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Activation of the Nrf2/HO-1 pathway by
curcumin inhibits oxidative stress in human
nasal fibroblasts exposed to urban
particulate matter
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Abstract

Background: Particulate matter (PM) can cause various negative acute and chronic diseases of the respiratory
system, including the upper airways. Curcumin has been reported to have anti-inflammatory and anti-oxidative
effects; therefore, we investigated the effects of curcumin on nasal fibroblasts exposed to urban PM (UPM).

Methods: Samples of inferior turbinate tissue were obtained from six patients. Flow cytometry was used to assess
the levels of reactive oxygen species (ROS) following the treatment of nasal fibroblasts with UPM and/or curcumin.
We evaluated the effects of UPM and/or curcumin on the expression of phosphorylated ERK, Nrf2, HO-1, and SOD2
in fibroblasts by Western blotting.

Results: When UPM was applied to nasal fibroblasts, ROS production was significantly increased in a dose-
dependent manner. UPM-exposed fibroblasts caused the activation of ERK to increase HO-1 expression and
decrease SOD2 expression. Treatment with curcumin reduced the UPM-mediated increase in ROS; this decrease in
ROS occurred in a dose-dependent manner. The UPM-induced activation of ERK was inhibited by curcumin. Nrf2
production was also promoted to increase the expression of HO-1 and SOD2 by curcumin.

Conclusion: Curcumin reduced ROS production caused by UPM in human nasal fibroblasts in a dose-dependent
manner, suggesting that curcumin has anti-oxidative effects and may be useful in the treatment of nasal diseases
caused by UPM, such as allergic and chronic rhinitis.
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Background
Air pollution is a significant environmental risk for
humans and is the cause of various diseases and death
[1–3]. Particulate matter (PM), which contains organic
compounds and harmful metals, is a major source of air

pollution. The harmful effects of PM on overall health
have been well documented [4–6]. In particular, PM
levels have been reported to have various negative acute
and chronic effects on the respiratory system, including
the upper airways [7–9]. As one of the mechanisms by
which PM causes disease in the human body, the gener-
ation of oxidative stress following PM exposure has been
observed in vitro and in vivo [10, 11]. Therefore, antioxi-
dants that can remove reactive oxygen species (ROS)
may help protect against diseases caused by PM.
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Fibroblasts modify the structure of the nasal mucosa
by controlling production of the extracellular matrix
[12]. Fibroblasts also play a key role in chronic inflam-
mation of the nasal cavity by releasing various inflamma-
tory cytokines [13, 14]. We confirmed in previous
studies that urban PM (UPM) induces the expression of
proinflammatory cytokines in human nasal fibroblasts
[15, 16]. These results indicated that upper respiratory
diseases such as allergy and chronic rhinitis might be
caused by UPM-exposed fibroblasts.
Curcumin (diferuloyl methane) is a yellowish substance

present in turmeric isolated from the plant Curcuma longa.
The therapeutic effects of curcumin have been shown in sev-
eral studies. Curcumin exhibits anti-inflammatory activity via
inhibition of cell signaling pathways by the modulation of
several molecular targets; it also exhibits anti-oxidative and
anticancer activities by regulating the expression of various
enzymes, receptors, and anti-apoptotic proteins [17–19].
While the effects of curcumin in lower respiratory diseases
such as asthma, chronic obstructive pulmonary disease
(COPD), and pulmonary fibrosis have been extensively inves-
tigated [20–22], the impact on upper respiratory diseases, in-
cluding the nasal cavity, has been poorly studied. In this
study, we investigated the effect of curcumin on cultured hu-
man nasal fibroblasts exposed to UPM. We evaluated the
therapeutic potential of curcumin for UPM-related diseases
of the upper airway and assessed the signaling pathways
involved.

Methods
Reagents
UPM standard reference material (SRM 1648a) was ob-
tained from the National Institutes of Standards and
Technology (Gaithersburg, MD, USA). Curcumin, collage-
nase A, and 5- (and 6-)carboxy-2′,7′-dichlorodihydro-
fluorescein diacetate (H2DCFDA) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Antibodies against
nuclear factor (erythroid-derived 2)-like 2 (Nrf2), super-
oxide dismutase (SOD)2, and heme oxygenase (HO)-1
were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Antibodies against extracellular signal-
regulated kinase (ERK), phosphorylated ERK, lamin B1,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were obtained from Cell Signaling Technology (Danvers,
MA, USA). A stock solution of curcumin was diluted with
cell culture medium to confirm the final dose for cell
treatment.

