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Bisphenol A in Human Dermal Fibroblasts

Seong-Ryeong Lim 1, Do-Wan Kim 1, Junghee Sung 2, Tae Hoon Kim 3, Chang-Hyung Choi 4,* and Sei-Jung Lee 1,*

����������
�������

Citation: Lim, S.-R.; Kim, D.-W.;

Sung, J.; Kim, T.H.; Choi, C.-H.; Lee,

S.-J. Astaxanthin Inhibits Autophagic

Cell Death Induced by Bisphenol A in

Human Dermal Fibroblasts.

Antioxidants 2021, 10, 1273. https://

doi.org/10.3390/antiox10081273

Academic Editor: Scott Powers

Received: 2 July 2021

Accepted: 9 August 2021

Published: 11 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Pharmaceutical Engineering, Daegu Haany University, Gyeongsan 38610, Korea;
mang9811@dhu.ac.kr (S.-R.L.); sosr200211@dhu.ac.kr (D.-W.K.)

2 Research Center, Reanzen Co., Ltd., Anyang 14056, Korea; jhsung@reanzen.com
3 FoodyWorm Inc., Yancheongsongdae-gil 10, Ochang-eup, Cheongwon-gu, Choenju-si 28118, Korea;

ceo@foodyworm.com
4 Division of Cosmetic Science and Technology, Daegu Haany University, Gyeongsan 38610, Korea
* Correspondence: cchoi@dhu.ac.kr (C.-H.C.); sjlee@dhu.ac.kr (S.-J.L.); Tel.: +82-54-819-1806 (S.-J.L.)

Abstract: Astaxanthin, a natural antioxidant carotenoid, is a nutrient with diverse health benefits,
given that it decreases the risk of oxidative stress-related diseases. In the present study, we investigate
the functional role of astaxanthin during autophagic cell death induced by the estrogenic endocrine-
disrupting chemical bisphenol A (BPA) in normal human dermal fibroblasts (NHDF). BPA signif-
icantly induced apoptotic cell death and autophagy in NHDF. Autophagic cell death evoked by
BPA was significantly restored upon a treatment with astaxanthin (10 µM) via the inhibition of
intracellular reactive oxygen species (ROS) production. Astaxanthin inhibited the phosphorylation of
extracellular signal-regulated kinases (ERK) stimulated by ROS production, but it did not influence
the activation of c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK) in
BPA-treated NHDF. Astaxanthin abrogated the ERK-mediated activation of nuclear factor-kappa B
(NF-κB), which is responsible for the mRNA expression of LC3-II, Beclin-1, Atg12, and Atg14 during
apoptotic cell death induced by BPA. These results indicate that astaxanthin is a pharmacological and
nutritional agent that blocks the skin fibroblastic autophagic cell death induced by BPA in human
dermal fibroblasts.

Keywords: astaxanthin; autophagic cell death; bisphenol A; normal human dermal fibroblasts;
reactive oxygen species

1. Introduction

Bisphenol A (BPA), ubiquitously present in consumer products containing polycar-
bonate plastics and epoxy resins, has been utilized extensively in dentistry, food packaging,
thermal printing papers, and lacquers [1]. Owing to its hormone-like features, BPA is
known to manipulate the activation of many estrogen receptors in mammalian cells,
evoking toxicological cellular responses related to prostate and breast cancer, as well as
respiratory diseases [2,3]. While oral intake from contaminated food and drinks represents
the predominant source of BPA exposure and given the well-known pathophysiological
role of ingested BPA, the potential risk of BPA exposure via dermal contact and absorption
in the skin is not well documented. Skin is the largest organ of human body consisting of
three primary layers and diverse cell types [4], where dermal fibroblasts are an essential
component, maintaining the structure of fibers by producing a collagen-rich extracellular
matrix and playing an important role in the production of inflammatory mediators against
chemical, microbial, viral, and fungal agents [5–7]. Given that approximately 46% of BPA
is diffused through the skin [8], recent studies have suggested that BPA causes oxidative
dermal damage and thus stimulates the expression of many pro-inflammatory mediators
associated with human skin diseases [9]. However, the underlying pathophysiological
mechanisms of BPA involved in oxidative dermal damage remain undescribed.
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BPA provokes oxidative stress that is caused by an excessive production of reactive
oxygen species (ROS), resulting in damages to lipids, proteins, DNA, and organelles,
and triggering to the induction of cellular dermal damage, which is the fundamental
mechanisms mediating apoptosis and autophagy in skin diseases [10,11]. A recent study
suggested that apoptosis and autophagy are the most common consequences of accumula-
tive changes in the promoting of skin pathophysiology including the aberrant pigmentation,
increased wrinkles, and telangiectasia [11]. Indeed, it was proven that excessive or uncon-
trolled levels of autophagy are closely related to the induction of cell death [12]. Given that
the major role of oxidative stress induced by BPA is to promote cellular dermal damages,
it is crucial to investigate pharmacological substances that regulate the apoptotic and
autophagic pathway mediated by ROS in dermal fibroblasts.

