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Isopimpinellin inhibits UVA-induced overproduction of MMPs
via suppression of MAPK/AP-1 signaling in human dermal fibroblasts

Jung Hwan Oh'2. Fatih Karadeniz' - Youngwan Seo® - Chang-Suk Kong™#

Received: 16 January 2024 / Revised: 14 May 2024 / Accepted: 17 May 2024

© The Korean Society of Food Science and Technology 2024

Abstract

Corydalis heterocarpa is an edible halophyte and an ingredient in traditional Korean medicine. In the present study, isop-
impinellin (IPN), a bioactive coumarin, was isolated from the medicinal halophyte C. heterocarpa, and the effects of IPN
against UVA-induced photoaging were investigated in human dermal fibroblasts. Photoaging is a skin disorder that manifests
itself as premature skin aging due to chronic exposure to UV radiation. The symptoms of photoaging mainly arise from
degraded skin connective tissue produced by overly expressed matrix metalloproteinases (MMPs). IPN treatment decreased
the UVA-induced formation of reactive oxygen species and decreased MMP-1, MMP-3, and MMP-9 collagenases at the
protein level. The UVA-mediated suppression of tissue inhibitors of MMP-1 and -2 was attenuated with IPN. The presence
of 10 pM IPN inhibited the MAPK-mediated phosphorylation of c-Fos and c-Jun. In conclusion, the overall result of the
current study indicated that IPN inhibited the UVA-induced overexpression of MMPs via blocking the MAPK/AP-1 pathway.
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Introduction

The human skin acts as a barrier against environmental fac-
tors. Its most critical role is the reflection and absorption
of ultraviolet (UV) rays, which are relatively harmful and
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mutagenic (Narayanan et al., 2010). UV rays have a number
of harmful effects on the structure, formation, and integ-
rity of the skin. Continuous exposure to UV rays leads to
premature skin aging, also known as photoaging (Salminen
et al., 2022). Of the three different wavelength groups of UV
rays, UVA (longwave, 315-400 nm), UVB (middle-wave,
280-315 nm) and UVC (shortwave, 100—280 nm), the ozone
layer absorbs almost all the UVC and some of the UVB.
However, a big part of UVA reaches the earth’s surface pass-
ing through the atmosphere unobstructed. The unabsorbed
UVB can penetrate the epidermis and shallowly, the der-
mis, the two layers of skin, while UVA can pass through to
the basal layer between the skin and the underlying tissue
(Meinhardt et al., 2008). Thus, UVA is the major contributor
to UV-mediated skin damage, including photoaging (Battie
etal., 2014; Wang et al., 2021).

Photoaging of the skin affects the connective tissue of the
dermis layer. This layer contains extracellular matrix (ECM)
components, such as collagen, that provide the skin with
elasticity, strength, and shape. It has been demonstrated that
exposure to UVA positively alters the levels of matrix metal-
loproteinases (MMPs), a family of ECM-degrading enzymes
(Herrmann et al., 1993). Excessive levels of MMPs lead to
an imbalance in the formation of the ECM by degrading crit-
ical components, particularly collagen (Poon et al., 2015).

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10068-024-01611-2&domain=pdf
http://orcid.org/0000-0002-2304-9304

J.H.Ohetal.

Decreased collagen synthesis combined with the increased
degradation of collagen leads to the collapse of connective
tissue, manifested by decreased skin elasticity, wrinkles and
the appearance of age spots (Oba et al., 2006; Watson and
Griffiths, 2005). MMP-1, and to a certain extent, MMP-3
and MMP-9, are the main enzymes of the MMP family that
act on skin collagen and are therefore responsible for the
progression of photoaging (Pittayapruek et al., 2016; Quan
et al., 2009).

