Biochemistry and Biophysics Reports 38 (2024) 101660

Contents lists available at ScienceDirect

BB

Biochemistry and Biophysics Reports Repo

FI. SEVIER

journal homepage: www.elsevier.com/locate/bbrep

Antiphotoaging effects of solvent fractions isolated from Allomyrina
dichotoma larvae extract

Kyong Kim ?, Eun-Young Park ”, Dong-Jae Baek ", Chang-Seok Lee, Yoon Sin Oh *"

@ Department of Food and Nutrition, Eulji University, Seongnam, South Korea
Y College of Pharmacy and Natural Medicine Research Institute, Mokpo National University, Jeonnam, South Korea
¢ Department of Beauty and Cosmetic Science, Eulji University, Seongnam, South Korea

ARTICLE INFO ABSTRACT

Keywords:

Allomyrina dichotoma larvae
Ultraviolet B

Photo-aging

Human dermal fibroblast
Collagen

Skin aging is affected by a variety of factors, including ultraviolet rays, oxidative stress, medications, smoking,
and genetics. Among them, photo-aging accounts for about 80% of skin aging. The present study was evaluated
to verify the potential of Allomyrina dichotoma larvae, which has recently been attracting attention as an edible
insect, as an anti-aging substance. UVB irradiation at 100 mJ/cm? was sufficient to induce photo-aging of fi-
broblasts within 24 h, which was alleviated after treatment with 70% ethanol extract of Allomyrina dichotoma
larvae extract (ADLE). To obtain an extract from ADLE, which has a relatively high content of polyphenol
compounds containing physiological activity, fractional solvent extraction was carried out using organic solvents
such as hexane, chloroform, ethyl acetate, and butanol. Additionally, ethyl acetate and butanol fractions
contributed to the inhibition of UVB-induced ROS production, cell damage, and senescence of fibroblasts. It was
also confirmed that the two fractions can regulate the expression of MMP-1 and AP-1. In particular, the ethyl
acetate fraction showed an excellent effect in recovering collagen decomposed by UVB. Therefore, these results

suggest that ADLE has potential as a natural insect-derived biomaterial to inhibit UVB-induced photo-aging.

1. Introduction

The skin serves as the primary, crucial barrier that protects against
external environmental factors such as infectious pathogens, chemicals,
and ultraviolet (UV) rays. Additionally, it plays a role in minimizing
water loss from the body. Skin aging takes place as a result of cell
membrane damage caused by oxidized lipids and the subsequent loss of
normal skin cell function [1]. UV radiation, a significant contributor to
external aging, triggers the production of harmful reactive oxygen spe-
cies (ROS) in epidermal cells. ROS naturally occur in the body and serve
a protective role against external invasions. However, excessive pro-
duction of ROS can result in damage to lipids, proteins, nucleic acids,
and other cellular components. This oxidative stress caused by
UV-induced ROS can lead to various diseases, including inflammation,
aging, cancer, and diabetes [2,3].

Changes in protein production and structure of the extracellular
matrix, such as collagen and elastin, which comprise skin connective
tissues, are a characteristic of skin aging. In vivo, free radicals stimulate
the activity of collagenases such as matrix metalloproteinases (MMPs)
and impede collagen formation. Furthermore, an imbalance in the

antioxidant defense system accelerates skin aging, resulting in rough,
strained, and wrinkled skin [4,5].

Edible insects have potential as future resources, and their interest
and importance are increasing. The Korean rhinoceros beetle adults
(Allomyrina dichotoma), commonly found in mountainous forests, are
popular for ornamental purposes, and their larvae have traditionally
been used as medicinal foods in Korea. The medicinal effects of
A. dichotoma larvae (ADL) include anti-hepatic fibrosis, anti-tumor, anti-
inflammatory, anti-obesity, and endoplasmic reticulum stress-related
antineurotic effects [6]. However, its effects on anti-aging have not
been observed. While the association between skin aging and antioxi-
dant components, such as phytochemicals, is well known, research on
the physiologically active components of insects is still lacking, partic-
ularly in relation to skin aging.

