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A B S T R A C T

Exposure to sunlight and certain pesticides can induce phototoxic responses. Long- and short-term exposure to
the photoactivated pesticides can cause a variety of skin diseases. However, assessment of pesticide photo-
toxicity on human skin is difficult. In the present study, human skin keratinocytes were cultured in several forms:
monolayer cell sheet, three-dimensional culture, and keratinocyte-fibroblast co-culture. A common fungicide,
dicloran (DC, 2,6‑dichloro‑4‑nitroaniline), was irradiated with simulated sunlight for 2 (DC-PD-2h) and 4 (DC-
PD-4h) hours. Dicloran, and two purified intermediate photodegradation products, 2‑chloro‑1,4‑benzoquinone
(CBQ) and 1,4‑benzoquinone (BQ), were applied in toxicity tests independently with the keratinocyte culture
models. The cell migration, cell differentiation, pro-inflammatory molecule production, and dermal fibroblast
cell activation were all measured in the keratinocytes treated with the chemicals described above. These
parameters were used as references for dicloran phototoxicity assessment. Among all tested chemicals, the DC-
PD-4h and BQ demonstrated elevated toxicities to the keratinocytes compared to dicloran based on our results.
The application of DC-PD-4h or BQ significantly delayed the migration of keratinocytes in monolayer cell sheets,
inhibited the keratinocyte differentiation, increased the production of pro-inflammatory molecules by 3D ker-
atinocyte culture, and enhanced the ability of 3D cultured keratinocytes in the activation of co-cultured dermal
fibroblast cells. In contrast, dicloran, DC-PD-2h, and CBQ showed minimal effects on the keratinocytes in all
assays. The results suggested that the four-hour photodegraded dicloran was likely to induce inflammatory skin
diseases in the natural human skin. The 1,4‑benzoquinone, which is the predominant degradation product de-
tected following 4 h of irradiation, was the main factor for this response. Photoactivation increased the risk of
skin exposed to dicloran in nature. Our models provided an efficient tool in the assessment of toxicity changes in
pesticide following normal use practices under typical environmental conditions.

1. Introduction

Application of pesticides in agricultural production generates a
large number of chemical wastes, which are released into the en-
vironment. Direct or indirect contact with these agrochemicals may
affect human health depending on the type of pesticide. The United
States Environmental Protection Agency (USEPA) has strictly regulated
the usage and release of pesticides. However, assessing the toxicity of
pesticides under specific conditions unique to particular chemical use
patterns may not be addressed by the battery of regulatory studies re-
quired by the EPA in support of a pesticide's registration.

The environmental effects triggering modifications of the chemical
structure of a pesticide to create more hazardous chemicals are an ad-
ditional unknown risk factor.

Modification of compounds by environmental stresses has been
identified in a number of recent studies. For example, the increase of
environmental H+ leads to a reduced binding surface for positively
charged metals, as most organic particles are negatively charged.
Consequently, the organic complexes primarily formed by organic
matter in seawater are reduced (Millero and Woosley, 2009), changing
the bioavailability of organic contaminant compounds and other par-
ticulates. Additionally, the salinity change of the aquatic environment
can alter the degradation and partitioning behavior of a chemical,
contributing to chemical toxicity. A recent investigation suggested that
the toxicity of the fungicide chlorothalonil to the estuarine grass
shrimp, Palaemonetes pugio, was significantly elevated with a 10 ppt
increase in salinity (DeLorenzo et al., 2009).

Another environmental factor that has demonstrated significant
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influence to many chemicals is ultraviolet (UV) radiation (Barron,
2007). The enhancement of chemical toxicities by UV radiation, termed
phototoxicity, is by means of the degradation of chemical structures.
Phototoxicity driven by UV radiation (UVR) has become a greater
concern with the increase in global anthropogenic activities according
to the annual reports of the United Nations Environment Programme
(UNEP, 2010, 2012). As chemical phototoxicity is UVR intensity de-
pendent, the increased intensity of UV radiation on the surface of the
planet will contribute to the enhancement of chemical toxicity in the
oceans (Ankley et al., 1995; Oris and Giesy, 1986). In the present in-
vestigation, we focused on the identification of potential effects of
fungicide phototoxicity to human skin health.

Assessment of chemical phototoxicity has been done with many
living organisms including bacteria, invertebrates, and fish (Alloy et al.,
2016; Anderson et al., 1994; Guengerich et al., 1996; Incardona et al.,
2012; Manzo, 2004; van de Merwe and Leusch, 2015). However, in-
vestigations on the influence of organic contaminant phototoxicity to
human health are limited due to the difficulties in using human or
mammalian models. As the outermost physical barrier of the human
body, the skin is at most risk of exposure to a variety of chemical
compounds. A number of pesticides have been reported to cause skin
irritation and diseases. Farmers with long-term exposure to certain
pesticides were found to have an excess risk of skin cancers (Blair and
Zahm, 1995; Blair et al., 1992; Dennis et al., 2010). Many acute

inflammatory skin diseases with symptoms of redness, pain, heat, and
swelling have also been reported with short-term contact with pesti-
cides (Cole et al., 1997; Dong et al., 2013; Penagos, 2002). Despite
efforts in the past decade, understanding the potential risk of human
skin exposed to pesticide wastes in the environment remains largely
unknown.

