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Abstract

Solar UVA irradiation-generated reactive oxygen species (ROS) induces the expression of matrix
metalloproteinase 1 (MMP-1), leading to photoaging, however the molecular mechanism remains
unclear. In the present study, we found that eriodictyol remarkably reduces UVA-mediated ROS
generation and protects the skin cells from oxidative damage and the ensuing cell death. Moreover
eriodictyol pretreatment significantly down-regulates the UVA-induced MMP-1 expression, and
lowers the inflammatory responses within the skin cells. Pretreatment with eriodictyol upregulates
the expression of tissue inhibitory metalloproteinase 1 (TIMP-1) and collagen-I (COL-1) at the
transcriptional level in a dose-dependent manner. UVA-induced phosphorylation levels of c-Jun N-
terminal kinase (JNK), extracellular signal-regulated kinase (ERK) and p38 leading to increased
MMP-1 expression are significantly reduced in eriodictyol-treated skin cells. In addition, eriodictyol
pretreatment significantly suppresses inflammatory cytokines and inhibits the activation of MAPK
signalling cascades in skin cells. Taken together, our results demonstrate that eriodictyol has both
potent anti-inflammatory and anti-photoaging effects.

Keywords: UVA, Eriodictyol, MMP-1, COL-1,TIMP-1, ROS, MAPK, Anti-photoaging.

1. Introduction

Sunlight is an important environmental factor which is divided into various electromagnetic
radiations such as ultraviolet (UV) light spanning 100-400 nm of solar spectrum. UVA (320-400 nm)
makes its way through the ozone layer to approach biosphere (Diffey, 2002, Nisar et al., 2015, Sklar
et al., 2013). UVA has longer wavelengths and therefore has less energy than shorter UVB (280-320
nm) component of sunlight. Nevertheless, compared to UVB,UVA penetrates much deeper into the
dermal and subcutaneous tissues of the skin (De Gruijl, 2002, York and Jacobe, 2010). Human skin is
exposed to these UV radiations which are simultaneously detrimental and useful (Nisar et al., 2015,
Tyrrell, 1996). It is reported that a low dose exposure to UVA light may provide not only beneficial
(der Leun Van, 1994) but also therapeutic effects to pathological skin conditions (Reeve and Tyrrell,
2007), particularly in scleroderma, psoriasis and vitiligo (Krutmann et al., 2001, Stege et al., 1997).
Chronic exposure of solar UVA radiation to human skin may aid the accumulation of excessive and
persistent levels of ROS that imbalances the redox status of the cells and initiate pro-inflammatory
factors (Kvam et al., 1999, Pourzand et al., 1999). Certain cellular built in mechanism provides
protection and safeguard the cells and tissues against UVA-generated oxidative membrane damage
(Ryter and Tyrrell, 2000). UVA mainly shows its effects in the skin by generating ROS that

imbalance the redox homeostasis in the skin cells (Keyse and Tyrrell, 1987, Keyse and Tyrrell,
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1989). The latter can be modified and protected by activation of natural built-in antioxidant enzymes
such as nuclear factor erythroid 2-related factor 2(Nrf2)/heme oxygenase 1 (HO-1) pathway in
human skin cells (Keyse and Tyrrell, 1987, Keyse and Tyrrell, 1989, Zhong et al., 2011, Zhong et al.,
2010). Yang and colleagues used a natural cytoprotective antioxidant Acetyl-11-keto-B-Boswellic
Acid(AKBA), that enhanced the protection in UVA exposed HaCaT cells and increased the cell
proliferation by suppressing the ROS levels (Yang et al., 2017).

UVA-generated ROS is a serious threat to biomembranes (Tyrrell, 2012), and induce the expression
of matrix metalloproteinases-1 (MMP-1) that deteriorates the organization of collagen and elastic
fibers in the dermal extracellular matrix (ECM), resulting in a variety of skin conditions particularly
photoaging and skin cancer (Ridley et al., 2009). Photoaging is generally described as a UV- driven
premature aging of the skin compartments accompanied by increase in wrinkle formation, higher
pigmentation, and leathery texture of the skin (Jenkins, 2002). Normally, the expression of MMPs
and breakdown of collagens are under tight control and aided by the tissue inhibitors of the matrix
metalloproteinases (TIMP-1 and -2) (Nagase and Woessner Jr, 1999). Many of the natural
phytochemicals are reported to reduce the UVA-mediated cellular damages such as AKBA (Yang et
al., 2017). Apigenin and luteolin can inhibit UVA-induced collagenolytic MMP-1 production by
interfering with Ca®*-dependent MAPKs and AP-1 signaling, therefore preventing the skin
photoaging (Hwang et al., 2011). Hispidulin, sulforaphane, AKBA and neferine are potent anti-
photoaging agents, providing cellular protection against UVA mediated cell damages mainly by
scavenging the ROS, reducing the lipid peroxidation to restore cellular antioxidant levels along with
inhibition of MMP-1 expression (Chaiprasongsuk et al., 2017, Khan et al., 2018, Yang et al., 2017).
Eriodictyol is a flavonoid present in many of citrus fruits and herbs (Zhong et al., 2016). It has
diverse biological properties imparted mainly by its antioxidant and anti-inflammatory potentials
(Mokdad-Bzeouich et al., 2016, Chobot et al., 2016, Lee et al., 2015). Recently, eriodictyol has been
studied extensively and its cytoprotective capability is evidenced in a considerable number of reports
(Xie et al., 2019). Its cytoprotective effects are mainly due to its role in controlling and regulating the
mitochondrial physiology to check the apoptotic pathways. Nevertheless the effects of eriodictyol on
the skin cells response under UV radiation stress are not yet to be fully elucidated.