This study aimed to identify antioxidant components and their ca-
pabilities through solvent fractionation based on the polarity of ADL
extract (ADLE). ADLE, being an insect with a different antioxidant sys-
tem compared to plants, provides an intriguing subject for investigation.
Additionally, the study aimed to compare the inhibitory effects of UVB-
induced skin aging using the identified fractions.
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2. Materials and methods
2.1. Preparation of ADLE solvent fractions

ADL were supplied from Yechun Bugs land (Yecheon-gun,
Gyungsangbuk-do, Korea). Aqueous ethanolic extraction of the ADL
(ADLE) was performed as previously described [7]. For extraction of
ADLE solvent fractions, ADLE dissolved in water was sequentially frac-
tionated with equal volumes of n-hexane (He), chloroform (Ch), ethyl
acetate (EA), 1-butanol (Bu), and distilled water (DW) at room tem-
perature. Five fractions were concentrated, dissolved in sterile dimethyl
sulfoxide (DMSO) or distilled water depending on the experimental
application.

2.2. Total phenolic content and antioxidant activity

Total phenolic content was measured using the Folin—Ciocalteu re-
agent (Sigma, St. Louis, MO, USA). A standard curve was also plotted
using gallic acid. Results are expressed as milligrams per gram of frac-
tion of gallic acid equivalent (GAE). Antioxidant activity was evaluated
using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay with a synthetic
radical, 2,2-diphenyl-1-picrylhydrazyl, according to the method re-
ported by Blois et al. [8]. Antioxidant ability of the sample was
expressed as ICsg values by DPPH.

2.3. Cell culture, UVB-irradiation and cell viability

Human dermal fibroblast (HDF) cells were obtained from American
Type Culture Collection (PCS201-010), grown in Dulbecco’s modified
Eagle’s medium (DMEM) (Welgene, Daegu, Korea) supplemented with
10% fetal bovine serum (FBS) (Gibco, USA) and 1% penicillin-
streptomycin (Welgene) at 37 °C in a humidified atmosphere contain-
ing 5% CO, as previously described [9]. The cells were seeded in
appropriate numbers on different plates according to experimental
conditions and cultured to reach 70-80% confluence after 24 h of in-
cubation. The cells were washed twice with Dulbecco’s
phosphate-buffered saline (DPBS), and cells thinly soaked with DPBS
were irradiated with 20, 50, 100, and 1000 mJ/cm? of UVB, respec-
tively, for a minimum of 10 s and a maximum of 3 min at 25 °C.

UVB was performed using a Vilber-Lourmat device (Marne-la Vallee,
France), the lid of the dish was opened during irradiation to minimize
the absorption of UVB rays from the plastic material. Following UVB
irradiation, the cells were replaced with growth medium containing the
indicated concentrations of samples and incubated for an additional 24
h.

Cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, Duchefa Biochemie BV, Haar-
lem, Netherlands) colorimetric assay. MTT of 0.5 mg/mL was added to
each well and further cultured for 2 h. After careful removal of the su-
pernatant, insoluble formazan crystals were dissolved in 2-propanol and
measured at 540 nm (TECAN Group Ltd, Shanghai, China).

2.4. Intracellular ROS measurement

Intracellular ROS production was detected using an oxidative-
sensitive 2',7-dichlorodihydrofluorescein diacetate (DCFH-DA; Molec-
ular probe) fluorescent probe according to the methods described pre-
viously [10]. Briefly, the cells were seeded in 96-well black clear
bottomed plates (Corning Inc., Corning, NY, USA) at 5.0 x 10* cells and
incubated for 24 h. After UVB irradiation or sample treatment as
described above, the cells were incubated with 10 uM Hy-DCFDA in the
dark for 30 min. The cells were washed with DPBS, and the resulting
fluorescent compound (2',7-dichlorofluorescein, DCF) was detected
with a fluorescence microplate reader at 485 nm (excitation) and 535
nm (emission).
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2.5. Senescence-associated f-galactosidase assay

The senescence-associated f-galactosidase (SA-p-gal) were measured
using beta-galactosidase assay kit (Thermo scientific, USA) following the
manufacturer’s protocol. The cells were incubated overnight in 100 mm
diameter dish with 2.5 x 10° cells, UVB irradiation or sample treatment
were performed as described above. After washing with DPBS, the cells
were stirred for 5 min at room temperature with 500 pL M-PER™
mammalian protein extraction reagent according to the protocol, then
an equal amount of -galactosidase assay reagent was added and reacted
at 37 °C for 30 min. Then, 100 pL B-galactosidase assay stop solution was
added to each well and measured at 405 nm.

