5) for 1 h at room temperature, followed by incubation with the
first Ab ERK (9102S; Cell Signaling Technology), p-ERK (4370S; Cell Sig-
naling Technology), and b-Actin polyclonal Ab (YT0099; Immunoway).
After washing with TBST for 10 min three times, membranes were incu-
bated with secondary antibodies at room temperature for 1 h. Protein bands
were visualized by a chemiluminescence imaging analysis system (Tanon
5200, Shanghai, China) with an ECL reagent (AC 53151; BioWorld). Because
simultaneous exposure of two groups of proteins would result in a very faint
band for the low expression group and a very intense band for the high
expression, we exposed separately for each group and ensured that the ECL
luminescent reagent was uniform and the exposure time was consistent for
each group, all for 5 s during the exposure process. Further, we quantified the
grayscale values of blot through Image J and analyzed the p-ERK/ERK ratios
in the WT and Nrf2-KO groups, respectively.

Culture of primary skin fibroblasts

Dermal fibroblasts were derived from the dorsal skin of newborn mice within
24 h after birth and cultured as previously described. Cells were cultured in
DMEM (12416001; Corning) supplemented with 10% FBS (AusGeneX,
Beijing, China) at 37◦C with 5% CO2 in atmosphere. After treatment with
TPA (15 nM) for 3 h, fibroblasts were harvested for the measurement of the
expression levels of inflammatory cytokines by real-time RT-PCR.

Measurement of intracellular ROS

Intracellular ROS level was measured by DCFH-DA staining, followed by
observation under a fluorescent microscope. All experiment procedures were
performed according to the instructions of the Reactive Oxygen Species
Assay Kit (CA1410; Solarbio). MEFs grown on a six-well plate were stained
with DCFH-DA for 3 h. After washing with PBS, the level of fluorescence,
reflecting the concentration of ROS, was measured with a fluorescence
microscope, and the final image was captured.

Statistical analysis

Data are expressed as mean ± SD. The unpaired Student t test was per-
formed for determination of the significance using Statistical Product and
Service Solutions software version 21.0 (SPSS, Chicago, IL).

Results
Nrf2-deficient mice display enhanced inflammatory response in both
ICD and ACD

To explore the role of Nrf2 in the development of CD, we assessed
the ear thickness, an indicator of ear swelling, in Nrf2-KO versus
wild type (WT) mice after topical application of either TPA or

The Journal of Immunology 1425
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/208/6/1424/1502060/ji2100577.pdf by guest on 26 Septem
ber 2023

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100577/-/DCSupplemental


DNFB to the dorsal ear. As shown in Fig. 1, the ear was much
thicker in Nrf2-deficient mice than in the WT controls in the ICD
model (Fig. 1A, 1B, Supplemental Fig. 1A), accompanied by

increased MPO activities (Fig. 1C) and neutrophil infiltration
(Fig. 1D). In parallel, the expression levels of mRNA for a panel of
cutaneous inflammatory cytokines (IL-1b, IL-6), chemokines

FIGURE 1. Enhanced cutaneous inflammation induced by TPA in Nrf2-KO mice. (A) Ear thickness (mm) was measured at 6, 12, 18, 24, 30, and 36 h in
Nrf2-KO and WT mice after TPA or acetone application, and increased ear thickness was computed as follows: (swelling at each time point) − (swelling at
0 h). b represents significant differences in ear thickness between Nrf2-KO and WT. (B) Representative H&E-stained ear sections; the partially enlarged
image highlights the number of infiltrating inflammatory cells. (C) MPO activities were measured 24 h after TPA treatment, and the white arrow points to
MPO-positive cells. (D) Numbers of MPO-positive cells were quantified under ×10 fields. (E) mRNA expression was measured by real-time RT-PCR in
Nrf2-KO and WT mice 0, 12, and 24 h after TPA or acetone application. n 5 3 for all. ap < 0.05, bp < 0.01.

