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is mediated by HO-1. These results suggest that dietary sup-
plementation with quercetin may have efficacy in the treat-
ment of respiratory viral infection.  © 2015 S. Karger AG, Basel 

 Introduction 

 Viral respiratory tract infections cause pneumonia and 
exacerbations of chronic lung diseases, such as asthma 
 [1] . The airway epithelial cells, alveolar macrophages 
(AMs), and dendritic cells recognize the component of an 
invading virus through host pattern-recognition recep-
tors. After recognition of viral components, pattern-rec-
ognition receptors initiate an efficient antiviral response 
and trigger a specific adaptive immune response  [1–4] .

  AMs are a key component of pulmonary cell-mediated 
immune responses in the lung  [5, 6] . In the steady state, 
AMs prevent the development of specific immune re-
sponses by performing phagocytosis and sequestration of 
antigen from the immune system  [3, 6, 7] . Once activated, 
AMs become efficient effector cells that participate in 
phagocytosis, killing, and coordination of the innate im-
mune response  [6] . With respect to respiratory viruses, 
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 Abstract 

 Respiratory viral infections that cause chronic airway and 
lung disease can result in the activation of the innate immune 
response. Alveolar macrophages (AMs), one of the first lines 
of defense in the lung, are abundantly located in alveoli and 
the respiratory tract. Flavonoids found in fruits and vegeta-
bles exhibit cytoprotective effects on various cell types. In 
this study, we investigated the effect of quercetin on activa-
tion of AMs that had been exposed to imiquimod, a ligand of 
Toll-like receptor (TLR) 7. In both a mouse AM cell line (AMJ2-
C11 cells) and mouse bronchoalveolar fluid cells, we demon-
strated that quercetin attenuated TLR7-induced the expres-
sion of TNF-α and IL-6. In AMJ2-C11 cells, quercetin also at-
tenuated the TLR7-induced CD40 expression; attenuated 
the translocation of p65; induced translocation of Nrf2 from 
cytosol to nucleus; and induced heme oxygenase (HO)-1 ex-
pression. Notably, tin protoporphyrin IX (SnPP), an inhibitor 
of HO-1, also attenuated TLR7-induced transcription of the 
TNF-α and IL-6 genes, suggesting that the effect of quercetin 
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some members of the Toll-like receptor (TLR) subfamily 
recognize viral nucleic acid. Specifically, TLR3 detects vi-
ral double-stranded RNA; TLR7 and human TLR8 iden-
tify viral single-stranded RNA; and TLR9 recognizes viral 
DNA  [2, 8] . These TLRs are localized to intracellular ves-
icles, which contain targeting sequences for the induction 
of immune responses against viral infections  [2, 8–13] . 
After engagement of TLRs by their cognate pathogen-as-
sociated molecular patterns, the nuclear factor-kappa B 
(NF-κB) is activated, resulting in the induction of genes 
involved in inflammatory responses  [2] .

  Flavonoids are low molecular weight compounds found 
in many plants. These compounds exhibit anti-viral, anti-
oxidant, anti-allergic, and anti-inflammatory activities 
 [14] . Our previous studies on quercetin, one of the most 
common flavonoids, indicated that quercetin exerts cyto-
protective effects via the heme oxygenase (HO)-1-depen-
dent pathway in mast cells, fibroblasts, and alveolar epithe-
lial cells  [15–17] . HO-1 is a stress-inducible enzyme that 
exhibits cytoprotective effects against oxidative stress, a 
role mediated through the induction of the antioxidant ac-
tivities of biliverdin and its metabolite, bilirubin, and by 
induction of carbon monoxide, which has anti-inflamma-
tory effects  [18] . Quercetin has been reported to counteract 
the activation of macrophage and dendritic cells caused by 
TLR-ligand interactions  [19–21] . However, the possible 
role of quercetin in attenuating TLR7-mediated activation 
has not yet been elucidated. To facilitate the characteriza-
tion of quercetin’s effect on TLR7-associated processes, we 
employed imiquimod, a synthetic ligand of TLR7 that is a 
potent activator of anti-viral immune cells; imiquimod 
also directly activates macrophages to produce local cyto-
kines such as TNF-α and IL-12  [22] . In this study, we in-
vestigated the effects of quercetin on macrophages activat-
ed by imiquimod, a model that may mimic a physiologi-
cally relevant in vivo infection by single-stranded RNA 
viruses. We also investigated the possible involvement of 
HO-1 induction by quercetin in TLR7-activated AMs.

  Materials and Methods 

 Reagents 
 Quercetin was obtained from Sigma-Aldrich (St. Louis, Mo., 

USA). Tin protoporphyrin IX (SnPP) was purchased from Fron-
tier Scientific (Logan, Utah, USA). Imiquimod was obtained from 
Calbiochem (Darmstadt, Germany).

