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Abstract

Scope: Bacterial infection induces mucus overproduction, contributing to acute exacerbations 

and lung function decline in chronic respiratory diseases. A diet enriched in apples may provide 

protection from pulmonary disease development and progression. This study examined whether 

phloretin, an apple polyphenol, inhibits mucus synthesis and secretion induced by the predominant 

bacteria associated with chronic respiratory diseases.

Methods and results: The expression of the mucus constituent mucin 5AC (MUC5AC) in 

FVB/NJ mice and NCI-H292 epithelial cells was analyzed. Nontypeable Haemophilus influenzae 
(NTHi)-infected mice developed increased MUC5AC mRNA, which a diet containing phloretin 

inhibited. In NCI-H292 cells, NTHi, Moraxella catarrhalis, Streptococcus pneumoniae, and 

Pseudomonas aeruginosa increased MUC5AC mRNA, which phloretin inhibited. Phloretin also 

diminished NTHi-induced MUC5AC protein secretion. NTHi-induced increased MUC5AC 

required toll-like receptor 4 (TLR4) and NADH oxidase 4 (NOX4) signaling and subsequent 

activation of the epidermal growth factor receptor (EGFR)/mitogen-activated protein kinase 

(MAPK) pathway. Phloretin inhibited NTHi-induced TLR4/NOX4 and EGFR/MAPK signaling, 

thereby preventing increased MUC5AC mRNA. EGFR activation can also result from increased 

EGFR ligand synthesis and subsequent ligand activation by matrix metalloproteinases (MMPs). In 

NCI-H292 cells, NTHi increased EGFR ligand and MMP1 and MMP13 mRNA, which phloretin 

inhibited.

Conclusions: In summary, phloretin is a promising therapeutic candidate for preventing 

bacterial-induced mucus overproduction.
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INTRODUCTION

Mucus secretion is a critical component of the innate immune system that traps and clears 

pathogens from the airway [1, 2]. However, bacterial-induced mucus overproduction can 

contribute to airflow limitation and lung function decline, particularly in chronic respiratory 

diseases [3, 4]. Apples and other hard fruits may provide protection from pulmonary disease 

development and progression. Butland and colleagues found that persons eating five or more 

apples per week had better lung function, as indicated by increased forced expiratory volume 

in 1 second (FEV1), compared to non-consumers [5]. Because the protection associated with 

apple consumption was independent of vitamin C or E intake, these investigators suggested 

this might be due to other antioxidant constituents of apples such as polyphenols. Apple 

polyphenols include phloridzin and its metabolite phloretin [3-(4-hydroxyphenyl)-1-(2,4,6-

trihydroxyphenyl) propan-1-one] [6]. Phloretin is a promising candidate for protecting 

against bacterial infection due to its antimicrobial and anti-inflammatory activity [7].

We sought to examine whether phloretin could protect against mucus overproduction 

induced by nontypeable Haemophilus influenzae (NTHi), Moraxella catarrhalis (M. 
catarrhalis), Streptococcus pneumoniae (S. pneumoniae), and Pseudomonas aeruginosa (P. 
aeruginosa), which have been implicated in mucus production in chronic obstructive 

pulmonary disease (COPD) [3, 8]. We specifically analyzed the mucus constituent mucin 

5AC, oligomeric mucus/gel-forming (MUC5AC). MUC5AC is a major component of airway 

mucus, produced and secreted by surface goblet cells and submucosal glands to trap and 

clear microbes and particles from the lung [9]. MUC5AC production is regulated by the 

epidermal growth factor receptor (EGFR) and mitogen-activated protein kinase (MAPK) 

signaling pathway [10–12].

Previously, bacteria and viruses have been found to increase MUC5AC production through 

EGFR-MAPK signaling [13, 14]. Phloretin has been reported to inhibit cigarette smoke-

induced mucus overproduction in mice through EGFR inhibition, suppressing 

phosphorylation of MAPK family members MAPK3/1 (aka ERK1/2) and MAPK14 (aka 

p38) [15]. In this study, we examined whether phloretin altered pathogen-induced cell 

signaling pathways that mediate MUC5AC overproduction.

EXPERIMENTAL SECTION

A detailed description of methods and reagents is listed in the Supporting Information. 

Briefly, male and female FVB/NJ mice were provided a diet supplemented with or without 

phloretin (667 ppm) 1 week prior to NTHi exposure. Studies with mice were conducted with 

approval of the Institutional Animal Use and Care Committee of the University of Pittsburgh 

(Protocol# 16088599). Mouse pulmonary MUC5AC mRNA (RT-qPCR) was measured. 

