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Abstract

Pseudomonas aeruginosa remains a leading cause of nosocomial and serious life-threaten-

ing infections, and contributes to increased mortality in immunocompromised individuals. P.

aeruginosa infection triggers host immune response and often provokes potent inflamma-

tory mediators, which do not necessarily eradicate the causative pathogen. On the other

hand, it causes severe airway damage and eventually decreased lung function. Such unfa-

vorable outcomes of inflammatory injury have necessitated the development of novel effec-

tive agents that can combat with P. aeruginosa-mediated inflammation. Herein, we

investigated the potential of quercetin in regulating P. aeruginosa-induced inflammation,

with particular emphasized on the interleukin-1β (IL-1β). Our results showed that quercetin

exerted the potent inhibitory activity against the production of IL-1β in macrophages infected

by live P. aeruginosa PAO1, without exhibiting cytotoxicity. According to our settings, such

the potent inhibitory activity of quercetin was clearly demonstrated through its ability to effi-

ciently inhibit IL-1β during P. aeruginosa infection, pre- or even post-infection. In addition,

quercetin strongly suppressed MAPK signaling pathway by inhibiting phosphorylation of the

p38 MAPK and JNK2, and molecular docking study supported well with this observation.

Moreover, quercetin reduced the NLRP3 expression and inhibited the P. aeruginosa-medi-

ated cleavage of caspase-1 as well as mature IL-1β. These results thus indicated that quer-

cetin inhibition of P. aeruginosa-induced IL-1β production is mediated by suppressing the

initial priming step and by inhibiting the NLRP3 inflammasome activation. Taken together,

our findings demonstrated the promising regulatory activity of quercetin against IL-1β pro-
duction in P. aeruginosa-infected macrophages, and indicated that quercetin has the poten-

tial to be effective as a novel therapeutic agent for treatment of P. aeruginosa-induced

inflammation.
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Introduction

Pseudomonas aeruginosa is a Gram-negative bacterium and an opportunistic pathogen capable

of infecting humans with compromised host defense mechanisms [1] and causing serious

infections and even death [2–4]. Of particular concern are chronic lung infections of patients

with cystic fibrosis (CF), a genetic disease that increases susceptibility to respiratory infection

[5, 6]. P. aeruginosa is armed with multiple virulent factors and its infection often induces vig-

orous inflammatory mediators. When in excess or inappropriate production, these inflamma-

tory mediators are harmful to the host, causing severe airway damage and decreased lung

function [7]. Antibiotic treatment of such chronic P. aeruginosa infection may temporarily

suppress the symptoms but they do not necessarily eradicate the causative pathogen. Chronic

lung infections with P. aeruginosa and its associated inflammation is considered to be respon-

sible for significant morbidity and mortality in CF patients [8, 9].

Interleukin-1β (IL-1β) is an important inflammatory mediator of host response to micro-

bial infections, of which activated monocytes and macrophages are the predominant cellular

source. A fine-tune control of IL-1β production and secretion is achieved by a two-step process

acting both at transcriptional and post-translational levels [10–13]. Initially, the inactive

31-kDa precursor (pro-IL-1β) is synthesized, and subsequently the active/mature form of IL-

1β (17-kDa) is generated upon proteolytic cleavage of pro-IL-1β by caspase-1. The first step

requires the activation of specific complex pathways, such as mitogen-activated protein kinases

(MAPK) and nuclear factor-κB (NF-κB), while the second step requires the activation of

inflammasome, including the activation of the proteolytic enzyme caspase-1. The inflamma-

some is a macromolecular protein complex consisting of at least three components: a NOD-

like receptor (NLR) protein such as NLRP3, apoptosis-associated speck-like protein containing

a caspase recruitment domain (ASC), and pro-caspase-1 [14, 15]. Accumulating evidence has

demonstrated a significant role of IL-1β in P. aeruginosa infection, potentially in the pathogen-

esis of CF inflammatory lung disease [16]. Increased IL-1β level was evident in bronchoalveo-

lar lavage fluid from CF patients with infection [17–19] and this increase has been temporally

associated with a clinical response to treatment [17]. Human polymorphisms observed in the

IL1B gene have also been associated with varying degrees of disease severity in CF patients

[20]. A murine model based on mice carrying the most common CF mutation F508del CFTR

(Cystic Fibrosis Transmembrane Conductance Regulator) also showed that excessive activa-

tion of IL-1β correlated with increased bacterial load, inflammation and lung damage [19].

Furthermore, previous different studies have also documented that the reduction of the

inflammatory response, especially a decrease in IL-1β, leads to a better outcome in lung infec-

tion with P. aeruginosa. This includes a higher survival rate, reduced damage to the lung tissue

and, in particular, a better clearance of the airways and the tissue of the lungs from this bacte-

rium [16]. Although inhaled steroids are usually prescribed as the first-line therapies for

chronic inflammatory disease, IL-1β poorly responds to this class of anti-inflammatory drugs

[21, 22]. Overall, data available so far point at the cytokine IL-1β as a key target for the develop-

ment of novel anti-inflammatory drugs for treatment of P. aeruginosa-mediated chronic dis-

ease. Therefore, reduction of such a critical mediator would provide a promising strategy to

limit the pathological consequences of P. aeruginosa infection.

Quercetin, a polyphenol belonging to the class of flavonoids, is widely distributed in fruits,

vegetables, and nuts. This natural compound has a wide range of biological actions, including

anti-carcinogenic, anti-oxidant and antiviral activities as well as attenuating lipid peroxidation,

platelet aggregation and capillary permeability [23–25]. Quercetin has been well-documented

for its potent anti-inflammatory activity; this compound showed the inhibition of pro-inflam-

matory cytokines in various experimental models [26–28]. Previous studies have also
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demonstrated that quercetin can inhibit NOD-like receptor pyrin domain containing-3

(NLRP3) inflammasome induced by a wide variety of stress signals, including infectious agents

[29] and cellular disorders [30–32]. In addition, quercetin has been shown to suppress NLRP3

inflammasome activation in a mouse vasculitis model [33] and a rat model of spinal cord

injury [34] as well as ameliorate kidney injury in streptozotocin-induced rats [35]. However,

to the best of our knowledge, its immune regulatory function upon pathogenic P. aeruginosa

infection has not yet been reported. The present study therefore accessed the inhibitory activity

of quercetin in P. aeruginosa-infected macrophages, with particular emphasized on the pro-

duction of a key inflammatory mediator, IL-1β. The possible mechanism involved was also

investigated.