  Animals 
 Wild-type C57BL/6 mice were purchased from SLC 

( Shizuoka, Japan). Animals were maintained in a temperature 
(22–24   °   C), humidity (55 ± 5%), and light (12 h light-dark cycle; 

lights on at 8:   00) regulated room with access to food and water 
ad libitum. Animal experiments were approved by the Animal 
Experiment Committee of Nagoya University Graduate School 
of Medicine. All procedures were performed in accordance with 
the Guidelines for Animal Experimentation of Nagoya Univer-
sity.

  Collection of Bronchoalveolar Lavage Fluid Cells 
 Bronchoalveolar lavage fluid (BALF) was collected as previous-

ly described  [23] . Briefly, mice were exsanguinated by aortic per-
foration under pentobarbital anesthetization. The trachea was 
cannulated and the lungs were lavaged 6 times with PBS (0.5 ml 
each time). Collected BALF were centrifuged at 1,200 rpm for 
3 min, and the pelleted cells were then re-suspended in RPMI-1640 
medium supplemented with 100 U/ml penicillin, 100 μg/ml strep-
tomycin, 0.25 μg/ml amphotericin B, MEM non-essential amino 
acids, 1 mmol/l sodium pyruvate, 50 μmol/l 2-mercaptoethanol, 
and 10% FBS. More than 95% of BALF cells were macrophages as 
assessed by May-Grünwald and Giemsa staining.

  Cell Culture 
 The murine AM cell line, AMJ2-C11, and the murine mono-

cyte/macrophage cell line, RAW264.7, were purchased from the 
American Type Culture Collection (Manassas, Va., USA). 
 AMJ2-C11 cells were maintained in Dulbecco’s modified Eagle’s 
medium (Wako Pure Chemical Industries, Japan) supplemented 
with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 0.25 
μg/ml amphotericin B, MEM non-essential amino acids, and 
1  mmol/l sodium pyruvate (Wako Pure Chemical Industries). 
RAW264.7 cells were maintained in RPMI-1640 medium 
(Wako Pure Chemical Industries) containing 100 U/ml penicillin, 
0.1 U/ml streptomycin, 0.25 μg/ml amphotericin B, 1 mmol/l so-
dium pyruvate, MEM non-essential amino acids, and 10% FBS. 
Cells were incubated at 37   °   C in a 5% CO 2  atmosphere.

  Cell Viability Assay 
 AMJ2-C11 cells were incubated with or without quercetin. 

Twenty four hours after adding quercetin, a colorimetric assay 
was performed based on the cleavage of the tetrazolium salt 
 WST-1 by mitochondrial dehydrogenases in viable cells. WST-1 
(10%/well) was added to each well, and cells were incubated for 
1 h. The plate was read at a wavelength of 450 nm with a reference 
at 650 nm.

  Reverse Transcription-PCR and Quantitative Real-Time PCR 
 Total RNA was isolated using ISOGEN II (Nippon Gene, Toya-

ma, Japan) and reverse-transcribed to cDNA using random hex-
amers (Invitrogen, Carlsbad, Calif., USA) and ReverTra Ace 
(TOYOBO, Osaka, Japan) according to the manufacturer’s in-
structions. Quantitative real-time PCR was performed on an ABI 
7000 Sequence Detector (Applied Biosystems, Foster City, Calif., 
USA). Primers and probes for  Tnfa ,  Il6 ,  Hmox1 ,  Nqo1 , and  Gapdh  
were obtained from Nippon EGT (Toyama, Japan). Relative quan-
tities of expression were estimated by the standard curve method. 
The results were calculated as relative (normalized) expression 
 levels, such that the mean value for  Tnfa ,  Il6 ,  Hmox1 , or  Nqo1  was 
divided by the mean value of  Gapdh  (a house-keeping gene quan-
tified as an endogenous reference RNA). Ratios were then calcu-
lated by dividing the normalized values obtained for stimulated 
cells by those obtained for control cells.
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  ELISA 
 BALF cells (2 × 10 5  cells/well) were cultured with 20 μmol/l quer-

cetin for 1 h after the treatment of 20 μmol/l SnPP for 30 min and 
stimulated with 10 μmol/l imiquimod for 24 h. The supernatant was 
collected, and the production of TNF-α and IL-6 was assayed using 
a murine ELISA development kit (PEPROTECH, Roky Hill, N.J., 
USA). Briefly, flat-bottomed 96-well plates were coated with goat 
anti-murine TNF-α or rabbit anti-murine IL-6, and incubated at 
room temperature overnight. Plates were then washed and blocked 
for 1 h at room temperature with PBS containing 1% bovine serum 
albumin (Sigma-Aldrich). The supernatants were then added and 
plates were incubated for 2 h at room temperature. Subsequently, 
biotinylated goat anti-murine TNF-α or rabbit anti-murine IL-6 was 
added and plates were incubated for 2 h at room temperature. After 
washing, plates were incubated with avidin-horseradish peroxidase 
for 30 min. The production of TNF-α and IL-6 in the supernatant 
were assessed by a colorimetric assay using the peroxidase substrate 
TMB (Becton Dickinson, Franklin Lakes, N.J., USA). The absor-
bance was measured at 450 nm using a microplate reader.