One of the triggers of the photoaging process is the
excessive production of reactive oxygen species (ROS) as
a result of UV irradiation (Herrling et al., 2006). ROS has
been shown to be involved in the signaling mechanisms
of photoaging either by directly damaging collagen or by
stimulating the expression and activity of MMPs (Ansary
et al., 2021). It has been reported that the ROS-induced over-
production of MMPs occurs through the activation of the
mitogen-activated protein kinase (MAPK) signaling cascade
(Nelson and Melendez, 2004). The MAPK signaling cascade
is an intricate phosphorylation pathway involved in several
biological reactions. As key components of the MAPK sign-
aling cascade, extracellular signal-regulated kinase (ERK),
p38 and c-Jun N-terminal protein kinase (JNK) are widely
studied proteins reported to play an active role in the intra-
cellular response to UV exposure (Nelson and Mendez,
2004; Prasanth et al., 2020). The UV radiation-mediated
increase in ROS triggers the activation of these MAPK
components, which subsequently activate the transcription
factor, activator protein 1 (AP-1) (Kong et al., 2022). AP-1 is
a transcription factor that triggers the production of MMPs.
AP-1 is a heterodimer composed of phosphorylated (p)-c-
Fos and c-Jun proteins that are previously activated via p38
and JNK (Kajanne et al., 2007). Therefore, the inhibition of
the MAPK/AP-1 signaling cascade is expected to reduce
UVA-mediated MMP production, which in turn alleviates
the symptoms of photoaging.

Corydalis heterocarpa (C. heterocarpa) is a halophyte
found throughout Korea and Japan on muddy seashores and
coastal dunes. It has been used as an ingredient in traditional
folk medicine for several ailments including pain relief. Sev-
eral bioactivities have been reported for the crude extracts and
fractions of C. heterocarpa. These include MMP inhibitory
(Yu et al., 2021), anti-photoaging (Ahn et al., 2012; Oh et al.,
2020a) and anti-inflammatory (Kim et al., 2015) bioactivities.
Isopimpinellin (IPN) has been isolated from the active extracts
of C. heterocarpa as a part of ongoing effort to develop natu-
ral-origin anti-photoaging cosmetic agents. IPN is a coumarin
derivative, a furanocoumarin, whose anticarcinogenic prop-
erties have been demonstrated against certain skin tumors
(Kleiner et al., 2002, 2003). In addition, IPN has been shown
to exert anti-angiogenic (Bhagavatheeswaran et al., 2022), and
acetylcholinesterase and self-induced amyloid-f§ aggregation
inhibitory effects (Takomthong et al., 2020). Structure—activity
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association studies have indicated that the placement of the
furan ring (Takomthong et al., 2020) and the polarizability
(Singhuber et al., 2011) of the compound are the main fac-
tors for its bioactivity. However, to the best of our knowledge,
there is no study available to date in the literature on the effects
of IPN against photoaging. In the present study, the potential
effects of IPN on UVA-mediated changes in MMP production
in human dermal fibroblasts (HDFs) were investigated in vitro
to obtain crucial data on its potential use as an anti-photoaging
cosmeceutical.

Materials and methods
Isolation and characterization of IPN

Whole C. heterocarpa plants were extracted and IPN was
isolated among other coumarin derivatives, as previously
described (Kim et al., 2015). In the present study, IPN was
dissolved in distilled water for use in cell-based experiments.
The characterization of the IPN was carried out by compari-
son of the data below with that in the published literature
(Fig. 1A) (Kim et al., 2015).

Maintenance of HDFs

HDFs were procured from PromoCell GmbH (cat. no.
C-12302). The cells were cultured in flat-bottom transparent
six-well plates with 1x 10° cells/well seeding density sup-
plemented with fibroblast growth medium (cat. no. C-23020,
PromoCell GmbH) unless otherwise indicated. The cultured
cells were kept in incubators at 37°C and 5% CO, between
experiments. Any possible toxic effect of IPN on the HDFs
was investigated using a colorimetric MTT assay, as previ-
ously described (Kim et al., 2015). Non-toxic concentrations
were used for further assays.

Irradiation of HDFs with UVA

Exposure to UVA was carried out using a Bio-Sun UV
Irradiation System (Vilber Lourmat). HDFs cultured as
described previously were irradiated until the UVA exposure
reached the 10 J/cm? dose. Prior to irradiation, the culture
medium was changed to phosphate-buffered saline (PBS)
and the microplate lid was removed. Following irradiation,
the cells were supplemented with DMEM without any serum
until analysis.