Astaxanthin, a natural carotenoid found in marine organisms, is a well-known an-
tioxidant classified as xanthophyll [13,14]. Many previous reports have shown that as-
taxanthin has a variety of pharmacological functions in many disease models, such as
lung fibrosis [15], ischemia and reperfusion (I/R) injury [16], neuronal toxicity [17,18],
and hematopoietic system injury [19], suggesting that astaxanthin has various health
benefits in different systems of the body carrying out the different functions. Although
astaxanthin has been receiving more attention due to its various biological functions, it is
difficult to deliver to organs effectively as a result of the poor water solubility, hydropho-
bic/lipophilic characters, high melting point, and chemical instability of astaxanthin [20],
suggesting that the unique structure of astaxanthin is one of the major factors limiting its
oral and intraperitoneal bioavailability to develop as the therapeutic, medicinal, and food
agents. Thus, it seems reasonable that the topical application of astaxanthin as a cosmetic
source to the skin would prove much more effective in ameliorating the oxidative skin
dermal damage [21,22]. However, the functional role of astaxanthin in oxidative skin
dermal damage caused by BPA exposure had not yet been explored.

In this study, therefore, we investigate the pharmacological role of astaxanthin during
apoptosis and autophagy elicited by BPA in human dermal fibroblasts and the mechanism
underlying the beneficial effects of astaxanthin with regard to skin health.

2. Materials and Methods
2.1. Materials

RPMI-1640, streptomycin, penicillin, and fetal bovine serum (FBS) were obtained from
GE Healthcare (Logan, UT, USA). Bisphenol A (BPA) and astaxanthin were from Sigma-
Aldrich (St. Louis, MO, USA). JNK, ERK, p38 MAPK, NF-κBp65, p-JNK, p-ERK, p-p38
MAPK, p-NF-κBp65, Beclin-1, β-actin, and LC3-II antibodies were obtained from Santa
Cruz Biotechnology (Paso Robles, CA, USA). HRP goat anti-mouse and -rabbit IgG anti-
bodies were purchased from Abcam (Cambridge, MA, USA). Bay 11-7082, N-acetylcysteine
(NAC), and PD98059 were from Tocris (Minneapolis, MN, USA). CM-H2DCFDA was
purchased from Invitrogen (Carlsbad, CA, USA).

2.2. Cells

Normal human dermal fibroblasts (NHDF), obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA), were grown in RPMI-1640 containing 10% fetal
bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin, and were cultured in a
dish in a 37 ◦C incubator with humidified atmosphere of 5% CO2.

2.3. Inhibitor Treatment

Upon reaching ~80% confluency, NHDF were grown with serum-free media for 12 h
and were then incubated with pharmacological inhibitors for NF-κB (Bay 11-7082, 1 µM),
ROS (NAC, 1 µM), and ERK (PD98059, 1 µM) for 30 min prior to the BPA (50 µM) treatment.
No inhibitors at those particular concentrations showed effects on cell viability of NHDF
by themselves.
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2.4. Cell Viability Assay

The effect of BPA and astaxanthin on cell viability of NHDF was evaluated by EZ-
CYTOX kit (Dail-Lab Service, Seoul, Korea) as previously demonstrated [23], according
to the manufacturer’s instructions. NHDF were incubated with the EZ-CYTOX master
mix (10 µL) for 2 h. Cell viability was determined by using a microplate reader (SPARK,
Seestrasse, Männedorf, Switzerland) at 450 nm.