MUC5AC mRNA was measured in human airway epithelial cells (NCI-H292) incubated 

with or without phloretin and exposed to the pathogens NTHi, M. catarrhalis, S. 
pneumoniae, or P. aeruginosa (strain PAO1). The time course of NTHi-induced MUC5AC 

mRNA and secreted MUC5AC protein (ELISA) was determined. To evaluate if NTHi 

exposure induced reactive oxygen species (ROS) production in NCI-H292 cells, 
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dihydroethidium (DHE) was measured (flow cytometry). TLR4 and NADPH oxidase 4 

(NOX4) protein (Western blot) and MUC5AC mRNA were measured in NTHi-exposed 

NCI-H292 cells treated with TAK-242 (resatorvid), a TLR4 inhibitor, diphenyleneiodonium 

(DPI), a NOX inhibitor, or propyl gallate (PG), a ROS scavenger. EGFR, MAPK3/1, and 

MAPK8 protein (Western blot) and MUC5AC mRNA was measured in NCI-H292 cells 

treated with phloretin or inhibitors of EGFR kinase (AG-1478), MAPK3/1 (FR180204), and 

MAPK8 (SP600125) prior to NTHi exposure. The continued activation of the pathway was 

assessed by measuring matrix metalloproteinases (MMP 1, 2, 3, 7, 8, 9, 10, 12, and 13) by 

using biotinylated antibodies and RT-qPCR. EGFR ligands (epidermal growth factor (EGF), 

epiregulin (EREG), amphiregulin (AREG), heparin-binding EGF (HBEGF), transforming 

growth factor-α (TGFA), epigen (EPGN), and betacellulin (BTC)) were measured by RT-

qPCR. Results are expressed as means ± SEM with significance (p<0.05) determined by 

analysis of variance (ANOVA) followed by Dunnett’s, Tukey’s, or Holm-Sidak’s multiple 

comparisons tests.

RESULTS

Phloretin inhibits pathogen-induced MUC5AC in mice and NCI-H292 cells:

In mice, intratracheal and intranasal instillation of NTHi induces pulmonary 

histopathological changes including bronchial, bronchiolar, and alveolar epithelial injury and 

inflammatory cell infiltration [16–19]. In this study, intratracheal NTHi also induced 

inflammatory cell influx into the airways, particularly neutrophils, which a phloretin-

enriched diet inhibited (Figure S1, Supporting Information). Previously, phloretin was found 

to protect against ovalbumin [20] and cigarette smoke-induced [15] MUC5AC production in 

mice. To examine whether phloretin protects against pathogen-induced MUC5AC, mice 

were supplied a diet supplemented with phloretin and intratracheally exposed to NTHi. 

NTHi induced MUC5AC, which the phloretin diet inhibited (Figure 1A).

To further examine the inhibitory mechanism of phloretin on increased mucin formation, 

NCI-H292 cells, a human pulmonary epithelial cell line, were exposed to the pathogens 

(NTHi, M. catarrhalis, S. pneumoniae, and P. aeruginosa strain PAO1) with and without 

phloretin pretreatment. Each pathogen increased MUC5AC mRNA in NCI-H292 cells 

(Figure 1B). Phloretin suppressed MUC5AC induced by these pathogens relative to vehicle-

control treated cells (Figure 1B). Phloretin inhibited NTHi-induced MUC5AC mRNA 

(Figure 1C) and protein (Figure 1D) in NCI-H292 cells in a time dependent manner. 

Phloretin is anti-tumorigenic, reducing cancer cell proliferation partially through its 

inhibition of glucose transport [21]. To demonstrate that the suppression of MUC5AC did 

not result from cytotoxicity of the NCI-H292 cancer cell line, lactate dehydrogenase (LDH) 

release and ATP was measured (Figure S2, Supporting Information). Phloretin treatment did 

not increase LDH release or reduce ATP levels compared to vehicle treated cells.

Previous studies have found that other polyphenols, including resveratrol, epigallocatechin 

gallate (EGCG), and curcumin, can inhibit MUC5AC induction in mouse lung and other 

cells following various insults [22–24]. We pretreated cells with polyphenol concentrations 

that exhibited maximum bioactivity without toxicity. Relative to the other polyphenols, 

Birru et al. Page 3

Mol Nutr Food Res. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phloretin had comparable or greater inhibition of NTHi-induced MUC5AC mRNA (Figure 

1E).

Phloretin protects against EGFR activation by TLR4/NOX4-mediated ROS:

TLR4 rapidly recognizes and responds to microbial insults by inducing an inflammatory 

cascade [25] and is essential for mediating the response to the pathogens we examined in 

this study [18, 26–29]. Lipopolysaccharide (LPS) is a pathogen-associated molecular pattern 

on gram-negative bacteria that is recognized by TLR4, eliciting an innate immune response 

[25]. To determine the involvement of the TLR4 in MUC5AC transcript expression, we 

treated NCI-H292 cells with P. aeruginosa derived LPS. LPS increased MUC5AC mRNA, 

suggesting a role of TLR4 in mucin transcript increase (Figure 2A). Phloretin inhibited this 

increase (Figure 2A).