2',7'-Dichlorofluorescin diacetate (DCFH-DA)
assay for the measurement of intracellular radical
scavenging activity

The effects of IPN on cellular ROS production were
investigated using the ROS-sensitive DCFH-DA assay.
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Fig.1 (A) The chemical structure of Isopimpinellin (IPN). (B) Effect
of IPN on the viability of human dermal fibroblasts (HDFs). Viabil-
ity of the cells was measured after 24 h IPN treatment. Viability
was given as a relative percentage of the untreated group. Values are
means+ SD (n=3). *p<0.05 vs. untreated (0 pM) group. (C) Effect
of IPN on the UVA-induced intracellular ROS levels in HDFs. HDFs
were loaded with DCFH-DA and treated with or without IPN for 2 h
prior to UVA irradiation. The fluorescence intensity of DCF was
measured at 30 min intervals. Values are means +SD (n=3). Blank:

The HDFs were grown in black opaque 96-well plates and
incubated at 37°C for 24 h prior to the assay. Following
incubation, the cells were loaded with 20 uM DCFH-DA
dye (MilliporeSigma) dissolved in PBS and incubated for
a further 20 min in the dark. The DCFH-DA-loaded cells
were treated with or without IPN (1, 5 and 10 pM) for 2 h.
Following treatment, the cells were exposed to UVA irra-
diation (10 J/cm?) to induce oxidative stress. The fluores-
cence intensity of DCF, the end of product of DCFH-DA
oxidation was measured at 30 min intervals for 2 h using
a GENios® microplate reader (Tecan Group, Ltd.). The
wavelengths were set at 485 nm for excitation and 528 nm
for emission.
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Effect of IPN on the MMP-1 secretion of HDFs. HDFs were irradi-
ated by UVA and treated with or without IPN for 24 h. MMP-1 lev-
els in the cell culture medium was measured by ELISA. Values are
means +SD (n=3). #p <0.05 vs. non-irradiated untreated group, and
*p<0.05 vs. UVA-irradiated untreated group. RA: UVA-irradiated
retinoic acid-treated (10 pM) positive control

Enzyme-linked immunosorbent assay (ELISA)
for the measurement of MMP-1 levels

The secreted MMP-1 levels from the UVA-irradiated
HDFs were analyzed using a commercial MMP-1 ELISA
kit (cat. no. DY901B, R&D systems, Inc.). The HDFs cul-
tured as described above were incubated at 37 °C until
they reached 90% confluency. The cells were washed with
PBS prior to exposure to UVA at the dose described above.
Following irradiation, the HDFs were treated with or with-
out IPN at the indicated concentrations (1, 5 and 10 pM)
for 24 h. The cell culture medium was harvested from each
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treatment group and the amount of MMP-1 was measured
following the instructions provided with the ELISA kit.

mRNA expression levels analysed by reverse
transcriptase-polymerase chain reaction (RT-PCR)
for MMP expression

The HDFs were cultured, irradiated and treated with IPN
as described above. The expression levels of MMP-1, -3
and -9 were analyzed using RT-PCR following 24 h of
treatment. Total RNA was isolated from the HDFs using
a commercial RNA extraction kit (AccuPrep® Universal,
Bioneer Corporation) following the manufacturer’s instruc-
tions. The RNase-free DNase I (Thermo Fisher Scientific)-
treated total RNA was reverse transcribed into cDNA using
CellScript All-in-One cDNA synthesis Master Mix (Cell-
Safe). Target-specific cDNA amplification was carried out
using traditional PCR protocols (95 °C for 45s, 60 °C for
50s, and 72 °C for 60s for 35 cycles) and gene-specific
forward and reverse primers, as previously described in
detail earlier (Oh et al., 2020a): MMP-1 forward, 5'-GAT-
GTG-GAG-TGC-CTG-ATG-TG-3' and reverse, 5'-TGC-
TTG-ACC-CTC-AGA-GAC-CT-3"; MMP-3 forward,
5'-GGA-GCC-TCT-CAG-TCA-TGG-AG- 3’ and reverse,
5-TTG-AGC-TGG-ACT-CAT-TGT-CG-3'; MMP-9 forward,
5'-CAC-TGT-CCA-CCC-CTC-AGA-GC-3' and reverse,
5'-CAC-TTG- TCG-GCG-ATA-AGG; and p-actin forward,
5'-GAG-TCA-ACG-GAT-TTG-GTC-GT-3' and reverse,
5'-GAC-AAG-CTT-CCC-GTT-CTC-AG-3'. p-actin was
used as a loading control.