Materials andmethods

Chemicals and antibodies

Quercetin (HPLC purity� 95%), phorbol 12-myristate 13-acetate (PMA), dimethyl sulfoxide

(DMSO;� 99.5%) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against IL-1β, NLRP3
(D4D8T), p44/42 MAPK (Erk1/2)(137F5), phospho-p44/42 MAPK (Erk1/2)(Thr202/Tyr204),

SAPK/JNK, phospho-SAPK/JNK (Thr183/Tyr185), p38 MAPK and phospho-p38 MAP Kinase

(Thr180/Tyr182) were from Cell Signaling Technology (USA). Antibody against caspase-1 was

purchased from Santa Cruz Biotechnology (USA) and β-actin antibody was from Abcam

(USA). Peroxidase-conjugated AffiniPure goat anti-mouse IgG and anti-rabbit IgG, HRP-

linked antibody as secondary antibodies were from Jackson ImmunoResearch Laboratories

(USA) and Cell Signaling Technology, respectively.

Bacterial strain and growth condition

Pseudomonas aeruginosa PAO1 was received from the Spanish Type Culture Collection

(CECT, Valencia, Spain). This bacterial strain was frozen and kept at – 80˚C. Prior to each

experiment, two subcultures were prepared on Luria-Bertani (LB) agar (BD Difco™, Le Pont de

Claix, France) and incubated under aerobic condition at 37 OC for 24 h. A single colony was

then taken and bacterial suspensions were freshly prepared in LB broth or RPMI for subse-

quent experiments.

Growth assay

Effect of quercetin on growth of P. aeruginosa PAO1 were carried out as described previously

[36] with some modifications. Bacterial suspension (5×105 CFU/mL) and quercetin at the con-

centrations from 20–100 μMwere incubated at 37 OC for 24 h. Bacterial culture without the

test compound was used as the untreated control. After 24 h, bacterial growth was measured at

OD600 nm using a microplate reader (BioTek Synergy HT, USA).

Cell culture and THP-1 differentiation

Human monocytic THP-1 cells (TIB-202) was obtained from American Type Culture Collec-

tion (ATCC; Manassas, VA, USA). Cells were cultured in RPMI 1640 medium (HyClone™,

Utah, USA) containing 10% (v/v) fetal bovine serum (Gibco, South America), 10 mM 4-

(2-hydroxyethyl)-1 piperazineethanesulfonic acid (HEPES; HyClone™), 2 mM L-glutamine

(Gibco), 100 U/mL penicillin, 100 μg/mL streptomycin (Gibco) and 0.05 mM 2-mercaptoetha-

nol (Bio-Rad) at 37˚C in a humidified atmosphere of 5% CO2. THP-1 cells (1×105 cells/well in

96-well tissue culture plates (Nunc™, Roskilde, Denmark) or 2×106 cells/well in 6-well plates
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(Nunc™)) were differentiated into macrophages by incubating with 50 ng/mL PMA for 24 h at

37 OC in 5% CO2. After washing to remove non-adherent cells, the adherent macrophages

were incubated in antibiotic- and FBS-free RPMI for 1 h at 37 OC in 5% CO2 and used in sub-

sequent experiments.

Cell viability assay

Cell viability was evaluated by the MTT assay according to the method previously described

[37]. Briefly, differentiated THP-1 cells at a density of 1×105 cells/well were treated with quer-

cetin at the concentrations ranged from 20 to 100 μM, or vehicle (DMSO). Cells without quer-

cetin served as an untreated control. After 24 h, 20 μLMTT solution (5 mg/mL) was added to

each well and incubated further for 3 h. Supernatant was removed and 100 μL of DMSO was

added to dissolve the formazan crystals. The OD was measured at 540 nm using a microplate

reader (Rayto RT-2100C, China). Percentage of cell viability was calculated according to the

equation: (OD of treated cells/ OD of untreated cells) × 100.

Measurement of IL-1β production

Differentiated THP-1 cells (1×105 cells/well) were incubated with P. aeruginosa PAO1 at the

multiplicity of infection (MOI) of 10 in the presence or absence of quercetin (20–100 μM) for

4 h at 37˚C with 5% CO2, and the supernatant obtained by centrifugation at 4,500 rpm for 15

min at 4˚C. In separate experiments, differentiated THP-1 cells were treated with quercetin

(20–100 μM) for 2 h prior to P. aeruginosa exposure, or 2 h after P. aeruginosa exposure, and

culture supernatant collected after 4 h-incubation at 37˚C with 5% CO2. The levels of IL-1β in

the culture supernatant were determined by sandwich enzyme-linked immunosorbent assay

(ELISA) using ELISA MAX™Deluxe Set (BioLegend, San Diego, CA, USA), according to the

manufacturer’s instructions.

Western blot analysis

Differentiated THP-1 cells (2×106 cells/well) were incubated with P. aeruginosa PAO1 at the

MOI of 10 in the presence or absence of quercetin (40–100 μM) for 30 min (for MAPKs) or 4

h (for caspase-1, IL-1β and NLRP3) at 37˚C in 5% CO2. Supernatants were collected and cell

pellets were washed with cold PBS pH 7.4 and resuspended in PierceTM RIPA lysis buffer

(Thermo Scientific, Rockford, IL, USA) containing 1×HaltTM protease and phosphatase inhib-

itor cocktails (Thermo Scientific). Protein concentration was measured by Bradford protein

assay kit (Bio-Rad, USA). Supernatants were precipitated by adding an equal volume of metha-

nol and 1:4 volume of chloroform followed by 10 min centrifugation at 20,000 g at 4˚C. After

the upper phase was removed, two-volumes of methanol was added and the samples were cen-

trifuged again. The liquid phase was discarded and the pellet dried at 55 oC for 5–10 min. Sub-

sequently, proteins extracted from cell lysates (25 μg) and cell supernatants were dissolved

with Laemmli sample buffer (Bio-Rad), heated at 95 oC for 5 min, and then subjected to

SDS-PAGE using 10% TGXTM FastCastTM Acrylamide gel (Bio-Rad). Resolved proteins were

then transferred to nitrocellulose membranes (Bio-Rad) with semi-dry transfer system (Bio-

Rad). The membranes were blocked with 5% skim milk in TTBS (20 mM Tris, 150 mMNaCl,

0.1% Tween20) at room temperature for 1 h. After being washed three times with TTBS, the

membranes were incubated overnight with respective primary antibodies against p38 MAPK,

phospho-p38 MAP Kinase, SAPK/JNK, phospho-SAPK/JNK, p44/42 MAPK (Erk1/2), phos-

pho-p44/42 MAPK (Erk1/2), caspase-1, IL-1β, NLRP3 and β-actin. After washing with TTBS,
the membranes were incubated with peroxidase-conjugated AffiniPure goat anti-mouse IgG

or anti-rabbit IgG, HRP-linked antibody, as appropriate, for 1 h at room temperature. The
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target proteins were visualized by Clarity™Western ECL Substrate (Bio-Rad) and captured

using an ImageQuant LAS 4000 Biomolecular Imager (GE Healthcare Life Sciences, UK). The

relative band intensities were quantified using ImageJ software and then normalized with ref-

erence to the β-actin as an internal control.

