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GRAPHICAL ABSTRACT
Background: Defects in the epithelial barrier have recently been
associated with asthma and other allergies. The influence of
laundry detergents on human bronchial epithelial cells (HBECs)
and their barrier function remain unknown.
Objective: We investigated the effects of laundry detergents on
cytotoxicity, barrier function, the transcriptome, and the
epigenome in HBECs.
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Methods: Air-liquid interface cultures of primary HBECs
from healthy control subjects, patients with asthma, and
patients with chronic obstructive pulmonary disease were
exposed to laundry detergents and detergent residue after
rinsing. Cytotoxicity and epithelial barrier function were
evaluated. RNA sequencing, Assay for Transposase Accessible
Chromatin with high-throughput sequencing, and DNA
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Abbreviations used

ALI: Air-liquid interface

ATAC-seq: Assay for Transposase Accessible Chromatin with high-

throughput sequencing

BP: Biological process

COPD: Chronic obstructive pulmonary disease

DEG: Differentially expressed gene

DMP: Differentially methylated probe

FITC: Fluorescein isothiocyanate

GO: Gene Ontology

HBEC: Human bronchial epithelial cell

LDH: Lactate dehydrogenase

RNA-seq: RNA sequencing

SDBS: Sodium dodecyl benzene sulfonate

TER: Transepithelial electrical resistance

TJ: Tight junction

TSLP: Thymic stromal lymphopoietin

UPLC: Ultraperformance liquid chromatography

ZO-1: Zonula occludens 1
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methylation arrays were used for checking the transcriptome
and epigenome.
Results: Laundry detergents and rinse residue showed dose-
dependent toxic effects on HBECs, with irregular cell shape and
leakage of lactate dehydrogenase after 24 hours of exposure.
A disrupted epithelial barrier function was found with
decreased transepithelial electrical resistance, increased
paracellular flux, and stratified tight junction (TJ)
immunostaining in HBECs exposed to laundry detergent at
1:25,000 dilutions or rinse residue at further 1:10 dilutions.
RNA sequencing analysis showed that lipid metabolism,
apoptosis progress, and epithelially derived alarmin-related
gene expression were upregulated, whereas cell adhesion–
related gene expression was downregulated by laundry
detergent at 1:50,000 dilutions after 24 hours of exposure
without substantially affecting chromatin accessibility and DNA
methylation.
Conclusion: Our data demonstrate that laundry detergents,
even at a very high dilution, and rinse residue show significant
cell-toxic and directly disruptive effects on the TJ barrier
integrity of HBECs without affecting the epigenome and TJ
gene expression. (J Allergy Clin Immunol 2019;143:1892-903.)

Key words: Laundry detergent, rinse residue, barrier function, tight
junction, bronchial epithelial cells, asthma, chronic obstructive pul-
monary disease, transcriptome, epigenome

The prevalence of asthma and allergic diseases has markedly
increased worldwide since the 1960s.1 Compared with 50 years
ago, the incidence of asthma has increased by 2- to 3-fold in chil-
dren.2 It is still unclear why this increase is occurring, but it is
generally accepted that asthma and allergies are associated with
the environment of a modern lifestyle.3,4 It is well documented
that increased exposure to multiple environmental factors, such
as air pollutants, tobacco smoke, allergens in the air, fragrances,
and preservatives, contribute to the development and exacerba-
tion of asthma and other allergies.5,6 There is growing evidence
demonstrating that subjects repeatedly and highly exposed to
cleaning agents both in the workplace and at home were at high
risk of allergen sensitization and asthma,7-10 suggesting an impor-
tant public health issue.

The popularizing of synthetic laundry detergents coincided
with the uprising of allergic diseases over the past few decades.
Laundry detergents are produced in large quantities and used in
various daily life and industrial activities. As one of the sub-
stances with the most common exposure in the human living
environment, laundry detergents, especially the detergent rinse
residue remaining in clothing after laundry, could have a high
likelihood of being inhaled into the airways and reaching beneath
the upper and lower respiratory mucosae.

Laundry detergents contain numerous ingredients that might be
irritants (surfactants and bleaches) or sensitizers (fragrances and
enzymes) and can cause asthma and other allergic diseases.5

Asthma symptoms in domestic cleaning workers are associated
with exposure to bleaches and other irritant agents in detergent.11

Several studies also reported occupational asthma in detergent
factories.12-14

Airway epithelial cells form a surface barrier against inhaled
environmental insults. Increasing evidence indicates that defec-
tive epithelial barrier function is associated with asthma.15,16 It
was hypothesized that the allergenicity of inhaled substances de-
pends on their potential to disrupt epithelial barriers.17 We have
previously demonstrated that anionic surfactants, one of the
main constituents of detergents, cosmetics, and toothpastes, dis-
rupted the barrier integrity of human keratinocytes,18 which sug-
gests that the possibility of sensitization caused by chronic
exposure of certain detergents should be taken into consideration.