Measurement of protein levels in UVA-irradiated
HDFs

The HDFs were cultured, irradiated and treated with IPN
as described above. To analyze the protein levels of MMPs,
MAPK proteins and AP-1 dimers, total protein was isolated
from the cells following the addition of 1 ml RIPA buffer
(MilliporeSigma) to each well after removal of the media
and subsequent vigorous pipetting to lyse the cells. The cell
lysates were then centrifuged at 16,000xg for 10 min at 4 °C
and the supernatants were used for western blotting. Using a
BCA protein assay kit (Thermo Fisher Scientific) the protein
concentration of each sample was quantified in order to load
same amount of protein (20 pg) from each group to a 10%
SDS-PAGE gel. Following SDS-PAGE, the proteins were
transferred from gels onto nitrocellulose membranes. The
blotted membranes were then blocked in 5% skim milk for
4 h at room temperature and hybridized overnight at 4 °C
with primary antibodies against MMP-1 (cat. no. sc-6837),
MMP-3 (cat. no. sc-21732), MMP-9 (cat. no. sc-393859),
TIMP-1 (cat. no. sc-21734), TIMP-2 (cat. no. sc-21735) (all
from Santa Cruz Biotechnology, Inc.), p38 (cat. no. #8690),
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p-p38 (cat. no. #4511), ERK (cat. no. #4695), p-ERK (cat.
no. #4370) (all from Cell Signaling Technology, Inc.),
JNK (cat. no. LF-PA0047, Thermo Fisher Scientific, Inc.),
p-JNK (cat. no. #9255, Cell Signaling Technology, Inc.),
c-Fos (cat. no. sc-7202, Santa Cruz Biotechnology, Inc.),
p—c-Fos (cat. no. #5348s, Cell Signaling Technology, Inc.),
c-Jun (cat. no. sc-74543), p—c-Jun (cat. no. sc-822), SOD-1
(cat. no. sc-11407), HO-1 (cat. no. sc-1797), Nrf-2 (cat. no.
sc-30015) and B-actin (cat. no. sc-47778) (all from Santa
Cruz Biotechnology, Inc.). Hybridized membranes were
incubated with horseradish peroxidase conjugated anti-
mouse (cat. no. #7076, Cell Signaling Technology, Inc.)
and anti-rabbit (cat. no. sc-2357, Santa Cruz Biotechnology,
Inc.) antibodies for 1 h at room temperature. Protein bands
on membranes were visualized using a commercial chemi-
luminescence kit (Amersham ECL detection kit, Cytiva)
and images were obtained using the Davinch-Chemi imager
(CAS-400 M, Davinch-K Co., Ltd.).

Immunofluorescence staining of AP-1 levels

The intracellular levels of AP-1 dimers, c-Fos and c-Jun
were also examined using immunofluorescence staining.
The HDFs were cultured on glass coverslips, placed into
six-well plate wells, and irradiated and treated with IPN as
described above. Following 24 h of treatment, the HDFs
were fixed on glass coverslips and loaded with anti-c-Fos
and anti-c-Jun antibodies described above for 2 h at room
temperature and subsequently attached with secondary anti-
bodies, Alexa Fluor 488 Green (A-11008; Invitrogen), and
ProLong Gold Antifade Reagent with 4',6-diamidino-2-phe-
nylindole (DAPI) (#8961; Cell Signaling Technology, Inc.)
for the detection of cell nuclei, for 1 h at room temperature.
Visualization of the stained cells was carried out using a
commercial Immunofluorescence Application Solutions kit
(cat. no. #12727, Cell Signaling Technology, Inc.) following
the manufacturer’s protocol.