  Western Blotting 
 Twenty μg of protein was subjected to SDS-PAGE using 12% 

separation gel and transferred to polyvinylidene difluoride mem-
brane (Millipore, Billerica, Mass., USA). The membrane was 
blocked by incubation (1 h at room temperature) with 2% skim 
milk or 2% bovine serum albumin. The membrane was then incu-
bated (overnight at 4   °   C) with primary antibodies. Subsequently, 
the membrane was incubated (1 h at room temperature) either 
with anti-rabbit IgG or with anti-mouse IgG antibodies conjugat-
ed with horseradish peroxidase. The specific protein bands on the 
membrane were visualized using the Enhanced Chemilumines-
cence Kit (Millipore) according to the recommendations of the 
manufacturer. The intensity was quantified using Scion image 
software (Scion Corporation, Frederick, Md., USA).

  Cell Lysate Preparation and Nuclear Fractionation 
 Whole-cell lysates were prepared in lysis buffer (20 mmol/l 

HEPES (pH 7.5), 150 mmol/l NaCl, 1 mmol/l EDTA-2Na, 1% 
 Triton-X) containing protease inhibitor cocktail. The nuclear 
 fractionation of whole cells was performed using DUALXtract Nu-
clear and Cytosolic Protein Extraction kit (Dualsystems Biotec, 
Schlieren, Switzerland). Briefly, cells were treated with cell lysis 
buffer. After centrifugation, the nuclear pellet was washed twice 
and lysed with nuclear lysis reagent. After centrifugation, the 
cleared supernatant was used as the nuclear protein extract.

  Flow Cytometric Analysis of Cell-Surface Molecule Expression 
 After stimulation with imiquimod for 24 h, cells were incubated 

(20 min at room temperature) with FITC or PE-conjugated prima-
ry antibodies (anti-CD40, anti-CD80, anti-CD86, anti-CD23, and 
anti-MHC class II). The expression of cell-surface molecules was 
analyzed by a FACSCalibur flow cytometer (Becton Dickinson).

  Immunofluorescent Staining 
 AMJ2-C11 cells were cultured in LabTek chamber slides (Ther-

mo Scientific, N.Y., USA) and then incubated with quercetin for 
1 h. Slides were fixed in Histochoice (Amresco, Solon, Ohio, USA) 
for 30 min and permeabilized with 1% Triton X-100 in PBS, then 
incubated (overnight at 4   °   C) with primary anti-nuclear factor E2-
related factor 2 (Nrf2) polyclonal antibody. Next, slides were 

rinsed with PBS and incubated (1 h at room temperature) with 
FITC-labeled anti-rabbit IgG antibody. Nuclei were visualized by 
staining with propidium iodide (Vector, Burlingame, Calif., USA). 
Immunofluorescence was observed using an AX80 microscope 
(Olympus, Tokyo, Japan).

  Statistical Analysis 
 Statistical comparisons among the groups were assessed by one-

way analysis of variance. When F ratios were significant (p < 0.05), 
Scheffe’s post-hoc tests were used to compare groups, with p < 0.05 
considered statistically significant. Statistical analyses were per-
formed with StatView (Abacus Concept, Inc., Gloucestershire, UK).

  Results 

 Effects of Quercetin on the Cell Viability of a Mouse 
AM Cell Line 
 To determine the optimal (non-toxic) concentration 

of quercetin for investigation, we checked the effect of 
quercetin for cell viability ( fig. 1 a). AMJ2-C11 cells were 
incubated with various concentrations of quercetin (0–60 
μmol/l) for 24 h and subjected to the WST-1 assay. Based 
on the results, we used quercetin at or below concentra-
tions of 20 μmol/l for the following experiments.

  Quercetin Modulation of Imiquimod-Induced 
Cytokine Expression 
 We next examined the effect of quercetin on imiqui-

mod-induced cytokine expression in AMJ2-C11 cells. 
First, we investigated the expression of TLR7 on AMs. 
Whole-cell lysates were prepared and subjected to west-
ern blotting using anti-TLR7 antibody. TLR7 was consti-
tutively expressed on AMJ2-C11 cells and the expression 
level was much higher than on RAW264.7 cells, a murine 
macrophage cell line ( fig.  1 b). Imiquimod significantly 
induced the expression of mRNAs for TNF-α and IL-6 in 
AMJ2-C11 cells, with transcript levels increasing by 7.0- 
and 61.5-fold (respectively). Quercetin significantly at-
tenuated the imiquimod-induced expression of TNF-α at 
the concentration of 20 μmol/l. The expression of IL-6 
was dose-dependently inhibited by quercetin ( fig.  1 c). 
Furthermore, we used western blot analysis to investigate 
whether the effect of quercetin was mediated by the 
TLR7-initiated signal transduction, a pathway known to 
depend on the translocation of p65, a subunit of NF-κB, 
from the cytosol to the nucleus. Lamin A and α-tubulin 
were used as markers for the nuclear and cytoplasmic 
fractions, respectively. When AMJ2-C11 cells were pre-
treated with quercetin for 1 h before exposure to imiqui-
mod, quercetin significantly attenuated imiquimod-in-
duced translocation of p65 into the nucleus ( fig.  1 d). 
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Thus, quercetin’s effects on cytokine expression are trans-
duced via NF-κB activation, a step in the TLR7 signal 
transduction pathway.