Inferior turbinate tissues
Inferior turbinate tissue was obtained from six patients
with turbinate hypertrophy (four males and two females,
mean 45.0 ± 14.4 years) who underwent partial inferior
turbinectomies to treat nasal obstructions. None of the
subjects had a history of asthma or allergy. In addition,

the subjects were not treated with antihistamines, oral
antibiotics, or intranasal or oral steroids for at least 2
months before tissue harvest. This study, which was ap-
proved by our institutional review board, was conducted
in accordance with the principles of the Declaration of
Helsinki; written informed consent was obtained from
the patients prior to surgery.

Nasal fibroblast cultures
Once removed, the tissues were placed immediately in
ice-cold minimal essential medium (MEM)-α, washed
three times with antibiotic-antimycotic solution (Gibco,
Gaithersburg, MD, USA), washed twice with phosphate-
buffered saline (PBS), and cut into small pieces with a
sterile scalpel. The tissue samples were incubated in colla-
genase A (2.5mg/mL; Sigma-Aldrich) for 90min at 37 °C
and mechanically dissociated. Enzyme activity was
stopped by the addition of 0.5 mM ethylenediaminetetra-
acetic acid. The washed tissue samples were incubated at
37 °C in an atmosphere of 5% CO2 in MEM-α containing
10% fetal bovine serum (FBS; Gibco BRL, Grand Island,
NY, USA). The nasal fibroblasts were cultured with 10%
FBS and 1% penicillin streptomycin solution (Gibco BRL)
in MEM-α at 37 °C and 5% CO2. The medium was chan-
ged every 3 days and all cells used in the experiments were
obtained from the fifth cell passage.

Cell viability assay
To assess the cytotoxicities of UPM and curcumin, nasal
fibroblast viability was determined using a MTT Assay
Kit (DoGen, Seoul, Republic of Korea). The MTT assay
is based on the ability of functional mitochondria to
catalyze the reduction of 3-(4,5-dimethylthiazol)-2,5-di-
phenyltetrazolium bromide to insoluble purple forma-
zan; the concentration of formazan can be measured
with a spectrophotometer. Nasal fibroblasts were first
cultured in 96-well plates (5 × 103 cells/well) for 24 h,
washed twice with PBS, and treated with various con-
centrations of UPM (0–200 μg/mL) and curcumin (0–
5 μM) simultaneously. After 24 h of incubation, the
MTT reagent (10 μL) was added and the cells were incu-
bated for an additional 2 h. The absorbance of each cell
was measured at 450 ± 20 nm using an ELISA reader
(Bio-Rad Laboratories, Hercules, CA, USA) and the per-
cent viability was calculated. The results were reported
in units of optical density (OD) and the relative cell via-
bility was calculated using the formula Relative cell via-
bility (%) = (OD treatment / OD control) × 100.

Quantification of intracellular ROS
Nasal fibroblasts were first cultured in 6-well plates (1 ×
105 cells/well) for 24 h, washed twice with PBS, and
treated with various concentrations of UPM (0–200 μg/
mL) and curcumin (0–5 μM) simultaneously. Cells were
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harvested for intracellular ROS detection using
H2DCFDA. Briefly, the cells were washed twice with
PBS and resuspended in Hanks’ Balanced Salt Solution
(HBSS) containing 10 μM H2DCFDA. The cell suspen-
sions were incubated at 37 °C for 15 min in the dark and
rinsed three times with HBSS to remove excess
H2DCFDA. Finally, the cells were collected and the
fluorescence intensity was measured by flow cytometry
(FACSCanto II; BD Biosciences, Franklin Lakes, NJ,
USA).

Western blotting
Western blotting was performed as described previously
[16]. Nasal fibroblasts were first cultured in 100 mm
dishes (5 × 105 cells) for 24 h, and then washed twice
with PB, and treated with various concentrations of
UPM (0–200 μg/mL) and curcumin (0–5 μM) simultan-
eously. In brief, total cellular proteins were prepared
using lysis buffer (Atto, Tokyo, Japan). The protein con-
centration was measured using a bicinchoninic acid pro-
tein assay kit (Pierce, Rockford, IL, USA) and 20 μg
amounts, separated by electrophoresis on a 10% sodium
dodecyl sulfate-polyacrylamide gel, were then transferred
to nitrocellulose membranes (Pall Corporation, Pensa-
cola, Mexico). The membranes were blocked with
skimmed milk (5%) in TBS buffer (20 mM Tris, 137 mM
NaCl) for 1 h and washed with TBS-T buffer (20 mM
Tris, 137 mM NaCl, and 0.05% Tween-20) three times,
for 10 min each time. Next, the membranes were incu-
bated with appropriate primary antibodies (1:1000 dilu-
tion) overnight at 4 °C. After washing three times with
TBS-T, the membranes were incubated with appropriate
horseradish peroxidase–conjugated secondary antibodies
(1:2000 dilution) for 1 h at room temperature. Proteins
were detected using an enhanced chemiluminescence kit
(GE, MA, USA) and visualized with the aid of a

ChemiDoc XRS+ image analyzer (Bio-Rad, Hercules,
CA). Band intensities were derived using ImageLab (Bio-
Rad) software.