Statistical analysis

All numerical data are presented as the mean of three dif-
ferent experiments + SE. Significant differences between
groups were determined using one-way ANOVA with Dun-
can’s multiple range test as post hoc (SAS v9.1, SAS Insti-
tute, Inc.). A value of p<0.05 was considered to indicate a
statistically significant difference.

Results and discussion

In the dermis layer, HDFs are critical cells due to their role
in the production of ECM components, such as collagen,
fibronectin and glycans, which are crucial for skin structure,
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elasticity, and moisture (Shin et al., 2019). UVA irradiation
has been shown to directly damage HDFs, leading to aging
symptoms in which the skin loses its elasticity and strength
in addition to much-needed moisture (Salminen et al., 2022).
According to previous research (Oh et al., 2020b), herein,
UVA irradiation at a dose of 10 J/cm® was used to mimic the
progression of photoaging in cultured HDFs.

In the present study, IPN was isolated from C. hetero-
carpa. It has been reported that the extracts and other cou-
marin derivatives from this plant have promising anti-pho-
toaging properties against both UVA and UVB irradiation,
which have been tested on HDFs, as well as human keratino-
cytes in vitro (Ahn et al., 2012; Oh et al., 2020a; Yu et al.,
2021). Furanocoumarins, which include IPN, are a widely
studied class of coumarins. It has been shown that a wide
range of furanocoumarins are phototoxic substances, which
hinders their use in cosmetics (Kriedl et al., 2020). On the
other hand, there are cases in which furanocoumarins are
used as UV-induced activators of melanogenesis to increase
cellular UV absorption (Sumorek-Wiadro et al., 2020).
Therefore, the present study aimed to further investigate the
other ingredients of C. heterocarpa that may possess anti-
photoaging activities.

IPN treatment reduced oxidative stress
and decreased MMP-1 secretion

Prior to conducting in vitro experiments, any toxicity of IPN
against the HDFs was examined using an MTT assay. The
results revealed that a concentration of up to 10 pM IPN did
not significantly affect cell viability (Fig. 1B). Therefore,
further assays were performed using IPN in this concentra-
tion range.

To investigate the antioxidant potential of IPN, an intra-
cellular ROS scavenging assay was carried out in the HDFs
using the DCFH-DA assay. Oxidative stress induced by
UVA irradiation was confirmed by a 150.81% increase in
DCF fluorescence intensity compared to the non-irradiated
cells at 2 h following UVA exposure (Fig. 1C). Treatment
with IPN (10 pM) decreased the DCF intensity in a con-
centration-dependent manner by 16.5% of the untreated
UVA-irradiated control, indicating a significant, yet slight
antioxidant potential against UVA-induced oxidative stress.

The HDFs were exposed to UVA (10 J/em?) and incu-
bated with or without IPN for 24 h to detect the MMP-1
secretion levels. The results of ELISA revealed that after
24 h, the UVA-irradiated group exhibited notably elevated
levels of MMP-1 in the cell culture medium compared to the
non-irradiated untreated blank group (Fig. 1C). Treatment
with IPN decreased the UVA-induced elevation of MMP-1
levels in a concentration-dependent manner compared to
the UVA irradiated only group. In the UVA control group,
the amount of MMP-1 was measured at 20,848.63 pg/ml,

whereas in the 10 pM IPN treatment group, this amount was
recorded at 19,716.89 pg/ml, compared to 18,549.77 pg/ml
in the non-irradiated untreated blank group.