  Analysis of Cell-Surface Molecules on AMs Stimulated 
by Imiquimod 
 We next used flow cytometry to examine the expres-

sion of several cell-surface molecules, including CD40, 
CD80, CD86, CD23, and MHC class II. As shown in  fig-
ure 2 , 24 h exposure of AMJ2-C11 cells to imiquimod 
yielded as slight increase in the expression of CD40. 
Quercetin did not attenuate the expression of CD40 in-
duced by imiquimod. CD80, CD86, CD23, and MHC 
class II expressions were not changed after treatment ei-
ther with imiquimod or with quercetin.

  Modulation of HO-1 and NQO1 Expression and Nrf2 
Translocation by Quercetin 
 We previously reported that quercetin exerted cyto-

protective effects via Nrf2-HO-1 pathway in mast cells, 

fibroblasts, and epithelial cells  [15–17] . We next investi-
gated whether quercetin was able to induce HO-1 in 
AMJ2-C11 cells. Cells were treated with quercetin (at 
0–20 μmol/l) for 4 or 8 h, and the levels of HO-1 mRNA 
and protein were determined by quantitative real-time 
PCR and western blotting, respectively. At both time 
points, the expression of HO-1 was induced in a dose-
dependent manner in AMJ2-C11 cells ( fig.  3 a). At the 
highest tested concentration of quercetin, the HO-1 tran-
script and protein levels increased by 2.3- and 4.1-fold 
(respectively) compared to those of control cultures. 
Since the  Hmox1  gene is regulated primarily at the tran-
scriptional level, and its inducibility is linked to the tran-
scription factor Nrf2  [24] , we examined whether querce-
tin also induced another Nrf2-regulated protein, NAD(P)
H:quinone oxidoreductase 1 (NQO1), in AMJ2-C11 cells. 
Indeed, quercetin induced the expression of NQO1 
( fig. 3 b). At the highest tested concentration of quercetin, 
NQO1 transcript and protein levels increased 4.7- and 
15.9-fold (respectively) compared to those in control cul-
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  Fig. 1.  Effects of quercetin on cell viability 
and imiquimod-induced cytokine expres-
sion.  a  AMJ2-C11 cells (1 × 10 4  cells/well) 
were exposed to various concentrations 
of quercetin (0, 5, 10, 20, 30, 60 μmol/l) for 
24 h. At the end of the incubation, WST-1 
reagent was added and cultures were incu-
bated for another hour. Results are ex-
pressed as means ± SD of triplicate sam-
ples, and are representative of 3 independent 
experiments. Asterisks indicate significant 
differences from control cells (p < 0.05). 
 b   The expression of TLR7 in AMJ2-C11 
cells and RAW264.7 cells were detected by 
western blotting using whole cell lysates. 
 c  AMJ2-C11 cells (4 × 10 5  cells/well) were 
treated with quercetin (0, 5, 10, 20 μmol/l) 
for 1 h and then stimulated with 10 μmol/l 
imiquimod for 1 h (TNF-α) or 4 h (IL-6). 
The level of each cytokine-encoding mRNA 
was determined by quantitative real-time 
PCR. Results are expressed as means ± SD 
of triplicate samples, and are representative 
of three independent experiments. Aster-
isks indicate significant differences from 
control cells (p < 0.05).  d  AMJ2-C11 cells 
(1 × 10 6  cells/dish) were treated with 20 
μmol/l quercetin for 1 h and then stimu-
lated with 10 μmol/l imiquimod for 20 min, 
and the expression of p65 in the nuclear 
fraction was determined by western blot-
ting.  Imi = Imiquimod; Q = quercetin.
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tures. These results suggested that the induction of HO-1 
expression by quercetin was mediated by Nrf2; we there-
fore used western blotting to examine the localization of 
Nrf2 in AMJ2-C11 cells treated with quercetin ( fig. 3 c). 
Quercetin induced the translocation of Nrf2 into the nu-
cleus after 1 h of stimulation. Cells not exposed to quer-
cetin showed no remarkable changes in the nuclear Nrf2 
levels. Immunofluorescent staining confirmed the 
quercetin- induced translocation of Nrf2 from the cytosol 
to the nucleus ( fig. 3 c). Together, these results suggested 
that the induction of HO-1 expression by quercetin in 
AMJ2-C11 cells was mediated by Nrf2.