In the present study, we evaluated the photoprotective effects of eriodictyol on skin cells (HaCaT
keratinocytes and FEK4 fibroblasts) against the UVA radiation-induced oxidative damage by
monitoring the expression of inflammatory factors and MMP-1 in vitro. We also examined how



eriodictyol affects expression levels of MMP-1, TIMP-1, COL-1, and phosphorylation states of
MAPKSs (JNK, ERK, p38) in UVA-irradiated skin cells.

2. Materials and Methods
2.1 Materials, reagents, antibodies

Materials, reagents, and antibodies include, fetal bovine serum (FBS, TBD21HY), RPMI 1640
medium (HyClone), high glucose Dulbecco’s modified Eagle’s medium (DMEM, Gibco), Eagle's
minimum essential medium (EMEM, Invitrogen)dihydroethidium (DHE) (Jiancheng Institute of
Biotechnology, Nanjing, China), Radioimmunoprecipitation assay buffer (RIPA buffer)(Beyotime,
China), Phenylmethylsulfonyl fluoride (PMSF)(Beyotime, China), penicillin and streptomycin
(North China Pharmaceutical CO, LTD, China), MMP-1 antibody (Santa Cruz Biotechnology Inc.,
USA), anti-B-actin antibody, the secondary antibodies against goat and rabbit IgG (Beijing Zhong
Shan-Golden Bridge Biological Technology CO. LTD.), the secondary antibodies against mouse 1gG
(Beyotime, China); Eriodictyol (ER, ENZO Life Sciences), 3-[4,5-dimethyl-2-yl]-2,5-diphenyl-2H-
tetrazolium bromide (MTT, Sigma, USA), Superoxide dismutase kit (SOD, Jiancheng Institute of
Biotechnology, Nanjing, China) and kinase inhibitorsERK PD98059, JNK SP600125 and p38
SB203580 (Calbiochem, La Jolla, CA, USA).

2.2 Cell culture and treatments

Immortalized human skin keratinocyte cell line HaCaT cells were routinely cultured as described
previously (Yang et al., 2017), and were kindly provided by Prof. Rex M. Tyrrell (University of
Bath, UK). HaCaT cells were grown in high glucose DMEM containing 10%FBS, and protected by
streptomycin and penicillin (1%), at 37°C and 5% CO,. Cells were further passaged upon 80-85%
confluency. The human primary skin fibroblasts FEK-4 were also kindly provided by Prof. Rex M.
Tyrrell, University of Bath, UK.FEK-4 cells were maintained in EMEM supplemented with 10%
FBS, 2 mM L-glutamine and 50 U/ml penicillin/streptomycin.

To determine the involvement of eriodictyol in modulation of MAPK (JNK, ERK, p38) pathway
in MMP-1 expression, the skin cells were pretreated with 1 mM of the specific inhibitors (U0126,
SP600125, and SB203580) for ERK, JNK, and p38, respectively, in serum-free medium for 1 hour
before UVA irradiation.

2.3 UVA source, dosimetry and irradiation of cultured cells

UV light therapy system (Lifotronic) 365 nm (peak) spectrum lamp was used to irradiate cells (in
PBS) following standard procedures, and non-irradiated cells were used as a background control



(control = 0 k/m2). A range of UVA doses (0, 25, 50, 75, 100, 150, 200, 250, 300, and 400 kJ/m?)
were given to the HaCaT and FEK-4 cells to optimize the irradiation condition using automated UV
light therapy system (Lifotronic) 365nm (peak) spectrum lamp. We selected the comparable UVA
dose (200 kJ/m? for HaCaT and 150 kJ/m? for FEK-4) that gave approximately 80% cell viability,
which is consistent with the previous findings (Yang et al., 2017, Tian et al., 2011). The growth
media of both cell lines (conditioned media) were kept aside and cells were washed twice with PBS
and then irradiated in PBS. Following UVA irradiation, PBS was aspirated and cells were incubated
in their respective conditioned medium.
2.4 MTT assay for cell viability
The HaCaT and FEK-4 cells were cultured in 96-well plates at a density of 8x10% per well for 12-24
h and then treated with eriodictyol at indicated concentrations (0, 5, 10, 20, 40 uM) for an additional
2 to 24 h prior to UVA irradiation. The cell viability was evaluated 24 h after UVA irradiation using
the MTS (Promega) colorimetric assay and in a microplate reader (BioRad Benchmark Plusor BIO-
RAD, 680) at 490 nm. The protective effect of eriodictyol under UVA stress on cell viability was
calculated as the percent of viable cells compared with the vehicle control cells. The MTT assay was
performed in triplicate from each of the three independent experiments.
2.5 Measurement of intracellular ROS