Statistical analyses
All data are presented as means ± standard errors of the
means (SEMs). All statistical analyses were performed
with the aid of GraphPad Prism version 5 software
(Graph-Pad, San Diego, CA, USA). We performed one-
way analysis of variance (ANOVA) followed by Student’s
t-test for P-value evaluation between two groups or
Tukey’s post-hoc test for multiple comparison. P-values
< 0.05 was considered significant.

Result
Effects of curcumin and UPM on nasal fibroblast viability
Nasal fibroblasts were cultured with curcumin and/or
UPM at varying concentrations for 24 h, and the effect
on viability was determined by MTT assays. Treatment
with UPM (> 25 μg/mL) decreased the viability of nasal
fibroblasts significantly in a dose-dependent manner
(Fig. 1a), while treatment with curcumin (> 2.5 μM) in-
creased its viability significantly (p < 0.05) (Fig. 1b). The
reduction in viability caused by UPM (25 μg/mL) was re-
versed by curcumin, and this effect was significant at
5 μM curcumin (p < 0.05) (Fig. 1c).

Effects of UPM on ROS generation in nasal fibroblasts
Nasal fibroblasts were stained with DCF-DA to deter-
mine ROS levels by flow cytometry. When UPM was ap-
plied to nasal fibroblasts at concentrations > 25 μg/mL,
ROS production was significantly increased in a dose-
dependent manner compared with the controls (p <
0.01) (Fig. 2a). ROS production in fibroblasts increased
significantly after 12 h of exposure to UPM (25 μg/mL)
compared with the controls (Fig. 2b).

Fig. 1 a Cell viability as measured by MTT assays of human nasal fibroblasts treated with various concentrations of UPM for 24 h. b Cell viability
as measured by MTT assays of nasal fibroblasts treated with various concentrations of curcumin for 24 h. c Cell viability as measured by MTT
assays of nasal fibroblasts treated with various concentrations of curcumin and 25 μg/mL of UPM for 24 h. Each value in the graph represents the
mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. 0 μg/mL of UPM or 0 μM of curcumin; #p < 0.05 vs.
25 μg/mL of UPM. MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; UPM: urban particulate matter; SEM: standard error of
the mean
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Effects of UPM on the phosphorylation of ERK and
expression of HO-1 and SOD2 in nasal fibroblasts
We evaluated the time dependency of the effect of UPM on
the phosphorylation of ERK as well as the expression of
HO-1 and SOD2 in nasal fibroblasts by Western blotting.
The levels of phosphorylated ERK and expression of HO-1
increased with increasing UPM treatment time compared
with the controls (Fig. 3). By contrast, SOD2 expression de-
creased as nasal fibroblasts were exposed to UPM for lon-
ger periods of time compared with the controls (Fig. 3d).

Effects of curcumin on UPM-induced ROS production in
nasal fibroblasts
To evaluate the effect of curcumin on UPM-induced
ROS production, flow cytometry with DCF-DA was
performed. Nasal fibroblasts were treated with curcu-
min (0, 1.25, 2.5, or 5 μM) and UPM (25 μg/mL) for
24 h simultaneously. ROS levels were significantly in-
creased following UPM-alone treatment compared
with the non-treatment group (p < 0.001); however,
when curcumin was added, ROS levels decreased in
proportion to the curcumin dose (Fig. 4). In particu-
lar, treatment with curcumin (2.5 or 5 μM) resulted
in a statistically significant reduction in ROS levels in
UPM-exposed fibroblasts compared with treatment
with UPM alone (Fig. 4).