  Involvement of HO-1-Dependent Pathway in 
Quercetin Attenuation of Imiquimod-Induced 
Cytokine Expression 
 To investigate the involvement of HO-1 in the attenu-

ation activity of quercetin, AMJ2-C11 cells were incubat-
ed with or without SnPP (20 μmol/l) for 30 min, then 
treated with 20 μmol/l quercetin for 1 h and stimulat-
ed  with imiquimod (10 μmol/l) for 4 h. The querce-
tin  attenuation of imiquimod-induced mRNA expression 
of TNF-α and IL-6 was reversed by SnPP ( fig.  4 ), 
 indicating that the effect of quercetin was mediated via 
HO-1.
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  Fig. 2.  Analysis of cell-surface molecules on AMs stimulated by im-
iquimod. AMJ2-C11 cells (1 × 10 6  cells/dish) were treated with 20 
μmol/l quercetin for 1 h and then stimulated with 10 μmol/l imiqui-

mod for 24 h, and the expression of CD40, CD80, CD86, CD23, and 
MHC class II was determined by flow cytometry. C = Control; Q = 
quercetin; I = imiquimod; I + Q = imiquimod + quercetin. 
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  Effect of Quercetin on Cytokine Production and HO-1 
Expression in Mouse BALF Cells 
 To further investigate quercetin’s activity, we exam-

ined attenuation by quercetin under ex vivo conditions. 
Specifically, BALF cells were isolated from C57BL/6 mice 
and stimulated with imiquimod after treatment with 
quercetin. We found that quercetin significantly inhibit-

ed imiquimod-induced TNF-α and IL-6 production, and 
treatment with SnPP reversed these inhibition ( fig. 5 a). In 
a separate experiment, we demonstrated that quercetin 
induced mRNA expression of HO-1 in BALF cells 
( fig. 5 b). These results suggested that quercetin had cyto-
protective effects ex vivo against the activation of AMs 
induced by imiquimod.

  Fig. 3.  Modulation of HO-1 and NQO1 ex-
pression and Nrf2 translocation by querce-
tin. AMJ2-C11 cells (4 × 10 5  cells/well) 
were treated for 4 h with various concen-
trations of quercetin (0, 5, 10, 20 μmol/l). 
The expression levels of mRNA and pro-
tein were determined by quantitative real-
time PCR and western blotting (respective-
ly); levels were determined for HO-1 ( a ) 
and NQO1 ( b ). Results are expressed as 
means ± SD of triplicate samples, and are 
representative of 3 independent experi-
ments. Asterisks indicate significant differ-
ences from control cells (p < 0.05).  c  Cel-
lular localization of Nrf2 with or without 
quercetin (20 μmol/l) treatment was deter-
mined by western blotting and immuno-
fluorescent staining. Nuclear DNA was de-
tected by propidium iodide staining. Re-
sults correspond to a single experiment 
that was representative of three indepen-
dent experiments. 
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  Discussion 

 AMs are abundant in alveoli and the respiratory tract 
and have an important role in the innate immune re-
sponse to infection and modulation of excessive inflam-
mation. In this study, we investigated the effect of the fla-
vonoid quercetin on imiquimod-induced activation of 
AMs. We demonstrated that quercetin exposure attenu-
ated imiquimod-induced expression of cytokines (TNF-α 
and IL-6). Quercetin exposure induced the expression 
of HO-1 and the translocation of Nrf2 (from the cytosol 
to the nucleus), and the inhibitory effect of quercetin 
was canceled by addition of SnPP. These results suggest-
ed  that quercetin-induced anti-inflammatory effect on 
TLR7-induced activation of AMs was mediated through 
the Nrf2-HO-1 pathway.

  Although TLR7 and TLR8 show high sequence simi-
larity and both recognize synthetic antiviral imidazo-
quinoline components  [2] , mouse TLR8 is not functional, 
even though both TLR7 and TLR8 are expressed in mice 
 [8] . In this study, we used a mouse AM cell line and mouse 
BALF cells, so that imiquimod can specifically activate 
TLR7-mediated signaling.

  TLR7 is a receptor for viral single-stranded RNA and 
signals through the adaptor molecule MyD88, activating 
NF-κB to induce proinflammatory cytokines  [2] . NF-κB 
is generally considered to be the key transcription factor 
for expression of inflammatory cytokines such as TNF-α 
and IL-6. We showed here that quercetin decreased im-
iquimod-induced translocation of p65 into the nucleus in 

AMJ2-C11 cells. Bilirubin and biliverdin, the metabolites 
of HO-1, have been reported to exhibit immunomodura-
tory effects including the inhibition of NF-κB activity  [25, 
26] . We also reported that quercetin increased the levels 
of bilirubin in mast cells, suggesting that bilirubin and by 
quercetin-induced HO-1 expression reflected attenua-
tion of NF-κB activity  [15] . However, HO-1 has been re-
ported to inhibit NF-κB activity without modulating the 
nuclear translocation in endothelial cells  [27] . This dis-
tinction may reflect the use of different compounds and 
cell lines, notably, the use of deferoxamine mesylate, a 
chelator of Fe, to mimic the inhibitory effect of HO-1. 
Further studies will be needed to fully understand the in-
hibitory mechanism(s) of quercetin.