HaCaT and FEK-4 cells were seeded in 48-well plates. After 24h of incubation (60-70%
confluence), the cells were treated with the eriodictyol for 12h in DMEM media containing 0.5%
FBS. The generation of ROS was examined by the fluorescent staining with 10uM dihydroethidium
(DHE). The intracellular ROS were visualized under a fluorescence microscope at the excitation and
emission wavelengths of 480 and 530 nm, respectively. The relative fluorescence intensity was
measured by using the Image-Pro Plus 7.0 software, and the statistical significance was analyzed
using the OriginPro software program version 8.1.
2.6 Assay for cellular superoxide dismutase (SOD) and lactase dehydrogenase (LDH)
HaCaT and FEK-4 cells (5x10°) were seeded in 6cm cell culture plates for 24h.The stock solution of
eriodictyol was then prepared in 0.5% FBS-DMEM and added to the cultured cells at a final
concentrations of 5, 10, 20, 40 uM. The eriodictyol treatment was carried out for 12 h, and then the
cells were exposed to UVA at a dose of 150 kJ/m? in PBS. After irradiation, cells were incubated in
their conditioned media for 4 h and then their proteins harvested using the RIPA buffer containing1%
PMSF. The control cells were treated the same, except that were either not treated with eriodictyol
and/or unirradiated with UVA. Based on WST-8 method, superoxide dismutase (SOD) assay was

then performed using an SOD assay kit.LDH assay was used to determine the percentage of
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extracellular LDH leakage. HaCaT and FEK-4 cells were seeded into 96-well plates (5000 cells/well)
for 24h, followed by eriodictyol treatment (or not) for 12h at final concentrations of 5, 10, 20, 40 pM.
Then the cells were sham- or UV A-irradiated for 4 h. The control cells were either untreated with
eriodictyol, or sham-irradiated or their combinations. LDH release was measured using an LDH
assay kit purchased from the Jiancheng Institute of Biotechnology (A020-2, Nanjing, China). The
small amount of extracellular LDH is presenting as percent of total LDH and is expressed as the fold
change relative to the sham (100%).
2.7 Enzyme-linked immunosorbent assay (ELISA) for MMP-1 expression

HaCaT cells were seeded (1x10°) in 6-well plates. The cells were treated with eriodictyol and
then UVA irradiated as explained in section 2.6. The conditioned media were collected, concentrated,
and quantified. The expression of MMP-1 was measured from three independent experiments (n=3)
using a human MMP-1 ELISA Kit (Cat#CK-E93438R).
2.8 Gene expression analysis

To quantify gene expression levels, real-time gPCR experiments were carried out using the
PromegaGoTag® gPCR Master Mix (A6001) in a Light Cycler apparatus (C1000 Touch; Bio-Rad).
In addition, expression of TIMP-1, Col-1, and the internal control GAPDH was also assessed by
semi-quantitative real-time PCR. Specific primers were designed as shown in Tablel.

Table 1: Primer sequences for PCR analysis.

Sr. No. Name 5°-3° Primer sequence

1 COX-2 F ATGCTGACTATGGCTACAAAAGC
R | TCGGGCAATCA TCAGGCAC

9 NF«B F AACAGAGAGGATTTCGTTTCCG
R | TTTGACCTGAGGGTAAGACTTCT

3 IL-1p F | TGAGCTCGCCAGTGAAATGA
R | AACACGCAGGACAGGTACAG

4 IL-6 F | CTCAATATTAGAGTCTCAACCCCCA
R | GAGAAGGCAACTGGACCGAA

5 TNE-q F | CTGGGCAGGTCTACTTTGGG
R | CTGGAGGCCCCAGTTTGAAT

5 TGF-p F | GGGCTACCATGCCAACTTCT
R | GACACAGAGATCCGCAGTCC

7 COL-1 F | CTGGAAGAGTGGAGAGTACTG
R | TGCTGATGTACCAGTTCTTCTG

8 TIMP-1 F | ACTTCCACAGGTCCCACAAC
R | GCATTCCTCACAGCCAACAG

9 GAPDH F GAAGATGGTGATGGGATTTC
R | GAAGGTGAAGGTCGGAGTC

10 B-Actin F | ACTCCTATGTGGGTGACGAGG




| R | CACACGCAGCTCATTGTAGAAG |

2.9 Western blotting and Zymography
Whole-cell lysates were separated by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) with 12% gels and were transferred to PVDF membranes. Membranes
were incubated with primary antibodies overnight. Primary antibodies include anti-B-Actin (Santa,
sc-130065) and anti-MMP1 (Santa, sc-21731).The primary antibodies were detected by peroxidase-
conjugated anti-mouse 1gG or anti-rabbit 1gG antibodies. Signals were examined using SuperSignal
West Pico Substrate (Thermo, USA).MMP-1 secreted into the conditioned medium by the cells was
also assayed using 0.05% gelatin zymography as described previously(Zhou et al., 2005).
2.10 Statistical analysis