1426 Nrf2 DEFICIENCY AGGRAVATES INFLAMMATION IN ICD
D

ow
nloaded from

 http://journals.aai.org/jim
m

unol/article-pdf/208/6/1424/1502060/ji2100577.pdf by guest on 26 Septem
ber 2023

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100577/-/DCSupplemental


(CXCL1, CXCL2), and inflammatory mediator (COX2) were
markedly elevated in Nrf2-deficient mice in comparison with
the WT controls, while the expression levels of IL-1a were

comparable between Nrf2-deficient and WT mice (Fig. 1E).
Similar results were obtained in the ACD model (Fig. 2,
Supplemental Fig. 1B). To better characterize the ACD model,

FIGURE 2. Nrf2-KO mice display aggravated cutaneous inflammation induced by DNFB. (A) Ear thickness (mm) was measured in Nrf2-KO and WT
mice 6, 12, 18, 24, and 30 h after DNFB sensitization, and increased ear thickness was computed as follows: (swelling at each time point) − (swelling at
0 h). a, b, and c represent the significant differences in ear thickness between Nrf2-KO and WT. (B) H&E staining of ear sections; the partially enlarged
image highlights the number of infiltrating inflammatory cells. (C) MPO activities were measured 24 h after DNFB treatment, and the white arrow points to
MPO-positive cells. (D) Numbers of MPO-positive cells were quantified under ×10 fields. (E) The inflammatory cytokine mRNA expression was analyzed
by real-time RT-PCR. n 5 3 for all. ap < 0.05, bp < 0.01, cp < 0.001, dp < 0.0001.
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we further analyzed T cell infiltration and related cytokine
expression. Results showed that CD41 and CD81 T cells were
recruited to the skin, and Th1/Th2 cytokines were upregulated
in both WT and Nrf2-KO mice, but with no significant differ-
ence between the two groups (Supplemental Fig. 2A, 2B).
These results indicate that Nrf2 deficiency aggravates cutaneous
inflammation in both ICD and ACD models.

Nrf2 deficiency�induced oxidative stress contributes to enhanced
inflammation in fibroblasts

Because Nrf2 regulates antioxidant defense, next we determined
whether oxidative stress accounts for the enhanced inflammation in
Nrf2-deficient mice. We first localized the inflammation induced by

topical TPA application. As shown in Supplemental Fig. 3A, IL-1a
and IL-1b expression were primarily localized in the dermis. Therefore,
MEFs were used to determine the involvement of oxidative stress in
TPA-induced inflammation. After incubation with 15 nM TPA for 3 h,
expression levels of mRNA for IL-1a, IL-1b, IL-6, and CXCL2 were
significantly increased in MEFs from Nrf2-KO (KO-MEFs) in compar-
ison with that from WT controls (WT-MEFs) (Fig. 3A). Because both
HO-1 and NQO1 are downstream genes of Nrf2, we also measured
the expression levels of HO-1 and NQO1 in MEF after TPA treatment.
As shown in Fig. 3B, TPA treatment significantly increased expression
levels of mRNA for both HO-1 and NQO1 in WT-MEFs, but not in
KO-MEFs. Similarly, treatment with H2O2 increased HO-1 and NQO1
in WT-MEFs, but not in KO-MEFs (Fig. 3C).

FIGURE 3. TPA increases expression levels of mRNA for inflammatory cytokines HO-1 and NQO1 in fibroblasts. (A) Inflammatory cytokine mRNA
expression in MEFs from Nrf2-KO and WT mice was measured by real-time RT-PCR 0 and 3 h after TPA treatment. (B) mRNA expression of HO-1 and
NQO1 in MEFs from Nrf2-KO and WT mice were measured by real-time RT-PCR 0 and 3 h after TPA treatment. (C) MEF cells were treated with 100,
300, and 500 mM H2O2 for 3, 12, and 24 h. Relative mRNA expression levels of HO-1 and NQO1 were measured by real-time RT-PCR. n 5 3 for all. ap <