To establish a rapid and reliable method for the assessment of
pesticide toxicities, we applied the three-dimensional (3D) human
keratinocyte culture model and keratinocyte-fibroblast co-culture
model to simulate natural human skin in vitro. The stratified multi-layer
keratinocyte culture was used to simulate the different stratum layers in
natural skin epidermis. Changes in barrier function of this in vitro ker-
atinocyte model can be measured by evaluating the cell differentiation
(Xu et al., 2014) while the activation of dermal fibroblast cells by
keratinocytes can be simulated by the keratinocyte-fibroblast co-culture
model (Xu et al., 2015a; Xu et al., 2015b; Zhong et al., 2016). In this
study, the in vitro keratinocyte culture model and keratinocyte-fibro-
blast co-culture model were used to estimate the phototoxicity of a
widely used fungicide in the Southern and Western United States, di-
cloran (or DCNA, 2,6‑dichloro‑4‑nitroaniline). Although severe damage
to liver, kidney, spleen, and hematopoietic system have been reported
by the U.S. Environmental Protection Agency (USEPA, 2006), no stu-
dies have been done to address the potential toxicity to skin of this
fungicide. The structural modifications of dicloran under photo

Fig. 1. Phototoxicity of dicloran and intermediate photoproducts on the differentiation of keratinocytes. Photodegradation of dicloran resulted in the generation of
two intermediate products, 2‑chloro‑1,4‑benzoquinone and 1,4‑benzoquinone (a). The epidermis of normal human skin (b) was mimicked by in vitro stratification of
keratinocytes (c). The differentiation of keratinocytes was estimated by histological H&E staining (left) and immunofluorescence (right) on the cells treated with PBS
(control, d), dicloran (e), two-hour photodegraded dicloran (Dicloran-Photo-2h, f), four-hour photodegraded dicloran (Dicloran-Photo-4h, g), 2‑chlor-
o‑1,4‑benzoquinone (h), and 1,4‑benzoquinone (i). Scale bar: 50 μm; n=6.
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exposure and other environmental stresses have been documented
(USEPA, 2006). Toxicity test on photodegraded dicloran with the 3D
human keratinocyte culture and keratinocyte-fibroblast co-culture
models provides a novel strategy to measure pesticide toxicity assess-
ment in agriculture.

2. Methods

2.1. Cells and fungicide chemicals

All human cells used in the present study were gifts from the
Laboratory for Tissue Repair & Regenerative Surgery at the
Northwestern University, Feinberg School of Medicine. Two types of
human cells, keratinocytes (HFKs) and dermal fibroblast cells (HFCs),
both isolated from infant foreskin tissues, were used in this study. In
each assay used HFKs or HFCs isolated from three pools of foreskin
tissues.

The target chemicals investigated in the study included dicloran
(2,6‑dichloro‑4‑nitroaniline) and two of its intermediate photo-
degradation products (Fig. 1a), 2‑chloro‑1,4‑benzoquinone (CBQ) and
1,4‑benzoquinone (BQ). All chemicals were purchased from Sigma-Al-
drich Co. (St. Louis, MO).

2.2. Photodegradation of dicloran in water

The photodegradation of dicloran and laboratory irradiation pro-
cedures were previously published (Vebrosky et al., 2018; Xu et al.,
2018). Briefly, analytical grade dicloran was dissolved in HPLC (high-
performance liquid chromatography) grade acetonitrile at 1000mg/L.
Prior to irradiation the stocking solution was diluted to 1 ppm (part per
million, 1 mg/L) in distilled water in 2mL borosilicate glass vials
(Agilent Technologies, Santa Clara, CA).

The vials containing dicloran solution were incubated in an Atlas
SUNTEST XXL+ environmental chamber (Mount Prospect, IL)
equipped with a daylight filter. Natural sunlight was simulated at an
irradiance between 300 and 400 nm wavelengths with 20% relative
humidity in the chamber. The irradiance intensity was 40W/m2 which
was equivalent to 1.2 h of light exposure at 30°N latitude during the
June solstice (Pidwirny, 2016). The degraded samples were collected at
0, 2, and 4-hour post irradiation and the presence of products were
confirmed using an Agilent 1260 Infinity HPLC (Santa Clara, CA). The
solutions containing degraded dicloran were filtered with a sterile
syringe filter with 0.2 μm cellulose acetate membrane (VWR Interna-
tional Co., Radnor, PA) and diluted with cell culture sterile phosphate
buffered saline (PBS, Corning Inc., Corning, NY) at 1:50 (20 ppb) and
1:10 (100 ppb) prior to the treatment on cells.

2.3. Keratinocyte differentiation model

To mimic the natural human skin epidermis containing multi-layer
differentiated keratinocytes (Fig. 1b), an in vitro keratinocyte stratifi-
cation model was created following a previously published protocol (Xu
et al., 2015a; Xu et al., 2014). The cultured human keratinocytes (HKs)
were maintained in serum-free GIBCO™ Defined Keratinocyte-SFM (DK-
SFM, Thermo-Fisher Scientific, Plaquemine, LA) until passage five.
About a half million HKs were seeded onto a 0.4 μm tissue culture plate
insert (12-mm diameter) with the polyester membrane (VWR Interna-
tional Co., Radnor, PA) and incubated in a 12-well plate filled with DK-
SFM for 48 h at 37 °C with 5% CO2 (Fig. 1c). Thereafter, the DK-SFM
was removed from the insert and medium in the plate was replaced
with the keratinocyte differentiation medium containing 50:50 (v/v)
DMEM (Corning Inc.) and DMEM/F-12 (Corning Inc.) supplemented
with 18 μM adenine, 500 ng/mL bovine pancreatic insulin, 500 ng/mL
human Apo-transferring, 500 ng/mL triiodothyronine, 4 mM L-gluta-
mine, 0.4 μg/mL hydrocortisone, 10 ng/mL cholera toxin, 5 ng/mL re-
combinant human epithelial growth factor (EGF), and 5% fetal bovine