2.6. Mitochondrial membrane potential assay

The loss of mitochondrial membrane potential (A¥) has been known
as s a hallmark of apoptosis [11]. Intracellular mitochondrial membrane
potential levels were measured based on fluorescence (ex. 550 nm/em.
600 nm for red fluorescence and ex. 485 nm/em. 535 nm for green
fluorescence) using JC-1 Mitochondrial membrane potential detection
kit (Biotium, Hayward, CA, USA) according to the manufacturer’s in-
structions. Under the same conditions as the ROS measurement, cells
were incubated at 37 °C for 15 min with 1x JC-1 reagent working so-
lution, and then twice washed with DPBS. The cells stained with JC-1
were detected fluorescence microplate reader. The results were
analyzed as the ratio of red fluorescence divided by green fluorescence
and expressed as fold of control.

2.7. Determination of MMP-1 secretions by ELISA

The cells were plated in 6-well plates at a concentration of 5.0 x 10°
cells, cultured for 24 h, then irradiated with 100 mJ/cm? UVB and
treated with 100 pg/mL of each sample. Following 24 h of incubation,
the culture supernatant was centrifuged at 10,000xg for 3 min and the
supernatant was collected. The quantitative measurement of MMP-1
production was performed using the Human MMP-1 (Sandwich ELISA)
ELISA kit (cat. number ab215083, Abcam) according to the manufac-
turer’s instruction.

2.8. Western blotting

Western blot was conducted as previously described [7]. All of the
1’st antibodies were purchased from cell signaling technology (USA).
Briefly, proteins of containing 5-20 pg were separated by SDS-PAGE,
transferred onto nitrocellulose blotting membranes (Amersharm, GE
Healthcare Life science, Germany) and reacted with 1’st antibodies of
AP-1, MMP-1, COL1A1, and a-tubulin at a ratio of 1: 1000, respectively.
Protein bands were detected using an ELC kit (Millipore, USA). The
bands were quantified by Quantity 1 version 4.6.7 software (Bio-Rad
Laboratories).

2.9. Statistical analysis

Results were repeated at least three times and expressed as mean +
SD (standard deviation). Statistical analysis was performed using SPSS
20.0 software (IBM SPSS ver. 20.0.0 for Windows; IBM Co., Armonk, NY,
USA). The significance of the experiment was verified by one-way
analysis of variance (ANOVA), and in case of significance, a post-hoc
test was performed by Duncan’s multiple range test (p < 0.05). The
relationships between antioxidant activity and phenolic content in sol-
vent fractions of ADLE were determined by calculating Pearson’s cor-
relation coefficients.
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3. Results

3.1. Total polyphenol content and DPPH radical scavenging activity of
solvent fractions from ADLE

In this study, we employed sequential fractionation with different
solvents (He, EA, Ch, B, and DW) to isolate various fractions from ADLE.
The antioxidant effect of these fractions was evaluated by measuring the
total polyphenol content and DPPH scavenging activity. As indicated in
Table 1, the total polyphenol content (mg GAE/g) of the ADLE fractions
varied with Bu demonstrating the highest content followed by EA, and
finally the DW. Numerous studies have established a causal relationship
between total phenol content and antioxidant activity [12]. Therefore,
we also examined the DPPH radical scavenging activity of these frac-
tions. By comparing the ICso values (mg/mL, where lower values indi-
cate better scavenging ability) for each solvent fraction, we found that
the Bu fraction exhibited the highest antioxidant effect, followed by DW
and EA. The correlation between total phenol content and DPPH radical
scavenging activity was described by the equation y = —2.795x +
38.124, with a Pearson correlation coefficient of determination (r) of =
0.993 (p < 0.01) (Table 1).