All experiments were performed three times in duplicate. The data obtained in each experiment
are presented as the mean+standard deviation (SD). The statistical significance was set by Student’s
t-test and p-values of < 0.05 were taken as significant. The significant difference was determined by
one-way ANOVA. Statistical analyses were carried out by parametric and non-parametric ANOVA

using OriginPro software program version 8.1.

3. Results

3.1 Effect of Eriodictyol on ROS generation in skin cells

The fluorescent intensity of DCFH-DA was used to calculate the intracellular ROS generation in
HaCaT and FEK-4 fibroblasts cells (Figure 1). UVA irradiation doses of 200 kJ/m? (HaCaT cells)
and 150 kJ/m? (FEK4 cells) induce a significant increase in ROS levels in both HaCaT (2.91+0.079-
fold) and FEK-4 (4.887+0.21-fold) cells compared to the unirradiated and eriodictyol relative
untreated) untreated controls. In both cell lines, pre-treatment with 2.5+40 uM -eriodictyol
significantly decreased the efflux of intracellular ROS (Figures 1A-B). Pre-treatment of HaCaT cells
with 40 uM eriodictyol significantly reduced the generation of ROS (1.15+0.084) compared to the
UVA-irradiated group (2.91+0.079) (Figure 1A). Pre-treatment of FEK-4 cells with 20 uM
eriodictyol significantly reduced the generation of ROS (1.48+0.217) compared to the UVA-
irradiated group (4.88+0.21) (Figure 1B). These results indicate that eriodictyol efficiently blocks the
generation of intracellular ROS.
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Figure 1: Effect of eriodictyol (ER) on attenuation of ROS generation in UVA-irradiated
human skin HaCaT and FEK4 fibroblasts. (A) The HaCaT cells were exposed to UVA (200
ki/m? and immediately DCFH-DA staining was performed. Compared with the control, UVA
increased the ROS while ER pre-treatment decreased the UVA-induced ROS generation in a
concentration-dependent manner in HaCaT cells. (B) The FEK4 fibroblast cells were exposed to
UVA (150 kJ/m?) and immediately DCFH-DA staining was performed. The UVA exposure
increased the ROS while ER pre-treatment decreased the UVA-induced ROS generation in a
concentration-dependent manner in FEK4 cells. Values are expressed as a fold change relative to
sham-treated control (which was set to 1). Data is expressed as mean+SD of three independent
experiments in duplicates.

The HaCaT (A) and FEK4 fibroblast (B) cells were exposed to UVA (200 kJ/m? &150 kJ/m?

respectively) and immediately DCFH-DA staining was performed. Compared with the control, UVA
increased the ROS while ER pre-treatment decreased the UVA-induced ROS generation in a
concentration-dependent manner. Values are expressed as a fold change relative to sham-treated
control (which was set to 1). Data is expressed as meantSD of three independent experiments in

duplicates.

Many of the environmental as well as endogenous stresses in skin cells contribute to skin cancer,
premature ageing or photoageing and chronic inflammatory disorders. UVA radiation is mainly
involved in mediating indirect effects through the generation of ROS, causing inflammatory
responses in the skin cells and hindering the antioxidant system resulting in imbalance in cellular
redox status. gRT-PCR was used to evaluate whether eriodictyol can modulate the expression of
various UVA-induced inflammatory factors in both skin cell types. As seen in Figure 2, UVA
irradiation upregulated the expression of interleukins (IL-1p and IL-6), TGFB, TNFa, COX-2 and
NF«B in both HaCaT keratinocytes and FEK-4 fibroblasts. More specifically, UVA increased the
expression of IL-1f about 1.8-fold and 1.2-fold in HaCaT and FEK-4 cells, respectively. When the
cells were pre-treated with eriodictyol (20.0 uM), the expression of IL-1 was significantly (p<0.01)
reduced to almost 50% value (1-fold) of the UVA-irradiated cells in both HaCaT and FEK-4 cells
(Figure 2). In the case of UVA-mediated IL-6 expression, HaCaT keratinocytes (2.5-fold, p<0.01)
showed almost 50% (half) of the expression of IL-6 observed in FEK-4 fibroblasts (5.0-fold, p<0.05),
while compared to UVA treated alone, pre-treatment of eriodictyol down-regulated to 1.0-fold in
HaCaT (p<0.05) and almost to 4.5-fold in FEK-4 cells (p<0.01)(Figure 2xxx).need labelABCD