2.5. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Cellular RNA of NHDF was isolated and purified using the NucleoSpin® RNA
kit (Macherey-Nagel, Düren, Germany). Reverse transcription for the cDNA prepara-
tion was performed with total RNA by using a ReverTra Ace® qPCR RT Master Mix
(cDNA kit) (TOYOBO, Osaka, Japan). The autophagic genes responsible for the induction
(ULK1/2, Vps34, Atg14, Beclin-1), expansion/closure (Atg5, Atg12, Atg16L1, LC-3II),
and fusion/degradation (Rab7, FYCO1, LAMP1/2) in an autophagy pathway induced
by BPA were amplified using a LightCycler 96 system (Roche, Basel, Switzerland) with a
AccuPower® 2X Greenstar qPCR Master Mix (Bioneer, Daejeon, Korea). The sequences for
primer pairs used are described in Supplementary Materials Table S1.

2.6. Detection of Intracellular Reactive Oxygen Species (ROS)

NHDF was incubated with 10 mM of CM-H2DCFDA for 1 h to measure the level
of intracellular ROS. After washes with PBS, cells were scraped and loaded into a black
96-well plate. The fluorescence, which corresponds to the amount of intracellular ROS,
was determined using a microplate reader designed for the detection of fluorescent and
luminescent signals (SPARK, Seestrasse, Männedorf, Switzerland) with excitation/emission
at 485/535 nm.

2.7. Western Blot Analysis

Cellular protein of NHDF was extracted with RIPA lysis buffer (ATTO Corp., Tokyo,
Japan) and the concentrations were determined by BCA protein assay kits (Pierce, Rockford,
IL, USA). Western blot analysis was performed as previously described [23]. The band
intensity of the western blot was calculated by using the Scion Image software (Scion Image
Beta 4.02, Frederick, MD, USA).

2.8. Flow Cytometry

Apoptotic cells were detected with Annexin V-FITC Apoptosis Kit (BD Biosciences,
Franklin Lakes, NJ, USA) and quantified the proportion of healthy, early apoptotic, late apop-
totic, and necrotic cells by using the flow cytometry (Beckman Coulter, Fullerton, CA, USA)
as previously described [24].

2.9. Statistical Analysis

Data are represented as mean value ± standard errors (S.E.). Statistical significance
was analyzed by one-way analysis of variance (ANOVA) in SPSS 16 software (IBM Corp,
Armonk, NY, USA). p < 0.05 is considered significant.

3. Results
3.1. Inhibitory Effect of Astaxanthin on the Dermal Cell Death and Autophagy Induced by BPA

To confirm that bisphenol A (BPA) induces the dermal cytotoxicity, normal human
dermal fibroblasts (NHDF) were treated with BPA at various concentrations (0–400 µM) for
24 h. BPA markedly decreased the cell viability in a dose-dependent manner (Figure 1A).
The cytotoxicity of NHDF also was observed from 24 h after treatment with 50 µM of
BPA (Figure 1B). To determine the functional role of astaxanthin in the dermal fibroblastic
damage, NHDF was exposed to the BPA in the presence astaxanthin at various concen-
trations (0.1–10 µM). A co-treatment with 10 µM of astaxanthin effectively abrogated the
cytotoxicity evoked by BPA (Figure 1C). To know how BPA influences the autophagic
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process, we further evaluated the effect of BPA on the mRNA level of the autophagic genes
responsible for the induction, expansion/closure, and fusion/degradation in an autophagy
pathway. The prominent expressions of Atg14, Beclin-1, Atg12, and LC3-II responsible for
the autophagic induction, expansion, and closure processes were observed following a BPA
treatment (Figure 1D). However, the autophagy pathway initiated by BPA was significantly
inhibited by treatment with astaxanthin at 10 µM (Figure 1E). These results indicate that
the pharmacological effect of astaxanthin against BPA exposure in dermal fibroblast is
related to the blocking of the cell death and autophagy.
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Figure 1. Inhibitory effect of astaxanthin on the dermal cell death and autophagy induced by BPA. (A) Dose responses of
cell viability in normal human dermal fibroblasts (NHDF) treated with 50, 200, and 400 µM of BPA for 24 h are shown.
* p ≤ 0.05 versus control. n = 3. (B) Time responses of cell viability treated with 50 µM of BPA for 24 h are shown. * p ≤ 0.001
versus control. n = 3. (C) NHDF was exposed to the BPA with astaxanthin (0.1, 1, and 10 µM) for 24 h. * p ≤ 0.001 versus
control. # p ≤ 0.05 versus BPA alone. n = 3. (D) NHDF was treated with BPA for 24 h. The effect of BPA on the expression of
autophagy-related genes was evaluated by qRT-PCR. * p ≤ 0.05 versus control. n = 3. (E) NHDF was exposed to the BPA in
the presence of astaxanthin (0.1 and 10 µM) for 24 h. The mRNA level of the autophagic genes quantified by qRT-PCR is
shown. * p ≤ 0.01 versus control. # p ≤ 0.01 versus BPA alone. n = 3.