3.2. Effect of UVB irradiation on photo-aging in HDF cells

We aimed to investigate the optimal dose of UVB irradiation by
exposing HDF cells to various levels (20, 50, 100, and 1000 mJ/cm?) of
UVB. We examined aging-related parameters to assess the effects. The
results showed that cells exposed to 20 mJ/cm? did not exhibit signifi-
cant changes, but the viability was significantly reduced in cells treated
with 50 mJ/cm? of UVB compared to the non-treated cells (Fig. 1A).
Intracellular ROS generation was significantly increased in HDF cells
exposed to 100 mJ/cm? of UVB, but the level did not show a dose-
dependent increase (Fig. 1B). Additionally, the activity of beta-
galactosidase, a widely used indicator of cellular aging, was observed
to increase in a dose-dependent manner upon 50 mJ/cm? UVB irradia-
tion (Fig. 1C). It was also examined the expression levels of MMP-1 and
COL1A1 in cells treated with 50 mJ/cm? UVB irradiation. The results
showed a dose-dependent increase in MMP-1 expression and a decrease
in COL1A1 expression (Fig. 1D). In addition, we found that the expres-
sion of activator protein 1 (AP-1) was detected at 50 mJ/cm? UVB
irradiation and showed higher expression at a concentration of 100 mJ/
cm?. This observation suggests that 100 mJ/cm? UVB irradiation is the
optimal concentration for inducing photo-aging in HDF cells.

Table 1
Total polyphenol content and DPPH radical scavenging activity of ADLE solvent
fractions.

Allomyrina Total phenolic DPPH radical Pearson’s r°

dichotoma larvae contents” (mg scavenging activity (p value)

solvent fractions GAE/g of extract) IC50B (mg/mL)

70% ethanol 8.62 £ 0.09" 8.46 + 0.01% 0.933 (p <
(ADLE) 0.01)

Hexane (He) 3.50 + 0.21¢ 35.32 + 2.322

Chloroform (Ch) 3.93 £ 0.67° 27.53 + 1.00°

Ethyl acetate (EA) 10.29 + 0.37° 9.37 + 0.04°

1-Butanol (Bu) 14.62 + 0.02% 3.80 + 0.23¢

Water (DW) 8.96 + 0.24° 6.55 + 0.03¢

@ Expressed as mg of gallic acid equiv/g of dry weight of residue.

b Concentration of extract residue required to inhibit 50% of the control
calculated from linear regression equation in semilogarithmic manner.

¢ Pearson’s correlation analysis between total phenolic content and antioxi-
dant activity of solvent fractions of ADLE measured by DPPH method.
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3.3. Effect of ADLE solvent fractions on ROS generation, mitochondrial
dysfunction, and SA-f-galactosidase activity in UVB-induced HDF cells

To assess the cytotoxicity of the ADLE solvent fractions, HDF cells
were treated with various concentrations (50-1000 pg/mL) of the ADLE
solvents for 24 h, and cell viability was evaluated using the MTT assay.
Fig. 2A shows that the polar solvent fractions (EA and Bu) were found to
be non-toxic within the concentration range of up to 1000 pg/mL.
However, the nonpolar solvent fraction, such as hexane and chloroform,
exhibited toxicity at concentrations above 200 pg/mL. Consequently, a
non-cytotoxic dose of 100 pg/mL for each of the five solvent fractions
was selected for treatment in UVB-induced HDF cells. UVB irradiation at
100 mJ/cm? resulted in a decrease of approximately 24% (p < 0.001) in
HDF cell viability, as depicted in Fig. 2B. No proliferative effect of the
extracts was observed.

ROS generation was increased by 1.8-fold (p < 0.001) in UVB-treated
cells compared to CON. However, treatment with polar solvent fractions
EA (p < 0.001, Bu (p < 0.001), and DW (p < 0.05) significantly reduced
intracellular ROS levels compared to the UVB alone, showing a similar
effect to the ADLE group (Fig. 2C). Moreover, the number of SA-p-gal-
stained cells, an indicator of cellular senescence, was increased by UVB
irradiation, but it was decreased in the EA (p < 0.01) and Bu (p < 0.01)
treatment groups compared to the control group (Fig. 2D). To investi-
gate the effect of ADLE solvent fractions on mitochondrial membrane
potential irradiated with UVB, JC-1-stained cells were measured [13].
The red/green fluorescence intensity of HDF cells was significantly
decreased by approximately 21% (p < 0.001) after UVB irradiation
compared to CON. However, co-treatment with the EA (p < 0.05), Bu (p
< 0.05), and DW (p < 0.05) fractions increased the fluorescence levels,
showing similar effects to the ADLE-treated cells (Fig. 2E).