Effects of curcumin on ERK and Nrf2, and their
downstream targets SOD2 and HO-1, in UPM-exposed
nasal fibroblasts
To assess the role of ERK and Nrf2 in the effects of curcu-
min on nasal fibroblasts, we assayed phosphorylated ERK,
nuclear Nrf2, SOD2, and HO-1 expression by Western blot-
ting following treatment with curcumin (5 μmol/L) and
UPM (25 μg/mL), alone or in combination. Curcumin
significantly reduced the levels of phosphorylated ERK in-
duced by UPM after 24 h of treatment compared with UPM
alone (p < 0.05) (Fig. 5b). On the other hand, expression of
HO-1 and SOD2 was significantly increased following treat-
ment with curcumin compared with UPM alone (p < 0.05)
(Fig. 5c). Following treatment with curcumin and UPM for
4 h, nuclear Nrf2 was significantly increased compared with
treatment with UPM alone (p < 0.05) (Fig. 5e).

Discussion
In this study, we determined that treatment with UPM
induced ROS production, which activated ERK to in-
crease HO-1 expression and decrease SOD2 expression.
Curcumin reduced the UPM-mediated increase in ROS
levels in a dose-dependent manner. Our results suggest
that curcumin decreased the activation of ERK mediated
by UPM, and increased Nrf2 directly to increase expres-
sion of HO-1 and SOD2.

Fig. 2 ROS generation in human nasal fibroblasts treated with UPM as measured by flow cytometry. a Dose-dependent ROS generation in
human nasal fibroblasts exposed to UPM. b Time-dependent ROS generation in human nasal fibroblasts exposed to UPM. ROS were quantified
by flow cytometry with DCF-DA. Data are presented as the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control group. ROS: reactive
oxygen species; UPM: urban particulate matter; DCF-DA: 2′,7′-dichlorofluorescin diacetate; SEM: standard error of the mean
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PM is classified according to particle size. Particles less
than 10 μm are referred to as PM10, while particles less
than 2.5 μm are called PM2.5 [23]. Coarse PM (PM2.5–10),
which includes all PM10 except PM2.5, is mainly depos-
ited in the nasal cavity, oral cavity, and upper bronchus.
PM2.5 is inhaled deeper into the lungs; some of it is

deposited in the alveoli, and some of it enters the pul-
monary circulation, affecting the entire body [5]. The
upper airway, including the nasal cavity and oral cavity,
is the first gateway for PM to enter the body. Several
studies have been published on the effects of PM on the
upper airway; for example, long- and short-term

Fig. 3 Expression of HO-1 and SOD2 and phosphorylation of ERK following the exposure of nasal fibroblasts to UPM. a Western blot analysis of
phosphorylated ERK (p-ERK), total ERK, HO-1, and SOD2 in human nasal fibroblasts treated with UPM (25 μg/mL) for the indicated durations. b
Density ratio of p-ERK to ERK. c Density ratio of HO-1 to GAPDH. d Density ratio of SOD2 to GAPDH. Data are presented as the mean ± SEM. *p <
0.05 and **p < 0.01 vs. the control group. ERK: extracellular signal-regulated kinase; HO-1: heme oxygenase-1; SOD2: superoxide dismutase 2; UPM:
urban particulate matter; GAPDH: glyceraldehyde-3-phosphate dehydrogenase

Fig. 4 Effects of curcumin on the UPM-induced production of ROS in nasal fibroblasts. ROS were quantified by flow cytometry with DCF-DA. Each
value in the graph represents the mean ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. 0 μg/mL of UPM or
0 μM of curcumin; #p < 0.05 and ###p < 0.001 vs. 25 μg/mL of UPM. UPM: urban particulate matter; ROS: reactive oxygen species; DCF-DA: 2′,7′-
dichlorofluorescin diacetate; SEM: standard error of the mean
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exposure to PM can lead to allergic rhinitis [24, 25]. PM
has also been shown to cause non-allergic symptoms in
rhinosinusitis patients [26]. In cell experiments, PM ex-
posure was observed to interfere with the barrier func-
tion of the epithelial layer by disintegrating the tight
junctions of nasal epithelial cells [27].
ROS is a by-product of oxygen metabolism in aerobic

organisms and can damage cellular molecules, such as
proteins, nucleic acids, and lipids [28]. The cells activate
antioxidant mechanisms to protect against the toxicity
of ROS [29]. Oxidative stress is a state of imbalance be-
tween antioxidant mechanisms and ROS levels [28]. Oxi-
dative stress due to high concentrations of ROS
increases the proliferation of certain subsets of adaptive
immune cells and increases inflammatory cytokine re-
lease [30, 31]. One study reported that PM2.5 increased
ROS and inflammatory cytokines in nasal epithelial cells,
decreasing cell viability [32]. This suggested that oxida-
tive stress and inflammatory responses due to PM2.5 ad-
versely affect the growth of nasal epithelial cells. In the
present study, UPM decreased the viability of human
nasal fibroblasts (Fig. 1). Flow cytometry also revealed
that ROS production was increased in nasal fibroblasts
exposed to UPM. The increased ROS levels were