This study aims to investigate the effects of laundry detergents
on epithelial barrier function and on the transcriptome and
epigenome in human bronchial epithelial cells (HBECs). We
demonstrated that 1-time exposure of HBECs to laundry de-
tergents and rinse residue led to a direct tight junction (TJ)–
attacking and barrier-disruptive effect on the integrity of HBECs
without affecting DNA methylation and chromatin accessibility.
Changes in RNA sequencing (RNA-seq) indicate a downregula-
tion of cell adhesion–related genes, and upregulated lipid
metabolism and apoptosis-related genes can be associated with
impaired barrier function at air-liquid interface (ALI)–cultured
HBECs.
METHODS

Cell cultures
Primary HBECs of healthy control subjects, asthmatic patients, and patients

with chronic obstructive pulmonary disease (COPD) were purchased from

Epithelix (Geneva, Switzerland). Cells were cultured asmonolayers in bronchial

epithelial basal medium (Lonza, Basel, Switzerland) supplemented with the

SingleQuot Kit placed in a 75-cm2 T-flask in a humidified incubator at 378C in

5% CO2. HBECs in passage 2 or 3 were seeded in ALI cultures onto 6.5-mm-

diameter polyester membrane transwells with a pore size of 0.4 mm (growth

area, 0.33 cm2; COSTAR; Corning, Corning, NY) at a density of 150,000 cells

per well. Bronchial epithelial growth medium supplemented with the Single-

Quot kit, except for retinoic acid and triiodothyronine (Lonza), was mixed 1:1

with Dulbecco modified Eagle medium (Gibco-BRL, Invitrogen, Carlsbad,

Calif). Fresh all-trans retinoic acid (Sigma-Aldrich, Saint Louis, Mo) was sup-

plemented at a concentration of 10 ng/mL. Medium was changed every second

day. Cells were grown submerged for 4 days to complete confluence, apical me-

dium was removed, and bronchial epithelial growth medium–Dulbecco modi-

fied Eagle medium at a ratio of 1:1 with all-trans retinoic acid was added

basolaterally to differentiate these cells. Epithelial cell cultures were used for

in vitro detergent exposure studies on day 21 at the ALI.
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Rinse residual liquid collection of detergents and

concentration measurement
Normal laundry was performed to collect detergent rinse residual liquid.

For cleaning the laundrymachine (WA2352; Bauknecht, Stuttgart, Germany),

a washing programwas run 1 time using an easy-care model with commercial

detergent A. Four kilograms of clean bedclothes and a recommended amount

of detergent A (73 mL) were used for collecting the residual liquid. The

washing programwas an easy-care model with a spin speed of 600 revolutions

per minute and water temperature of 408C. Total water consumption of 1-time

laundrywas 63.5 L, of which 23.8 L of water was for thewashing cycle, 35.2 L

of water was for the rinse cycle, and 4.5 L of water remained in clothing. The

rinse residue liquid was collected from wet clothes and sterilized by passing

through a 0.22-mm filter.

The concentration of sodium dodecyl benzene sulfonate (SDBS) in rinse

residual liquid was measured with the polar C18 column by using ultra-

performance liquid chromatography (UPLC; ACQUITY UPLC H-Class Bio

System; Waters Corporation, Milford, Mass). Serial dilutions of SDBS were

used to make the standard curve. Detergent Awas diluted 1:2500 as a control.

The total rinse factor was calculated according to consumed water at the

washing cycle divided by the amount of detergent andmultiplied by consumed

water at the rinse cycle divided by remaining water in clothing and together

with the concentration of SDBS in residual liquid was compared with original

detergent A liquid. Based on these 2 results, the rinse factor was approximately

1:2500 in this study.
Detergent exposures
Detergent A or rinse residue was diluted in the above-mentioned ALI

culture medium (vol/vol). ALI cultures on day 21 were exposed to different

detergent or rinse residue doses by adding to the apical compartment for

different time points, as indicated in figures and their legends. Detergent Awas

used at concentrations of 1:50,000 and 1:25,000 (vol/vol). Concentrations of

rinse residue for exposure were 1:10 and 1:5 (vol/vol). For the unexposed

control group, only medium was added to the apical compartment.
Cytotoxicity measurement
For monolayer cultures, cells were treated for 24 hours with commercial

detergent A or B at concentrations of 1:0.5 3 104, 1:2 3 104, 1:4 3 104,

1:8 3 104, and 1:16 3 104 (vol/vol). For ALI cultures, cells were exposed

to commercial detergent A at concentrations of 1:50,000 and 1:25,000

(vol/vol) or rinse residue at concentrations of 1:10 and 1:5 (vol/vol) for

72 hours. Cytotoxicity was evaluated by measuring the amount of lactate de-

hydrogenase (LDH) released into culture medium at 72 hours after exposure

to detergents or detergent residue after rinse by using the Pierce LDH Cyto-

toxicity Assay Kit (Thermo Scientific, Rockford, Ill). Briefly, 50 mL of me-

dium from each culture was transferred to a 96-well plate and mixed with

50 mL of reaction mixture before incubation at room temperature for 30 mi-

nutes in the dark. At the end of incubation, absorbance was measured at

492 nm and 620 nm as a reference wavelength. Cytotoxicity measurements

were performed in duplicate samples, and LDH values were calculated, as

suggested by the manufacturer’s instructions, including a background control

for LDH activity in the media, a control for untreated cells (0% lysis of the

cells), and a control for maximum LDH release (100% lysis of the cells).