3.2. Antioxidative Effect of Astaxanthin on the Production of ROS in NHDF Treated with BPA

BPA has been reported to evoke the cellular oxidative stress responsible for the
production of reactive oxygen species (ROS) to amplify the signals for apoptosis and
autophagy [10,11]. The prominent production of ROS was observed at 3 min following
a BPA treatment (Figure 2A), though the production could be inhibited by astaxanthin
at 10 µM (Figure 2B). The ROS scavenging effect of astaxanthin was further revealed
by staining NHDF with a fluorescent dye, CM-H2DCFDA (Figure 2C). To ensure the
production of ROS is involved in autophagy and cell death, NHDF was pretreated with
an antioxidant, N-acetylcysteine (NAC) for 30 min prior to the BPA treatment. The levels
of cytotoxicity and mRNA expressions of LC3-II, Beclin-1, Atg12, and Atg14 induced by
BPA were significantly abrogated by the incubation with NAC (Figure 2D,E). These data
suggest that the pharmacological effect of astaxanthin on cell death and autophagy in
human dermal fibroblasts is mediated by its antioxidative potential against BPA.
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Figure 2. Antioxidative effect of astaxanthin on the production of ROS in NHDF treated with BPA. (A) Time responses of
BPA (50 µM) on the ROS production determined by staining NHDF with CM-H2DCFDA are shown. * p ≤ 0.001 versus
control. n = 3. RFU, relative fluorescence units. (B) NHDF was exposed to the BPA in the presence of astaxanthin (0.1 and
10 µM) for 3 min. * p ≤ 0.001 versus control. # p ≤ 0.001 versus BPA alone. n = 3. (C) The inhibitory effect of astaxanthin
on ROS production induced by BPA (green) revealed by confocal microscopy is shown. Scale bars, 100 µm (magnification
× 100). n = 3. (D,E) Cells were treated with 1 µM of N-acetylcysteine (NAC) as an antioxidant for 30 min prior to BPA
exposure for 24 h. The effect of NAC on the levels of cell viability (D) and autophagic genes (E) is shown. * p ≤ 0.01 versus
control. # p ≤ 0.05 versus BPA alone. n = 3.

3.3. Astaxanthin Inhibits ERK Activation Triggered by BPA

We further examined the role BPA in the phosphorylation of mitogen-activated protein
kinases (MAPKs), which are known as downstream mediators of ROS [25,26]. The phospho-
rylation of ERK was significantly increased for 15−30 min by treatment with BPA, while the
JNK and p38 MAPK were not influenced by the BPA (Figure 3A). However, the ERK phos-
phorylation was significantly inhibited by treatment with 10 µM of astaxanthin (Figure 3B
and Supplementary Materials Figure S1A) and antioxidant, NAC (Figure 3C), demonstrat-
ing that astaxanthin inhibits the ROS-mediated ERK activation induced by BPA. Moreover,
we found that the ERK inhibitor (PD98059) significantly restored the dermal fibroblastic cy-
totoxicity and mRNA expression of autophagic genes in BPA-treated NHDF (Figure 3D,E).
These data demonstrate that the ERK activation triggered by ROS is the critical step in the
promotion of autophagic cell death caused by BPA and that the BPA signaling pathway in
dermal fibroblast can be suppressed by astaxanthin treatment.
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levels of cell viability (D) and autophagic genes (E) is shown. * p ≤ 0.001 versus control. # p ≤ 0.01 versus BPA alone. n = 3.