proportional to the concentration and exposure time of
UPM (Fig. 2).
HO-1 is an important player in the cellular defense

against oxidative stress and is highly induced by inflam-
matory cytokines [33]. Given that HO-1 is induced by a
protective mechanism in response to harmful stimuli,
the induction of HO-1 could be considered as a thera-
peutic approach for protection against oxidative stress
[34]. SODs are important cell-defense redox enzymes
that convert superoxide radicals into oxygen and hydro-
gen peroxide. SOD2 is responsible for maintaining ROS
homeostasis under inflammatory conditions [35]. Our
results demonstrate that inflammatory reactions in
UPM-exposed nasal fibroblasts induce HO-1 and reduce
SOD2, which maintains ROS homeostasis. The ERK sig-
naling pathway was also activated in this process (Fig. 3).
Curcumin has been reported to exhibit anti-oxidative

and anti-inflammatory effects with bioprotective proper-
ties [17]. There have been many studies of the therapeutic
effects of curcumin in various diseases, including lower re-
spiratory disease. Curcumin has shown potential for the
treatment of respiratory diseases such as COPD, asthma,
pulmonary fibrosis, and acute lung injury [20–22, 36]. By
contrast, few studies have reported the effects of curcumin

Fig. 5 a Representative Western blots of ERK, SOD2, and HO-1 in fibroblasts treated with 5 μM of curcumin and 25 μg/mL of UPM for 24 h. b
Density ratio of p-ERK to ERK. c Density ratios of HO-1 to GAPDH. d Density ratios of SOD2 to GAPDH. e Representative Western blots of Nrf2 in
fibroblasts treated with 5 μM of curcumin and 25 μg/mL of UPM for 4 h. f Density ratio of nuclear Nrf2 to nuclear lamin B1. Each value of the
graph represents the mean ± SEM of three independent experiments. *p < 0.05 vs. 0 μg/mL of UPM and 0 μM of curcumin; #p < 0.05 vs. 25 μg/mL
of UPM. ERK: extracellular signal-regulated kinase; HO-1: haem oxygenase-1; SOD2: superoxide dismutase 2; UPM: urban particulate matter; Nrf2:
nuclear factor (erythroid-derived 2)-like 2
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on upper respiratory disease. In studies of rat models of
allergic rhinitis, curcumin has been shown to increase
antioxidant enzymes and reduce inflammatory cytokines
in tissues and serum [37, 38]. One study of perennial aller-
gic rhinitis patients reported that curcumin relieved sneez-
ing and rhinitis [39].
Nrf2 is a transcription factor responsible for regulating

cellular redox balance and phase II detoxification [40, 41].
When cells are exposed to oxidative stress, Nrf2 induces
the expression of many protective genes, resulting in in-
creased levels of antioxidants [42]. Under normal or un-
stressed conditions, Nrf2 is sequestered in the cytoplasm
by Keap1. Under conditions of stress, the modification of
Keap1 or phosphorylation of Nrf2 promotes the dissoci-
ation of Nrf2 from Keap1 [43]. Nrf2 then moves to the nu-
cleus, activating the transcription of genes (e.g., those
encoding HO-1 and SOD2) that have detoxifying and
anti-oxidative effects [44]. In the present study, curcumin
activated Nrf2 while inhibiting ERK in UPM-exposed fi-
broblasts. This resulted in a significant increase in the
antioxidant enzymes HO-1 and SOD2 (Fig. 5).
Although this study was conducted in cell culture, it is

the first to investigate the effects of curcumin on upper
airway cells exposed to PM.

Conclusions
The results of this study show that curcumin reduced
ROS production caused by UPM in human nasal fibro-
blasts in a dose-dependent manner, suggesting that cur-
cumin is effective in the treatment of nasal diseases due
to UPM exposure.

Abbreviations
PM: particulate matter; UPM: urban particulate matter; ROS: reactive oxygen
species; COPD: chronic obstructive pulmonary disease; Nrf2: Antibodies
against nuclear factor (erythroid-derived 2)-like 2; HO: heme oxygenase;
SOD: superoxide dismutase; ERK: extracellular signal-regulated kinase;
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; MEM: minimal
essential medium; PBS: phosphate-buffered saline; FBS: foetal bovine serum

Acknowledgements
Not applicable.