  AMs act as professional antigen-presenting cells and 
are able to prime T cells through the up-regulation of the 
MHC class II molecules along with the co-stimulatory 
molecules CD40, CD80, and CD86. In this study, we 
showed that imiquimod slightly increased the expression 
of CD40, but not CD80, CD86, CD23, and MHC class II, 
and quercetin did not attenuate the expression levels of 
CD40 induced by imiquimod. These results suggested 
that quercetin would not affect the signaling pathway in-
volved in CD40 expression induced by TLR7 in AMs.

  Nrf2 is a transcription factor that plays an important 
role in a wide range of cell defense mechanisms by regu-
lating the expression of loci encoding detoxifying en-
zymes such as HO-1 and NQO1  [24] . In this study, quer-
cetin exposure induced the translocation of Nrf2 from the 
cytosol to the nucleus in AMJ2-C11 cells. Moreover, 
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  Fig. 5.  Effect of quercetin on cytokine pro-
duction and HO-1 expression in mouse 
BALF cells.    a  Mouse BALF cells (2 × 10 5  
cells/well) were incubated with or without 
SnPP (20 μmol/l) for 30 min, then treated 
with 20 μmol/l quercetin for 1 h and stimu-
lated with imiquimod (10 μmol/l) for 24 h. 
The levels of TNF-α and IL-6 were deter-
mined by ELISA. Results are expressed as 
means ± SD of triplicate samples, and are 
representative of 3 independent experi-
ments. Asterisks indicate significant differ-
ences (p < 0.05).  b  Mouse BALF cells were 
treated with 10 μmol/l quercetin for 4 h, 
and  Hmox1  transcript levels were detected 
by quantitative real-time PCR. Asterisks 
indicate significant differences from con-
trol cells (p < 0.05).   
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quercetin induced HO-1 expression in AMJ2-C11 cells 
and mouse C57BL/6 BALF cells, suggesting that translo-
cation of Nrf2 yielded increased  Hmox1  transcript levels, 
 resulting in increased HO-1 protein expression and activ-
ity.

  HO-1 is induced in response to various infections, sug-
gesting that HO-1 is one of the host defense systems to 
prevent hyperactivation of the immune response  [28–31] . 
The overexpression of HO-1 attenuates lung injury in-
duced by the influenza virus, a single-stranded RNA vi-
rus, while the deletion of the  Hmox1  gene enhances the 
lung inflammation  [28, 32] . In this study, we activated 
TLR7 signaling in AMJ2-C11 cells using imiquimod, a 
compound believed to mimic viral infection. Quercetin 
attenuated the imiquimod-induced mRNA expression of 
TNF-α and IL-6, and this attenuation was HO-1-depen-
dent.

  Oral supplementation of quercetin has been reported 
to inhibit virus replication and inflammation in lung of 
mice with virus infection  [33, 34] . In humans, although 
there are few clinical trials for the inhibitory effect of 
quercetin in lung, Heinz et al.  [35]  have reported that 
quercetin supplementation reduced the total number of 
sick days and severity of upper respiratory tract infection. 
Since oral administration of quercetin resulted in low 
 bioavailability by poor absorption, the plasma concentra-
tion of quercetin could be increased only up to 1.5 μmol/l 

even after supplementation with 1 g/day for 28 days in 
humans  [36] . Based on these properties of quercetin, we 
have recently reported that direct intratracheal adminis-
tration of quercetin inhibited LPS-induced lung inflam-
mation in mice  [37] .

  The results of our study suggested that dietary supple-
mentation with flavonoids may serve as a therapeutic ap-
proach to preventing the development and exacerbation 
of viral infection-induced inflammation. Further eluci-
dation of the mechanism of quercetin’s protective effects 
is expected to permit the development of quercetin ana-
logs that are more effective in HO-1 induction. Such de-
rivatives may lead to promising new therapeutic strate-
gies for treating a wide range of inflammatory condi-
tions.

  Acknowledgment 

 This work was supported in part by a Grant-in-Aid for Scien-
tific Research from the Japan Society for the Promotion of Science 
and a Grant-in-Aid from the Nagono Medical Foundation, Na-
goya, Japan.

  Disclosure Statement 

All contributing authors declare no conflicts of interest.

 References 

  1 Yoo JK, Kim TS, Hufford MM, Braciale TJ: 
Viral infection of the lung: host response and 
sequelae. J Allergy Clin Immunol 2013;   132:  
 1263–1276; quiz 1277. 

  2 Kawai T, Akira S: The role of pattern-recogni-
tion receptors in innate immunity: update on 
toll-like receptors. Nat Immunol 2010;   11:  
 373–384. 

  3 Holt PG, Strickland DH, Wikström ME, 
Jahnsen FL: Regulation of immunological ho-
meostasis in the respiratory tract. Nat Rev Im-
munol 2008;   8:   142–152. 