3.4. Inhibitory Effects of Astaxanthin on the Phosphorylation of NF-κB Stimulated by BPA

Having demonstrated the necessity of ERK in the regulation of the dermal fibroblastic
cytotoxicity and autophagy initiated by BPA, we have further checked the regulatory effect
of ERK on the phosphorylation of nuclear factor-kappa B (NF-κB) that induces the transcrip-
tional gene expression related to the autophagic cell death. BPA significantly induced the
phosphorylation of NF-κB at 120 min (Figure 4A), though the increase could be blocked by
treatment with 10 µM of astaxanthin (Figure 4B and Supplementary Materials Figure S1B).
The transcriptional activation of NF-κB induced by BPA was markedly abrogated by treat-
ment with the ERK inhibitor (PD98059) (Figure 4C), demonstrating that the ERK activation
is required for the phosphorylation of NF-κB in the promoting of autophagic cell death
caused by BPA. Moreover, a NF-κB inhibitor, Bay 11-7082, significantly inhibited the levels
of dermal fibroblastic cytotoxicity and mRNA expression of autophagic genes induced by
BPA (Figure 4D,E), indicating that the activation of NF-κB is involved in the autophagic cell
death induced by BPA. Thus, these data demonstrate that astaxanthin negatively regulates
the phosphorylation of NF-κB mediated by ERK, which is necessary for the autophagic cell
death occurred by the BPA signaling pathway in dermal fibroblasts.
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Figure 4. Inhibitory effects of astaxanthin on the phosphorylation of NF-κB stimulated by BPA. (A) Time responses of BPA
(50 µM) on the phosphorylation of NF-κB are shown. * p ≤ 0.05 versus control. n = 3. ROD, relative optical density. (B)
The role of astaxanthin in the activation of NF-κB is shown. * p ≤ 0.001 versus control, # p ≤ 0.001 versus BPA alone. n = 3.
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3.5. Astaxanthin Regulates the Autophagic Cell Death Triggered by BPA

We further tried to clarify whether astaxanthin regulates the protein expression of
autophagy responsible for the autophagic cell death triggered by BPA. The levels of pro-
tein expression of Beclin-1 and LC3-II, as representative markers of autophagy activation,
were investigated in NHDF treated with the BPA. BPA markedly augmented the protein
expression of Beclin-1 and LC3-II in a time-dependent manner (Figure 5A). However, the
prominent expression of the autophagy-related proteins elicited by BPA was significantly
inhibited by treatment with 10 µM of astaxanthin (Figure 5B and Supplementary Materials
Figure S1C). Interestingly, we found that the NF-κB inhibitor (Bay 11-7082) significantly
suppressed the expression of LC3-II induced by BPA (Figure 5C), indicating that NF-κB
phosphorylation enhances transcriptional expression of LC3-II during the autophagic cell
death triggered by BPA. We next checked how activated autophagic process coordinates
with the apoptotic cell death in BPA-treated NHDF by treating with an autophagy inhibitor,
3-methyladenine (3-MA). We found that 3-MA effectively restores the cell viability de-
creased by BPA (Figure 5D), indicating that the autophagy activation is required for the
dermal fibroblastic damage caused by BPA.