Phase-contrast images were taken for monolayer cultures just before cytotox-

icity measurement.
Transepithelial electrical resistance and paracellular

flux measurement
Transepithelial electrical resistance (TER) measurements were done at 0,

24, 48, and 72 hours after detergent exposure by using a Millicell-ERS Volt

Ohm Meter (Millipore, Temecula, Calif). Samples from each ALI culture

donor were measured in triplicates in multiple-well systems. Wells not

building up (that did not reach confluence) sufficiently (TER >400 V3 cm2)

were not included in experiments.
Paracellular flux measurements were performed after TER experiments.

Paracellular permeability was evaluated 24 hours after apical addition of

2 mg/mL fluorescein isothiocyanate (FITC)–dextran based on the intensity of

FITC in the basolateral medium, as determinedwith an ELISA reader (Mithra

LB 940; Berthold Technologies, Bad Wildbad, Germany) at 480 nm. Each

donor culture was measured in a minimum of duplicates in multiple-well

systems.

Immunofluorescence staining
ALI cultures were fixed with 4% paraformaldehyde (Fluka, St Louis, Mo)

72 hours after detergent exposure. ALI samples were blocked with goat serum

in 1% BSA/PBS and incubated with Alexa Fluor 488–labeled anti-occludin

mAb (Invitrogen) and anti-zonula occludens 1 (ZO-1)–unlabeled antibody

(Invitrogen) and then detected with Alexa Flour 546–labeled goat anti-rabbit

secondary antibody (Invitrogen). Samples were counterstained with 4,6-

diamidino-2-phenylindole for nuclear staining and mounted with ProLong-

Gold containing antifade reagent (Invitrogen). Specimens were examined

under a Zeiss LSM 780 confocal microscope (Carl Zeiss Microscopy GmbH,

Oberkochen, Germany).
RNA isolation, RNA-seq, and data analysis
ALI cultured HBECs from healthy control subjects, asthmatic patients, and

patients with COPD were harvested 24 hours after laundry detergent

A exposure at a concentration of 1:50,000. Total RNA was extracted and

purified with an RNeasy Plus Micro Kit (Qiagen, Hilden, Germany),

according to the manufacturer’s instructions. The quantity and quality of the

isolated RNA were determined with the NanoDrop 2000 Spectrophotometer

(Thermo Fischer Scientific) and 2200 TapeStation Automated Electrophoresis

System (Agilent Technologies, Santa Clara, Calif), and samples with an RNA

integrity number of greater than 9.0 were chosen for sequencing. Library

preparation for RNA-seq was performed with the TruSeq Stranded mRNA

Sample Prep Kit (Illumina, San Diego, Calif). Sequencing was performed on

the Illumina HiSeq 4000.

Adapters and low-quality tails were trimmed from reads before read

alignment. STAR aligner (version 2.5.3a)19 was used to align the RNA-seq

data to Ensembl reference genome build GRCh38.p10. Gene expression values

were quantified by feature Counts from the Bioconductor package Rsubread

(version 1.28.0).20 A gene was considered expressed if, in at least 1 group of

comparison, it had more than 10 counts in more than half of the replicates.

Differentially expressed genes (DEGs) were assessed with a generalized linear

model with the quasilikelihood test from the Bioconductor package edgeR

(version 3.20.1).21 Genes with a P value of less than .01 and log2 fold change

of greater than 0.5 or less than20.5 were included in this study. Overrepresen-

tation of Gene Ontology (GO) categories was performed by using the Bio-

conductor package goseq (version 1.28.0)22 with the Wallenius approximation.
Assay for Transposase Accessible Chromatin with

high-throughput sequencing and data analysis
After 24 hours of exposure to detergent A at a concentration of 1:50,000,

ALI-cultured HBECs from healthy control subjects, asthmatic patients, and

patients with COPD were harvested and immediately continued to lysis and

transposition reactions.23 Briefly, cell lysates were incubated with the Nextera

Tn5 Transposase (Illumina) at 378C for 30 minutes. Immediately after trans-

position, DNAwas purified with a Qiagen MinElute PCR Purification Kit. Li-

braries were generated with Ad1_noMX and Ad2.1-2.4 barcoded primers and

purified, as previously described.24 Library quality was assessed by using the

Agilent Genomic DNA Screen Tape System. Sequencing was performed on

the Illumina HiSeq 2500.