Activated TLR4 can interact with NOX4, an enzyme that generates superoxide [30]. To 

examine the role of NOX4 in NTHi-induced MUC5AC transcript level increase, we first 

determined whether NTHi could increase ROS in NCI-H292 cells. NTHi increased 

intracellular ROS levels, as measured by dihydroethidium (Figure 2B). TLR4 involvement 

was measured by pretreating cells with TAK-242, a TLR4 inhibitor. TAK-242 inhibited 

NTHi-induced increased ROS, as did phloretin (Figure 2B). Phloretin did not reduce 

baseline ROS in cells (Figure S3A, Supporting Information). Furthermore, inhibition of 

TLR4 and ROS by diphenyleneiodonium (DPI), a NOX inhibitor, and propyl gallate (PG), a 

ROS scavenger, inhibited an increase in MUC5AC mRNA induced by NTHi (Figure 2C). To 

further determine whether NOX4 is involved in generating ROS in response to NTHi, we 

measured protein expression by Western blot. Activation of TLR4 does not require an 

increase in receptor protein levels, however, we found that NTHi induced an increase in 

TLR4 as well as NOX4 protein in NCI-H292 cells, which phloretin reduced (Figure 2D). 

This is in agreement with other exposures that have induced increases in TLR4 protein in 

vitro, including LPS [31] and cigarette smoke [32]. Phloretin did not affect baseline 

expression of TLR4 or NOX4 (Figure S3B, Supporting Information).

EGFR is a redox-sensitive receptor [33] that responds to numerous exposures (including 

bacteria, viruses, and cigarette smoke) to facilitate mucus production in the airway [13]. We 

examined if NTHi could activate TLR4-NOX4 signaling and whether the resulting ROS 

could lead to EGFR activation. To examine whether ROS generated by TLR4/NOX4 

signaling could induce EGFR activation, we measured EGFR phosphorylation after NTHi 

exposure in the presence of TLR4, NOX, or ROS inhibitors. Upon stimulation, EGFR 

creates homo- and heterodimers, leading to its autophosphorylation at several C-terminal tail 

sites within its kinase domain, including Tyr-1068 [33]. Furthermore, EGFR can be activated 

by tyrosine kinases (e.g. SRC), which transphosphorylate its kinase domain at Tyr-845 [33]. 

NTHi increased autophosphorylation (Y1068) and transphosphorylation (Y845) of EGFR 

within 30 min, which the inhibitors reduced, supporting the involvement of TLR4/NOX4 

signaling (Figure 2E). Thus, phloretin suppression of NTHi-induced MUC5AC expression 

in NCI-H292 cells involves TLR4/NOX4 signaling that leads to ROS formation and EGFR 

phosphorylation. The inhibitors did not alter baseline expression of EGFR phosphorylation 

(Figure S3C, Supporting Information).
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Phloretin inhibits NTHi-induced increased MUC5AC by inhibiting EGFR-MAPK signaling 
cascade:

To measure EGFR involvement in MUC5AC transcript increase following NTHi exposure, 

NCI-H292 cells were treated with AG-1478, an EGFR kinase inhibitor, and MUC5AC 

mRNA was measured (Figure 3A). AG-1478 decreased NTHi-induced MUC5AC mRNA 

(Figure 3A). In addition, FR180204 and SP600125, inhibitors to MAPK3/1 (aka ERK1/2) 

and MAPK8 (aka JNK), respectively, inhibited NTHi-induced MUC5AC transcript increase 

(Figure 3A). We next investigated whether phloretin inhibition of MUC5AC is through the 

EGFR-MAPK pathway. Phloretin inhibited NTHi-mediated EGFR phosphorylation (Figure 

3B). Phloretin also decreased NTHi-induced phosphorylation of MAPK3/1 and MAPK8 

protein (Figure 3B), but not MAPK14 (aka p38) (Figure S4, Supporting Information). 

Furthermore, AG-1478 pretreatment inhibited MAPK3/1 and MAPK8 phosphorylation, but 

did not alter MAPK14 phosphorylation, thereby linking activation of EGFR by NTHi to 

MAPK3/1 and MAPK8 signaling. Thus, phloretin inhibits NTHi-induced MUC5AC by 

suppressing the EGFR-MAPK signaling cascade.

To connect the TLR4 and NOX4-induced ROS activation of EGFR to the MAPK pathway, 

we inhibited TLR4 (by TAK-242), NOX activity (by DPI), and ROS (by PG). All inhibitors 

reduced NTHi-induced phosphorylation of MAPK3/1 and MAPK8 (Figure 3C). Therefore, 

phloretin inhibits NTHi activation of TLR4/NOX4 signaling and the subsequent EGFR/

MAPK pathway.

Phloretin protects against NTHi-induced increased MMP and EGFR ligand expression:

MMPs cleave EGFR ligands, which are synthesized as transmembrane precursors [34]. 