0.05, bp < 0.01, cp < 0.001, dp < 0.0001.
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FIGURE 4. Restoration of antioxidant capacity can alleviate inflammation exacerbated by Nrf2 deficiency. (A) pFLAG-CMV2-mus HO-1 and pFLAG-
CMV2-mus NQO1 were transfected into MEFs, respectively, and then stimulated with TPA (15 nM) for 3 h. The inflammatory cytokine mRNA expression
was analyzed by real-time RT-PCR. (B) MEF cells were pretreated with ROS inhibitor, NAC (1 mM), for 1 h and then treated with 15 nM TPA for 3 h.
ROS level was measured by DCFH-DA assay under a fluorescence microscope. (C) Inflammatory cytokine mRNA expression was measured by real-time
RT-PCR 0 and 3 h after TPA stimulation. n 5 3 for all. ap < 0.05, bp < 0.01, cp < 0.001, dp < 0.0001.
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FIGURE 5. Nrf2 mediates TPA-induced inflammation through the ROS�ERK pathway. (A) MEF cells were pretreated with ROS inhibitor, NAC (1 mM),
for 1 h, and then treated with 15 nM TPA for 3 h. Relative expression levels of ERK and p-ERK protein were determined using Western blotting. b-Actin sam-
ples were run on separate gels, and WT and Nrf2-KO groups of proteins were exposed, respectively. Each b-Actin/ERK/p-ERK blot was from the same sample
and the loading volume was consistent. Grayscale values of p-ERK/ERK ratios in the WT and Nrf2-KO groups were quantified by ImageJ. (B) MEF cells were
pretreated with U0126 (10 mM) and PD98059 (10 mM) for 1 h and then treated with 15 nM TPA for 3 h. ROS level was measured by DCFH-DA assay under a
fluorescence microscope. (C) Relative expression levels of ERK and p-ERK protein were determined using Western blotting. b-Actin samples were run on
separate gels, and WT and Nrf2-KO groups of proteins were exposed, respectively. Each b-Actin/ERK/p-ERK blot was from the (Figure legend continues)
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To determine whether Nrf2 deficiency�induced enhancement of
inflammation is attributable to the diminished HO-1 and NQO1
expression, we transfected KO-MEFs with HO-1 and NQO1 plas-
mids, followed by stimulation with TPA. The expression levels of
HO-1 and NQO1 were significantly increased in KO-MEFs 72 h
after transfection. Overexpression of either HO-1 or NQO1 largely
prevented the elevation of IL-1a, IL-1b, IL-6, CXCL1/2, and
COX2 expression in KO-MEFs after TPA treatment (Fig. 4A). It is
well known that both HO-1 and NQO1 exert antioxidant properties
through scavenging ROS. To ascertain that the prevention of inflam-
mation is due to antioxidation in HO-1� and NQO1-overexpressed
KO-MEFs, we measured expression levels of proinflammatory cyto-
kines in KO-MEFs treated with N-acetylcysteine (NAC), an intracel-
lular ROS scavenger. TPA treatment dramatically increased ROS in
KO-MEFs, while NAC treatment almost completely diminished
ROS in TPA-treated KO-MEFs (Fig. 4B). In parallel, NAC pre-
vented the increased expression levels of mRNA for proinflamma-
tory cytokines and chemokines in TPA-treated KO-MEFs (Fig. 4C).
These results indicate that Nrf2 deficiency results in diminished
HO-1 and NQO1, leading to enhanced inflammatory response.

Aberrant ROS�ERK signaling pathway accounts for enhanced
inflammatory response in Nrf2-deficient mice

Because MAPK signaling, especially the ERK pathway, is associ-
ated with ROS (24), we assessed whether the aberrant ERK signal-
ing pathway contributes to the enhanced inflammatory response in
Nrf2-deficient mice. We first assessed expression levels of ERK in
KO-MEFs with or without TPA treatment. Our results showed that
expression level of p-ERK was higher in KO-MEFs than in WT-
MEFs either under basal condition or after TPA treatment (Fig. 5A),
whereas scavenger of ROS with NAC significantly downregulated
expression level of p-ERK (Fig. 5A). To further determine the role
of ERK in ROS-induced inflammation, we used two structurally
unrelated ERK inhibitors, U0126 and PD98059, to inhibit ERK
activity. As expected, inhibition of ERK decreased both ROS level
(Fig. 5B) and p-ERK (Fig. 5C) in MEFs with or without TPA treat-
ment. Moreover, ERK inhibitors also remarkably reduced expression
levels of mRNA for proinflammatory cytokines and chemokines
(Fig. 5D). Taken together, these results demonstrate that the aber-
rant HO-1/NQO1�ROS�ERK pathway accounts for the enhanced
inflammatory response in Nrf2-deficient mice.