UVA boosted the expression of TNFa in HaCaT keratinocytes and FEK-4 fibroblasts to 1.8- and 3.2-
fold of their control values, respectively (p<0.01). In contrast pre-treatment of cells with eriodictyol
(20 uM, you also have the 40uM in F1), reduced the UVA-mediated expression of TNFa to 1.8-and
3.2-fold of the UVA-irradiated values in HaCaT and FEK4 cells, respectively (p<0.05) (Figure 2).
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Compared to their respective untreated control cells, HaCaT cells were more responsive to UVA and
showed a greater increase in TGFp expression (3.25-fold, p<0.01) than FEK-4 fibroblasts (1.5-fold,
p<0.05). In eriodictyol pre-treated group of skin cells, HaCaT cells showed a marked and highly
significant decline in expression of TGFp (2.1-fold, p<0.01), FEK-4 fibroblasts showed much lower
but still significant decline in TGFB expression (0.75-fold, p<0.05) when compared to their
corresponding UV A-treated cells (Figure 2).

UVA also modulated the expression of COX-2 in both cell types (Figure 2). In HaCaT cells, UVA
increased the COX-2 expression up to 1.8-fold of control cells (p<0.01), while in FEK-4 cells, it rose
to 9.1-fold of the control value (p<0.01). In HaCaT Cells, Eriodictyol pre-treatment (20 puM)
significantly reduced the expression of COX-2 by0.7-fold of the UV A-irradiated controls, (p<0.05),
while in FEK-4 cells, the level of expression was reduced even more to about 2.0-fold (p<0.01) of the
corresponding UVA-irradiated FEK4 control cells. Finally, the modulation in the expression of
NF«kB was also examined in both skin cell type. The results revealed that in HaCaT cells, UVA can
strongly (p<0.01) upregulated the expression of NFkB up to 7.2-fold, when compared to unirradiated
cells. In comparison, in FEK4 cells the NFkB’s expression was upregulated only up to3.6-fold, when
compared to the unirradiated cells (Figure 2). Consistently, pre-treatment with eriodictyol (20 uM)
(p<0.01) significantly reduced the activation of NFkB in HaCaT to about 4.9-fold of the UVA-
irradiated cells alone when compared to the upregulation observed in FEK-4 fibroblast cells of about
1.1-fold of the UV A-irradiated cells alone.

3.3 Effect of UVA and Eriodictyol on skin cell viability

We used the MTS assay to evaluate the effect of UVA radiation, eriodictyol and combined effects
(eriodictyol+UVA) on cell viability in human skin cells. Previously, our laboratory reported that a
UVA dose of 200 kJ/m?could yield 78% of viable HaCaT cells (Yang et al., 2017). In the present
study, we applied the same dose of 200 kJ/m?with a new UVA lamp, which also yielded a similar
75.9% viable HaCaT cells. For FEK-4 fibroblasts, a comparable UVA dose (150kJ/m?) was selected
in accordance to one of our previous studies (Unpublished data), yielding 75.4% viable FEK4 cells.
We therefore applied the equil toxic doses of UVA on HaCaT (200 kJ/m?) and FEK-4 (150 kJ/m?)
cells yielding 75.9% and 75.4% cell viability, respectively. Upon exposure to various doses of UVA,
both cell lines showed a gradual increase in cell viability loss with increasing doses of UVA (Figure
3A). UVA radiation reduced the metabolic activity in both cell types in a dose-dependent manner,
leading to cell death (Figure 3). The survival rate of HaCaT and FEK-4 cells was increased in a dose-