  4 Kohlmeier JE, Woodland DL: Immunity to 
respiratory viruses. Annu Rev Immunol 2009;  
 27:   61–82. 

  5 Gordon S: Alternative activation of macro-
phages. Nat Rev Immunol 2003;   3:   23–35. 

  6 Hussell T, Bell TJ: Alveolar macrophages: 
plasticity in a tissue-specific context. Nat Rev 
Immunol 2014;   14:   81–93. 

  7 Thepen T, Van Rooijen N, Kraal G: Alveolar 
macrophage elimination in vivo is associated 
with an increase in pulmonary immune re-
sponse in mice. J Exp Med 1989;   170:   499–
509. 

  8 Heil F, Hemmi H, Hochrein H, Ampenberger 
F, Kirschning C, Akira S, Lipford G, Wagner 
H, Bauer S: Species-specific recognition of 
single-stranded RNA via toll-like receptor 7 
and 8. Science 2004;   303:   1526–1529. 

  9 Kawai T, Akira S: Antiviral signaling through 
pattern recognition receptors. J Biochem 
2007;   141:   137–145. 

 10 Alexopoulou L, Holt AC, Medzhitov R, Fla-
vell RA: Recognition of double-stranded 
RNA and activation of NF-kappaB by toll-like 
receptor 3. Nature 2001;   413:   732–738. 

 11 Diebold SS, Kaisho T, Hemmi H, Akira S, Reis 
e Sousa C: Innate antiviral responses by means 
of TLR7-mediated recognition of single-
stranded RNA. Science 2004;   303:   1529–1531. 

 12 Lund J, Sato A, Akira S, Medzhitov R, Iwasaki 
A: Toll-like receptor 9-mediated recognition 
of herpes simplex virus-2 by plasmacytoid 
dendritic cells. J Exp Med 2003;   198:   513–520. 

 13 Lund JM, Alexopoulou L, Sato A, Karow M, 
Adams NC, Gale NW, Iwasaki A, Flavell RA: 
Recognition of single-stranded RNA virus-
es by toll-like receptor 7. Proc Natl Acad Sci 
U S A 2004;   101:   5598–5603. 

 14 Middleton E Jr, Kandaswami C, Theoharides 
TC: The effects of plant flavonoids on mam-
malian cells: implications for inflammation, 
heart disease, and cancer. Pharmacol Rev 
2000;   52:   673–751. 

 15 Matsushima M, Takagi K, Ogawa M, Hirose 
E, Ota Y, Abe F, Baba K, Hasegawa T, Hasega-
wa Y, Kawabe T: Heme oxygenase-1 mediates 
the anti-allergic actions of quercetin in ro-
dent mast cells. Inflamm Res 2009;   58:   705–
715. 

 16 Nakamura T, Matsushima M, Hayashi Y, Shi-
basaki M, Imaizumi K, Hashimoto N, Shimo-
kata K, Hasegawa Y, Kawabe T: Attenuation 
of transforming growth factor-β-stimulated 
collagen production in fibroblasts by querce-
tin-induced heme oxygenase-1. Am J Respir 
Cell Mol Biol 2011;   44:   614–620. 

 17 Hayashi Y, Matsushima M, Nakamura T, Shi-
basaki M, Hashimoto N, Imaizumi K, Shimo-
kata K, Hasegawa Y, Kawabe T: Quercetin 
protects against pulmonary oxidant stress via 
heme oxygenase-1 induction in lung epithe-
lial cells. Biochem Biophys Res Commun 
2012;   417:   169–174. 

D
ow

nl
oa

de
d 

by
: 

N
ag

oy
a 

U
ni

ve
rs

ity
   

   
   

   
   

   
   

   
   

   
   

   
  

19
8.

14
3.

44
.4

9 
- 

2/
23

/2
01

6 
1:

42
:3

5 
A

M



 Quercetin Suppress TLR7-Induced 
Activation of AMs 

Pharmacology 2015;96:201–209
DOI: 10.1159/000438993

209

 18 Gozzelino R, Jeney V, Soares MP: Mecha-
nisms of cell protection by heme oxygenase-1. 
Annu Rev Pharmacol Toxicol 2010;   50:   323–
354. 

 19 Lee JK, Kim SY, Kim YS, Lee WH, Hwang 
DH, Lee JY: Suppression of the TRIF-depen-
dent signaling pathway of toll-like receptors 
by luteolin. Biochem Pharmacol 2009;   77:  
 1391–1400. 

 20 Huang RY, Yu YL, Cheng WC, OuYang CN, 
Fu E, Chu CL: Immunosuppressive effect of 
quercetin on dendritic cell activation and 
function. J Immunol 2010;   184:   6815–6821. 

 21 Tang D, Kang R, Xiao W, Zhang H, Lotze MT, 
Wang H, Xiao X: Quercetin prevents LPS-in-
duced high-mobility group box 1 release and 
proinflammatory function. Am J Respir Cell 
Mol Biol 2009;   41:   651–660. 