serum (FBS). Treatment of dicloran, photodegraded dicloran (two-hour
and four-hour photodegraded dicloran), or the two purified inter-
mediate products of dicloran photodegradation (CBQ and BQ) at a
concentration of 20 ppb (part per billion) or 100 ppb was applied to
each cell culture sample by mixing the chemicals in the cell culture
medium. Since the two-hour and four-hour photodegraded dicloran
contained multiple chemicals, the two concentrations used for the
treatment were the original concentrations of the dicloran prior to
photodegradation. An eight-hour daily treatment was applied to each
cell culture and followed by a 16-hour recovery by replacing the che-
mical-containing medium with fresh medium without chemical. The
cells were cultured for 14 days after the start of treatment. Prior to
harvest, cells were ‘starved’ with plain DMEM medium for 24 h. Cells
from each treatment were preserved in 4% paraformaldehyde PBS
(PFA-PBS) solution for immunofluorescence or in Invitrogen™ TRIzol
RNA Isolation Reagent (Thermo-Fisher Scientific).

2.4. Keratinocyte migration model

The keratinocyte migration model has been established and used in
our previous studies (Xu et al., 2014; Zhong et al., 2016). Briefly,
5× 105 keratinocytes were seeded in each well of a 12-well plate. Cells
reached>95% confluence overnight at 37 °C. Cells were then washed
by PBS followed by a treatment with DK-SFM containing 10 μg/mL
mitomycin C at 37 °C for 4 h. Thereafter, the medium in each well was
replaced by fresh DK-SFM and a scratch through the cell monolayer was
created using a 200 μL pipette tip (Thermo-Fisher Scientific). Photos of
each scratch were taken at two different locations near the center of
each well. Cells in each were then treated with 100 ppb of PBS (con-
trol), dicloran (DC), two-hour photodegraded dicloran (DC-PD-2h),
four-hour photodegraded dicloran (DC-PD-4h), CBQ, or BQ and in-
cubated in 37 °C for 16 h at 5% environmental CO2. The scratch of each
cell sheet was observed at similar locations and two photos were taken
for each well. The size of each gap on each cell sheet was measured
using ImageJ (Schneider et al., 2012) at both 0 (Fig. 3a, A0) and 16 h
(Fig. 3b, A16h) post treatment. The percentage of gap closure of each
scratch was calculated as 100× (A0− A16h) / A0.

2.5. Keratinocyte-fibroblast co-culture model

The keratinocyte-fibroblast co-culture (KFC) model was also used
and has been described in previous works (Xu et al., 2015a; Zhong
et al., 2016). Keratinocytes were cultured and differentiated in cell-
culture inserts for 6-well plates as described in the keratinocyte dif-
ferentiation model. The HFCs were grown in the 6-well plates until the
cell densities reached 50% confluence. Prior to the co-culture of the two
types of cells, both HFKs and HFCs were starved by FBS-free DMEM
overnight at 37 °C. Thereafter, the cell culture inserts with differ-
entiated keratinocytes were transferred to 6-well plates containing
HFCs in each well (Fig. 4a). Treatments with PBS (control), dicloran,
photodegraded dicloran, and intermediate photoproducts were applied
on the top of stratified keratinocytes to avoid direct stimulation of the
treatment to the HFCs in each well. The treatments on keratinocytes
lasted for 8 h at 37 °C followed by the complete removal of the treat-
ment solution on the top of keratinocyte cell sheet. Thereafter, the KFC
units were kept at 37 °C for 16 h. After the treatment, HFCs in each well
were harvested using TRIzol (Thermo-Fisher Scientific) or were fixed in
4% PFA-PBS.

2.6. Quantitative PCR (qPCR) and immunofluorescence (IF)

The HFKs and HFCs used for qPCR were harvested using TRIzol
(Thermo-Fisher Scientific). The stratified keratinocytes grown on top of
cell culture insert membranes were mixed with 1mL TRIzol containing
0.2 mL 1mm diameter glass beads and homogenized with a vortex at
2200 rpm for 5min. The HFCs grown in each plate were directly lysed
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using 1mL TRIzol and collected using 1.5 mL microcentrifuge tubes.
The total RNAs of samples were then isolated following the protocol
provided by the company. A TURBO DNA-free™ Kit (Life Technologies,
Grand Island, NY) was used for DNA removal during the RNA pur-
ification step. Construction of cDNAs of RNA samples were completed
using the SuperScript IV Reverse Transcriptase system (Thermo-Fisher
Scientific) following the manufacturer's instructions. Primers used in
this study were all previously validated in human cells and are listed in
Supplementary Table 1. The qPCRs were performed using a Sybr Green
system on a 7900HT Fast Real-Time PCR System with 384-Well Block
Module (Thermo-Fisher Scientific) following a regular protocol.
Normalizations of the raw cycle threshold (Ct) values obtained from the
qPCR were done using the Ct values from a housekeeping gene, GAPDH.
The relative expression of each gene in each sample was estimated
using the ΔΔCt method with the normalized Ct values (Livak and
Schmittgen, 2001). The expression level of each gene at control con-
dition was set to value 1 and the levels in other samples were calculated
using the ΔΔCt method as relative expression levels.