IPN treatment activated cellular antioxidant
mechanisms

Following the DCFH-DA assay, the antioxidant effects of
IPN in the UVA-irradiated HDFs were further analyzed by
investigating the protein levels of the antioxidant enzymes,
SOD-1 and HO-1, along with the Nrf-2 transcription factor,
which regulates the expression of these enzymes. Translo-
cation of Nrf-2 protein into the nucleus triggers the expres-
sion of antioxidant enzymes (Jablonska-Trypuc et al., 2016).
UVA irradiation significantly decreased the Nrf-2 levels, and
consequently, the protein levels of the antioxidant enzymes,
SOD-1 and HO-1 (Fig. 2). However, treatment with IPN
at 10 pM attenuated the effects of UVA on the cellular
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Fig.2 Effect of IPN on protein expression levels of SOD-1, HO-1
and Nrf-2 in HDFs, analyzed by Western blot. HDFs were irradiated
by UVA and treated with or without IPN for 24 h. p-actin was used
as loading control. Relative protein levels were measured densiomet-
rically and normalized against B-actin levels. #p<0.05 vs. non-irra-
diated untreated group, and *p<0.05, **p<0.01, ***p<0.001 vs.
UVA-irradiated untreated group
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antioxidant response by increasing total cellular Nrf-2 lev-
els, which was also exhibited by an increase in the SOD-1
and HO-1 levels.

Studies have clearly demonstrated that ECM degradation
upon chronic UVA exposure is a result of the activation of
the MAPK/AP-1 pathway initiated by the UV-induced eleva-
tion of ROS (Fisher and Voorhees, 1998). ROS functions as
a secondary messenger in intracellular cascades and there-
fore regulates gene expression. In this context, ECM degra-
dation, particularly collagen degradation, is directly linked
to the overexpression of MMPs. It has been reported that UV
stimulates this response via ROS by suppressing the cellu-
lar antioxidant response that maintains ROS at a high level.
Exposure to UVA interferes with the Nrf-2 regulated cellu-
lar antioxidant response that produces antioxidant enzymes,
such as SOD-1 and HO-1 (Jablonska-Trypuc et al., 2016). In
the present study, IPN was shown to facilitate the alleviation
of Nrf-2 levels, as evidenced by the increased SOD-1 and
HO-1 levels in the UVA-irradiated HDFs treated with IPN.
The current study showed that IPN treatment increased total
cellular Nrf-2 protein levels. This result indicated that the
effects of IPN on the UVA-induced activation of the MAPK
signaling cascade and the consequent expression of MMPs
may stem from its antioxidant properties.

IPN suppressed the mRNA and protein expression
of MMPs

The results of RT-PCR revealed that the mRNA levels of
MMP-1, MMP-3 and MMP-9 were significantly stimulated
in the HDFs following UVA irradiation compared with the
non-irradiated blank group (Fig. 3A). Following treatment
with 10 pM IPN, a marked decrease was observed in the
mRNA expression levels of MMP-1, MMP-3 and MMP-9.

Similar trends were observed for the protein expression
levels, as determined using western blot analysis. As shown
in Fig. 3B, the levels of MMP-1, MMP-3 and MMP-9 were
increased in a similar manner to the mRNA levels following
UVA irradiation. However, the protein levels of all tested
MMPs were significantly lower in the IPN-treated groups
compared with the UVA irradiated only group. In addition,
the suppression of IPN-mediated MMP expression was
found to be concentration-dependent.

The effect of IPN was also measured on UVA-dependent
changes in the expression of TIMPs. UVA exposure reduced
the protein levels of TIMP-1 and TIMP-2, which were nota-
bly elevated following treatment with 10 uM IPN (Fig. 3C).

The MAPK/AP-1 signaling cascade is the regulatory
pathway for the expression of MMPs following UV expo-
sure. The results revealed that treatment with IPN signifi-
cantly reduced the MMP-1 levels, which were elevated
following UVA irradiation. The ameliorative effects of
IPN on UVA-stimulated MMP-1 levels suggest a possible
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anti-photoaging effect. The effect of IPN on MMP expres-
sion was then further confirmed by the results of the mRNA
and protein expression levels. UVA exposure elevated the
expression levels of MMP-1, MMP-3 and MMP-9, all of
which degrade collagen in the ECM. IPN treatment was able
to decrease the expression of all the aforementioned MMPs.