 22 Hemmi H, Kaisho T, Takeuchi O, Sato S, San-
jo H, Hoshino K, Horiuchi T, Tomizawa H, 
Takeda K, Akira S: Small anti-viral com-
pounds activate immune cells via the TLR7 
MyD88-dependent signaling pathway. Nat 
Immunol 2002;   3:   196–200. 

 23 Hashimoto N, Kawabe T, Imaizumi K, Hara 
T, Okamoto M, Kojima K, Shimokata K, 
Hasegawa Y: CD40 plays a crucial role in lipo-
polysaccharide-induced acute lung injury. 
Am J Respir Cell Mol Biol 2004;   30:   808–815. 

 24 Suzuki T, Motohashi H, Yamamoto M: To-
ward clinical application of the keap1-Nrf2 
pathway. Trends Pharmacol Sci 2013;   34:   340–
346. 

 25 Liu Y, Li P, Lu J, Xiong W, Oger J, Tetzlaff W, 
Cynader M: Bilirubin possesses powerful im-

munomodulatory activity and suppresses ex-
perimental autoimmune encephalomyelitis. J 
Immunol 2008;   181:   1887–1897. 

 26 Sarady-Andrews JK, Liu F, Gallo D, Nakao A, 
Overhaus M, Ollinger R, Choi AM, Otterbein 
LE: Biliverdin administration protects against 
endotoxin-induced acute lung injury in rats. 
Am J Physiol Lung Cell Mol Physiol 2005;  
 289:L1131–L1137. 

 27 Seldon MP, Silva G, Pejanovic N, Larsen R, 
Gregoire IP, Filipe J, Anrather J, Soares MP: 
Heme oxygenase-1 inhibits the expression 
of adhesion molecules associated with endo-
thelial cell activation via inhibition of NF- 
kappaB RelA phosphorylation at serine 276. 
J Immunol 2007;   179:   7840–7851. 

 28 Cummins NW, Weaver EA, May SM, Croatt 
AJ, Foreman O, Kennedy RB, Poland GA, 
Barry MA, Nath KA, Badley AD: Heme oxy-
genase-1 regulates the immune response to 
influenza virus infection and vaccination in 
aged mice. FASEB J 2012;   26:   2911–2918. 

 29 Kumar A, Deshane JS, Crossman DK, Boli-
setty S, Yan BS, Kramnik I, Agarwal A, Steyn 
AJ: Heme oxygenase-1-derived carbon mon-
oxide induces the Mycobacterium tuberculo-
sis dormancy regulon. J Biol Chem 2008;   283:  
 18032–18039. 

 30 Choi AM, Knobil K, Otterbein SL, Eastman 
DA, Jacoby DB: Oxidant stress responses in 
influenza virus pneumonia: gene expression 
and transcription factor activation. Am J 
Physiol 1996;   271(3 pt 1):L383–L391. 

 31 Chung SW, Liu X, Macias AA, Baron RM, 
Perrella MA: Heme oxygenase-1-derived car-

bon monoxide enhances the host defense re-
sponse to microbial sepsis in mice. J Clin In-
vest 2008;   118:   239–247. 

 32 Hashiba T, Suzuki M, Nagashima Y, Suzuki S, 
Inoue S, Tsuburai T, Matsuse T, Ishigatubo Y: 
Adenovirus-mediated transfer of heme oxy-
genase-1 cDNA attenuates severe lung injury 
induced by the influenza virus in mice. Gene 
Ther 2001;   8:   1499–1507. 

 33 Ganesan S, Faris AN, Comstock AT, Wang Q, 
Nanua S, Hershenson MB, Sajjan US: Querce-
tin inhibits rhinovirus replication in vitro and 
in vivo. Antiviral Res 2012;   94:   258–271. 

 34 Kumar P, Sharma S, Khanna M, Raj HG: Ef-
fect of quercetin on lipid peroxidation and 
changes in lung morphology in experimental 
influenza virus infection. Int J Exp Pathol 
2003;   84:   127–133. 

 35 Heinz SA, Henson DA, Austin MD, Jin F, 
Nieman DC: Quercetin supplementation and 
upper respiratory tract infection: a random-
ized community clinical trial. Pharmacol Res 
2010;   62:   237–242. 

 36 Conquer JA, Maiani G, Azzini E, Raguzzini A, 
Holub BJ: Supplementation with quercetin 
markedly increases plasma quercetin concen-
tration without effect on selected risk factors 
for heart disease in healthy subjects. J Nutr 
1998;   128:   593–597. 

 37 Takashima K, Matsushima M, Hashimoto K, 
Nose H, Sato M, Hashimoto N, Hasegawa Y, 
Kawabe T: Protective effects of intratracheally 
administered quercetin on lipopolysaccha-
ride-induced acute lung injury. Respir Res 
2014;   15:   150.   

D
ow

nl
oa

de
d 

by
: 

N
ag

oy
a 

U
ni

ve
rs

ity
   

   
   

   
   

   
   

   
   

   
   

   
  

19
8.

14
3.

44
.4

9 
- 

2/
23

/2
01

6 
1:

42
:3

5 
A

M