Docking protocol and their validation

The p38α MAPK (PDB ID: 5XYY) and JNK2 (PDB ID: 3E7O) were chosen for docking studies.

The X-ray diffraction structure of p38α MAPK (PDB ID: 5XYY) had a resolution of 1.7 A˚ [38]

and a triazol inhibitor was bound to the ATP-binding of the p38 MAPK. The X-ray diffraction

structure of JNK2 (PDB ID: 3E7O) had a resolution of 2.14 A˚ [39] and N-(3-[5-(1H-1, 2, 4-tria-

zol-3-yl)-1H-indazol-3-yl]phenyl)furan-2-carboxamide was bound to the ATP-pocket of the

JNK2. The structure of quercetin (CID = 5280343) was retrieved from the PubChem database

[40]. The protein-ligand docking analysis of the p38 MAPK and JNK2 with quercetin was oper-

ated using the GOLD version 5.7.1 program of CCDC Software [41]. Predicting the binding

affinity and rank-ordering ligands in database screens were implemented by a modified and

expanded version of the scoring function. The most suitable method of evaluating the accuracy

of a docking procedure is to determine how closely the best fitness score pose predicted by the

scoring function resembles an experimental binding mode as determined by X-ray crystallogra-

phy. The genetic algorithm search parameter was activated to simulate protein-ligand docking

with 50 trial runs. Docking validation was performed with an obtained RMSD value of 1.880 A˚

for 5XYY, 0.325 A˚ for 3E7O (JNK2 chain A), and 0.270 A˚ for 3E7O (JNK2 chain B) ensuring

the precision and reproducibility of the docking process. The 3D structure was visualized and

analyzed using the Discovery Studio Visualizer (Accelrys, Inc., San Diego, CA, USA).

Statistical analysis

Data are presented as mean ± standard error of mean (SEM) of three independent experi-

ments. Difference between test and control was analyzed by two-tailed student’s t-test using

SPSS version 20 software (SPSS, Chicago, IL, USA). A p-Value of less than 0.05 was considered

to be statistically significant.

Results

Effect of quercetin on growth of P. aeruginosa

This study used live P. aeruginosa PAO1 in the infection experiments. We first examined whether

quercetin at the concentrations studied had any effect on bacterial viability, and culture-based

growth assay was thus performed. As shown in Fig 1, growth of P. aeruginosa PAO1 after the

exposure to quercetin (20–100 μM, final concentration) was comparable to the untreated control.

Also, there was no differences in bacterial growth between vehicle and untreated control. These

results suggested that quercetin at the concentrations studied had no impact on growth of P. aer-

uginosa PAO1, and 20–100 μMof such a compound was used in the following experiments.

Effect of quercetin on cell viability

To determine the cytotoxic effect of quercetin against THP-1 macrophages, the MTT assay

was conducted. As presented in Fig 2, viability of THP-1 macrophages exposed to quercetin

was not significantly changed at any of the concentrations of compound tested, as compared

with the untreated control. No significant difference in cell viability between vehicle and

untreated controls was observed. These results indicated that quercetin at all concentrations

examined, as well as the vehicle was not toxic to THP-1 macrophages.
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Effect of quercetin on IL-1β production in P. aeruginosa-infected THP-1
macrophages

To evaluate the potential of quercetin in regulating IL-1β produced by P. aeruginosa-infected

THP-1 macrophages, THP-1 cells were exposed to P. aeruginosa PAO1 simultaneously with

quercetin (20–100 μM) for 4 h and the IL-1β level in culture supernatant quantified by ELISA.

As shown in Fig 3A, the level of IL-1β was markedly increased in culture supernatant upon

Fig 1. Effect of quercetin on P. aeruginosa growth. P. aeruginosa strain PAO1 was treated with quercetin at concentrations ranged
from 20–100 μM. After incubation at 37˚C for 24 h, bacterial growth was measured at OD600. Values are expressed as mean ± SEM of
three independent experiments.

https://doi.org/10.1371/journal.pone.0237752.g001

Fig 2. Effect of quercetin on cell viability of THP-1 macrophages. THP-1 macrophages were treated with quercetin at the
concentrations ranged from 20–100 μMor vehicle for 48 h and cell viability was assessed by an MTT assay. Values are expressed as
mean ± SEM of three independent experiments.

https://doi.org/10.1371/journal.pone.0237752.g002
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infection with P. aeruginosa, which was significantly and dose-dependently inhibited by quer-

cetin (% inhibition ranged from 2.96–76.11%). To further examine the inhibitory effect of

quercetin on P. aeruginosa-induced production of IL-1β, THP-1 macrophages were treated

with quercetin for 2 h prior to P. aeruginosa exposure, or 2 h after P. aeruginosa exposure, with

each time point also having untreated, vehicle and infection controls. The culture supernatant

was collected after 4 h-incubation and the levels of IL-1β assessed. As presented in Fig 3B and

3C, significant reduction in IL-1β level in a dose-related manner was obviously seen after cells

were pre- and post-treated with quercetin in relative to P. aeruginosa exposure, with % inhibi-

tion ranged from 4.04–72.87% and 25.94–72.37%, respectively. Particularly, more than 50%

inhibition in P. aeruginosa-induced IL-1β production was evident with quercetin at the con-

centrations of 60, 80 and 100 μM, and such the inhibitory effects were comparable and not sta-

tistically different in all times of quercetin applications. It is of note that only the relatively

high doses of quercetin was examined in this study and the inhibition was observed. Since phy-

tochemicals such as allicin, resveratrol and plumbagin have been reported to exhibit biphasic

dose-responses; they activate immune cells at low doses and inhibit cell counterparts at high

doses [42], careful attention should be made from our results herein.