The regulation of collagen synthesis is critically depend-
ent on the balance between the expression of collagenase-
degrading MMPs and the expression of their intracellular
inhibitors, TIMPs (Philips et al., 2011). It has been reported
that during collagen synthesis, the levels of TIMPs are
increased to reduce collagen degradation via the inhibition
of MMP activity (Philips et al., 2011; Watson and Grif-
fiths, 2005). However, during the breakdown of collagen,
TIMP levels have been observed to decrease to facilitate
MMP-dependent collagen degradation. Collagen synthesis
and MMP-1 activity are directly related to the protein lev-
els of TIMP-1 and TIMP-2 (Watson and Griffiths, 2005).
The results of the present study revealed that UVA exposure
decreased the levels of TIMP-1 and TIMP-2 in the HDFs.
By contrast, treatment with IPN increased the TIMP-1 and
TIMP-2 protein levels. This result suggests that IPN may
regulate the diminished collagen synthesis following UV
irradiation, not only by decreasing MMP expression, but
also by regulating MMP activity through increased TIMP
levels.

IPN treatment suppressed the activation of MAPK/
AP-1 signaling

The total and phosphorylated protein levels of p38, ERK and
JNK MAPKSs along with their downstream targets for MMP
synthesis, c-Fos, and c-Jun, were examined using western
blot analysis (Fig. 4A). The results revealed that UVA irra-
diation notably increased the levels of p-MAPK compared to
the relatively same total protein levels (Fig. 4B). Treatment
with 10 pM IPN did not significantly alter the total protein
levels; however, the levels of p-p38 and p-JNK were found
to be lower in the IPN-treated group compared with the UVA
irradiated only group. On the other hand, IPN treatment was
also found to elevate the levels of p-ERK even further.

As the downstream targets of the UVA-mediated activa-
tion of MAPK to express MMPs, the levels of AP-1 forming
dimers, c-Fos and c-Jun, were also examined using western
blot analysis. Similar to MAPK activation, the UVA irra-
diation of HDFs significantly elevated the phosphorylated
protein levels of c-Fos and c-Jun, while the total protein lev-
els remained unaltered (Fig. 4C). Following treatment with
10 uM IPN, the levels of p—c-Fos were observed to remain
the same, while those of p—c-Jun exhibited a slight decrease.
This did not correspond to the IPN-induced decrease in p38
and JNK phosphorylation, respectively. However, nuclear
fractions of HDFs revealed that the effect of IPN on AP-1
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Fig. 3 Effect of IPN on the mRNA (A) and protein (B, C) expression
levels of MMP-1, MMP-3, MMP-9, TIMP-1 and TIMP-2 in HDFs,
analyzed by RT-PCR and Western blot analysis, respectively. HDFs
were irradiated by UVA and treated with or without IPN for 24 h.

activation was present for hindering the nuclear translo-
cation of the AP-1 building blocks, c-Fos and c-Jun. The
nuclear fractions expressed significantly elevated levels of

fB-actin was used as loading control. Relative mRNA and protein lev-
els were measured densiometrically and normalized against f-actin
levels. #p<0.05 vs. non-irradiated untreated group, and *p<0.05,
**p<0.01, ***p <0.001 vs. UVA-irradiated untreated group

activated (phosphorylated) c-Fos and c-Jun following UVA
irradiation compared with the non-irradiated blank group
(Fig. 4D). However, the IPN-treated group exhibited notably
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Fig.4 Effect of IPN on the total and phosphorylated (p-) levels
p38, ERK and JNK MAPKs and AP-1 dimers c-Fos and c-Jun (A)
in HDFs analyzed by Western blot. HDFs were irradiated by UVA
and treated with or without IPN for 24 h. B-actin was used as loading
control for total cell lysates (A) and lamin B1 was used for loading

lower levels of activated AP-1 dimers compared to the UVA
irradiated only group.