Subsequently, EGFR ligands induce EGFR dimerization and autophosphorylation of 

endogenous protein tyrosine residues [33]. An array of MMP proteins (MMP 1, 2, 3, 7, 8, 9, 

10, 12, and 13) were measured in NCI-H292 cell culture supernatant following treatment 

with vehicle control, phloretin, NTHi, or NTHi with phloretin exposure. Phloretin decreased 

baseline levels of MMP13 protein and NTHi-induced MMP1 and MMP13 protein (Figure 

4A). Phloretin also decreased baseline protein levels of MMP7 and MMP10 (Table S2, 

Supporting Information). However, NTHi exposure did not induce release of these MMP 

proteins into the cell culture supernatant (Table S2, Supporting Information). In addition, 

NTHi increased MMP1 and MMP13 transcripts and phloretin inhibited these increases 

(Figure 4B and 4C).

To determine the involvement of the EGFR-MAPK pathway in MMP production, NCI-H292 

cells were pretreated with inhibitors of EGFR phosphorylation (AG-1478), MAPK3/1 

(FR180204), or MAPK8 (SP600125) (Figure 4D). Inhibition of EGFR phosphorylation and 

downstream MAPK3/1 and MAPK8 inhibited NTHi-induced increased MMP1 mRNA 

(Figure 4D). NTHi-induced MMP13 transcripts were not affected by inhibition of EGFR 

phosphorylation, but were reduced by MAPK3/1 and MAPK8 inhibition (Figure 4D).

EGFR ligand mRNAs were measured by RT-qPCR 8h after NTHi exposure of NCI-H292 

cells. NTHi exposure increased EREG, AREG, and HBEGF mRNA, which phloretin 

inhibited (Figure 5A). NTHi also increased TGFA, which phloretin treatment did not alter. 
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NTHi induced a decrease in EGF and did not affect EPGN and BTC mRNA (Table S3, 

Supporting Information).

Inhibition of EGFR phosphorylation (AG-1478) inhibited NTHi-induced increased EREG, 

AREG, and HBEGF mRNA (Figure 5B). Transcript levels of NTHi-induced EREG and 

AREG were reduced by MAPK3/1 (FR180204) and MAPK8 (SP600125) inhibition, 

whereas those of HBEGF were not (Figure 5B). Therefore, phloretin inhibits NTHi-induced 

EGFR-MAPK activation of MMPs and EGFR ligands, preventing the continued activation 

of this cascade.

DISCUSSION

Epidemiological studies have found that apples are protective against cough and phlegm 

development [35], lung function decline [5, 36], and the development of chronic lung 

disorders [37]. In this study, we offer a mechanism by which the apple polyphenol phloretin 

can alter pathogen-induced MUC5AC induction in airway epithelial cells. We found that 

NTHi initially induced MUC5AC by TLR4/NOX4 mediated ROS and EGFR 

phosphorylation. Subsequently, increased MUC5AC mRNA was maintained via EGFR 

signaling through increased metalloproteinase and EGFR ligand production. Consistent with 

previous studies in mice [16–19], intratracheal NTHi exposure in our study induced 

pulmonary inflammation, particularly neutrophil influx, which phloretin inhibited. 

Moreover, phloretin inhibited the increase in MUC5AC induced by NTHi in mouse lung and 

human airway epithelial cells. In human airway epithelial cells, phloretin inhibited TLR4 

and NOX4 signaling, reducing ROS and downstream EGFR phosphorylation.

Previously, Kim et al. found that phloretin can directly interact with the TLR2 receptor and 

inhibit heterodimerization of the receptor with TLR1, preventing its activation [38]. We 

propose that phloretin could be directly interacting with the TLR4 receptor or inhibiting 

downstream TLR4 activated signaling cascades (Figure 6).

In addition, phloretin inhibited NTHi-induced increases in MMP1 and MMP13 mRNA. 

Matrix metalloproteinases (MMPs) activate membrane bound EGFR-ligands [34], and 

phloretin also inhibited NTHI-induced increased EREG, AREG, and HBEGF mRNA. Thus, 

phloretin was effective in reducing both the initial activation and maintenance of EGFR-

MAPK signaling that sustained MUC5AC induction.

Previously, two mechanisms of bacterial-induced increased MUC5AC mRNA have been 

proposed. The first involves TLR2 stimulation, leading to MAPK14 (aka p38) and NF-κB 

activation [39–43]. This pathway was identified using bacterial whole cell lysate [41–43] or 

lysates of NTHi cytoplasmic proteins [40] and outer membrane lipoprotein P6 [39, 41]. The 

second involves nicotinamide adenine dinucleotide phosphate (NADPH) oxidase generated 

ROS that may lead to ligand–dependent activation of EGFR [33]. Cigarette smoke- or 

hydrogen peroxide-induced oxidative stress also can increase MUC5AC mRNA through 

NADPH oxidase, leading to the activation of ligand-dependent and ligand-independent 

EGFR activation [44–46]. In some incidences, both MAPK14 and MAPK 3/1 pathways can 
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be activated and act synergistically to induce MUC5AC production [47, 48]. In this case, 

MUC5AC induction is mediated by MAPK3/1 (ERK1/2) activation.