Assay for Transposase Accessible Chromatin with high-throughput

sequencing (ATAC-seq) reads were processed by the processing pipeline,

which meets ENCODE official pipeline specification. For more details, please

refer to https://github.com/kundajelab/atac_dnase_pipelines. It includes qual-

ity control, producing alignments, producing peaks, and signal tracks and

enrichment analysis. Promoter regions that were differentially accessible

https://github.com/kundajelab/atac_dnase_pipelines


FIG 1. Dose-dependent cytotoxicity and disruption of barrier integrity in HBECs in response to laundry

detergents. A and B, Cytotoxicity of monolayer-cultured HBECs treated with commercial detergents A and B

for 24 hours at different dilutions. Data are presented as means 6 SDs (n 5 3 per group in duplicate cul-

tures). C, Representative phase-contrast images of monolayer-cultured HBECs treated with detergent

A or detergent B for 24 hours. Dilution factors are labeled at the top. D, Immunofluorescence staining of

ZO-1 (red) and occludin (green) in ALI-cultured HBECs exposed to detergent A for 72 hours at concentrations

of 1:50,000 (vol/vol) and 1:25,000 (vol/vol). One representative of 5 different stainings is shown.
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between the unexposed and detergent-exposed groups were identified based

on log2 fold change of greater than 0.5 or less than 20.5 plus a significant P

value of less than .01.
Methylation EPIC array and data analysis
Genomic DNAwas isolated from detergent A–treated ALI cultures from

healthy control subjects and asthmatic patients. Bisulfite modification was

then carried out by using Direct Bisulfite Treatment based on a Zymo

Research (Irvine, Calif)–recommended protocol with modification. The

human FKBP5 ADS6607 DNA methylation assay was selected to assess the
quality of bisulfite-converted DNA. By using this method, the DNA samples

were determined to contain DNA that can be amplified and bisulfite

sequenced. DNA methylation across the genome were measured by using

Infinium Methylation EPIC BeadChips (EpigenDX, Hopkinton, Mass;

including >850,000 methylation sites), according to the manufacturer’s

instructions. The methylation EPIC array was processed and analyzed by

using standard Bioconductor workflow.25 In brief, unwanted variation

within and between groups was minimized by using quantile normalization.

Before differential methylation analysis, probes affected by single nucleo-

tide polymorphisms and low-quality probes with detection P values of less

than .01 in at least 1 sample were removed. Then we used Bioconductor



FIG 2. Laundry detergent A decreased TER and increased paracellular flux in ALI-cultured HBECs. A, TER

was measured at 0, 24, 48, and 72 hours after detergent A exposure at concentrations of 1:50,000 and

1:25,000 in ALI-cultured HBECs from healthy control subjects, asthmatic patients, and patients with

COPD. B, Paracellular flux (PF) in response to 72 hours of exposure to detergent A in ALI-cultured HBECs

from healthy control subjects, asthmatic patients, and patients with COPD. Data are presented as

means 6 SDs (n 5 5 for the control group, n 5 4 for asthma group, and n 5 4 for the COPD group in trip-

licates). *P < .05 and **P < .01, Wilcoxon matched-pairs test.
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package limma (version 3.34.9)26 to perform probe-wise differential

methylation analysis.
Statistical analysis
Data analysis was performed with GraphPad Prism software (version 7.0;

GraphPad Software, La Jolla, Calif). Differences between paired groups were

computed by using the Wilcoxon signed-rank test. For unmatched groups,

differences were evaluated by using the Mann-Whitney test. Differences were

considered significant at a P value of less than .05.
RESULTS

Laundry detergents cause cytotoxicity and impaired

barrier integrity in HBECs
To investigate the effects of commonly used laundry

detergents on HBECs, we first assessed their cytotoxic effects.
Serially diluted commercial laundry detergents were added
into monolayer-cultured HBECs. Cytotoxicity was determined
by measuring the amount of LDH released into the culture
medium. Dose-dependent cytotoxicity was found in
monolayer-cultured HBECs responding to both detergent
A and detergent B treatment. Starting from the dilution of
1:40,000 of commercial detergent A and 1:20,000 dilution of
detergent B, cells showed lysis in response to detergent
exposure (Fig 1, A and B). Cells observed by using phase-
contrast microscopy showed irregular morphology with round
and shrinking shapes, detachment from the plate, and break-
down of cytosolic membrane compared with control cells
(Fig 1, C).

We further developed ALI cultures of HBECs and exposed
them to detergents at concentrations of 1:50,000 and 1:25,000.
Immunofluorescence staining of the TJ proteins occludin and
ZO-1 were then used to assess barrier integrity. As shown in Fig 1,
D, exposure to detergent A (1:25,000) led to a marked disruption
of TJ integrity with irregular, opened, and patchy immunostaining
of occludin and ZO-1, whereas immunostaining in the control
group revealed intact TJ integrity.
Laundry detergents disrupt barrier function of

ALI-cultured HBECs
After detergent exposure, TER and paracellular diffusion of

FITC-labeled 4-kDa dextran were detected as surrogate markers
of barrier function in ALI-cultured HBECs from healthy control
subjects, asthmatic patients, and patients with COPD.
A significantly lower TER was observed 48 and 72 hours after
detergent exposure at a concentration of 1:25,000 compared with
the unexposed group in ALI-culturedHBECs (Fig 2,A).Measure-
ment of paracellular flux was significantly increased with deter-
gent A exposure at a concentration of 1:25,000 in parallel ALI
cultures of HBECs from healthy control subjects, asthmatic pa-
tients, and patients with COPD, confirming the TER results
(Fig 2, B).
Detergent residue after rinsing show toxicity on

HBECs
Rinse residue in clothing has a very high chance of inhalation

into the airways and direct contact with the skin and accessible
mucosa. To assess the quantity of detergent residue after a full
rinse, we collected residual liquid from wet clothes immediately
after laundry and measured the concentration of SDBS, one of the
main surfactant ingredients of detergent A, using UPLC. The
concentration of carbon 10 SDBS in residual liquid (0.049 mg/
mL) was almost the same amount of SDBS in detergent A at
1:2500 dilution (0.052 mg/mL; Fig 3, A).