3.4. Effect of the ethyl acetate fraction of ADLE on COL1A1 and MMP-1
levels in UVB-induced HDF cells

To evaluate the antioxidant and anti-aging effects of solvent frac-
tionations of ADLE, we investigated the expression levels of proteins
associated with collagen synthesis in UVB-treated HDF cells. We
observed that UVB irradiation at 100 mJ/cm? increased the expression
level of MMP-1. However, co-treatment with EA (p < 0.05), Bu (p <
0.05), or DW (p < 0.05) significantly inhibited the expression of MMP-1
(Fig. 3A and B). We next investigated the effect of ADLE solvent fractions
on UVB-induced MMP-1 release from cells using ELISA assay. UVB
irradiation increased the release of extracellular MMP-1 by 3.7-fold (p <
0.001). However, it was confirmed that EA treatments significantly (p <
0.01) reduced UVB-induced extracellular MMP-1 release (Fig. 3C).

Additionally, the treatment with solvent fractions of CH (p < 0.01),
EA (p < 0.001), Bu (p < 0.001), and DW (p < 0.001) significantly
inhibited the expression of AP-1, which was elevated by UVB irradiation
(Fig. 3A and D). As shown in Fig. 3A and E, treatment with UVB
significantly reduced the expression level of COL1A1 in HDF (p <
0.001). However, co-treatment with the EA fraction notably enhanced
the expression level of COL1A1 (p < 0.001).

4. Discussion

Previously, we found that ADLE reduced ROS levels in both
lipotoxicity-induced beta-cells [14] and LPS-treated Caco-2 cells [15],
suggesting that ADLE has antioxidant effects. To elucidate the bioactive
compounds of ADLE, it was extracted in hexane, chloroform, ethyl ac-
etate, butanol, and water to obtain solvent fractions, and the total
phenolic content and antioxidant activity of each fraction were
measured and compared. The total polyphenol content of the ADLE
fraction appeared in the order Bu > EA > DW > Ch > He, and the
antioxidant activity increased in a dose-dependent manner. And the
Pearson correlation coefficient between the two variables was 0.933,
suggesting strong positive correlation.
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Fig. 1. Effect of UVB irradiation on photo-aging in HDF cells. HDF cells were irradiated with the indicated amount (20-1000 mJ/cm?) of UVB and each activity was
measured after 24 h incubation. (A) Cell viability was measured by MTT assay. (B) Intracellular ROS level was stained with DCFH-DA and analyzed by fluorescence
reader. (C) Changes in SA-B-galactosidase activity was examined by commercial assay kit. (D) The protein expression levels of AP-1, MMP-1 and COL1A1 were
measured according to the Western blot procedure. The results are shown as the means + SD (n = 3-5), normalized to the percentage of non-irradiated control. *p <

0.05 and ***p < 0.001 as compared to non-irradiated control.
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Fig. 2. Effect of ADLE solvent fractions on ROS generation, mitochondrial dysfunction, and SA-galactosidase activity induced by UVB in HDF cells. (A) Cells were
treated with ADLE or its solvent fraction at various concentration for 24 h, and viability was measured by MTT. After 100 mJ/cm? UVB irradiation, cells were treated
with ADLE or its solvent fractions at 100 pg/mL for 24 h and (B) cell viability was measured using MTT. (C) Intracellular ROS level was measured by DCFH-DA and
(D) SA-p-galactosidase activity was examined by commercial assay kit. (E) Mitochondrial membrane potential was assayed by JC-1 detection kit. Data represent mean
+ SD (n = 3-5), normalized to the percentage of CON. ***p < 0.001 versus CON. *p < 0.05, *#p < 0.01, and *##p < 0.001 versus UVB. CON: non-irradiated, UVB:

100 mJ/cm? UVB irradiated only.

Phenolic compounds are widely acknowledged for their diverse
physiologically activities such as antibacterial, antioxidant, anti-
inflammatory, and anticancer properties. Consequently, studies have
been conducted to explore the extraction of phenolic compounds from
natural sources [16]. Recently, research is being actively conducted on
not only plant-derived antioxidants but also marine-derived antioxi-
dants such as astaxanthin [17] and fucoidan [18].