dependent manner after cells were pre-treated with different concentrations of eriodictyol, compared
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to controls (Figure 3B). High concentrations (40 uM) of eriodictyol pre-treatment had some cytotoxic
effects on FEK-4 cells, as that the percentage cell viability was slightly decreased to 86.49%+8.11
(Figure 3B).
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Figure 2: Eriodictyol (ER) modulates UVA-induced inflammatory response in HaCaT and
FEK-4 cells. ER posed a strong down-regulatory effect on UVA-mediated inflammatory factors
namely IL-1B, IL-6, TNFa, TGFp, COX-2 and NF«B. Pre-treatment of HaCaT and FEK-4 cells was
performed with 20 uM ER for 12 h, and the mRNA was extracted at 3 h post-UVA irradiation time
points. Comparable UVA irradiations significantly increased the expression of these inflammatory
factors, but pre-treatment with ER significantly suppressed UVA-mediated expression of
inflammatory factors. Data are presented as mean£SD (n=3), *p<0.05, **p <0.01.
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Figure 3: The cell viability and superoxide dismutase (SOD) and LDH release in HaCaT and
FEK-4 cells. (A) The effect of a range of UVA doses on cell viability 24 h post UVA irradiation in
HaCaT and FEK4 fibroblast cells. Increasing UVA doses significantly decreased cell viability after
24 h post irradiation in both cell lines, and 200 kJ/m? or 150 kJ/m? UVA dose was selected based on
optimal cell survival (=80%) for HaCaT and FEK-4 respectively, in follow-up experiments. (B)
HaCaT and FEK-4 cells were pre-treated with eriodictyol (ER) for 12 h, which rescued cell viability
loss in UVA-exposed cells, and increasing concentration of ER improved cell loss caused by UVA
irradiation. All experiments used the same UVA dose, unless otherwise stated. Pre-treatment of
HaCaT and FEK-4 cells with 20 uM of ER was set as optimal concentration. (C) SOD (left) was
assayed 3 h following UVA irradiation, and eriodictyol significantly recovered UVA-mediated SOD
depletion in both HaCaT and FEK-4 cells. (Right) Eriodictyol positively the UVA-induced LDH
leakage in both HeCaT and FEK-4 cell lines exposed to UVA at 200 and 150 kJ/m?, respectively.
The numerical values are expressed as a relative percentage (%) to sham control, which was set to 1
(=100%). Both SOD activity and LDH leakage levels are presented as the mean+SD from three
independent experiments in duplicates. *p<0.05, **p <0.01.

3.4 Effect of Eriodictyol on Superoxide dismutase (SOD) and LDH release in skin cells

When HaCaT keratinocytes were exposed to UVA radiation (200 kJ/m?), the SOD activity was
significantly decreased to 61.4% when compared to unirradiated control cells (set arbitrary as 100%).
However with pre-treatment of cells with 40 uM eriodictyol recover the decrease to 95% of the
control SOD level almost fully prevented the decrease in SOD activity in HaCaT cells following
irradiation with the same dose of UVA-irradiated cell alone (Figure 3C). Similarly, in FEK-4
fibroblasts, UVA irradiation (150 kJ/m?) alone reduced the SOD activity to 23.07% of the control but
pre-treatment with different concentrations of eriodictyol rescued the SOD levels in a dose dependent
manner. Interestingly, 40 uM eriodictyol pre-treatment increased the release of SOD in FEK-4 cells
up to 98% of the control, when compared to UV A-treated cells alone (23%)(Figure 3C).

LDH is quite a stable enzyme present in cytosol, and it released during the cell rupture following
UVA irradiation. The LDH leakage was quantified just after UVA exposure to find the cytoprotective
effects of eriodictyol on the skin cells (Figure 3D). UVA irradiation significantly damaged the cells
to release the LDH from HaCaT (147.075+4.6) and FEK-4 fibroblast cells (360.91+20.91) 4 h after
UV exposure compared to the respective controls. While, pre-treatment with various indicated
concentrations of eriodictyol suppressed the massive release of LDH from both the HaCaT and FEK-
4 fibroblast cells in a concentration-dependent manner (Figure 3D). Taken together, eriodictyol
strongly attenuated the UVA-driven membrane leakage and hence protected both skin cell types.
3.5Eriodictyol inhibits MMP-1expression in HaCaT and FEK-4 fibroblast cells

To evaluate the effects of UVA irradiation on the production of MMP-1, HaCaT keratinocytes and
FEK-4 fibroblasts were exposed to UVA (200 & 150 kJ/m? respectively) alone or to
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eriodictyol+UVA. Next, the MMP-1 protein expressions were measured by three assays of ELISA,
Western blotting and Zymography (Figure 4). Comparing to the non-irradiated control cells, the
ELISA results showed an increased production of MMP-1 in HaCaT keratinocytes (2.5-fold,
**p<0.01) and FEK-4 fibroblasts (8.5-fold, **p<0.01) given the UVA (150 KJ/m?) irradiation only
(Figure 4A). The pre-treatment with various concentrations of eriodictyol down- regulated the
production of MMP-1 in both the skin cell lines in a concentration dependent manner at 24 h post-
UVA irradiation time point (Figure 4A). Moreover, Western blot assay also confirmed the significant
down regulatory activity of pre-treatment with eriodictyol (20 uM) to UVA irradiated HaCaT and
FEK-4 fibroblast cells (Figure 4B). Thus eriodictyol pre-treatment reduced UVA induced expression
of MMP-1 in HaCaT and FEK-4 fibroblast cells. The Zymograms showed a similar pattern to the
expression of MMP-1, which initially increased following UVA irradiation in both skin cells, but the
eriodictyol treatment prior to UVA radiation prevented the down-regulation of MMP-1 expression,
when compared to UVA-irradiated cells alone controls (Figure 4C). The MMP-1 activity was
quantified using ImageJ software that measures the density of the bands appearing due to the