Effect of quercetin on the activation of MAPK pathway in P. aeruginosa-
infected THP-1 macrophages

The MAPK signaling pathway has been reported to play an important role in modulating

inflammatory response to various exogenous pathogen infection. We further investigated if

this pathway may be used by quercetin to exert its inhibitory effect on the release of IL-1β pro-

duced by P. aeruginosa-infected THP-1 macrophages. Changes in the phosphorylation levels

of p38, JNK and ERK1/2 in THP-1 macrophages were determined. As shown in Fig 4A, there

was an increase in the expression levels of p-p38 and p-JNK, but not p-ERK1/2, in THP-1 mac-

rophages infected by P. aeruginosa PAO1. However, in the presence of quercetin, the phos-

phorylation of p38 and JNK (54 kDa) were significantly reduced compared with P. aeruginosa-

treated group without quercetin (Fig 4B and 4C). Moreover, such phosphorylation levels were

returned to the baseline seen in the untreated control. No changes in total p38, JNK1/2 and

ERK1/2 were observed in all groups.

Molecular docking

To gain some structural insight into the inhibitory mechanism of quercetin, we performed a

molecular docking of quercetin in silico to the ATP binding pocket of p38 MAPK and JNK

using GOLD program [41]. The chemical structure of quercetin, 2-(3,4-dihydroxyphenyl)-

3,5,7-trihydroxy-4h-chromen-4-one, is shown in Fig 5A. We found that quercetin formed

some favorable connections and docked nicely within the ATP binding sites of p38 MAPK

and JNK2 (Fig 5B and 5C). Some important hydrogen bonds were formed between quercetin

and both carbonyl backbone and side chains of p38 MAPK including Lys53, Thr106, His107,

Met109, Asp112 and Asp168 (Fig 5B). Similarly, quercetin bound to the binding sites of

Fig 3. Inhibitory effects of quercetin on IL-1β production in P. aeruginosa-infected THP-1 macrophages. THP-1
macrophages were treated with quercetin (20–100 μM) at the same time as P. aeruginosa PAO1 (MOI = 10) for 4 h (A),
or 2 h prior to P. aeruginosa exposure (B), or 2 h after P. aeruginosa exposure (C), and the levels of IL-1β were
measured by sandwich ELISA. Values are represented as mean ± SEM of at least three independent experiments. ###
p< 0.001 compared with the unstimulated THP-1 macrophages. �� p< 0.01 and ��� p< 0.001 compared with the P.
aeruginosa PAO1-infected THP-1 macrophages.

https://doi.org/10.1371/journal.pone.0237752.g003
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Glu109, Met111 and Gln117, mediated by hydrogen bond interactions in the ATP pocket of

the JNK2 structure (Fig 5C).

Effect of quercetin on the NLRP3 protein expression and IL-1β synthesis in
P. aeruginosa-infected THP-1 macrophages

To evaluate the effect of quercetin on the expression of NLRP3 and synthesis of IL-1β in P. aer-

uginosa-infected THP-1 macrophages, Western blotting to detect cleaved caspase-1 and IL-1β
as well as NLRP3 was performed. As shown in Fig 6, marked increases in the expression of

cleaved caspase-1 were observed in THP-1 macrophages infected with P. aeruginosa, which

was significantly decreased in the presence of quercetin. Similarly, substantially increase

expression of mature IL-1β was detected in P. aeruginosa-infected THP-1 macrophages, which

was also reduced by quercetin in a concentration-dependent manner (Fig 6C). Additionally,

significant reduction in the NLRP3 protein expression was observed by quercetin treatment,

in particular at the concentration of 100 μM (Fig 6D).

Discussion

Despite various impressive pharmacological activities of quercetin, its role in regulating the

IL-1β production in P. aeruginosa-induced inflammation has not been described. This study

Fig 4. Effects of quercetin on the expression of MAPK pathway-related proteins in THP-1 macrophages infected by P. aeruginosa.
THP-1 macrophages were treated P. aeruginosa PAO1 at an MOI of 10 in the presence or absence of quercetin (40–100 μM) for 30 min and
protein expression was evaluated byWestern blotting (A). Bar diagrams showing densitometric analysis of the relative expression of p-p38/
β-actin (B) and p-JNK (54 kDa)/β-actin (C), quantified using ImageJ software. Values are represented as mean ± SEM of three independent
experiments. # p< 0.05 and ### p< 0.001 compared with the unstimulated THP-1 macrophages. � p< 0.05 and ��� p< 0.001 compared
with the P. aeruginosa PAO1-infected THP-1 macrophages.

https://doi.org/10.1371/journal.pone.0237752.g004
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for the first time reported the potent inhibitory activity of quercetin on the production of IL-

1β in macrophages infected by P. aeruginosa. Herein, live bacteria was used to mimic actual

infection and the inhibitory activity of quercetin was accessed through three different strate-

gies. Our results clearly showed that quercetin effectively inhibited the production of IL-1β
when applied i) simultaneously, ii) prior to, and iii) after P. aeruginosa infection (Fig 3), with-

out any significant differences between strategies. Such inhibitory effect was not associated

with direct cellular cytotoxicity as MTT assay showed no significant changes in macrophage

cell viability upon exposure to quercetin (Fig 2). These results thus indicated the anti-inflam-

matory potential of quercetin in P. aeruginosa-induced inflammation. Since IL-1β is a central

inflammatory mediator of the responses in P. aeruginosa infection, our findings therefore sug-

gested that quercetin is a promising therapeutic agent and warrant future development of this

compound for the treatment against P. aeruginosa-induced inflammation.