The IF was done with stratified keratinocytes and mono-layer HFCs.
The PFA-PBS fixed HFKs on cell culture inserts were dehydrated, par-
affinized, and embedded in paraffin following regular process for his-
tological samples. Cross-sections of each embedded membrane were
produced using a microtome to generate histological slides with 5 μm
thickness. One slide from each sample was stained with Hematoxylin &
Eosin (H&E) to evaluate the morphology of each sample. The IFs slides
with various antibodies were performed following a standard IF pro-
tocol. The histological slides of keratinocytes used for IF were depar-
affinized and rehydrated prior to the IF while the PFA-PBS fixed HFCs
in 6-well plates were directly used for IF analysis. The primary anti-
bodies used on keratinocyte slides include Ki-67 (Novus Biologicals,
Littleton, CO; Rabbit×Human, 1:400 dilution), cytokeratin 14
(Thermo-Fisher Scientific; Mouse×Human, 1:2000 dilution) and cy-
tokeratin 10 (Novus Biologicals, Littleton, CO; Rabbit×Human,
1:2000 dilution). The Mouse×Human pro-collagen Iα1 (pro-ColIα1)
primary antibody was used on HFCs with a dilution 1:100
(Developmental Studies Hybridoma Bank at the University of Iowa,
Iowa City, IA). Secondary antibodies conjugated with Alexa 488 (green)
or 594 (red) fluorescent dye (Thermo-Fisher Scientific) were applied to
slides or cell samples with a dilution of 1:500. Counter-stainings with a
nuclear dye, 4′,6‑diamidino‑2‑phenylindole (DAPI, blue, 0.1 μg/mL)
were performed on samples. Photos through each color channel were
taken under a Nikon Eclipse Ti fluorescent microscope (Nikon USA) and
an ANDOR iXonEM+ camera (ANDOR Technology, Concord, MA). The
different color channels of each figure were merged by ImageJ
(Schneider et al., 2012).

2.7. Statistical analyses

The keratinocyte cell sheet migration was evaluated using the per-
centage of gap closure. The production of pro-inflammatory molecules
in keratinocytes was estimated by qPCR using the 2−ΔΔCt values. The
activation of HFCs co-cultured with keratinocytes was measured using
qPCR of pro-ColIα1 and α-SMA, and the average signal intensity of pro-
ColIα1 in each IF image. The digitalization of signal intensities was
done using ImageJ and the average signal intensity of pro-ColIα1 in
each image was calculated as (Xu et al., 2015a; Zhong et al., 2016):

=

Average expression level of proColIα
Total signal intensity of the image

Total number of the cells in the image

1

The distributions of all data were analyzed using Shapiro–Wilk test
(David and Johnson, 1951) for the normality test of the datasets. All
datasets were also evaluated with Bartlett's test (Bartlett, 1937) to test
the homogeneity of data variance. All datasets from different analyses
were confirmed to be good for the ANOVA tests according to the results

of Shapiro–Wilk and Bartlett's tests. Multiple comparisons between
treatment and control groups were performed using one-way or two-
way ANOVA and Tukey's tests with least-squares means. The adjusted p-
values generated from the statistical tests were used to demonstrate the
significance of the difference between treatment and control groups.

3. Results

3.1. Differentiation of keratinocytes was compromised by the
photodegraded dicloran and purified intermediates

The photodegradation of dicloran has been reported previously
(Vebrosky et al., 2018). Two major intermediate products, 2‑chlor-
o‑1,4‑benzoquinone (CBQ) and 1,4‑benzoquinone (BQ), were detected
during the degradation of dicloran (Fig. 1a). Under normal growing
conditions, the human epidermis contains multiple keratinocyte layers
with cytokeratin markers differentially expressed in different layers
(Fig. 1b). In the present study, an in vitro artificial epidermis model
containing several layers of keratinocytes was created on the membrane
of a cell culture insert (Fig. 1c). Similar to the epidermis in the natural
human skin, the artificial stratified keratinocytes under controlled
conditions contained 5–6 layers of keratinocytes (Fig. 1d). The ex-
pression patterns of cytokeratin (CK) 10 and 14 in the in vitro model
were also similar to those in real epidermis: the CK14 was primarily
expressed along the basal layer of keratinocytes while the CK10
dominated the suprabasal layers (Fig. 1b and d). The concentrations of
the chemicals used in this study were tested on mono-layer keratinocyte
cultures prior to application to the stratified keratinocytes. No chemical
significantly influenced cell proliferation at concentrations up to
100 ppb in cell culture medium (Suppl. Fig. 1).

Daily applications of dicloran at a concentration of 100 ppb did not
result in a significant effect on differentiation since multiple layers of
keratinocytes with clearly separated CK expression patterns were ob-
served (Fig. 1e). Similarly, two-hour photodegraded dicloran (DC-PD-
2h) also showed a minimum impact on keratinocyte differentiation.
Although a thinner artificial epidermis was observed on the keratino-
cytes treated with DC-PD-2h, no significant effects were seen in the
expression patterns of CK10 and 14 in this group (Fig. 1f). A severe
inhibitive effect on keratinocyte in vitro differentiation was observed in
the keratinocytes treated with four-hour photodegraded dicloran (DC-
PD-4h). The alignment of cells in each layer was morphologically dis-
rupted and the expression of CK10 in suprabasal layers of keratinocytes
was also diminished (Fig. 1g). The outcomes of the keratinocyte dif-
ferentiation treated with CBQ and BQ were distinct. While no clear
influence was observed in the artificial epidermis with CBQ treatment
(Fig. 1h), the keratinocytes under treatment of BQ demonstrated atte-
nuated differentiation with poorly aligned cells and minimum expres-
sion levels of CK 14 and 10 (Fig. 1i).