We then measured the level of protease (a typical detergent
enzyme) in newly washed and dried clothing samples. Residual



FIG 3. Detergent residue after rinsing disrupted barrier function in HBECs. A, Concentration of carbon 10

SDBS in detergent A rinse residual liquid was measured by using UPLC. Detergent A was diluted at

1:2500 for comparison. B, Cytotoxicity of ALI-cultured HBECs exposed to detergent A or rinse residue at

different concentrations. Data are presented as means 6 SDs (n 5 5 for each group in triplicates). C, Repre-

sentative phase-contrast images of monolayer-cultured HBECs treated with rinse residue at concentrations

of 1:10 and 1:5. D and E, Rinse residue at concentrations of 1:10 and 1:5 decreased TER and increased para-

cellular flux in ALI-cultured HBECs from healthy control subjects. Data are presented as means6 SDs (n5 7

per group in triplicates). *P < .05 and **P < .01, Wilcoxon matched-pairs test.
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protease levels in clothing with different fabrics were 5.4, 5.2, and
4.2 mU/g for cotton, polyester, and wool, respectively, which
also indicated a large amount of residual enzyme in clothing
compared with protease levels in original laundry detergent liquid
(36.3mU/g, see Fig E1 in this article’s Online Repository at www.
jacionline.org).

Furthermore, we measured the toxic effect of residual liquid
on ALI-cultured HBECs. The result of LDH activity showed
that residual liquid diluted at both 1:10 and 1:5 was toxic to
cells. Similar results were found in detergent A diluted at
1:50,000 and 1:25,000 (Fig 3, B). Rinse residue was also added
to monolayer-cultured HBECs for 24 hours to observe cell
morphology. The phase-contrast images indicated similar
changes in cell morphology, as described above for detergent
exposure (Fig 3, C).
Detergent residue after rinsing disrupt barrier

function of HBECs
TER and paracellular flux were measured after exposure to

rinse residue at concentrations of 1:10 and 1:5 dilution to
investigate the effect of detergent residue after rinse on barrier
function of ALI-cultured HBECs. TER was significantly
decreased by rinse residue after 24 hours of exposure at both
concentrations (Fig 3, D). In addition, paracellular flux was
significantly increased in HBECs after 72 hours of exposure to
rinse residue at concentrations of both 1:10 and 1:5, confirming
the TER results (Fig 3, E).

Immunofluorescence staining of occludin and ZO-1 was then
performed to measure TJ integrity. Irregular and opened staining
of occludin and ZO-1 was found in ALI-cultured HBECs exposed
to rinse residue at 1:10 dilution. Furthermore, severe disruption

http://www.jacionline.org
http://www.jacionline.org


FIG 4. Detergent residue after rinsing impaired TJ integrity of HBECs. Representative immunofluorescence

staining of ZO-1 (red) and occludin (green) in ALI-cultured HBECs from healthy control subjects exposed for

72 hours or unexposed to rinse residue at concentrations of 1:10 and 1:5. One representative of 5 different

stainings is shown.
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with patchy and broken TJ staining was shown in cells exposed to
a higher dose of rinse residue (1:5 dilution), which indicated
impairment of barrier integrity (Fig 4). These results obtained
from rinse residue are in agreement with those obtained from
laundry detergent, confirming the effects of detergent on HBECs.

Reagent was used for cell exposure to exclude possible
contamination of endotoxin in detergent. Endotoxin assays
were performed in rinse residue and different dilutions of laundry
detergent. The results showed that there is no endotoxin in all
serial dilutions of detergent (1:2,500, 1:25,000, and 1:50,000).
Similarly, there are trace amounts of endotoxin in rinse residue
(0.01 ng/mL), which is far lower than values in the concentration-
disrupted epithelial barrier (0.3 ng/mL, see Fig E2 in this article’s
Online Repository at www.jacionline.org).27 Therefore we
excluded the endotoxin influence on barrier function.
Negligible effect of laundry detergents on

chromatin accessibility and DNA methylation
The epigenome can be viewed as an interface between the

environment and the genome and also reshapes the transcrip-
tome,28 and recent studies have demonstrated epigenetic mecha-
nisms that are associated with allergic inflammation.29,30

Accordingly, we performed DNA Methylation Chip analysis
and ATAC-seq experiments on ALI-cultured HBECs to investi-
gate the effect of laundry detergent on epigenome. The
ATAC-seq results showed that approximately 23% of the putative
chromatin accessible regions were located in the promoter region
(Fig 5, A, and see Fig E3, A and B, in this article’s Online Repos-
itory at www.jacionline.org). In addition, as expected, there is
strong ATAC-seq read enrichment around the transcriptional start
site, which is consistent with these regions containing cis-regula-
tory elements (Fig 5, B, and see Fig E3, C, in this article’s Online
Repository at www.jacionline.org).