To distinguish the aspects of cell death outcomes induced by BPA, we next undertook
flow cytometric analyses by staining the dermal fibroblasts with an Annexin V/Propidium
Iodide (PI). BPA significantly induced the apoptotic cell death of NHDF for 24 h, whereas for
necrotic cell death, a marginal effect was noted. However, the BPA-induced apoptotic cell
death was significantly decreased by treatment with astaxanthin (Figure 5E). These results
indicate that the pharmacological effect of astaxanthin on human dermal fibroblasts is
related to the blocking of apoptotic cell death caused by BPA.
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Figure 5. Astaxanthin regulates the autophagic cell death triggered by BPA (A) Time responses of BPA (50 µM) on the
protein expression of Beclin-1 and LC3-II are shown. * p ≤ 0.001 versus 0 h. n = 3. ROD, relative optical density. (B) The role
of astaxanthin in the expression of autophagy-related proteins is shown. * p ≤ 0.005 versus control, # p ≤ 0.001 versus BPA
alone. n = 3. (C) Cells were incubated with 1 µM of Bay 11-7082 for 30 min prior to BPA exposure for 24 h. * p ≤ 0.001
versus control. # p ≤ 0.001 versus BPA alone. n = 3. (D) Cells were incubated with 1 µM of autophagy inhibitor (3-MA)
for 30 min prior to BPA exposure for 24 h. The effect of 3-MA on the levels of cell viability is shown. * p ≤ 0.001 versus
control. # p ≤ 0.01 versus BPA alone. n = 3. (E) The proportion of apoptotic cells stained by Annexin V was analyzed by
performing flow cytometry. * p ≤ 0.05 versus control. # p ≤ 0.05 versus BPA alone. n = 3. (F) The sequences of putative
signaling pathways are summarized.

4. Discussion

Our results suggest that BPA induces the dermal fibroblastic autophagy pathway,
which is closely related to apoptotic cell death, and that astaxanthin neutralizes the au-
tophagic cell death pathways initiated by BPA through the inhibition of ROS-mediated
activation of ERK to suppress the phosphorylation of NF-κB responsible for the transcrip-
tional expression of the autophagy genes (LC3-II, Beclin-1, Atg12, Atg14) in human dermal
fibroblasts (Figure 5F). Thus, we suggest that one of new pharmacological mechanisms of
astaxanthin that would inhibit the skin dermal damages promoted by BPA is to reduce
the dermal fibroblastic autophagy together with apoptosis. To our knowledge, our results
are the first report demonstrating the role of BPA in the control of the skin fibroblastic
autophagic cell death as inhibited by astaxanthin.
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Although a protective effect of astaxanthin against BPA in dermal fibroblasts has not
been reported, many scientists have found that astaxanthin has many positive dermatolog-
ical effects on human skin damage, aging, and inflammation via its antioxidant effect [27].
These results are consistent with our finding that astaxanthin has the ability to inhibit the
oxidative autophagic cell death induced by BPA in NHDF. BPA is a chemical produced at
among the highest volumes during the production of polycarbonate plastic and epoxy resin;
it can stimulate the destruction of mitochondria, the endoplasmic reticulum, and lysosomes
via oxidative damage, resulting in aberrant pigmentation, laxity, and wrinkle formation
in the skin [1,11]. Moreover, BPA has been reported to stimulate the fibroblastic apop-
tosis by arresting the cell cycle as well as autophagy by upregulating the expression of
autophagy-related protein during the promotion of childhood respiratory diseases [3].
Although proper physiological levels of autophagy are essential for the digestion of the
cellular contents within lysosomes so as to maintain a proper level of skin homeostasis,
excessive or uncontrolled levels of autophagy can induce autophagy-dependent apopto-
sis [12]. Hence, it is plausible that BPA amplifies dermal fibroblast autophagic cell death
signals by producing intracellular ROS. Indeed, astaxanthin has been found to scavenge
the skin ROS responsible for various aging manifestations, such as a loss of skin elasticity,
wrinkle formation, and impaired wound healing [27]. These findings also therefore suggest
that astaxanthin is a potential antioxidative prophylactic agent that can prevent oxidative
stress-related diseases that affect human dermal fibroblasts when they are exposed to BPA.