3.2. Photodegraded dicloran and intermediate products induced the
expression of pro-inflammatory related genes

The expression patterns of 17 pro-inflammatory related genes under
stimulations of dicloran and its photoproducts were tested using qPCR.
The genes were identified as major players involved in pro-in-
flammatory responses in skin epidermis in one of our earlier studies (Xu
et al., 2014). Based on their expression profiles, these 17 genes were
classified into three groups as shown in the heatmap (Fig. 2a). Genes C-
C motif chemokine ligand 4 (ccl4), C-X-C motif chemokine ligand 2
(cxcl2), interleukin 6 (il6), and matrix metallopeptidase 9 (mmp9) de-
monstrated significantly upregulated expression levels (> 200% of
control with p < 0.05) with stimulation of one or more chemicals.
Setting the expression levels of all genes in control cells as value 1, the
relative expression level of ccl4 in the cells treated with 100 ppb BQ
reached to 5.27 ± 1.25 (p < 0.0001, Fig. 2b and Suppl Table 2). The
expression of cxcl2 in keratinocytes was inducible by dicloran-photo-2h
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(3.61 ± 0.25, p < 0.0001), dicloran-photo-4h (3.69 ± 0.29,
p < 0.0001), and BQ (3.72 ± 0.59, p < 0.0001) at 20 ppb. Similar
upregulation of cxcl2 was also found in the keratinocytes incubated
with 100 ppb dicloran-photo-2h, dicloran-photo-4h, and BQ with re-
lative expression levels at 4.34 ± 0.37 (p < 0.0001), 5.07 ± 0.42
(p < 0.0001), and 3.34 ± 0.50 (p=0.0003), respectively (Fig. 2c).
The cytokine il6 (Fig. 2d) only showed elevated expression levels in
response to the induction of 100 ppb dicloran-photo-2h (3.02 ± 0.30,
p < 0.0001), dicloran-photo-4h (3.05 ± 0.22, p < 0.0001), and BQ
(2.24 ± 0.41, p=0.042). Both dicloran-photo-2h and dicloran-photo-
4h enhanced the production of mmp9 at mRNA levels in keratinocytes

compared to in control cells (Fig. 2e). The dicloran-photo-2h elevated
the mRNA levels of mmp9 to 2.98 ± 0.51 (p=0.0012) and
3.12 ± 0.08 (p=0.0004) with concentrations at 20 and 100 ppb, re-
spectively. The dicloran-photo-4h increased the mmp9 at transcription
level to 2.57 ± 0.10 (0.019) and 3.78 ± 0.56 (p < 0.0001) with 20
and 100 ppb, respectively.

The second group of genes including prostaglandin-endoperoxide
synthase 2 (ptgs2), interleukin 1α (il1α), C-C motif chemokine ligand 2
(ccl2), interleukin 1β (il1β), and tumor necrosis factor α (tnfα), de-
monstrated less upregulation in transcriptomic levels upon stimulation
of chemicals, compared to the first group of genes. The expression

Fig. 2. Production of pro-inflammatory molecules by differentiated keratinocytes. Expression levels of 17 pro-inflammatory protein-encoding genes were evaluated
by qPCR. The overall expression patterns of these genes (green: upregulated compared to control; red: downregulated compared to control) were clustered based on
the qPCR results (a). The expression profiles of CCL4 (b), CXCL2 (c), IL-8 (d), and MMP-6 (e) in keratinocytes under stress of dicloran, photodegraded dicloran, and
the two intermediate photoproducts were demonstrated. *0.01 < p < 0.05; **p < 0.01. n=8. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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profiles of this group of genes suggested that they were also inducible
by at least one of the chemicals used in this study with statistical sig-
nificance (p < 0.05, Suppl Fig. 1 and Suppl Table 2). In contrast, the
third group of genes, which contained interleukin 8 (il8), matrix me-
tallopeptidase 1 and 3 (mmp1 and mmp3), S100 calcium binding protein
A8, A9, A12 (s100a8, s100a9, and s100a12), and toll-like receptor 4
(tlr4), did not show significantly meaningful up- or down-regulation
with the treatment of any chemicals (Suppl Fig. 1 and Suppl Table 2).

3.3. Photodegraded dicloran and intermediate products inhibited the
migration of keratinocytes in vitro

The keratinocytes incubated with dicloran and its photodegrada-
tion-related chemicals demonstrated different abilities in migration.
The keratinocyte migration assay was performed using the cell sheet
scratch assay (Fig. 3a). In control samples, 73.51 ± 2.45% of the gap
created on the surface of the cell sheet was closed by the migration of

keratinocytes after 16-hour incubation (Fig. 3b). Application of 100 ppb
dicloran or dicloran-photo-2h to the keratinocytes during gap closure
did not significantly change the percentages of the closure after 16-hour
cell migration. About 65.51 ± 2.66% (Fig. 3c, p=0.529 compared to
the control) of the gap was filled by keratinocytes treated with dicloran
while 64.16 ± 2.67% (Fig. 3d, p=0.353 compared to the control) gap
on the cell sheet incubated with dicloran-photo-2h was closed within
16 h. However, keratinocytes treated with dicloran-photo-4h demon-
strated a significant delay in cell migration (p < 0.0001 compared to
the control), which resulted in only 34.51 ± 5.25% gap closure within
16 h (Fig. 3e). The two intermediate products of dicloran photo-
degradation showed different effects on keratinocyte migration.
Treated with 100 ppb CBQ, the keratinocytes recolonized
63.23 ± 2.62% of the original gap (p=0.252 compared to the control,
Fig. 3f). In contrast, the keratinocytes treated with 100 ppb BQ re-
covered only 31.23 ± 3.29% of the gap after 16-hour migration
(p < 0.0001 compared to the control, Fig. 3g). The quantification of