The Spearman correlation coefficient was calculated between
all samples from the control, asthma, and COPD groups based on
read coverage to assess the influence of detergents on chromatin
accessibility. The result showed no clear separation between
detergent-exposed and unexposed samples, which indicated no
effect of the detergent on chromatin accessibility (see Fig E4 in
this article’s Online Repository at www.jacionline.org). In addi-
tion, proportions of the ATAC-seq peak regions that represent
various genome annotations were not changed between the
detergent-exposed and unexposed groups (see Fig E3, A and B).

We further identified promoter regions that were differentially
accessible in response to detergent exposure. However, very few
regions showed significant differences in accessibility between
detergent-exposed and unexposed samples (see Fig E5 in this ar-
ticle’s Online Repository at www.jacionline.org).Moreover, there
is no common promoter region that was differentially accessible
when responding to detergent shared by the control, asthma, and
COPD groups, suggesting a random finding (Fig 5, C).

The detailed information of differentially accessible promoter
regions in response to detergentA are presented in Table E1 in this
article’s Online Repository at www.jacionline.org. Supporting
these data, multidimensional scaling analysis of chromatin acces-
sibility signals at promoter regions also showed no clear separa-
tion between detergent-exposed and unexposed samples (see
Fig E6 in this article’s Online Repository at www.jacionline.
org). We further checked the chromatin accessibility of ZO-1
and occludin, which showed irregular and patchy immunostain-
ing in Fig 1, D. The chromatin accessibility state of ZO-1 and oc-
cludin identified by using ATAC-seq peaks did not show any
difference between detergent-exposed and unexposed samples
in the control, asthma, and COPD groups (Fig 5, D and E). Taken
together, these results indicated that the effect of detergent on
chromatin accessibility is negligible.

Similarly, no difference was found in global DNA methylation
levels, as measured by long interspersed nucleotide element 1
repeats, after 24 hours of detergent exposure (Fig 5, F). The DNA
methylation array showed that therewere 9951 and 7905 differen-
tially methylated probes (DMPs) responding to detergent expo-
sure in the control and asthma groups, respectively. However,
only 0.8% of these DMPs were shared by the control and asthma
groups, which indicated a nontargeted effect of the experiment on
DNAmethylation (Fig 5,G). Furthermore, based on these DMPs,
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FIG 5. Minor effects of laundry detergent on chromatin accessibility and DNA methylation. A, Pie chart

showing distribution of ATAC-seq peak regions that represent various genome annotations in HBECs

from healthy control subjects. B, Distribution of accessible regions within 2 kb of the nearest transcriptional

start sites (TSS) in HBECs from healthy control subjects. C, Venn diagrams illustrating the intersection of

differentially accessible regions identified by using ATAC-seq between detergent-exposed and unexposed

group in HBECs from healthy control subjects (n 5 5), asthmatic patients (n 5 6), and patients with COPD

(n 5 5). Detergent A was used at 1:50,000 dilutions for 24 hours of exposure. D and E, Sequencing tracks

for the ZO-1 and occludin locus showing ATAC-seq peaks in different conditions. F, DNAmethylation levels

of long interspersed nucleotide element 1 (LINE1) in HBECs from healthy control subjects and asthmatic pa-

tients after 24 hours of exposure to 1:50,000 diluted laundry detergent (n5 3 per group). n.s., Not significant.

G, Venn diagrams depicting intersection of DMPs detected by using the DNA Methylation EPIC array in

response to laundry detergent exposure. Numbers of DMPs are marked in the corresponding areas.
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no differentially methylated regions or genes responding to
detergent exposure were identified, confirming the results of
ATAC-seq.
RNA-seq transcriptome response of HBECs to

detergents
After 24 hours of exposure to detergent A diluted at 1:50,000,

RNA-seq was performed on ALI-cultured HBECs from healthy
control subjects, asthmatic patients, and patients with COPD.
DEGs between the unexposed and detergent-exposed groups
were identified based on log2 fold change of greater than 0.5 or
less than 20.5 plus a significant P value of less than .01. There
are 362, 273, and 417 DEGs responding to detergent exposure
in the control, asthma, and COPD groups, respectively (Fig 6,
A-D). The detailed information of DEGs in response to detergent
A are presented in Table E2 in this article’s Online Repository at
www.jacionline.org. Eighty-one common DEGs, including 68

http://www.jacionline.org


FIG 6. DEGs in response to laundry detergent exposure in HBECs.A, Venn diagrams illustrating intersection

of DEGs detected by using RNA-seq in response to detergent A at 1:50,000 dilutions in HBECs from healthy

control subjects (n 5 5), asthmatic patients (n 5 6), and patients with COPD (n 5 5) after 24 hours of expo-

sure. Numbers of DEGs are marked in the corresponding areas. B-D, Volcano plots showing DEGs in

response to laundry detergent A exposure in HBECs from healthy control subjects, asthmatic patients,

and patients with COPD. DEGs of significantly enriched GO terms were labeled with different colors. E

and F, Significantly common enriched BP of GO terms shared by upregulated DEGs or downregulated

DEGs in the control, asthma, and COPD groups. Color coding of heat maps represents the 2log10 P value

of GO enrichment. Similar BP terms are highlighted by color bars.
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upregulated and 13 downregulatedDEGs, were shared by the con-
trol, asthma, and COPD groups (Fig 6, A, and see Table E3 in this
article’s Online Repository at www.jacionline.org).