To find the underlying molecular mechanisms related to how ROS participates in
the initiation of the autophagic cell death pathways, we focused on mitogen-activated
protein kinases (MAPKs), specifically ERKs, p38 MAPK, and JNKs, with regard to their
possible roles in the regulation of the activity of many transcription factors and cellular
enzymes and, thus, involvement in the biological responses of cells to external stimuli as
downstream mediators of ROS [25,26]. Despite the functional roles of MAPKs governed
by the ROS signaling pathway in the promotion of autophagy [25,26], we noted that
astaxanthin has an inhibitory effect on the phosphorylation of ERK as uniquely stimulated
by BPA. These results are similar to an earlier result showing that ERK activation is a
necessary step in the promotion of apoptosis in hippocampal HT-22 cells exposed to
the BPA [28], suggesting that ERK is an important signaling mediator of BPA during
autophagic cell death in dermal fibroblasts. Moreover, we found convincing evidence that
ROS production is required for ERK phosphorylation to facilitate the autophagic cell death
pathways stimulated by BPA. Hence, our findings demonstrate that the pharmacological
effect of astaxanthin on abnormal dermal ERK activation is mediated by its antioxidative
potential against BPA. The important finding here is that astaxanthin has an inhibitory
effect on the phosphorylation of NF-κB mediated by ERK activation to block autophagic
cell death as induced by BPA. NF-κB is a multifaceted transcriptional regulator of the
fundamental aspects of autophagy, apoptosis, and inflammation [29–31]. Earlier works
have shown that NF-κB stimulated by exogenous factors is segregated from the cytoplasmic
complex where it translocates into the nucleus after the degradation of the IκBα [32–34].
Considering the functional role of ERK in the phosphorylation of NF-κB, previous reports
suggested that phosphorylated ERK1/2 could move into the nucleus, where it activates
various transcriptional factors [35]. Hence, it is plausible that astaxanthin has a functional
role in abrogating the NF-κB pathway through the suppression of ERK phosphorylation.
These results indicate that NF-κB is a core transcription factor of the BPA signaling pathway
that also regulates the autophagic cell death as inhibited by astaxanthin.

In support of these findings, our results revealed astaxanthin is able to regulate the
transcriptional expression of the autophagy genes (LC3-II, Beclin-1, Atg12, Atg14) via
the inhibition of NF-κB activity in BPA-treated NHDF. As central elements enhancing the
autophagic process, Beclin-1 and Atg14 has been shown to regulate the localization of
autophagic proteins, triggering the formation of the pre-autophagosomal structure [36,37],
while Atg12 and LC3-II has been demonstrated to play an essential role in autophagy as
it relates to biogenesis and in the transport of autophagosomes by functioning during
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the elongation of the phagophore double-layer membrane [38–41]. Indeed, earlier work
showed the transcription factor NF-κB directly binds to the promoters of Beclin-1 and LC3-
II and upregulates its mRNA and protein levels, leading to the autophagic process [36,42].
Thus, our findings are consistent with the idea that astaxanthin inhibits the transcriptional
regulation of NF-κB for close working together with the cellular autophagic machinery to
protect against oxidative dermal damage caused by BPA exposure. Intriguingly, the inhibi-
tion of the autophagic process in NHDF reduces the level of apoptotic cell death, suggesting
the involvement of the autophagic machinery coupled with cell death as elicited by BPA.
This result is supported by previous findings showing that the cleavage of Beclin-1 medi-
ated by the caspase activation promotes crosstalk between autophagy and apoptosis [43].
Taken together, the biological activities of astaxanthin obtained from this study strongly
indicate that astaxanthin may be a viable candidate as a potent anti-oxidative agent to
inhibit autophagic cell death induced by BPA in dermal fibroblasts.

5. Conclusions

Our findings indicate that astaxanthin abrogates the autophagic cell death initiated
by BPA and that the ROS production coupled with activation of ERK and NF-κB is a
necessary step in the promotion of autophagy responsible for the apoptosis in the human
dermal fibroblasts. This suggests that autophagic cell death is a predominant mechanism
for controlling cell viability in the promoting of skin dermal damages induced by BPA.
Thus, studies regarding the ROS/ERK/NF-κB signaling pathway regulated by astaxanthin
during the BPA exposure are likely to be critical to develop the pharmacological and
cosmetic agents against the skin dermal damages.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox10081273/s1, Table S1: PCR primer sequences, Figure S1: The role of astaxanthin on the
level of autophagy-related proteins in BPA-treated NHDF.
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