Discussion
Although the role of Nrf2 in anti-inflammation has been demon-
strated in various experiments, the underlying mechanisms of how
Nrf2 mediates acute inflammation remain unclear. This study dem-
onstrated that Nrf2 deletion aggravates TPA-induced inflammation,
accompanied by a significant increase in inflammatory cytokines.
Loss of Nrf2 disrupts the redox balance, leading to the accumulation
of ROS, consequently activating the ERK pathway and increasing
the immune sensitivity to external stimulation. These results suggest
a crucial role of Nrf2 in the maintenance of redox equilibrium and
the link between oxidative stress and cutaneous inflammation, at
least TPA-induced inflammation.
The development of ICD is associated with the release of ROS at

an inflamed site. Nrf2 exerts potent cytoprotective effects through

antioxidative stress and anti-inflammatory pathways. We showed in
this study that Nrf2 deletion exacerbates TPA-induced ICD. TPA
stimulation activates protein kinase C and produces an excessive
amount of ROS (25). Protein kinase C directly phosphorylates Nrf2
to trigger its nuclear translocation and enhance the ability to resist
oxidative stress (26). To clarify whether TPA stimulation can acti-
vate Nrf2 via an oxidative stress pathway, we directly stimulated
MEFs with H2O2 in vitro. The results showed that the expression
levels of HO-1 and NQO1 were upregulated after TPA stimulation,
indicating that Nrf2 could be activated by ROS generated by TPA
stimulation. Nrf2 exerts antioxidant function by inducing its target
antioxidant genes, such as HO-1 and NQO1 (27), and loss of them
will weaken ROS scavenging ability in Nrf2-deficient MEFs. In
NQO1-deficient mice, dendritic epidermal T cells are sensitive to
oxidative stress�induced cell death and exacerbate ICD (28), sug-
gesting that HO-1/NQO1 has an anti-inflammatory effect in ICD.
We further overexpressed HO-1 and NQO1 in MEFs to verify the
inhibitory effect of Nrf2 on TPA-induced ICD through the HO-1/
NQO1 pathway. Considering that the intensity of the ACD reaction
is correlated to that of the ICD response (29), the orderly perfor-
mance of Nrf2-mediated antioxidant function in ICD is also crucial
to the development of ACD.
Transcription factor Nrf2 has been described to play a protective

role in ACD (30). This study demonstrated that Nrf2 deficiency
leads to an increased inflammatory response during the elicitation
phase, consistent with previous results (30). However, NQO1 defi-
ciency augments croton oil�mediated ear swelling, but it does not
affect ear swelling and inflammation induced by DNFB, suggesting
a compensatory mechanism between the Nrf2 target genes, HO-1
and NQO1. In our in vitro experiments, we also found that an
H2O2-induced increase in HO-1 occurred within 3 h, while eleva-
tions in NQO1 were observed for up to 24 h. Whether such differ-
ences in response time to H2O2 can explain the functional
compensation of HO-1 and NQO1 remains to be further explored.
So far, many studies have confirmed the antioxidative stress effect
of Nrf2 in ACD. The skin infiltration of polymorphonuclear is
highly dependent on oxidative stress regulated by Nrf2 in the sensi-
tization phase of ACD (31). Nrf2 deficiency and the concomitant
higher ROS level lead to hyaluronic acid breakdown in the extracel-
lular matrix, promoting the migration of dendritic cells, and at the
same time increasing the basic activation level of natural immune
cells (30, 32). This study showed the accumulated ROS and
increased expression of CXCL1/2 in Nrf2-deficient MEFs, which
might facilitate hyaluronic acid breakdown and dendritic cell migra-
tion. Collectively, Nrf2 mediates ACD, at least in part, through the
antioxidant pathway. Besides, Nrf2 activation promotes CD41