Unlike other inflammatory cytokines, the production of functional IL-1β is a result of a

two-step process which is tightly controlled at the transcriptional and post-translational levels

[11–13]. Following initiation of specific complex pathways, such as MAPK and NF-κB, the
31-kDa inactive cytoplasmic IL-1β precursor (pro-IL-1β) is synthesized. Pro-IL-1β is subse-

quently converted into the bioactive 17-kDa IL-1β by cysteine protease caspase-1. This process

requires the assembly of a macromolecular inflammasome complex to which pro-caspase-1 is

recruited and cleaved in the presence of a protein belonging to the cytosolic NLR family [14,

15]. During infection, P. aeruginosa induced the secretion of pro-inflammatory cytokines

through the activation of MAPK signaling pathway where the p38 MAPK and JNK are of

essential [43, 44]. P. aeruginosa infection also induces the assembly of the NLRP3 inflamma-

some and the sequential secretion of caspase-1 and IL-1β in human macrophages [45, 46]. We

therefore investigated whether quercetin suppressed such significant pathways involved in IL-

1β production induced by P. aeruginosa. According to our results, quercetin strongly sup-

pressed MAPK signaling pathway by inhibiting phosphorylation of the p38 MAPK and JNK2.

Molecular docking study also provided deep insights into inhibitory mechanism of quercetin

and this further supported that p38 MAPK and JNK2 are specific targets of quercetin. Not

only the components of MAPK pathway, quercetin also suppressed the NLRP3 expression and

inhibited the P. aeruginosa-mediated cleavage of caspase-1 (Fig 6). Consistent with this,

mature IL-1β production was decreased following quercetin treatment (Fig 6). These results

thus indicated that quercetin inhibition of P. aeruginosa-induced IL-1β production is mediated

by suppressing the initial priming step as well as by inhibiting the inflammasome activation.

The fact that effectiveness of inhibition of quercetin was comparable and not statistically differ-

ent when this compound was added at the same time, prior to or even after P. aeruginosa infec-

tion (Fig 3), it is likely that quercetin inhibition in this setting may act on signaling rather than

direct interaction with P. aeruginosa. Previous studies on flavonoid uptake and transport in

various cell lines have described that the transport mechanism of quercetin is through passive

diffusion [47]. In this regard, it is possible that quercetin may penetrate macrophages and sub-

sequently interfere with signaling molecules in the signaling pathways involved in the produc-

tion of functional IL-1β. Since p38 MAPK and JNK2 are recognized for its role regulating the

P. aeruginosa elicited IL-1β [48], and NLRP3 and caspase-1 is essential components of

Fig 5. Molecular docking and pose generation. Chemical structure of quercetin is shown (A). A docking study was
performed as described in Materials andMethods. Quercetin was docked with p38 MAPK structure (PDB ID: 5XYY)
(B), and the JNK2 structure (PDB ID: 3E7O) (C). The proteins are shown in gray cartoon representation, interacting
residues are shown in stick representation, the docked quercetin is represented as black ball and sticks, and hydrogen
bonds are indicated as broken lines.

https://doi.org/10.1371/journal.pone.0237752.g005
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Fig 6. Effects of quercetin on the expression of NLRP3 proteins and IL-1β synthesis in P. aeruginosa-infected THP-1 macrophages. THP-1 macrophages
were treated P. aeruginosa PAO1 (MOI = 10) in the presence or absence of quercetin (40–100 μM) for 4 hr and protein expression was determined by
Western blotting (A). Bar diagrams showing densitometric analysis of the relative expression of caspase-1/β-actin (B), IL-1β/β-actin (C) and NLRP3/β-actin
(D), quantified using ImageJ software. Values are represented as mean ± SEM of three independent experiments. ### p< 0.001 compared with the
unstimulated THP-1 macrophages. � p< 0.05, �� p< 0.01 and ��� p< 0.001 compared with the P. aeruginosa PAO1-infected THP-1 macrophages.

https://doi.org/10.1371/journal.pone.0237752.g006
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inflammasome, our findings therefore proved the potential of quercetin on the regulation in P.

aeruginosa-induced production of IL-1β.

Conclusions

This study provided clear evidence that quercetin possessed the potent inhibitory activity

against the production of IL-1β in macrophages infected by live P. aeruginosa, without exhibit-

ing cytotoxicity. Our findings also revealed that quercetin inhibition of P. aeruginosa-induced

IL-1β production is mediated through MAPK (p38 and JNK2) and NLRP3 inflammasome

activation pathways. Since effectiveness in inhibition of quercetin was apparently demon-

strated, we therefore propose that quercetin may be applicable as a potential prophylactic/ther-

apeutic molecule against P. aeruginosa-mediated inflammation. Nevertheless, further

investigations in an in vivo P. aeruginosa-infection model are required to support future thera-

peutic applications of this compound.
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3. Eklöf J, Sørensen R, Ingebrigtsen TS, Sivapalan P, Achir I, Boel JB, et al. Pseudomonas aeruginosa

and risk of death and exacerbations in patients with chronic obstructive pulmonary disease: an observa-
tional cohort study of 22 053 patients. Clin Microbiol Infect. 2020; 26: 227–234. https://doi.org/10.1016/j.
cmi.2019.06.011 PMID: 31238116

4. Emerson J, Rosenfeld M, McNamara S, Ramsey B, Gibson RL. Pseudomonas aeruginosa and other
predictors of mortality and morbidity in young children with cystic fibrosis. Pediatr Pulmonol. 2002; 34:
91–100. https://doi.org/10.1002/ppul.10127 PMID: 12112774

5. Bhagirath AY, Li Y, Somayajula D, Dadashi M, Badr S, Duan K. Cystic fibrosis lung environment and
Pseudomonas aeruginosa infection. BMC PulmMed. 2016; 16: 174. https://doi.org/10.1186/s12890-
016-0339-5 PMID: 27919253

6. Malhotra S, Hayes DJ, Wozniak DJ. Cystic fibrosis and Pseudomonas aeruginosa: the host-microbe
interface. Clin Microbiol Rev. 2019; 32: e00138–00118. https://doi.org/10.1128/CMR.00138-18 PMID:
31142499

7. Courtney JM, Ennis M, Elborn JS. Cytokines and inflammatory mediators in cystic fibrosis. J Cyst
Fibros. 2004; 3: 223–231. https://doi.org/10.1016/j.jcf.2004.06.006 PMID: 15698939

8. Yu H, Hanes M, Chrisp CE, Boucher JC, Deretic V. Microbial pathogenesis in cystic fibrosis: pulmonary
clearance of mucoidPseudomonas aeruginosa and inflammation in a mousemodel of repeated respira-
tory challenge. Infect Immun. 1998; 66: 280–288. https://doi.org/10.1128/IAI.66.1.280-288.1998 PMID:
9423869

9. Hauser AR, Jain M, Bar-Meir M, McColley SA. Clinical significance of microbial infection and adaptation
in cystic fibrosis. Clin Microbiol Rev. 2011; 24: 29–70. https://doi.org/10.1128/CMR.00036-10 PMID:
21233507