DEGs in the control, asthma, and COPD groups were analyzed
for GO term enrichment, respectively, to identify the biological
pathways affected by laundry detergents. The biological process
(BP) of GO terms enriched by upregulated or downregulated
DEGs in the healthy control, asthma, and COPD groups are
shown in Fig E7 in this article’s Online Repository at www.
jacionline.org. The common BP terms shared by 3 groups are
shown in Fig 6,E and F. Common BP terms significantly enriched
by upregulated DEGs were mainly associated with lipid meta-
bolism, oxidative stress, and regulation of apoptosis processes,
whereas downregulated DEGs were mainly enriched in cell adhe-
sion, extracellular matrix, and collagen-related and wound-
healing processes. Similar results were observed in GO term
enrichment, with 81 common DEGs shared by the control,
asthma, and COPD groups (see Fig E8 in this article’s Online Re-
pository at www.jacionline.org).

We further checked the expression of cytokines described as
the epithelially derived alarmins IL-25, IL-33, and thymic stromal
lymphopoietin (TSLP), which trigger type 2 immunity in
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response to laundry detergent exposure. The expression level of
IL-25 was not detected by means of RNA-seq. IL-33 levels were
significantly upregulated by laundry detergent in the control,
asthma, and COPD groups. RNA-seq data also showed that TSLP
levels were increased in response to laundry detergent in HBECs
from healthy control subjects but not in HBECs from asthmatic
patients and patients with COPD (see Fig E9 in this article’s On-
line Repository at www.jacionline.org).
mRNA expression of major TJ genes were not

affected by laundry detergent
TJs form a continuous seal between the neighboring epithelial

cells and are crucial for their barrier function. Therefore we
further analyzed the expression of TJ genes, including occludin,
claudin family genes, junctional adhesion molecules, and TJ
protein family genes. The RNA-seq data showed that the major TJ
genes expressed in HBECs were not substantially affected by
detergent exposure (see Fig E10 in this article’s Online Reposi-
tory at www.jacionline.org). Consistent with the ATAC-seq result,
mRNA expression of ZO-1 and occludin identified by using
RNA-seq was not changed in response to detergent exposure
(see Fig E11 in this article’s Online Repository at www.
jacionline.org). These results demonstrate that laundry detergent
applied to HBECs for 24 hours directly disrupts TJ proteins and
their barrier integrity in HBECs without affecting the expression
of TJ genes.
DISCUSSION
Our data demonstrated that both laundry detergents and

detergent residue after rinsing showed high cytotoxicity and
directly impaired barrier integrity of bronchial epithelial cells.
Considering that a defective barrier can increase the risk of tissue
penetration of allergens, microbes, and their enzymes and toxins
and other environmental pollutants, as well as the succeeding
inflammatory reaction, the effect of broadly used detergents on
airway epithelium could be one important reason of increased
prevalence of asthma in the past few decades.

The bronchial mucosal epithelial barrier is predominantly
formed by TJs located at the most apical part of the intracellular
junctional complexes between the neighboring epithelial
cells.31,32 We performed immunofluorescence staining of the TJ
proteins occludin and ZO-1 on ALI-cultured HBECs after deter-
gent or rinse residue exposure. Significant disruptions of TJ integ-
rity were found with irregular and patchy staining of occludin and
ZO-1. However, there is no obvious change in the mRNA, DNA
methylation, and chromatin accessibility in TJs and TJ-related
genes in response to detergent exposure. Because of the ability
of detergents that generally break lipid-lipid interactions and
lipid-protein interactions, which allows membrane proteins to
be solubilized and bleached and surface tension and viscosity to
be changed,33 our data suggested that the TJ integrity disruption
induced by detergent was instead a direct effect on the barrier
molecules. Consistent with this, lipid metabolism–related genes
were significantly upregulated by laundry detergent, which could
be an effort from epithelial cells to compensate the damage of cell
membrane lipids. Interestingly, cell adhesion and collagen
synthesis–related genes, such as cadherins and tenascin C, were
generally downregulated by detergent, which can also contribute
to the disruptive effect of detergents on barrier integrity.34,35
Interaction between the airway epithelium and the inhaled
environment is crucial to both the origins and progression of
asthma and other types of respiratory inflammation. Evidence is
accumulating that airway epithelium–derived cytokines
described as epithelium-derived alarmins, IL-25, IL-33, and
TSLP, regulate the immune response to inhaled noxious agents
and allergens.36 The significant increase in IL-33 levels in ALI
cultures of epithelium of control subjects, asthmatic patients,
and patients with COPD and TSLP levels in control epithelium
suggest a possibility for the induction of type 2 immunity by
laundry detergents, which is open to future research.

