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Abstract

Ultraviolet (UV) exposure accelerates skin aging by inducing oxidative stress, apoptosis, and extracellular matrix
degradation. Malus domestica (apple) extract (AE) is rich in antioxidants and bioactive compounds that may counteract
these effects. This study evaluates the protective effects of AE on fibroblast cells exposed to UV radiation by assessing
the expression of Tissue Inhibitor of Metalloproteinase 1 (TIMP-1), Caspase 3 (Casp-3), and Glutathione Peroxidase
(GPX). Fibroblast cells were exposed to UV radiation and treated with different concentrations of AE (3.13, 6.25, 12.5
pg/mL). Gene expression levels of TIMP-1, Casp-3, and GPX were analyzed using qRT-PCR. AE significantly increased
TIMP-1 and GPX expression while downregulating Casp-3 in a concentration-dependent manner. The highest
concentration (12.5 pg/mL) demonstrated the most pronounced protective effects. These results suggest that apple extract
enhances extracellular matrix stability, reduces oxidative stress, and inhibits apoptosis in UV-exposed fibroblasts. AE
exhibits potent anti-aging properties by modulating key molecular pathways involved in skin damage. This study provides
scientific evidence supporting its potential as an active ingredient in skincare formulations for UV protection and skin

rejuvenation.
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Introduction

Aging is known as complex biological process
characterized by the progressive decrease in
physiological functions and an increased susceptibility
to illnesses and death. All living things are impacted by
this complex phenomenon, which has multiple causes
that include lifestyle, environmental, and genetic
factors. Research on the mechanisms of aging and the
creation of interventions to support healthy aging is
becoming more and more crucial as the world’s
population ages [1]. Skin is the largest organ in the body
and the main defense against environmental stressors, so
wrinkles are one of the most obvious indicators of aging.
Skin aging is caused by both intrinsic (chronological)
and extrinsic (environmental) factors, which alter the
dermal and epidermal layers’ structure and function [2].
Among other effects, these changes show up as
wrinkles, elasticity loss, irregular pigmentation, and a
reduced ability to heal wounds. Numerous factors play
a role in aging process, such as glycation, oxidative
stress, telomere shortening, and changes in hormone
levels [3]. Cellularly, aging skin is linked to a reduction
in skin cells’ ability to proliferate, especially
keratinocytes and fibroblasts. The production of
collagen and elastin, 2 important proteins that keep skin
elastic and structured, is also declining in tandem with
this decline [4]. Furthermore, the build-up of advanced
glycation end products (AGEs) impairs skin integrity
and function by causing the cross-linking of collagen
fibers [5].

The genes namely Tissue Inhibitor of
Metalloproteinases 1 (TIMP-1), Glutathione Peroxidase
(GPX), and Caspase 3 (Casp-3) are important
biomarkers in anti-aging research because they
contribute in the processes associated with cellular
aging, oxidative stress response, and apoptosis. By
blocking matrix metalloproteinases (MMPs), which
reduce elastin and collagen, TIMP-1 helps to preserve
the extracellular matrix (ECM) integrity. The increase in
TIMP-1 expression is linked to less ECM degradation,
which protects skin elasticity and structural integrity, 2
important components of anti-aging benefits [6]. An
essential caspase for execution in the apoptotic pathway
is Caspase 3 (Casp-3). Casp-3 activation frequently rises
with age, promoting enhanced apoptosis in a variety of
tissues. This increases the risk of organ dysfunction and

age-related tissue deterioration [7]. Loss of functioning

cells can occur from excessive Casp-3 activation,
especially in  post-mitotic  tissues such as
cardiomyocytes and neurons. Cellular senescence
induction and maintenance have been linked to Casp-3.
Senescent cells proliferate with aging and play a role in
tissue dysfunction and inflammation. The senescence-
associated secretory phenotype (SASP), which is a
hallmark of aging and chronic low-grade inflammation,
can be induced by Casp-3 activation [8]. Conversely,
hydrogen peroxide and organic hydroperoxides are
reduced by the vital antioxidant enzyme GPX, which
shields cells from oxidative damage. By averting
oxidative damage, high GPX activity reduces oxidative
stress, a primary cause of cellular aging. By preventing
oxidative damage to cellular components, high GPX
activity promotes cell survival and function and
mitigates oxidative stress, a major contributor to cellular
aging [9].