The intracellular levels of p—c-Fos and p—c-Jun in the
HDFs were also investigated using fluorescence staining of
the cells. As shown in Fig. 5, the UVA-mediated elevation
in the c-Jun levels was significantly reversed following treat-
ment with 10 pM IPN, whereas the c-Fos levels were in
parallel with the total p—c-Fos levels observed in western
blot analysis (Fig. 4B).

It has been reported that the UV radiation-induced acti-
vation of MAPK occurs via the phosphorylation of p38
and JNK MAPKSs (Tanos et al., 2005). These MAPKs then
phosphorylate c-Fos and c-Jun, respectively, which form the
AP-1 heterodimer upon activation (Tanos et al., 2005). The
subsequent translocation of activated AP-1 to the nucleus
initiates the expression of MMPs. This cascade was fur-
ther observed in the present study by the increased phos-
phorylation levels of MAPKs and AP-1 dimers following
UVA exposure. The presence of IPN following exposure
decreased the phosphorylation levels of p38 and JNK along

@ Springer

control for nuclear fractions (D). Relative protein levels were meas-
ured densiometrically and normalized against p-actin (B, C) and
lamin B1 (D) levels. #p<0.05 vs. non-irradiated untreated group,
and *p<0.05, **p<0.01, ***p<0.001 vs. UVA-irradiated untreated
group

with the cellular and nuclear levels of c-Fos and c-Jun, fur-
ther confirming that IPN treatment suppresses the activa-
tion of AP-1-mediated MMP expression. The results of the
present study suggest that IPN reduces MMP production
in UVA-irradiated HDFs by inhibiting the activation of the
MAPK/AP-1 pathway.

IPN is a furocoumarin with reported bioactivities.
Similarly, several other furocoumarins were reported for
their anti-MMP and MAPK inhibitory activities such as
angelicin (Mahendra et al., 2020), bergaptol (Widelski
et al., 2017), and psoralen (Tripathi et al., 2023) all of
which also inhibited either MMP expression directly or
through MAPK regulation. Some studies also employed
in vivo models to test the downregulatory abilities of
these coumarin derivatives on MMPs or related upstream
signaling pathways (Ahmed et al., 2020). In this context,
Robertson et al. (2016) reported that IPN inhibited PI3K
activation to exert anti-migration effects on neutrophils in
a zebrafish model in relation to the roles of MMPs in the
recruitment of neutrophils (Song et al., 2013). It has been
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Fig.5 Effect of IPN (10 uM) on the levels of phosphorylated (p-)
c-Fos and c-Jun in HDFs. Intracellular levels of p—c-Fos and p—c-
Jun were stained with immunofluorescence staining (green) and the
nuclei of HDFs were stained with DAPI (blue) as viable cell control.

shown that PI3K and JNK activation are directly linked to
MMP-2 expression via AP-1 (Ispanovic and Haas, 2006).
The results of the current study were in accordance with
the Robertson et al. (2016) data, further indicating that
IPN might show in vivo efficiency to downregulate MMP
expression via JNK and/or its upstream effector inhibition
such as PI3K.

In conclusion, the present study demonstrated that IPN
alleviated the effects induced by UVA on MMP produc-
tion in HDFs. The inhibition of the MAPK/AP-1 signaling
cascade via the suppression of p38 and JNK phosphoryla-
tion has been proposed as a possible mechanism of action
for the suppressive effect of IPN on MMPs. The results
presented herein suggest that IPN and its source, C. het-
erocarpa, may serve as cosmeceutical agents following
further in vitro and in vivo experiments that confirm its
anti-photoaging properties.

p-c-Fos DAPI Merge
2
=
_:_‘G
m !-
=
2
<
v
&
1
S -.
[
=
r4
=
+ %3
: -. -
»
=) Y

1.2 A
b #
=
54
§ *
s 08 -
= o
= A
= <
£
av
o 0.4 1
Z
=
=
&
0 a
IPN (uM) - - 10
UVA (10 J/cm?) - + +

Relative green fluorescence was measured densiometrically and nor-
malized against DAPI (blue) staining. #p<0.05 vs. non-irradiated
untreated group, and *p <0.05 vs. UVA-irradiated untreated group
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