Fig. 3. Keratinocyte migration with the treatment of dicloran, photodegraded dicloran, and intermediate photoproducts. Scratches were made on the mono-layer
keratinocytes and the photos of the scratches were taken before any treatments with chemicals (a). The scratch of each cell sheet treated with PBS (control, b),
dicloran (c), two-hour photodegraded dicloran (DC-PD2h, d), four-hour photodegraded dicloran (DC-PD4h, e), 2‑chloro‑1,4‑benzoquinone (CBQ, f), or 1,4‑benzo-
quinone (BQ, g) was taken 16 h after the application of treatment. The percentage of the gap closure for each sample was calculated and graphed (h). A0: area of the
gap prior to the treatment (the area enclosed by the dashed line); A16h: area of the gap 16 h post-treatment. Scale bar: 50 μm. **p < 0.01. n=12.
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Fig. 4. Activation of dermal fibroblasts co-cultured
with keratinocytes treated with different chemicals.
The human keratinocytes and fibroblast cells were
co-cultured using transwell cell culture inserts in six-
well plates (a). Activation of dermal fibroblasts was
evaluated by the relative expression levels of α
smooth muscle actin (α-SMA, b) and pro-collagen I
(pro-Col I, c) using qPCR. The protein level of pro-
Col I was visualized by immunofluorescent micro-
scopy using the dermal fibroblasts co-cultured with
the keratinocytes under the stress of PBS (control, d),
dicloran (e), two-hour photodegraded dicloran (DC-
PD-2h, f), four-hour photodegraded dicloran (DC-PD-
4h, g), 2‑chloro‑1,4‑benzoquinone (CBQ, h), or
1,4‑benzoquinone (BQ, i). The fluorescent signals
were quantified using ImageJ (j).
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gap closure for cells with different treatments is shown in Fig. 3h.

3.4. HFKs responded to photodegraded dicloran and intermediate products
manipulated the status of HFCs

To evaluate the effects of chemicals on simulated epidermal kera-
tinocytes on the fibroblast cells in the dermis, a KFC model was created
(Fig. 4a). In this model, a monolayer of HFCs was cultured in six-well
plates underneath the cell culture inserts with stratified HFKs on the top
of membranes. The wells were filled with cell culture medium, which
served as the extracellular matrix. This allowed the interactions be-
tween HFKs and HFCs. Since the epidermis was likely to be exposed to
chemicals in water, treatments of dicloran and related products were
only applied to the top of fully stratified HFKs. During the incubation,
no dicloran or any other photodegraded dicloran products were de-
tected in the cell culture medium in each well (data not shown), which
suggested that there were no direct chemical effects on HFCs.

Incubated with the HFKs with various chemical treatments, the
HFCs were differentially activated based on the production of α-SMA
(acta2) and pro-Collagen Iα1 (col1a1) at mRNA and protein levels.
Higher mRNA levels of acta2 were identified in the HFCs co-cultured
with the HFKs treated with 100 ppb DC-PD-4h (2.58 ± 0.38,
p=0.0006 compared to HFCs co-cultured with HFKs in control con-
dition) or BQ (2.18 ± 0.40, p=0.0159 compared to HFCs co-cultured
with HFKs in control condition). Similarly, the mRNA levels of col1a1 in
HFCs co-cultured with 100 ppb DC-PD-4h (5.04 ± 0.74, p < 0.0001)
or BQ (20.16 ± 0.77, p < 0.0001). In addition, the 100 ppb dicloran
treated HFKs also elevated the mRNA level of col1a1 to 5.04 ± 0.59
(p=0.0002). Production of pro-Collagen Iα1 by HFCs at protein level
also showed similar patterns as in the mRNA level. The production of
pro-Collagen Iα1 in the HFCs co-cultured with HFKs with treatment of
control (Fig. 4d), dicloran (Fig. 4e), DC-PD-2h (Fig. 4f), and CBQ
(Fig. 4h) were low with average signal intensities at
1.52 ± 0.17×105, 2.47 ± 1.38×105, 3.74 ± 1.27× 105, and
3.42 ± 0.86×105 per cell (Fig. 4j), respectively. In contrast, the
production of pro-Collagen Iα1 in HFCs were significantly enhanced by
co-cultured HFKs stimulated by DC-PD-4h (Fig. 4g) and BQ (Fig. 4i),
with the average signal intensities reach 7.50 ± 0.80×105 and
6.92 ± 0.70×105 per cell, respectively. This suggested that the HFKs
in response to stimulation of DC-PD-4h and BQ were more likely to
activate HFCs grown in the same medium.

To further rule out the direct effects of the chemicals on HFCs, HFCs
were grown in new six-well plates without the presence of HFKs. The
HFCs were treated with PBS (control), dicloran, DC-PD-2h, DC-PD-4h,
CBQ, and BQ at 100 ppb in the medium for 8 h and further incubated in
fresh medium for 16 h. By analyzing the expression profiles of acta2 and
col1a1 at mRNA and protein levels, we did not identify any difference
between any direct chemical treatments; this indicated that the acti-
vation of HFCs was mediated by co-cultured HFKs rather than the
chemicals (Suppl Fig. 3).