Consistent with these studies, we found that NTHi interaction with the TLR4 receptor 

resulted in subsequent NOX4 mediated ROS production that, in turn, induced 

phosphorylation of the Y1068 and Y845 EGFR tyrosine kinase sites. We determined that 

MAPK3/1 and MAPK8 are essential for NTHi-induced MUC5AC in human airway 

epithelial cells. In addition, we found that NTHi exposure leads to a delayed increase in 

MMP1 and MMP13 transcripts and EGFR ligands, which could sustain the induction of 

MUC5AC by further EGFR stimulation.

Previously, phloretin was found to directly inhibit EGFR phosphorylation by interacting 

with the ATP binding pocket of EGFR, preventing tyrosine kinase activity [49]. In this study, 

we found that phloretin also attenuated EGFR phosphorylation indirectly through upstream 

NOX4 signaling inhibition. In addition, phloretin diminished NTHi induced collagenases 

MMP13 and MMP1 and EGFR ligand formation. MMP13 can activate MMP2 and MMP9, 

and proMMP13 activation can be achieved by autoactivation or by other MMPs such as 

MMP2, MMP3, and MMP14, and it is inhibited by tissue inhibitors of MMPs (TIMPs) [50–

53]. Activation of MMP9 can lead to MUC5AC formation [12, 54, 55].

Importantly, increased MMP1 also has been associated with alveolar destruction in 

numerous infectious and chronic respiratory diseases, including Mycobacterium tuberculosis 
[56] and emphysema [57–61]. The role of phloretin in preventing alveolar disruption 

requires further investigation, however. Nonetheless, phloretin may provide protection from 

bacterial-induced airway mucus overproduction by inhibiting MUC5AC and MMP13, and 

may provide protection from alveolar proteinase imbalance by inhibiting MMP1.

Apples contain approximately 5.6 mg of phloretin and its glycosides per 100 g of fresh fruit 

(approximately the weight of one apple) [6]. In humans, Schulze et al. found that venous 

blood glucose and plasma insulin decreased after an oral glucose tolerance test with oral 

supplementation of 2.8 g apple extract containing 448 mg phloretin [62], which is equivalent 

to roughly 80 apples. Therefore, a clinically relevant dietary intervention in humans would 

require an apple extract or phloretin isolate supplement, which are both commercially 

available. Our findings indicate that phloretin supplementation may have clinical 

significance for use against pathogen-induced mucus overproduction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MMP Matrix metalloproteinase

MAPK Mitogen-activated protein kinase

M. catarrhalis Moraxella catarrhalis

MUC5AC Mucin 5AC oligomeric mucus/gel-forming

NADPH Nicotinamide adenine dinucleotide phosphate

NOX4 Nicotinamide adenine dinucleotide phosphate oxidase 4

NTHi Nontypeable Haemophilus influenzae

P. aeruginosa Pseudomonas aeruginosa

ROS Reactive oxygen species

S. pneumoniae Streptococcus pneumoniae

TLR4 Toll-like receptor 4
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Figure 1. Phloretin inhibits pathogen-induced mucin 5AC, oligomeric mucus/gel-forming 
(MUC5AC) increase in mouse lung and respiratory cells.
A. Phloretin inhibits nontypeable Haemophilus influenzae (NTHi)-induced MUC5AC 
mRNA increase in FVB/NJ mouse lung. Mice were supplied food without or with 667 

ppm phloretin supplementation ad libitum for 1 wk and intratracheally exposed to control 

treatment (PBS) or 105 CFU NTHi. After 24h, lung specimens were collected and MUC5AC 

and RPL32 transcripts were measured by RT-qPCR (n=8–9/group, male (closed symbols) 

and female (open symbols)). Values are log2 fold change of MUC5AC relative to standard 
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diet control treated mice and normalized to RPL32. Lines indicate mean ± SEM. 

*Significantly different (p<0.05) in NTHi-treated mice with standard diet exposure 

compared to phloretin diet exposure, as determined by ANOVA followed by Tukey’s 

multiple comparison method. B. Phloretin inhibits increased MUC5AC mRNA induced 
by several common respiratory pathogens in NCI-H292 cells. NCI-H292 cells were 

treated with 100 μM phloretin (1 h, 37 °C) and exposed to multiplicity of infection 

(MOI)=7.5 NTHi, MOI=40 Moraxella catarrhalis, MOI=5 Streptococcus pneumoniae, or 

MOI=0.07 Pseudomonas aeruginosa strain PAO1 (24h, 37 °C). MUC5AC and RPL32 

transcripts were measured by RT-qPCR. Values (mean ± SEM, n=6–9) are log2 fold change 

of MUC5AC relative to vehicle control treated cells and normalized to RPL32. 