10. Martinon F, Burns K, Tschopp J. The inflammasome: a molecular platform triggering activation of
inflammatory caspases and processing of proIL-beta. Mol Cell. 2002; 10: 417–426. https://doi.org/10.
1016/s1097-2765(02)00599-3 PMID: 12191486

11. Strowig T, Henao-Mejia J, Elinav E, Flavell R. Inflammasomes in health and disease. Nature. 2012;
481: 278–286. https://doi.org/10.1038/nature10759 PMID: 22258606

12. Lopez-Castejon G, Brough D. Understanding the mechanism of IL-1β secretion. Cytokine Growth Fac-
tor Rev. 2011; 22: 189–195. https://doi.org/10.1016/j.cytogfr.2011.10.001 PMID: 22019906

13. NeteaMG, Simon A, van de Veerdonk F, Kullberg B-J, van der Meer JWM, Joosten LAB. IL-1β process-
ing in host defense: beyond the inflammasomes. PLoS Pathog. 2010; 6: e1000661. https://doi.org/10.
1371/journal.ppat.1000661 PMID: 20195505

14. Franchi L, Eigenbrod T, Muñoz-Planillo R, Nuñez G. The Inflammasome: a caspase-1 activation plat-
form regulating immune responses and disease pathogenesis. Nat Immunol. 2009; 10: 241. https://doi.
org/10.1038/ni.1703 PMID: 19221555

15. Lee S, Suh GY, Ryter SW, Choi AM. Regulation and function of the nucleotide binding domain leucine-
rich repeat-containing receptor, pyrin domain-containing-3 inflammasome in lung disease. Am J Respir
Cell Mol Biol. 2016; 54: 151–160. https://doi.org/10.1165/rcmb.2015-0231TR PMID: 26418144

16. Wonnenberg B, Bischoff M, Beisswenger C, Dinh T, Bals R, Singh B, et al. The role of IL-1β in Pseudo-

monas aeruginosa in lung infection. Cell Tissue Res. 2016; 364: 225–229. https://doi.org/10.1007/
s00441-016-2387-9 PMID: 26984603

17. Douglas TA, Brennan S, Gard S, Berry L, Gangell C, Stick SM, et al. Acquisition and eradication of P.
aeruginosa in young children with cystic fibrosis. Eur Respir J. 2009; 33: 305–311. https://doi.org/10.
1183/09031936.00043108 PMID: 19010992

18. Osika E, Cavaillon JM, Chadelat K, Boule M, Fitting C, Tournier G, et al. Distinct sputum cytokine pro-
files in cystic fibrosis and other chronic inflammatory airway disease. Eur Respir J. 1999; 14: 339–346.
https://doi.org/10.1034/j.1399-3003.1999.14b17.x PMID: 10515411

19. Palomo J, Marchiol T, Piotet J, Fauconnier L, Robinet M, Reverchon F, et al. Role of IL-1β in experimen-
tal cystic fibrosis upon P. aeruginosa infection. PLoS One. 2014; 9: e114884. https://doi.org/10.1371/
journal.pone.0114884 PMID: 25500839

20. Levy H, Murphy A, Zou F, Gerard C, Klanderman B, Schuemann B, et al. IL1B polymorphismsmodulate
cystic fibrosis lung disease. Pediatr Pulmonol. 2009; 44: 580–593. https://doi.org/10.1002/ppul.21026
PMID: 19431193

PLOS ONE Quercetin inhibits IL-1β production in P. aeruginosa-infected humanmacrophages

PLOSONE | https://doi.org/10.1371/journal.pone.0237752 August 20, 2020 14 / 16

https://doi.org/10.1371/journal.pone.0226935
http://www.ncbi.nlm.nih.gov/pubmed/31891624
https://doi.org/10.1016/j.cmi.2019.06.011
https://doi.org/10.1016/j.cmi.2019.06.011
http://www.ncbi.nlm.nih.gov/pubmed/31238116
https://doi.org/10.1002/ppul.10127
http://www.ncbi.nlm.nih.gov/pubmed/12112774
https://doi.org/10.1186/s12890-016-0339-5
https://doi.org/10.1186/s12890-016-0339-5
http://www.ncbi.nlm.nih.gov/pubmed/27919253
https://doi.org/10.1128/CMR.00138-18
http://www.ncbi.nlm.nih.gov/pubmed/31142499
https://doi.org/10.1016/j.jcf.2004.06.006
http://www.ncbi.nlm.nih.gov/pubmed/15698939
https://doi.org/10.1128/IAI.66.1.280-288.1998
http://www.ncbi.nlm.nih.gov/pubmed/9423869
https://doi.org/10.1128/CMR.00036-10
http://www.ncbi.nlm.nih.gov/pubmed/21233507
https://doi.org/10.1016/s1097-2765%2802%2900599-3
https://doi.org/10.1016/s1097-2765%2802%2900599-3
http://www.ncbi.nlm.nih.gov/pubmed/12191486
https://doi.org/10.1038/nature10759
http://www.ncbi.nlm.nih.gov/pubmed/22258606
https://doi.org/10.1016/j.cytogfr.2011.10.001
http://www.ncbi.nlm.nih.gov/pubmed/22019906
https://doi.org/10.1371/journal.ppat.1000661
https://doi.org/10.1371/journal.ppat.1000661
http://www.ncbi.nlm.nih.gov/pubmed/20195505
https://doi.org/10.1038/ni.1703
https://doi.org/10.1038/ni.1703
http://www.ncbi.nlm.nih.gov/pubmed/19221555
https://doi.org/10.1165/rcmb.2015-0231TR
http://www.ncbi.nlm.nih.gov/pubmed/26418144
https://doi.org/10.1007/s00441-016-2387-9
https://doi.org/10.1007/s00441-016-2387-9
http://www.ncbi.nlm.nih.gov/pubmed/26984603
https://doi.org/10.1183/09031936.00043108
https://doi.org/10.1183/09031936.00043108
http://www.ncbi.nlm.nih.gov/pubmed/19010992
https://doi.org/10.1034/j.1399-3003.1999.14b17.x
http://www.ncbi.nlm.nih.gov/pubmed/10515411
https://doi.org/10.1371/journal.pone.0114884
https://doi.org/10.1371/journal.pone.0114884
http://www.ncbi.nlm.nih.gov/pubmed/25500839
https://doi.org/10.1002/ppul.21026
http://www.ncbi.nlm.nih.gov/pubmed/19431193
https://doi.org/10.1371/journal.pone.0237752