Authors’ contributions
DCL directed and designed the study. JO and HC performed the
experiments and the statistical analysis. SWK (Sung Won Kim), SWK (Soo
Whan Kim), BGK, JHC, JL and DCL analyzed the experimental result. JK and
DCL drafted the manuscript. JK and DCL corrected the manuscript. All
authors read and approved the final manuscript.

Funding
This research was supported by Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of
Education (NRF-2017R1D1A1B03032768), Clinical Research Institute grant
(CMCDJ-P-2018–015) funded by The Catholic University of Korea Daejeon St.
Mary’s Hospital, and the Otorhinolaryngology Alumni Fund of the Catholic
University of Korea made in the program year of 2019. The funders had no
role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Availability of data and materials
The datasets used and/or analyzed during the current study is available from
the corresponding author on reasonable request.

Ethics approval and consent to participate
The study protocol was approved by the Institutional Review Board of
Daejeon St. Mary’s Hospital (IRB policy No. DC15TISI0022). Informed consent
was obtained from all individual participants included in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Otorhinolaryngology-Head and Neck Surgery, College of
Medicine, The Catholic University of Korea, Seoul, Republic of Korea.
2Department of Otorhinolaryngology-Head and Neck Surgery, Eunpyeong St.
Mary’s Hospital, Seoul, Republic of Korea. 3Clinical Research Institute, Daejeon
St. Mary’s Hospital, Daejeon, Republic of Korea. 4Department of
Otorhinolaryngology-Head and Neck Surgery, Seoul St. Mary’s Hospital, Seoul,
Republic of Korea. 5Department of Otorhinolaryngology-Head and Neck
Surgery, Yeouido St. Mary’s Hospital, Seoul, Republic of Korea. 6Department
of Otorhinolaryngology-Head and Neck Surgery, Daejeon St. Mary’s Hospital,
Daejeon, Republic of Korea.

Received: 19 November 2019 Accepted: 6 March 2020

References
1. Shah AS, Langrish JP, Nair H, McAllister DA, Hunter AL, Donaldson K, Newby

DE, Mills NL. Global association of air pollution and heart failure: a
systematic review and meta-analysis. Lancet. 2013;382(9897):1039–48.

2. Di Q, Wang Y, Zanobetti A, Wang Y, Koutrakis P, Choirat C, Dominici F,
Schwartz JD. Air pollution and mortality in the Medicare population. N Engl
J Med. 2017;376(26):2513–22.

3. Schraufnagel DE, Balmes JR, Cowl CT, De Matteis S, Jung SH, Mortimer K,
Perez-Padilla R, Rice MB, Riojas-Rodriguez H, Sood A, et al. Air pollution and
noncommunicable diseases: a review by the forum of international
respiratory Societies’ environmental committee, part 2: air pollution and
organ systems. Chest. 2019;155(2):417–26.

4. Kim YH, Kim KH, Ma CJ, Shon ZH, Park CG, Song SK, Ro CU, Brown RJ. An
investigation into the relationship between the major chemical components
of particulate matter in urban air. Chemosphere. 2014;95:387–94.

5. Seaton A, MacNee W, Donaldson K, Godden D. Particulate air pollution and
acute health effects. Lancet. 1995;345(8943):176–8.

6. Harrison RM, Yin J. Particulate matter in the atmosphere: which particle
properties are important for its effects on health? Sci Total Environ. 2000;
249(1–3):85–101.

7. Jo EJ, Lee WS, Jo HY, Kim CH, Eom JS, Mok JH, Kim MH, Lee K, Kim KU, Lee
MK, et al. Effects of particulate matter on respiratory disease and the impact
of meteorological factors in Busan, Korea. Respir Med. 2017;124:79–87.

8. Mady LJ, Schwarzbach HL, Moore JA, Boudreau RM, Tripathy S, Kinnee E,
Dodson ZM, Willson TJ, Clougherty JE, Lee SE. Air pollutants may be
environmental risk factors in chronic rhinosinusitis disease progression. Int
Forum Allergy Rhinol. 2018;8(3):377–84.

9. Mo JH. Association of Particulate Matter with ENT diseases. Clin Exp
Otorhinolaryngol. 2019;12(3):237–8.

10. Brauner EV, Forchhammer L, Moller P, Simonsen J, Glasius M, Wahlin P,
Raaschou-Nielsen O, Loft S. Exposure to ultrafine particles from ambient air
and oxidative stress-induced DNA damage. Environ Health Perspect. 2007;
115(8):1177–82.