*Significantly different (p<0.05) in pathogen + phloretin compared to pathogen alone treated 

cells, as determined by ANOVA followed by Tukey’s multiple comparison method. C. 
Phloretin inhibits NTHi-induced increased MUC5AC mRNA in a time-dependent 
manner. NCI-H292 cells were pretreated without or with 100 μM phloretin (1 h, 37°C) and 

exposed to MOI 7.5 NTHi. At indicated times, mRNA was isolated and MUC5AC and 

RPL32 transcripts were measured by RT-qPCR. Values (mean ± SEM, n = 6–12) are log2 

fold change of MUC5AC normalized to RPL32. *Significantly different (p<0.05) in NTHi 

compared to vehicle control treated cells, as determined by ANOVA followed by Tukey’s 

multiple comparison method. D. Phloretin inhibits NTHi-induced increased MUC5AC 
protein in a time-dependent manner. NCI-H292 cells were pretreated without or with 100 

μM phloretin (1 h, 37°C) and exposed to medium control or MOI 7.5 NTHi. At indicated 

times, supernatant was collected and MUC5AC was measured by ELISA. Values (mean ± 

SEM, n=6–12) are fold change of MUC5AC of phloretin- and pathogen-treated cells relative 

to vehicle control treated cells. *Significantly different (p<0.05) in NTHi compared to 

vehicle control treated cells, as determined by ANOVA followed by Dunnett’s multiple 

comparisons test. E. Phloretin inhibits NTHi-induced MUC5AC mRNA in NCI-H292 
cells similarly to or greater than other polyphenols. NCI-H292 cells were treated with 

100 μM phloretin, 100 μM resveratrol, 10 μM epigallocatechin gallate (EGCG), or 100 μM 

curcumin (1 h) and exposed to NTHi (24 h). MUC5AC and RPL32 transcripts were 

measured by RT-qPCR. Values (mean ± SEM, n=6–9) are log2 fold change of MUC5AC 

normalized to RPL32 relative to vehicle control treated cells. *Significantly different 

(p<0.05) from NTHi alone treated cells, as determined by ANOVA followed by Tukey’s 

multiple comparison method. Tests were performed on ≥2 occasions.
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Figure 2. Phloretin inhibits NTHi-induced phosphorylation of the epidermal growth factor 
receptor (EGFR)-MAPK pathway through toll-like receptor 4 (TLR4)-NADPH oxidase 4 
(NOX4) signaling.
A. Lipopolysaccharide (LPS) induces mucin 5AC, oligomeric mucus/gel-forming 
(MUC5AC) mRNA in NCI-H292 cells, which is inhibited by phloretin. NCI-H292 cells 

were treated without or with 100 μM phloretin and exposed to 1 μg/mL LPS (24 h). 

MUC5AC and RPL32 mRNA was measured by RT-qPCR. Values (mean ± SEM, n=9) are 

log2 fold change of MUC5AC mRNA normalized to RPL32 relative to vehicle control 

treated cells. *Significantly different (p<0.05) in LPS + phloretin compared to LPS alone 
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treated cells, as determined by ANOVA followed by Tukey’s multiple comparison method. 

B. NTHi increases reactive oxygen species (ROS) production in NCI-H292 cells, which 
is inhibited by phloretin and a TLR4 inhibitor, TAK-242. NCI-H292 cells were exposed 

to vehicle, 100 μM phloretin, or 30 μM TAK-242 (1 h) and stimulated with NTHi (30 min). 

Intracellular ROS production was detected by phycoerythrin (PE)-conjugated 

dihydroethidium (DHE) using flow cytometry (excitation 488 nm, emission 585 nm). (Left 

Panel) Representative result (10,000 cells) of increased fluorescence following NTHi 

treatment (dash line) compared to control (solid line). (Right Panel) Fluorescence intensity 

(mean ± SEM, n=4) of vehicle alone, NTHi, NTHi + phloretin, and NTHi + TAK-242 

treated cells. †Significantly different (p<0.05) from vehicle control as determined by 

ANOVA followed by Dunnett’s multiple comparison method. *Significantly different 

(p<0.05) from NTHi treated cells as determined by ANOVA followed by Dunnett’s multiple 

comparison method. C. Inhibition of TLR4 and ROS reduces NTHi-induced MUC5AC 
mRNA. NCI-H292 cells were incubated (1h) with (Left Panel) 30 μM TAK-242 or (Right 

Panel) 10 μM diphenyleneiodonium (DPI), a NADPH oxidase inhibitor, or 100 μM propyl 

gallate (PG), a ROS scavenger, and stimulated with NTHi (8h). MUC5AC and RPL32 

mRNA were measured by RT-qPCR. Values (mean ± SEM, n=9–18) are log2 fold change of 