Laundry detergents showed a high toxic effect to HBECs.
Concentrations of greater than 1:40,000 dilution of detergent
A led to a clear leakage of cytoplasmic LDH, demonstrating cell
death or plasma membrane damage. Even with exposure to a
concentration without apparently affecting LDH leakage and
cell morphology, RNA-seq results also showed that genes
associated with the apoptotic process and response to toxic
substances were significantly upregulated. Recent studies
demonstrated that laundry detergent pods are more toxic than
other types of detergents.37,38 Therefore the safety of laundry
detergents needs further evaluation. Exposure to toxic doses
of detergents to any living organism should be strictly
controlled, such as floor and carpets in schools and milk cans,
a long list that can be extended to many environmental
exposures.

The ingredients of commercial laundry detergents are very
complex, including surfactants, builders, bleaches, fragrances,
and enzymes. Notably, a number of laundry detergent ingredients
have been proved to be irritants or sensitizers. Surfactants and
bleach are highly irritating to the skin and lungs. Fumes from
bleach have an irritant effect on the airways and can increase
bronchial hyperresponsiveness.39,40 Enzymes used in laundry
detergent are reported as potential respiratory sensitizers.12,41

Fragrance can also cause exacerbations of symptoms and airway
obstruction in asthmatic patients.42

Because retention of allergens or compounds in clothing is
associated with allergic disease,43 we checked the detergent res-
idue in clothing after washing. Our result indicated a large amount
of detergent residue in clothing demonstrated by concentration of
residual SDBS and protease. Despite further dilution at 1:10 or
1:5 after approximately 1:2500 dilution of rinsing, rinse residue
showed clearly toxic and barrier-disruptive effects. Considering
the high concentration and large amount of detergent residue in
clothing and the close contact with human organs, the irritative
and sensitized ingredients of laundry detergents can be easily
inhaled into the airways and reach the lung from newly washed
clothing. Moreover, evidence showed that frequent use of com-
mon household cleaning sprays were also an important risk factor
for adult asthma among both household owners and professional
cleaning personnel,9,44 which also supports evidence that deter-
gents can be inhaled in a household.

Accordingly, we measured manual aerosolization of SDBS
with a manual dispenser. Concentrations of SDBS with different
carbons in commercial laundry detergent was measured by
UPLC. Spray of a 1:25,000 dilution still contained detectable
amounts of carbon 10, 11, 12, and 13 SDBS (see Fig E12 in this
article’s Online Repository at www.jacionline.org). It must be
noted that contents of household detergents, carpet cleaners, dish-
washers, and laundry detergents are quite similar, indicating
extensive exposure to detergents. Therefore the problem of
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long-term high exposure to detergent in daily life should receive
attention for public health.

Epigenetic mechanisms are thought to play a role in different
complex diseases of the lungs, such as asthma and COPD, which
are strongly influenced by environmental factors, such as
cigarette smoke.45-47 Although we showed a negligible effect of
laundry detergents on chromatin accessibility and DNA methyl-
ation in HBECs, these data helped us reach the conclusion that
laundry detergents directly attack barrier integrity, without
affecting the epigenome in short-term exposure. However, we
cannot rule out the possibility that a longer time period and
more chronic daily exposure to detergent could influence DNA
methylation. In line with this concept, one recent study demon-
strated that exposure of HBECs to diesel exhaust had minimal ef-
fects on DNA methylation at 48 hours; however, when the same
lung was exposed to diesel exhaust but separated by 4 weeks, sig-
nificant changes in DNA methylation were observed.48 Recently,
the investigation of dynamic DNAmethylation changes at single-
cell resolution showed that DNA methylation undergoes gradual
changes over the time course of 7 days during development.49

Therefore detection of the epigenome during the pathogenesis
of diseases at a single time point might be insufficient. This study
reveals data necessitating long-term exposure and real-life
studies.

In summary, the present study demonstrated that laundry
detergents have significantly toxic and directly disruptive effects
on the TJ barrier integrity of HBECs without affecting chromatin
accessibility, DNA methylation, and mRNA expression of TJ
genes, which provided a possible mechanism for laundry de-
tergents causing asthma and allergic disease. Furthermore, the
present study showed high amounts of detergent residue in
clothing after laundry and a TJ-damaging effect of detergent
residue. Further studies are needed to test long-time high
exposure to detergents in daily life and the accumulated effect
on epithelial barriers, such as the nose, lung, skin, and gut.

Key messages

d Laundry detergents and rinse residue disrupted the TJ
barrier integrity of HBECs from healthy control subjects,
asthmatic patients, and patients with COPD.

d Single 24-hour laundry detergent exposure at 1:50,000
dilution showed negligible effects on DNA methylation
and chromatin accessibility.

d Lipid metabolism, apoptosis progress, and epithelially
derived alarmin–related genes were upregulated, whereas
cell adhesion–related genes were downregulated by
1:50,000 times diluted laundry detergent in RNA-seq.
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