4. Discussion

As the first physical barrier of the human body, the skin comes
easily into contact with all kinds of chemicals in the environment, in-
cluding the contaminants in water or through exposure of a worker who
is applying the chemical. With the release of agrochemicals into water
from agricultural activities, the risk of the skin exposure to harmful
agricultural wastes is likely. A number of pesticides have been shown to
illicit toxic effects to humans following direct exposure. This can occur
through entry into the bloodstream by penetrating the skin directly
damaging the skin itself resulting in cutaneous toxicity (Urban and
Anadkat, 2013). Because of the potential threats to human skin health,
human health risk evaluations include recommended cutaneous toxicity
tests for pesticide registration (FDA, 2015a, 2015b). It is also manda-
tory to provide critical information about the pesticide in the label of

the product, such as major chemical compounds, direction for handling,
and alert signals for users (Settivari et al., 2015). Many of these agro-
chemicals are designed to be less stable so that the residues in the en-
vironment will dissipate within a short period of time. This is a common
strategy to minimize the environmental contamination caused by these
chemicals. However, it may also result in some unpredictable toxicities
to organisms by the degraded products. The chemical that was tested in
the present study, has been previously reported as a non-stable com-
pound under UV exposure (Vebrosky et al., 2018); dicloran and it's
photodegradation products demonstrated different toxicities to the
cardiomyocytes of the eastern oysters (Xu et al., 2018).

In this study, changes in dicloran toxicity to human skin cells were
also observed following UV exposure. After four-hour irradiation, di-
cloran demonstrated significant impacts on human keratinocyte dif-
ferentiation, migration, and amplified the activation of human dermal
fibroblast cells through keratinocytes. Interestingly, the keratinocytes
treated with one of the major dicloran photodegradation intermediate
products, 1,4‑benzoquinone, behaved similarly to the cells treated with
four-hour photodegraded dicloran. The dynamic profile of dicloran
photodegradation in water in our previous study showed that the
1,4‑benzoquinone is one of the dominant intermediate products after
four-hour degradation. Commonly known as para-quinone, the
1,4‑benzoquinone has been reported to cause skin erythema, which is
related to skin inflammation (USDHHS, 1993). The other intermediate
product of dicloran photodegradation, 2‑chloro‑1,4‑benzoquinone, did
not show any notable effects on keratinocytes, which suggests that this
chemical may be less toxic to human skin. Similarly, the two-hour
photodegraded dicloran, containing the 2‑chloro‑1,4‑benzoquinone as
one of the dominant compounds, did not significantly affect the kera-
tinocytes in differentiation, migration, or fibroblast cell activation. Al-
though a small amount of 1,4‑benzoquinone was also detected in the
two-hour photodegraded dicloran, it was unlikely to stimulate the
keratinocytes with such a low concentration at 24 ppb (Vebrosky et al.,
2018; Xu et al., 2018).

The keratinocyte assays used in the present study were all well-ac-
cepted methods for in vitro studies in skin injuries and diseases. The
differentiation of keratinocytes determines the stratification of epithe-
lium in the epidermis (Fuchs and Raghavan, 2002). During the differ-
entiation, the cytokeratin markers expressed in the keratinocytes are
shifted from CK5 and 14 in the basal layer to CK1 and 10 in suprabasal
layers (Darmon and Blumenberg, 1993). The abnormal keratinocyte
differentiation is a hallmark of some common skin inflammatory dis-
orders, such as atopic dermatitis and psoriasis (Wikramanayake et al.,
2014). Associated with the barrier perturbation resulted from the in-
terrupted keratinocyte differentiation in the epidermis, elevated cyto-
kine production, such as TNF-α, IL-1α, and 1β, has also be identified in
skin inflammatory diseases (Segre, 2006). The cytokines released by
keratinocytes in the epidermis contribute to the cell differentiation in
an autocrine pathway and also trigger the inflammatory responses
through paracrine and endocrine pathways (Wikramanayake et al.,
2014). The upregulation of these cytokines by photodegraded dicloran
were also identified in our study, suggesting that the photoproducts of
dicloran and the intermediate chemical, 1,4‑benzoquinone, potentially
resulted in the epidermal inflammation in human skin.

The expression levels of several pro-inflammatory cytokine genes,
including tnfa, il1a, 1l1b, il6, and mif, were investigated in keratinocytes
under the stimulation of various chemicals. The influence of photo-
degraded dicloran and 1,4‑benzoquinone on the expression of il6 was
the most significant, followed by tnfa, il1a, and 1l1b, which showed
fewer responses to the stimulation of the tested chemicals. The IL-6
mediates a wide range of inflammatory diseases (Turksen et al., 1992)
and is critical to growth and differentiation of various cell types (Audet
et al., 2001). Studies on IL-6 indicates that this molecule plays a key
role in a number of skin diseases, such as psoriasis (Bonifati et al., 1994;
Castells-Rodellas et al., 1992) and lupus erythematosus (Nurnberg
et al., 1995). Upregulation of il6 expression has also been observed in
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skin suffering from barrier disruption and the repair of barrier repair in
il6 knockout mice (il6−/−) is significantly delayed (Wang et al., 2004).
An increase of epidermal expression of il1a and il1b was also observed
upon acute skin barrier disruption in an earlier study (Wood et al.,
1992). The production of cytokine IL-1α and IL-1β mediates the epi-
dermal differentiation in response to skin mechanical injuries and skin
diseases (Dinarello, 2009; Groves et al., 1995; Kirschner et al., 2009).
Similarly, high levels of TNF-α is correlated with acute skin barrier
damage (Wood et al., 1992), especially in skin with severe psoriasis
(Bonifati et al., 1994). Overexpression of tnfa in the epidermis prevents
the recovery of the skin barrier, therefore, therapeutic strategies in
reducing the TNF-α levels in the skin of psoriasis patients significantly
relieve the symptoms (Lowes et al., 2007).