21. Fu JJ, McDonald VM, Baines KJ, Gibson PG. Airway IL-1β and systemic inflammation as predictors of
future exacerbation risk in asthma and COPD. Chest. 2015; 148: 618–629. https://doi.org/10.1378/
chest.14-2337 PMID: 25950204

22. GanWQ, Man SFP, Sin DD. The interactions between cigarette smoking and reduced lung function on
systemic inflammation. Chest. 2005; 127: 558–564. https://doi.org/10.1378/chest.127.2.558 PMID:
15705996

23. Rauf A, Imran M, Khan IA, Ur-RehmanM, Gilani SA, Mehmood Z, et al. Anticancer potential of querce-
tin: a comprehensive review. Phytother Res. 2018; 32: 2109–2130. https://doi.org/10.1002/ptr.6155
PMID: 30039547

24. Xu D, Hu M-J, Wang Y-Q, Cui Y-L. Antioxidant activities of quercetin and its complexes for medicinal
application. Molecules. 2019; 24: 1123.

25. D’Andrea G. Quercetin: a flavonol with multifaceted therapeutic applications? Fitoterapia. 2015; 106:
256–271. https://doi.org/10.1016/j.fitote.2015.09.018 PMID: 26393898

26. Tang J, Diao P, Shu X, Li L, Xiong L. Quercetin and quercitrin attenuates the inflammatory response
and oxidative stress in LPS-induced RAW264.7 cells: in vitro assessment and a theoretical model.
Biomed Res Int. 2019; 2019: 7039802. https://doi.org/10.1155/2019/7039802 PMID: 31781635

27. Li Y, Yao J, Han C, Yang J, Chaudhry M,Wang S, et al. Quercetin, inflammation and immunity. Nutri-
ents. 2016; 8: 167. https://doi.org/10.3390/nu8030167 PMID: 26999194

28. Martı́nez G, Mijares MR, De Sanctis JB. Effects of flavonoids and its derivatives on immune cell
responses. Recent Pat InflammAllergy Drug Discov. 2019; 13: 84–104. https://doi.org/10.2174/
1872213X13666190426164124 PMID: 31814545

29. Xue Y, DuM, ZhuMJ. Quercetin suppresses NLRP3 inflammasome activation in epithelial cells trig-
gered by Escherichia coliO157:H7. Free Radic Biol Med. 2017; 108: 760–769. https://doi.org/10.1016/j.
freeradbiomed.2017.05.003 PMID: 28476502

30. Choe JY, Kim SK. Quercetin and ascorbic acid suppress fructose-induced NLRP3 inflammasome acti-
vation by blocking intracellular shuttling of TXNIP in humanmacrophage cell lines. Inflammation. 2017;
40: 980–994. https://doi.org/10.1007/s10753-017-0542-4 PMID: 28326454

31. Wu J, Xu X, Li Y, Kou J, Huang F, Liu B. Quercetin, luteolin and epigallocatechin gallate alleviate TXNIP
and NLRP3-mediated inflammation and apoptosis with regulation of AMPK in endothelial cells. Eur J
Pharmacol. 2014; 745: 59–68. https://doi.org/10.1016/j.ejphar.2014.09.046 PMID: 25446924

32. Wang H, Guo X, Liu J, Li T, Fua X, Liu RH. Comparative suppression of NLRP3 inflammasome activa-
tion with LPS-induced inflammation by blueberry extracts (Vaccinium spp.). RSC Avd. 2017; 7: 28931.

33. Domiciano TP,Wakita D, Jones HD, Crother TR, Verri WA Jr, Arditi M, et al. Quercetin inhibits inflam-
masome activation by interfering with ASC oligomerization and prevents interleukin-1 mediated mouse
vasculitis. Sci Rep. 2017; 7: 41539. https://doi.org/10.1038/srep41539 PMID: 28148962

34. JiangW, Huang Y, Han N, He F, Li M, Bian Z, et al. Quercetin suppresses NLRP3 inflammasome acti-
vation and attenuates histopathology in a rat model of spinal cord injury. Spinal Cord. 2016; 54: 592–
596. https://doi.org/10.1038/sc.2015.227 PMID: 26754474

35. Wang C, Pan Y, Zhang Q-Y, Wang F-M, Kong L-D. Quercetin and allopurinol ameliorate kidney injury in
STZ-treated rats with regulation of renal NLRP3 inflammasome activation and lipid accumulation. PLoS
One. 2012; 7: e38285. https://doi.org/10.1371/journal.pone.0038285 PMID: 22701621

36. Sarkar R, Chaudhary SK, Sharma A, Yadav KK, Nema NK, Sekhoacha M, et al. Anti-biofilm activity of
Marula—a study with the standardized bark extract. J Ethnopharmacol. 2014; 154: 170–175. https://
doi.org/10.1016/j.jep.2014.03.067 PMID: 24742751

37. Mosmann T. Rapid colorimetric assay for cellular growth and survival: application to proliferation and
cytotoxicity assays. J Immunol Methods. 1983; 65: 55–63. https://doi.org/10.1016/0022-1759(83)
90303-4 PMID: 6606682

38. Wang Y, Sun Y, Cao R, Liu D, Xie Y, Li L, et al. In silico identification of a novel hinge-binding scaffold
for kinase inhibitor discovery. J Med Chem. 2017; 60: 8552–8564. https://doi.org/10.1021/acs.
jmedchem.7b01075 PMID: 28945083

39. Shaw D, Wang SM, Villaseñor AG, Tsing S, Walter D, Browner MF, et al. The crystal structure of JNK2
reveals conformational flexibility in the MAP kinase insert and indicates its involvement in the regulation
of catalytic activity. J Mol Biol. 2008; 383: 885–893. https://doi.org/10.1016/j.jmb.2008.08.086 PMID:
18801372

40. PubchemQuercetin | C15H10O7—PubChem [Internet]. [cited 5 March 2020] https://pubchem.ncbi.
nlm.nih.gov/compound/Quercetin

41. Jones G,Willett P, Glen RC, Leach AR, Taylor R. Development and validation of a genetic algorithm for
flexible docking. J Mol Biol. 1997; 267: 727–748. https://doi.org/10.1006/jmbi.1996.0897 PMID:
9126849