Particularly in relation to skin health, there has
been an increase in interest in natural substances that
may be able to reverse the effects of aging in recent
years. Apples, or Malus domestica, have become known
as a potentially useful source of bioactive compounds
that may have anti-aging effects. Polyphenols,
flavonoids, and other phytochemicals that have anti-
inflammatory, antioxidant, and photoprotective
properties abound in these fruits [10]. Apple extracts
(AE), which come from the peel, flesh, and seeds of the
fruit, have demonstrated encouraging outcomes in in
vitro and in vivo investigations concerning the aging of
the skin [11]. Quercetin, chlorogenic acid, and catechin
are examples of the polyphenolic compounds found in
apples that have been shown to scavenge free radicals
and reduce oxidative stress, 2 major factors that
contribute to skin aging [12]. Furthermore, it has been
discovered that some substances derived from apples
inhibit the enzymes known as matrix metalloproteinases
(MMPs), which are in charge of reduce elastin and
collagen in the skin [13]. Beyond their antioxidant
qualities, apple extracts hold great potential in skincare
products designed to fight aging. Previous research has
demonstrated that substances derived from apples can
alter a number of signaling pathways related to skin
repair and homeostasis. Procyanidins from apples, have
been shown to inhibit melanogenesis and increase

collagen biosynthesis, indicating a potential role in
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controlling pigmentation and preserving skin structure
[14]. Furthermore, previous study have shown that apple
extracts can protect against UV-induced damage, which
is a significant cause of extrinsic skin aging [15].

This study uniquely combines the investigation of
AE’s effects on 3 key genes involved in aging processes
TIMP-1, GPX, and Casp-3 in human fibroblast cells.
The results are more applicable to human skin health and
aging when fibroblast cells, a commonly used model for
skin aging research, are used [16]. Furthermore, by
concentrating on gene expression, the study goes
beyond conventional antioxidant assays and provides
insights into the molecular mechanisms underlying the
anti-aging effects of AE, surpassing conventional assays
for antioxidants. This mechanistic strategy is in line with
current trends in nutraceutical research, which explore
the importance of comprehending the molecular
underpinnings of the effects of bioactive compounds
[17].

Materials and methods

Preparation of apple fruit extract

Apple extract (AE) is produced by PT FAST
Depok, West Java, which is in accordance with Good
Manufacturing Practices (GMP) standards with batch
number 001.10.23.EBA.0O1 as stated on the Certificate
of Analysis (CoA). The AE was extracted using 70%
ethanol and added with lactose [18]. The extracts were

Table 1 Concentration and purity of RNA.

stored under 30 °C in a dry place and avoided direct

sunlight.

Gene expression test

Briefly 10° cells at 80% confluence were exposed
to UV light in a 6-well plate for 75 min at 37°C and 5%
CO,. After being exposed to UV light for 4 days and
treated with AE at concentrations of 3.13, 6.25, 12.5
pg/mL, cells were harvested using 0.25% trypsin-EDTA
(25200072; Gibco, Waltham, MA, USA). Gene
expression of TIMP-1, GPX, and Casp-3 was assayed
from treated pellet cells. The total RNA isolation
process was carried out using the Direct-zol™ RNA
Miniprep Plus Kit (Zymo Research, R2073; Zymo
Research Corp., Irvine, CA, USA), following the
standardized procedure outlined by the manufacturer.
RNA concentration and purity can be seen in Table 1.
To synthesize complementary DNA, the Sensi-FAST
cDNA synthesis kit (Meridian, 65053) was used using
the protocol from the manufacturer. The expression
levels of target genes were quantified using the AriaMx
3000 Real-Time PCR System (Agilent, G8830A;
Agilent Technologies, Santa Clara, CA, USA) and the
SensiFast™ SYBR® No-ROX reaction mix (Meridian,
BIO-98005; Meridian Bioscience, Cincinnati, OH,
USA). The procedure was following the manufacturer’s
protocol. Primer sequence can be seen in Table 2,
B-Actin was employed as an endogenous control for data

normalization [19,20].