digestion of the gel.
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Figure 4: Effects of eriodictyol on the expression and secretion of UVA-induced MMP-1 in
human skin HaCaT and FEK-4 fibroblast cells. Both cell types were pre-treated with 20 uM
eriodictyol for 12 h. (A) The cell supernatants were collected, concentrated, the proteins
concentrations were quantified by BCA method and MMP-1 expression in both cell lines was
evaluated by ELISA. Western blot analyses showed modulation of MMP-1 (B) in both cell lines after
24 h treatment, respectively. (C) The Zymograms showing the digestion of the collagen gels which
are the expression level of the MMP-1. (=100%). (D) Regulation of MAPKSs (p-JNK, p-ERK, p-p38)
activation by eriodictyol in human skin cells. The numerical values were obtained by densitometric
measurements and expressed as a relative percentage (%) to their respective non-treated control set as
100%. MMP1 expression was presented as the mean+SD obtained from three separate experiments in
duplicates; *p <0.05, **p <0.01.

3.6 Eriodictyol inhibits ERK, JNK, and p38 MAPK phosphorylation

Excessive efflux of ROS drives the activation of MAPK signalling cascade in HaCaT and FEK-4
cells following UVA exposure (Figure 4D). The activation of MAPK pathway activates the
phosphorylation of its downstream transcription factors that ultimately triggers the expression of
MMP-1 in HaCaT and FEK-4 cells. Eriodictyol is thought to check the expression of MMP-1, hence
the effect of eriodictyol on inhibiting the phosphorylation of MAPK subfamilies JNK, ERK and p38
was determined (Figure 4D). Following the comparable UVA dose exposures, the phosphorylation of
JNK, ERK and p38 was increased compared to their respective controls, while pre-treatment of skin
cells with eriodictyol (20 uM) significantly (p<0.01) reduced the phosphorylation of MAPKSs.

3.7 The effects of eriodictyol on TIMP-1 and COL-1 expression in UVA irradiated skin cells

The semi-quantitative RT-PCR was also employed to assess the effects of eriodictyol on UVA-
irradiated HaCaT keratinocytes and FEK-4 fibroblasts and the expression of tissue inhibitory
metalloproteinase 1 (TIMP-1) and collagen 1 (COL-1) (Figure 5). First, MMP-1’s aid in inducing the
collagen degradation following UVA exposures was confirmed. The expression of TIMP-1and COL-
1were also detected in UVA-irradiated HaCaT keratinocytes and FEK-4 fibroblasts (Figure 5A, B). If
the are the same loading, you need not set them as A and B, just merge. Results showed that TIMP-1
and COL-1 mRNA were significantly (**p<0.01) down- regulated following comparable UVA doses
in both HaCaT and FEK-4 fibroblast cells. On the contrary, pre-treatment with various
concentrations of eriodictyol (5, 10, 20 uM) followed by UVA irradiation, steadily ascends the
expression of TIMP-1 (**p<0.01) and COL-1 (**p<0.01) in both cell lines with increasing
eriodictyol concentrations (Figure 5A, B). It is clear from the results that eriodictyol could reduce the
loss of TIMP-1 and COL-1expression in UVA-irradiated skin cells.
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Figure 5: The effect of UVA and eriodictyol on the expression of TIMP-1 and COL-1 in human
skin HaCaT and FEK-4 cells. HaCaT and FEK-4 cells in control group, ? ? UVA- treated and
eriodictyol treated cells followed (or not) by UVA irradiation (combined UVA+/- eriodictyol

treatment) were subjected to semi-quantitative RT-PCR,24 h after treatments. Relative expression
level of (A) TIMP-1 and (B) COL-1 mRNA, in both groups was evaluated in three independent
experiments. Quantitative data were presented relative to the untreated control group;*p <0.05, **p
<0.01.

4. Discussion

Human skin not only defined the three dimensional structure of the body but also shields from
various external harmful factors including UVR (Li et al., 2016, Nisar et al., 2015, Tyrrell, 2012).
Chronic and repeated exposures to UVR cause various skin ailments particularly the sunburn,
photoaging, photodermatosis and even skin cancer (Tyrrell, 2012). Low energy UV A penetrates deep
into the skin (dermis, subcutaneous) to generate heavy burden of ROS (Tyrrell, 2012, Reeve and
Tyrrell, 2007, Sklar et al., 2013, De Gruijl, 2002), and repeated UVA exposures accumulate massive
and persistent ROS that imbalance of the redox status in skin cells. Moreover, UVA radiation
releases free heme from microsomal protein bodies, degrades ferritin to raise labile iron, which may
initiate proinflammatory factors and severe skin diseases (Kvam et al., 1999, Pourzand et al., 1999).
ROS seriously damage biomembranes, biomolecules, induce the expression of matrix
metalloproteinases (MMPs), and hence damage irreversibly the skin culminating into photo-aged
skin (Fisher et al., 2002).