PLOS ONE Quercetin inhibits IL-1β production in P. aeruginosa-infected humanmacrophages

PLOSONE | https://doi.org/10.1371/journal.pone.0237752 August 20, 2020 15 / 16

https://doi.org/10.1378/chest.14-2337
https://doi.org/10.1378/chest.14-2337
http://www.ncbi.nlm.nih.gov/pubmed/25950204
https://doi.org/10.1378/chest.127.2.558
http://www.ncbi.nlm.nih.gov/pubmed/15705996
https://doi.org/10.1002/ptr.6155
http://www.ncbi.nlm.nih.gov/pubmed/30039547
https://doi.org/10.1016/j.fitote.2015.09.018
http://www.ncbi.nlm.nih.gov/pubmed/26393898
https://doi.org/10.1155/2019/7039802
http://www.ncbi.nlm.nih.gov/pubmed/31781635
https://doi.org/10.3390/nu8030167
http://www.ncbi.nlm.nih.gov/pubmed/26999194
https://doi.org/10.2174/1872213X13666190426164124
https://doi.org/10.2174/1872213X13666190426164124
http://www.ncbi.nlm.nih.gov/pubmed/31814545
https://doi.org/10.1016/j.freeradbiomed.2017.05.003
https://doi.org/10.1016/j.freeradbiomed.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28476502
https://doi.org/10.1007/s10753-017-0542-4
http://www.ncbi.nlm.nih.gov/pubmed/28326454
https://doi.org/10.1016/j.ejphar.2014.09.046
http://www.ncbi.nlm.nih.gov/pubmed/25446924
https://doi.org/10.1038/srep41539
http://www.ncbi.nlm.nih.gov/pubmed/28148962
https://doi.org/10.1038/sc.2015.227
http://www.ncbi.nlm.nih.gov/pubmed/26754474
https://doi.org/10.1371/journal.pone.0038285
http://www.ncbi.nlm.nih.gov/pubmed/22701621
https://doi.org/10.1016/j.jep.2014.03.067
https://doi.org/10.1016/j.jep.2014.03.067
http://www.ncbi.nlm.nih.gov/pubmed/24742751
https://doi.org/10.1016/0022-1759%2883%2990303-4
https://doi.org/10.1016/0022-1759%2883%2990303-4
http://www.ncbi.nlm.nih.gov/pubmed/6606682
https://doi.org/10.1021/acs.jmedchem.7b01075
https://doi.org/10.1021/acs.jmedchem.7b01075
http://www.ncbi.nlm.nih.gov/pubmed/28945083
https://doi.org/10.1016/j.jmb.2008.08.086
http://www.ncbi.nlm.nih.gov/pubmed/18801372
https://pubchem.ncbi.nlm.nih.gov/compound/Quercetin
https://pubchem.ncbi.nlm.nih.gov/compound/Quercetin
https://doi.org/10.1006/jmbi.1996.0897
http://www.ncbi.nlm.nih.gov/pubmed/9126849
https://doi.org/10.1371/journal.pone.0237752


42. Calabrese EJ. Hormetic dose-response relationships in immunology: occurrence, quantitative features
of the dose response, mechanistic foundations, and clinical implications. Crit Rev Toxicol. 2005; 35:
89–295. https://doi.org/10.1080/10408440590917044 PMID: 15839378

43. Dosunmu EF, Emeh RO, Dixit S, Bakeer MK, Coats MT, Owen DR, et al. The anti-microbial peptide
TP359 attenuates inflammation in human lung cells infected with Pseudomonas aeruginosa via TLR5
and MAPK pathways. PLoSOne. 2017; 12: e0176640. https://doi.org/10.1371/journal.pone.0176640
PMID: 28467446

44. Zhang Z, ReenstraW,Weiner DJ, Louboutin J-P, Wilson JM. The p38 mitogen-activated protein kinase
signaling pathway is coupled to Toll-like receptor 5 to mediate gene regulation in response to Pseudo-

monas aeruginosa infection in human airway epithelial cells. Infect Immun. 2007; 75: 5985–5992.
https://doi.org/10.1128/IAI.00678-07 PMID: 17908812

45. Deng Q,Wang Y, Zhang Y, Li M, Li D, Huang X, et al. Pseudomonas aeruginosa triggers macrophage
autophagy to escape intracellular killing by activating NLRP3 inflammasome. Infect Immun. 2016; 84:
56–66. https://doi.org/10.1128/IAI.00945-15 PMID: 26467446

46. Chambers ED,White A, Vang A, Wang Z, Ayala A, Weng T, et al. Blockade of equilibrative nucleoside
transporter 1/2 protects against Pseudomonas aeruginosa–induced acute lung injury and NLRP3
inflammasome activation. FASEB J. 2020; 34: 1516–1531. https://doi.org/10.1096/fj.201902286R
PMID: 31914698

47. Gonzales GB, Camp JV, Vissenaekens H, Raes K, Smagghe G, Grootaert C. Review on the use of cell
cultures to study metabolism, transport, and accumulation of flavonoids: frommono-cultures to co-cul-
ture systems. Compr Rev Food Sci. 2015; 14: 741–754.

48. Be´rube´ J, Roussel L, Nattagh L, Rousseau S. Loss of cystic fibrosis transmembrane conductance reg-
ulator function enhances activation of p38 and ERKMAPKs, increasing interleukin-6 synthesis in airway
epithelial cells exposed to Pseudomonas aeruginosa. J Biol Chem. 2010; 285: 2299–22307.

PLOS ONE Quercetin inhibits IL-1β production in P. aeruginosa-infected humanmacrophages

PLOSONE | https://doi.org/10.1371/journal.pone.0237752 August 20, 2020 16 / 16

https://doi.org/10.1080/10408440590917044
http://www.ncbi.nlm.nih.gov/pubmed/15839378
https://doi.org/10.1371/journal.pone.0176640
http://www.ncbi.nlm.nih.gov/pubmed/28467446
https://doi.org/10.1128/IAI.00678-07
http://www.ncbi.nlm.nih.gov/pubmed/17908812
https://doi.org/10.1128/IAI.00945-15
http://www.ncbi.nlm.nih.gov/pubmed/26467446
https://doi.org/10.1096/fj.201902286R
http://www.ncbi.nlm.nih.gov/pubmed/31914698
https://doi.org/10.1371/journal.pone.0237752