T cells toward Th2 differentiation (33), suggesting that Nrf2 may
also play a role in the elicitation phase through regulating Treg func-
tion. However, we found that there were no significant differences
for T cell infiltration and Th1/Th2 cytokines in Nrf2-KO mice ver-
sus WT in ACD, indicating that the aggravated cutaneous inflamma-
tion in Nrf2-KO mice was specific to the innate myeloid infiltration
and the increased inflammatory-related cytokine and chemokine
expression, but with no marked effects on the adaptive T cell
response.
Experimental studies have evidenced that the anti-inflammatory

role of Nrf2 is attributed to interaction between Nrf2 and many

same sample and the loading volume was consistent. Grayscale values of p-ERK/ERK ratios in the WT and Nrf2-KO groups were quantified by ImageJ, respec-
tively. (D) Inflammatory cytokine mRNA expression was measured by real-time RT-PCR 0 and 3 h after TPA stimulation. (E) TPA induces
accumulation of ROS in skin fibroblasts. The deficiency in Nrf2 abolishes the downstream antioxidant gene expression and aberrant antioxidant defense failing
to inhibit TPA-induced oxidative stress. This may eventually result in enhanced inflammation. n 5 3 for all. ap < 0.05, bp < 0.01, cp < 0.001, dp < 0.0001.
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redox-sensitive inflammatory pathways, including the most studied
one, the NF-kB signaling pathway (17). However, in this study, we
found that Nrf2 could play an anti-inflammatory role through indi-
rect regulation of the ERK pathway because ERK1/2 was phosphor-
ylated in physiological conditions and TPA stimulation further
promoted ERK activation in Nrf2-KO mice, indicating the accumu-
lation of ROS under physiological conditions. Consistent with the
previous study, the physiological concentrations of H2O2 activate
ERK (24), and the deletion of Nrf2 can lead to ROS accumulation
in Nrf2-KO brain hippocampal glioneuronal cells (34). In addition,
antioxidants can inhibit ERK activity of HeLa cells, and hydrogen
peroxide treatment increases phosphorylation of ERK (35). The role
of ROS and ERK activation in Nrf2-mediated inflammation
response was further demonstrated by inhibition of ERK activity
and ROS scavenger. Either inhibition of ERK or ROS scavenger
lowered the expression levels of IL-1a, IL-1b, and IL-6 and ROS
accumulation in TPA-treated MEFs, indicating the role of the
Nrf2�ROS�ERK pathway in regulation of inflammation induced by
TPA.
Under normal conditions, both ERK1 (p44) and ERK2 (p42)

were phosphorylated within 10 min after TPA treatment (36), con-
sistent with our observation of ERK phosphorylation within 30 min
after TPA treatment (data not shown). However, we found that the
phosphorylation of ERK was still higher at 3 h in KO-MEFs pre-
treated with NAC. Because ROS generation occurs in advance of
ROS elimination (37), it is possible that Nrf2 deficiency promotes
endogenous ROS production and activates the ERK pathway. Nrf2
and NF-kB signaling pathways interact via multiple mechanisms
(17). Given the experimental evidence that IQGAP1 binds to Nrf2
and mediates the MEK�ERK signaling pathway, and that
MEK�ERK activates Nrf2 (38), whether Nrf2 has other regulatory
mechanisms on the MEK�ERK pathway remains to be further
explored.
In conclusion, we demonstrated that Nrf2 deficiency leads to the

aggravation of TPA-induced acute inflammation in the skin.
Absence of Nrf2 causes the loss of redox homeostasis, resulting in
accumulation of ROS and sustained activation of the ERK pathway,
and consequently leading to a low threshold of sensitivity to aller-
gens and external stimuli in Nrf2-KO mice (Fig. 5D). Taken
together, this study demonstrates the key role of the Nrf2/ROS/ERK
pathway in TPA-induced cutaneous inflammation and emphasizes
the important link between Nrf2 and oxidative stress in inflamma-
tory response.
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