MUC5AC normalized to RPL32 relative to vehicle control treated cells. *Significantly 

different (p<0.05) from NTHi treated cells as determined by ANOVA followed by Tukey’s 

multiple comparison method. D. NTHi increases TLR4 and NOX4 protein, which 
phloretin inhibits. NCI-H292 cells were pretreated with vehicle or 100 μM phloretin (1 h) 

and exposed to NTHi (30 min). (Left Panel) Cell protein extract was collected and 

immunoblotted with anti-TLR4, anti-NOX4, or anti-β-actin antibodies. (Right Panel) Values 

(mean ± SEM, n=4) are fold change in protein expression relative to vehicle control 

normalized to the β-actin control. *Significantly different (p<0.05) from NTHi treated cells 

as determined by ANOVA followed by Tukey’s multiple comparisons method. E. Inhibition 
of TLR4 and ROS inhibits NTHi-induced EGFR phosphorylation. NCI-H292 cells were 

pretreated with TAK-242, DPI, or PG (1 h) and exposed to NTHi (30 min). (Left Panel) Cell 

protein extract was collected and immunoblotted for phosphorylated EGFR (anti-Y1068 or 

anti-Y845) or anti-β-actin. (Right Panel) Values (mean ± SEM, n=4) are fold change in 

protein expression relative to vehicle control normalized to the β-actin control. 

*Significantly different (p<0.05) from NTHi treated cells as determined by ANOVA 

followed by Tukey’s multiple comparisons method. Tests were performed on ≥2 occasions.
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Figure 3. Phloretin inhibits NTHi-induced mucin 5AC, oligomeric mucus/gel-forming 
(MUC5AC) as mediated by epidermal growth factor receptor (EGFR)-mitogen-activated protein 
kinase (MAPK) signaling.
A. Inhibition of EGFR phosphorylation, MAPK3/1, and MAPK8 reduces NTHi-
induced MUC5AC. NCI-H292 cells were incubated (1h) with vehicle or (Left panel) 1 μM 

AG-1478, an EGFR kinase inhibitor, or (Right Panel) 30 μM FR180204, a MAPK3/1 (aka 

ERK1/2) inhibitor, or 100 μM SP600125, a MAPK8 (aka JNK) inhibitor and stimulated with 

NTHi (8h). MUC5AC and RPL32 transcripts were measured by RT-qPCR. Values (mean ± 

SEM, n=6–12) are log2 fold change of MUC5AC mRNA normalized to RPL32 relative to 

vehicle control treated cells. *Significantly different (p<0.05) compared to NTHi alone 
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treated cells as determined by ANOVA followed by Tukey’s multiple comparison method. 

B. NTHi increases phosphorylation of EGFR, MAPK3/1, and MAPK8, which phloretin 
and AG-1478 inhibits. NCI-H292 cells were pretreated with vehicle, 100 μM phloretin, or 1 

μM AG-1478 (1 h) and exposed to NTHi (30 min). (Left Panel) Cell protein extract was 

collected and immunoblotted with antibodies for β-actin (protein loading control) or 

phosphorylated EGFR, MAPK3/1, or MAPK8 protein. (Right Panel) Values (mean ± SEM, 

n=4) are fold change in protein expression relative to vehicle control normalized to the β-

actin control. *Significantly different (p<0.05) from NTHi treated cells as determined by 

ANOVA followed by Tukey’s multiple comparisons method. C. Inhibition of TLR4 or 
ROS inhibits downstream NTHi-induced MAPK signaling. NCI-H292 cells were 

incubated (1h) with 30 μM TAK-242, a TLR4 inhibitor, 10 μM diphenyleneiodonium (DPI), 

a NADPH oxidase inhibitor, or 100 μM propyl gallate (PG), a ROS scavenger, and 

stimulated with NTHi (30 min). (Right Panel) Values (mean ± SEM, n=4) are fold change in 

protein expression relative to vehicle control normalized to the β-actin control. 

*Significantly different (p<0.05) from NTHi treated cells as determined by ANOVA 

followed by Tukey’s multiple comparisons method. Tests were performed on ≥2 occasions.
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Figure 4. Phloretin inhibits matrix metalloproteinase (MMP) production stimulated by NTHi 
induced epidermal growth factor receptor (EGFR)-mitogen-activated protein kinase (MAPK) 
signaling.
A. Phloretin decreases baseline levels of MMP13 protein and NTHi-induced MMP1 
and MMP13 protein. NCI-H292 cells were pretreated without or with 100 μM phloretin (1 

h) and exposed to NTHi (8 h). Secreted MMP1 and MMP13 protein were measured in cell 

supernatant by Luminex multiplex assay. Values (mean ± SEM, n = 9–10) are protein 

concentration (pg/mL). †Significant difference (p<0.05) between vehicle and NTHi-treated 

cells as determined ANOVA followed by Holm-Sidak multiple comparisons method. 