The photodegraded dicloran also induced the expression of a
number of chemokines, including ccl2, ccl4, and cxcl2, in keratinocytes.
Similar to the cytokines described above, chemokines are also involved
in psoriasis, atopic dermatitis, and other inflammatory skin diseases.
High levels of CCL2, CCL4, and CXCL2 have been identified in the skin
lesions of psoriasis patients (Nomura et al., 2003). The CCL2 (also
known as monocyte chemoattractant protein 1, MCP-1) has been
characterized as a recruiter for leukocytes in the skin through chemo-
tactic cytokine network (Gillitzer et al., 1993). Although the exact role
in skin inflammation has not been identified, CCL4 is likely to be the
chemoattractant to the CCR1 or CCR5 receptor-bearing cells, such as
NK cells, dendritic cells, monocytes, and Th1 cells (Nedoszytko et al.,
2014). These chemokines in human keratinocytes were inducible by
photodegraded dicloran and 1,4‑benzoquinone at concentrations as low
as 20 ppb, which suggests that the inflammatory responses caused by
the chemoattracted leukocytes may be initiated in the human skin ex-
posed to the degraded dicloran.

Other genes with inducible expression profiles by photodegraded
dicloran included mmp9 and ptgs2. Unlike the cytokines and chemo-
kines that function as mediator in the upstream of inflammatory reg-
ulation, the protein products of mmp9 and ptgs2 encoding enzyme
proteins participate in the downstream regulation of inflammation. As a
family of Zn-dependent metallopeptidases, the MMPs are implicated in
the different stages of skin barrier repair, such as reepithelialization,
inflammatory matrix remodeling, and neovascularization (Orfanos
et al., 1997; Papakonstantinou et al., 2005; Visse and Nagase, 2003).
Many MMPs can be produced by keratinocytes, dermal fibroblast cells,
and Langerhans cells in human skin, and they play a key role in in-
flammatory skin damage (Ratzinger et al., 2002; Sawicki et al., 2005).
Among these MMPs, MMP-9 has been reported by several studies as a
protein with an essential role in allergic skin diseases, such as atopic
dermatitis (Devillers et al., 2007) and chronic urticaria (Kessel et al.,
2005), which makes the MMP-9 an efficient biomarker for these skin
diseases (Altrichter et al., 2009). Also known as cyclooxygenase 2
(COX-2), the PTGS2 produces prostaglandins in a wide range of in-
flammatory reactions. Although mostly known as an enzyme involved
in skin cancers, PTGS2 was also identified as a key molecule in response
to the inflammatory stimulus during skin wound repair (Wu, 1996). The
prostaglandins produced by PTGS2 regulate skin inflammation through
the induction of vascular permeability and infiltration of inflammatory
cells (Wilgus et al., 2000). Therefore, modification of ptgs2 expression
may result in a different phenotype in skin barrier repair.

The common role of all the protein products described above is as
the mediator for inflammatory response, which is the cause of many
skin diseases. Upregulation of all these genes was observed in our study
in response to the stimulation of photodegraded dicloran products,
suggesting that exposure to photodegraded dicloran may result in da-
mage to the skin barrier. Although it is difficult to evaluate or predict
the extent of damage caused by exposure to dicloran and its photo-
degraded products on the real human skin, in vitro assays with human
keratinocytes and dermal fibroblast cells can be alternative tools for
assessment of their potential phototoxicity. The three-dimensional
keratinocyte culture model creates the stratified epidermal layer of

human skin, which contains keratinocytes with different differentiation
levels in different layers. Differentiation of keratinocytes determines the
barrier function and the permeability of the epidermis. The keratino-
cyte scratch assay was used to test the cell migration, which is required
for re-epithelialization upon injury to the skin barrier. Delay of kera-
tinocyte migration indicates the compromised function in skin barrier
recovery.

The co-culture model of keratinocytes-fibroblast cells was used in
our study to understand potential effects of keratinocytes, under sti-
mulation of dicloran photoproducts, on co-cultured fibroblast cells.
Because of the release of pro-inflammatory molecules by keratinocytes
stimulated by dicloran photoproducts, the dermal fibroblast cells grown
in the same medium are likely to be activated. Activated dermal fi-
broblast cells (myofibroblasts) are often observed in the dermis un-
dergoing re-construction of the matrix following skin injuries. Increased
dermal fibroblast cell activation by keratinocytes treated with dicloran
photoproduct suggested that the photodegraded dicloran indirectly
influenced the remodeling of dermal matrix. In addition, the released
pro-inflammatory molecules by keratinocytes are likely to manipulate
the behaviors of other types of cells, such as neutrophils, macrophages,
endothelial cells, etc., to initiate the inflammation in the skin.

The phototoxicity of dicloran on skin keratinocytes resulted in at-
tenuated cell differentiation, delayed cell migration, increased pro-
duction of pro-inflammatory molecules, and the enhanced ability to
activate co-cultured dermal fibroblast cells. Similar effects in human
skin are likely to cause skin barrier disruption, which is associated with
inflammatory skin diseases. Therefore, environmental exposure to di-
cloran may cause skin damage through sunlight activation.

5. Conclusions

The impacts of dicloran and its photodegraded products were
evaluated with the in vitro keratinocyte culture and keratinocyte-fi-
broblast co-culture model. Among all the tested chemicals, the four-
hour photodegraded dicloran and 1,4‑benzoquinone demonstrated the
greatest toxicity in the cell culture models, which were reflected by the
differentiation, migration, pro-inflammatory factor production, and
dermal fibroblast activation of the keratinocytes. These changes sug-
gested a typical inflammatory reaction in the keratinocytes. This in-
dicated an enhanced toxicity of dicloran by photoactivation. The pho-
totoxicity of dicloran is likely to cause acute skin inflammatory diseases
in human skin.
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