In addition, researchers have shown keen interest in the phenolic
compounds present in the epidermis, wings, and intestinal tract of in-
sects that coexist in similar environmental conditions as plants [19]. It
has been reported that bioactive phenolic compounds found in insects

can be produced by the secondary metabolite of plant-derived com-
pounds due to the nature of insects that eat plants, and new phenolic
compounds are also synthesized during the sclerotization of insects [20].
The potential bioactive properties of these insect phenolic compounds
may provide more health advantages in the prevention and therapy of
human diseases besides their well-known nutritional value. Therefore,
the diversification of extraction methods to isolate abundant phenolic
compounds from insects is an immensely meaningful process.

UV radiation has a general effect on skin aging related to ROS gen-
eration due to energy absorption [21], and when photoaging parameters
were measured after UVB irradiation, fibroblasts were found a
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Fig. 3. Effect of ethyl acetate fraction of ADLE on UVB-induced COL1A1 and MMP-1 expression in HDF cells. After 100 mJ/cm? UVB irradiation, cells were treated
with ADLE with or without its solvent fractions at 100 pg/mL for 24 h. (A) Protein expression levels of COL1A1, MMP-1 and AP-1 were measured according to the
Western blot analysis and normalized to a-tubulin. (C) Extracellular MMP-1 production was measured using an ELISA kit. (B, D, E) The signal intensity was quantified
using Image J software. CON: non-irradiated control, UVB: 100 mJ/cm? UVB-irradiated without sample. Values are presented as mean + SD (n = 3-5), normalized to
the percentage of CON. **p < 0.01, ***p < 0.001 versus CON. *p < 0.05, *#p < 0.01, and **#p < 0.001 versus UVB. CON: non-irradiated, UVB: 100 mJ/cm? UVB

irradiated only.

significant negative effects in relation to senescence. Above all, func-
tional degeneration of mitochondria has been associated with
aging-related features and is considered a major marker in many
age-related diseases [22]. As a result of examining the effect of ADLE
solvent fraction on the mitochondrial membrane potential irradiated
with UVB, it could be confirmed that the membrane potential that
decreased after UVB irradiation was recovered by treatment with EA and
Bu.

Collagen accounts for approximately 80% of the human dermis, and
type I collagen (COL1A1) is mainly found in extensible connective tis-
sues, including the skin, respiratory and vascular systems [23]. Activa-
tion of AP-1, a critical regulator in the transcriptional control of matrix
metalloproteinases (MMPs) responsible for collagen degradation, and
subsequent decrease in COL1Al expression are typical features of
UVB-induced aging. These changes cause destruction of fibroblasts and
collagen in wrinkles [24,25]. Hence, the identification of a substance
that can promote procollagen synthesis by inhibiting the expression of
MMPs and AP-1 holds great potential as a promising therapeutic strategy
for addressing aging-related symptoms [26,27].

Through this study, it was confirmed that the ethyl acetate fraction of
ADLE can contribute to a significant collagen recovery effect by sup-
pressing the expression of MMP-1/AP-1. It is expected that this fraction
is likely to contain more bioactive ingredients with antioxidant and anti-
aging properties compared to other fractions.

This highlights its potential as a valuable preventive and therapeutic
agent for combating photo-aging. Additional experiments are currently
in progress to elucidate the precise protective mechanism of the EA
fraction of ADLE against photo-aging. Furthermore, future clinical
studies will involve the use of human ex vivo skin models.

Taken together, the ethyl acetate and butanol fractions of ADLE were
shown to not only alleviate UVB-induced intracellular ROS production
but also inhibit cell damage. The both fractions significantly contributed
to suppress the expression of MMP-1 and AP-1, related collagenase
enzyme, increased by UVB. It is judged to depend on the high poly-
phenol content and antioxidant capacity of the ethyl acetate and butanol
fraction. What is noteworthy is that only the ethyl acetate fraction can
significantly inhibit collagen degradation and participate in the

prevention of photo-aging. These results suggest that ADLE’s ethyl ac-
etate fraction is valuable as a natural insect-derived biomaterial that can
inhibit UVB-stimulated photo-aging.
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