*Significantly different (p<0.05) from NTHi treated cells, as determined ANOVA followed 

by Holm-Sidak multiple comparison method. B. Phloretin inhibits NTHi-induced 
increased MMP1 transcript. NCI-H292 cells were pretreated without or with 100 μM 

phloretin (1 h) and exposed to NTHi (1, 4, and 8 h). MMP1 and RPL32 transcripts were 

measured by RT-qPCR. Values (mean ± SEM, n =8–9) are log2 fold change of MMP1 

mRNA normalized to RPL32 relative to vehicle control treated cells. *Significantly different 

(p<0.05) in NTHi compared to vehicle control treated cells, as determined by ANOVA 

followed by Tukey’s multiple comparisons method. C. Phloretin inhibits NTHi-induced 
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increased MMP13 transcript. NCI-H292 cells were pretreated without or with 100 μM 

phloretin (1 h) and exposed to NTHi (1, 4, and 8 h). MMP13 and RPL32 transcripts were 

measured by RT-qPCR. Values (mean ± SEM, n=8–9) are log2 fold change of MMP13 

mRNA normalized to RPL32 relative to vehicle control treated cells. *Significantly different 

(p<0.05) in NTHi compared to vehicle control treated cells, as determined by ANOVA 

followed by Tukey’s multiple comparisons method. D. Inhibition of MMP1 is through the 
EGFR-MAPK pathway whereas inhibition of MMP13 is through MAPK signaling. 

NCI-H292 cells were pretreated (1 h) with 1 μM AG-1478, an EGFR inhibitor, 30 μM 

FR180204, a MAPK3/1 inhibitor, or 100 μM SP600125, a MAPK8 inhibitor, and exposed to 

NTHi (8 h). MMP1, MMP13 and RPL32 transcripts were measured by RT-qPCR. Values 

(mean ± SEM, n=6–12) are log2 fold change of MMP1 and MMP13 mRNA normalized to 

RPL32 relative vehicle control treated cells. *Significantly different (p<0.05) from NTHi 

treated cells, as determined by ANOVA followed by Tukey’s multiple comparisons method. 

Tests were performed on ≥2 occasions.
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Figure 5. Phloretin inhibits NTHi-induced ligand-dependent epidermal growth factor receptor 
(EGFR)-mitogen-activated protein kinase (MAPK) signaling.
A. NTHi increases EGFR ligand transcripts, which phloretin inhibits. NCI-H292 cells 

were pretreated without or with 100 μM phloretin (1 h) and exposed to NTHi (8 h). 

Epiregulin (EREG), amphiregulin (AREG), heparin-binding EGF-like growth factor 

(HBEGF), transforming growth factor (TGFA), and RPL32 transcripts were measured by 

RT-qPCR. Values (mean ± SEM, n=9) are log2 fold change of EGFR ligand mRNA 

normalized to RPL32 relative to vehicle control treated cells. *Significantly different 

(p<0.05) from NTHi treated cells, as determined by ANOVA followed by Tukey’s multiple 

comparisons method. B. NTHi-induced EREG, AREG, and HBEGF transcripts are 
inhibited by EGFR and MAPK signaling inhibitors. NCI-H292 cells were pretreated (1 

h) with vehicle (control), 1 μM AG-1478, an EGFR inhibitor, 30 μM FR180204, a 

MAPK3/1 inhibitor, or 100 μM SP600125, a MAPK8 inhibitor, and exposed to NTHi (8 h). 

EREG, AREG, HBEGF, and RPL32 transcripts were measured by RT-qPCR. Values (mean 

± SEM, n= 6–12) are log2 fold change of EGFR ligand mRNA normalized to RPL32 

relative to vehicle control treated cells. *Significantly different (p<0.05) from NTHi treated 

cells, as determined by ANOVA followed by Tukey’s multiple comparisons method. Tests 

were performed on ≥2 occasions.
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Figure 6. Proposed mechanism of phloretin protection against pathogen-induced mucin 5AC, 
oligomeric mucus/gel-forming (MUC5AC).
NTHi infection induces reactive oxygen species (ROS) by toll-like receptor 4 (TLR4)-

NADPH oxidase 4 (NOX4) signaling (inhibited by phloretin, TAK-242, DPI, and PG), 

resulting in the phosphorylation of epidermal growth factor receptor (EGFR) tyrosine 

residues (inhibited by phloretin and AG-1478). This results in the downstream 

phosphorylation of the mitogen-activated protein kinase (MAPK) members MAPK3/1 

(inhibited by phloretin and FR180204) and MAPK8 (inhibited by phloretin and SP600125), 

which leads to induction of MUC5AC expression. Stimulation of this pathway induces 

matrix metalloproteinase (MMP) and EGFR ligand production, resulting in the continued 

activation of the EGFR-MAPK cascade and MUC5AC production, which phloretin inhibits.
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