11. Risom L, Moller P, Loft S. Oxidative stress-induced DNA damage by
particulate air pollution. Mutat Res. 2005;592(1–2):119–37.

12. Jung H, Lee DS, Park SK, Choi JS, Jung WK, Park WS, Choi IW. Fucoxanthin
Inhibits Myofibroblast Differentiation and Extracellular Matrix Production in
Nasal Polyp-Derived Fibroblasts via Modulation of Smad-Dependent and
Smad-Independent Signaling Pathways. Mar Drugs. 2018;16(9).

Kim et al. BMC Complementary Medicine and Therapies          (2020) 20:101 Page 7 of 8



13. Cho JS, Han IH, Lee HR, Lee HM. Prostaglandin E2 induces IL-6 and IL-8
production by the EP receptors/Akt/NF-kappaB pathways in nasal polyp-
derived fibroblasts. Allergy Asthma Immunol Res. 2014;6(5):449–57.

14. Van Linthout S, Miteva K, Tschope C. Crosstalk between fibroblasts and
inflammatory cells. Cardiovasc Res. 2014;102(2):258–69.

15. Lee DC, Choi H, Oh JM, Hong Y, Jeong SH, Kim CS, Kim DK, Cho WK, Kim
SW, Kim SW, et al. The effect of urban particulate matter on cultured
human nasal fibroblasts. Int Forum Allergy Rhinol. 2018;8(9):993–1000.

16. Lee DC, Choi H, Oh JM, Lee DH, Kim SW, Kim SW, Kim BG, Cho JH, Lee J.
Protective effects of alpha-lipoic acid on cultured human nasal fibroblasts
exposed to urban particulate matter. Int Forum Allergy Rhinol. 2019;9(6):638–47.

17. Balasubramanyam M, Koteswari AA, Kumar RS, Monickaraj SF, Maheswari JU,
Mohan V. Curcumin-induced inhibition of cellular reactive oxygen species
generation: novel therapeutic implications. J Biosci. 2003;28(6):715–21.

18. Shehzad A, Rehman G, Lee YS. Curcumin in inflammatory diseases.
BioFactors. 2013;39(1):69–77.

19. Kunnumakkara AB, Bordoloi D, Padmavathi G, Monisha J, Roy NK, Prasad S,
Aggarwal BB. Curcumin, the golden nutraceutical: multitargeting for
multiple chronic diseases. Br J Pharmacol. 2017;174(11):1325–48.

20. Xu M, Deng B, Chow YL, Zhao ZZ, Hu B. Effects of curcumin in treatment of
experimental pulmonary fibrosis: a comparison with hydrocortisone. J
Ethnopharmacol. 2007;112(2):292–9.

21. Yuan J, Liu R, Ma Y, Zhang Z, Xie Z. Curcumin attenuates airway inflammation
and airway remolding by inhibiting NF-kappaB signaling and COX-2 in
cigarette smoke-induced COPD mice. Inflammation. 2018;41(5):1804–14.

22. Lelli D, Sahebkar A, Johnston TP, Pedone C. Curcumin use in pulmonary diseases:
state of the art and future perspectives. Pharmacol Res. 2017;115:133–48.

23. Kim KH, Kabir E, Kabir S. A review on the human health impact of airborne
particulate matter. Environ Int. 2015;74:136–43.

24. Chu H, Xin J, Yuan Q, Wang M, Cheng L, Zhang Z, Lu M. The effects of
particulate matters on allergic rhinitis in Nanjing, China. Environ Sci Pollut
Res Int. 2019;26(11):11452–7.

25. Penard-Morand C, Raherison C, Charpin D, Kopferschmitt C, Lavaud F,
Caillaud D, Annesi-Maesano I. Long-term exposure to close-proximity air
pollution and asthma and allergies in urban children. Eur Respir J. 2010;
36(1):33–40.

26. Mady LJ, Schwarzbach HL, Moore JA, Boudreau RM, Kaffenberger TM,
Willson TJ, Lee SE. The association of air pollutants and allergic and
nonallergic rhinitis in chronic rhinosinusitis. Int Forum Allergy Rhinol. 2018;
8(3):369–76.

27. Zhao R, Guo Z, Zhang R, Deng C, Xu J, Dong W, Hong Z, Yu H, Situ H, Liu C,
et al. Nasal epithelial barrier disruption by particulate matter </=2.5 mum
via tight junction protein degradation. J Appl Toxicol. 2018;38(5):678–87.

28. Jung KA, Kwak MK. The Nrf2 system as a potential target for the
development of indirect antioxidants. Molecules. 2010;15(10):7266–91.