Many of the phytochemicals have extensively been reported to provide protection against UVA
mediated skin damages and photoaging. Recently, we reported that AKBA (gum extract of Boswellia
serrata L.) protects the skin cells from UVA-induced damage by modulating inflammatory mediators
and ROS production, hence AKBA has been regarded as a potential candidate in the development of
skin care products (Yang et al., 2017). Generally, the antioxidants provide cytoprotective effects in
vitro. The eriodictyol being an antioxidant possesses diverse biological properties which contribute to
its photoprotective effect against UV-induced cellular damage and apoptosis (Lee et al., 2011, Lee et
al., 2007). Although eriodictyol has been recognized as a potential UVA and UVB filtering
antioxidant (Rajan et al., 2018), it is still unclear how it promotes its anti-ageing effect against UV
components of sunlight.

UVA irradiation reduced the cell viability in HaCaT keratinocytes and FEK-4 fibroblasts mainly due
to the leakage of the cellular membranes (Tian et al., 2011, Zhong et al., 2014). Nevertheless,
eriodictyol pre-treatment rescued UVA-induced cell death of both cell types in a dose-dependent

manner by reducing both ROS generation and the related membrane damages. Similarly in various

21



other studies, eriodictyol has been shown to protect the cells against ROS-mediated cell injury and
cell death (Lee et al., 2015, Lee, 2011, Xie et al., 2019). It is well known phenomenon that with
increasing UVA doses, the cytoprotective mechanism related to Nrf2/HO-1 pathway gets suppressed,
because of the dose-dependent increase in ROS which finally compromises the cellular redox balance
and by induction of Kruppel-like factor 9 (Kfl9) may force the cells to die by apoptosis (Zucker et al.,
2014). Eriodictyol is an antioxidant that protects the skin cells from heavy burden of oxidative stress
(Rajan et al., 2018). The eriodictyol has potential shielding effects against UVA-induced damage in
human skin cells notably HaCaT keratinocytes and FEK-4 fibroblasts, mainly due to its ability to
enhance cellular proliferation and to decrease the intracellular ROS production by UVA and thereby
reducing the level of UVA-induced cell death.

UVA exposure is known to initiate the synthesis of MMPs in the human skin (Fisher et al., 1997),
and prolonged UV A exposure has been implicated in compromising the skin's natural defense system
and thereby causing oxidative damage or inflammatory response mediated by COX-2 and NF-xB
(Amano et al., 1998, Fisher et al., 2002, Wang et al., 2018). Various antioxidants or phytochemicals
are reported to combat UVA-induced damages (Nisar et al., 2015, Yang et al., 2017). UVA-mediated
ROS generation in skin cells can potentiate an indirect damage to irradiated cells (Valencia and
Kochevar, 2008, Quyen et al., 2013) especially by targeting the DNA, lipids and proteins, and hence
triggering an array of cellular signaling (Philips et al., 2004, Philips et al., 2003). The extracellular
matrix (ECM), is of great importance in the tissues for cell to cell adhesions, communications, death
signals, proliferation as well as skin integrity (Jackson et al., 2010).

Chronic skin inflammations may lead to tissue disintegration and loosening mainly by the
involvement of over-expressed MMPs and ECM breakdown finally causing photoaging (Hong et al.,
2009). Higher expression of UVA-mediated MMPs promoted breakdown of ECM, which
disintegrates the skin collagen tissue and synthesis of ECM (Wlaschek et al., 1994). The up-
regulation of MMP-1 and the breakdown of skin collagen tissue after UVA exposures were studied
herein, and it was seen that eriodictyol potentially reduced the expression of UVA-mediated MMP-1,
which might prevent the wrinkles formation or photoaging in the skin. The results of the present
study strongly suggest that the down-regulation of MMP-1 and up-regulation of TIMP-1 andCOL-1
activity following UV-exposures in HaCaT and FEK-4 cells is possibly linked to the inhibition of
ROS production by eriodictyol. Various other compounds have previously been reported to
efficiently lower or reduce the UVA-mediated expression of MMP-1, reduce the UVA-generated
ROS and LDH leakage, hence avoiding or slowing down the premature skin aging and delaying

photoaging (Pallela et al., 2010).
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The MAPK signalling cascade is activated in the cells upon UVA exposure, and actively
transmits signals into the nucleus, where it plays key roles in activating downstream genes to regulate
apoptosis or MMPs expression (Hwang et al., 2011). Consistent with previous studies using other
phytochemicals (Hwang et al., 2011, Lee et al., 2011, Chaiprasongsuk et al., 2017), we show here
that eriodictyol can down-regulate MMP-1 expression by reducing the UVA-induced
phosphorylation of JNK, ERK, and p38 in the present study.

5. Conclusions

In conclusion, our study showed that eriodictyol has protective effects in both HaCaT and FEK-4
cells subjected to UVA irradiation, through enhancing cell proliferation, reducing the intracellular
ROS generation and downregulating the expression of inflammatory factors and MMP-1, but
upregulating the expression of Timpl and Coll. Therefore, eriodictyol can be considered as a
potential drug to confer photoprotection.
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