29. Emin O, Hasan A, Aysegul D, Rusen D. Total antioxidant status and oxidative
stress and their relationship to total IgE levels and eosinophil counts in
children with allergic rhinitis. J Investig Allergol Clin Immunol. 2012;22(3):
188–92.

30. Ye ZW, Zhang J, Townsend DM, Tew KD. Oxidative stress, redox regulation
and diseases of cellular differentiation. Biochim Biophys Acta. 2015;1850(8):
1607–21.

31. Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen species
in inflammation and tissue injury. Antioxid Redox Signal. 2014;20(7):1126–67.

32. Hong Z, Guo Z, Zhang R, Xu J, Dong W, Zhuang G, Deng C. Airborne fine
particulate matter induces oxidative stress and inflammation in human
nasal epithelial cells. Tohoku J Exp Med. 2016;239(2):117–25.

33. Baek MK, Lee H, Kim KO, Kwon HJ, Chung MH, Park HM, Woo JH, Kim DY.
Age-related changes in nuclear factor Erythroid 2-related factor 2 and
reactive oxygen species and mitochondrial structure in the tongues of
Fischer 344 rats. Clin Exp Otorhinolaryngol. 2017;10(4):357–62.

34. Farombi EO, Surh YJ. Heme oxygenase-1 as a potential therapeutic target
for hepatoprotection. J Biochem Mol Biol. 2006;39(5):479–91.

35. Yoon Y, Kim TJ, Lee JM, Kim DY. SOD2 is upregulated in periodontitis to
reduce further inflammation progression. Oral Dis. 2018;24(8):1572–80.

36. Tyagi N, Kumari A, Dash D, Singh R. Protective effects of intranasal curcumin
on paraquot induced acute lung injury (ALI) in mice. Environ Toxicol
Pharmacol. 2014;38(3):913–21.

37. Altintoprak N, Kar M, Acar M, Berkoz M, Muluk NB, Cingi C. Antioxidant
activities of curcumin in allergic rhinitis. Eur Arch Otorhinolaryngol. 2016;
273(11):3765–73.

38. Zhang N, Li H, Jia J, He M. Anti-inflammatory effect of curcumin on mast
cell-mediated allergic responses in ovalbumin-induced allergic rhinitis
mouse. Cell Immunol. 2015;298(1–2):88–95.

39. Wu S, Xiao D. Effect of curcumin on nasal symptoms and airflow in patients
with perennial allergic rhinitis. Ann Allergy Asthma Immunol. 2016;117(6):
697–702.e1.

40. Loboda A, Damulewicz M, Pyza E, Jozkowicz A, Dulak J. Role of Nrf2/HO-1
system in development, oxidative stress response and diseases: an
evolutionarily conserved mechanism. Cell Mol Life Sci. 2016;73(17):3221–47.

41. Mitsuishi Y, Motohashi H, Yamamoto M. The Keap1-Nrf2 system in cancers:
stress response and anabolic metabolism. Front Oncol. 2012;2:200.

42. Li N, Nel AE. Role of the Nrf2-mediated signaling pathway as a negative
regulator of inflammation: implications for the impact of particulate
pollutants on asthma. Antioxid Redox Signal. 2006;8(1–2):88–98.

43. Baird L, Dinkova-Kostova AT. The cytoprotective role of the Keap1-Nrf2
pathway. Arch Toxicol. 2011;85(4):241–72.

44. Kim JH, Choi YK, Lee KS, Cho DH, Baek YY, Lee DK, Ha KS, Choe J, Won MH,
Jeoung D, et al. Functional dissection of Nrf2-dependent phase II genes in
vascular inflammation and endotoxic injury using Keap1 siRNA. Free Radic
Biol Med. 2012;53(3):629–40.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Kim et al. BMC Complementary Medicine and Therapies          (2020) 20:101 Page 8 of 8


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Reagents
	Inferior turbinate tissues
	Nasal fibroblast cultures
	Cell viability assay
	Quantification of intracellular ROS
	Western blotting
	Statistical analyses

	Result
	Effects of curcumin and UPM on nasal fibroblast viability
	Effects of UPM on ROS generation in nasal fibroblasts
	Effects of UPM on the phosphorylation of ERK and expression of HO-1 and SOD2 in nasal fibroblasts
	Effects of curcumin on UPM-induced ROS production in nasal fibroblasts
	Effects of curcumin on ERK and Nrf2, and their downstream targets SOD2 and HO-1, in UPM-exposed nasal fibroblasts

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