Sample Concentration (ng/pL) Purity (A260/A.280 nm)
NC 17.87 2.7743
PC 20.35 2.5643
AE1 19.88 1.9472
AE2 18.89 2.0982
AE3 20.65 2.2813

NC: Negative Control (Normal cell), PC: Positive Control (PC:

6.25 ng/mL, AE3 (PC+AE 12.50 pg/mL)

Cells + UV), AE1 (PC+AE 3.13 pg/mL), AE2 (PC+ AE



Trends Sci. 2025; 22(11): 10144 40f 10
Table 2 Primer sequence.
Gene . Product size
Primer sequence (5' to 3") Cycle References
symbols (bp)
F: GGAGGCAAGTTGAAAAGCGG
TIMP-1 150 40 NM 002421.4
R: CCACATCAGGCACTCCACAT -
F: GCTTGTCGGCATACTGTTTCAG
Casp-3 191 40 NM 001329455.2
R: AGAACTGGACTGTGGCATTGAG
F: CCAAGCTCATCACCTGGTCT
GPX 127 40 NM 001329455.2
R: TCGATGTCAATGGTCTGGAA -
. R: AGCACAGCCTGGATAGCAACG NM 001101.5
B-actin 167 40 -

F: TCATGGCACCACACCTTCTACAATG

Data analysis

Statistical ~analysis using normality and
homogeneity tests. For testing normally distributed and
homogeneous data using the One-way ANOVA test and
followed by Tukey’s post hoc follow-up test while data
that are not normally distributed and homogeneous use
the Mann Whitney test followed by the Kruskal Wallis
post hoc test with a confidence level of 95% (p < 0.05).

Results and discussion
The result shows that the UV can reduce the

TIMP-1 gene expression compared to the negative
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control (untreated fibroblast cells), as shown in (Figure
1). The treatment of AE following UV exposure
increased the TIMP-1 expression. The highest level of
TIMP-1 expression was observed at the highest AE
concentration (12.5 pg/mL, Treatment V), which was
significantly higher than in the positive control group
(UV-exposed fibroblasts without AE treatment) and
other lower concentration groups. These results
suggested that AE exhibited a dose-dependent effect,
where the effectiveness of AE in enhanced TIMP-1

expression increased with higher concentrations.

v Vv

Figure 1 Effect of various concentration of AE on TIMP-1 gene expression.

*Data represented as mean + standard deviation (SD), tests were conducted in 3 replications. Treatment I: negative control
(untreated BJ cells), II: positive control (BJ cells + UV), III: positive control + AE 3.13 pg/mL, I'V: positive control + AE
6.25 pg/mL, V positive control + AE 12.5 pg/mL. Different codes (a, b, ¢) indicate significant differences between

treatments based on Tukey post hoc Test.

A dose-dependent effect was suggested by the

observation that the increase in TIMP-1 expression

increased in direct proportion to the increase in apple AE

concentration. TIMP-1 expression peaked at the highest
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concentration (12.5 pg/mL), suggesting that AE may be
able to modulate the expression of genes linked to skin
aging [21]. The potential of AE as an anti-aging agent is
indicated by its ability to increase TIMP-1 expression.
In order to preserve the structure and suppleness of the
skin, TIMP-1 helps to regulate the ratio of extracellular
matrix component synthesis to degradation. AE may
help prevent the deterioration of collagen and elastin by
raising TIMP-1, which may help prevent wrinkles and
elasticity loss [22]. Flavonoids, in particular, are
abundant in polyphenolic compounds found in AE and
are known for anti-inflammatory and antioxidant
properties. These substances might have an impact on
cellular signaling pathways, such as TIMP-1, that
control genes linked to aging. Increased expression of
protective genes like TIMP-1 may be a result of apple
polyphenols in activating of nuclear factor erythroid 2-
related factor 2 (Nrf2) [23]. Previous studies have
highlighted the role of apple in activating the Nrf2
pathway and enhancing antioxidant capacity [24]. Apple

upregulate protective genes like TIMP-1, helping to
inhibit extracellular matrix degradation [25,26]. These
findings are consistent with our results, suggesting that
the protective effects of AE against UV-induced skin
aging may involve Nrf2 activation and the regulation of
extracellular matrix-related genes.

The results shows that the UV can increase the
Casp-3 gene expression compared to the negative
control group (untreated fibroblast cells), as shown in
(Figure 2). The treatment of AE following UV exposure
decreased the Casp-3 expression. The lowest level of
Casp-3 gene expression was observed at the highest AE
concentration (12.5 pg/mL, Treatment V), which was
significantly lower than in the positive control group
(UV-exposed fibroblasts without AE treatment) and
other lower concentration groups. These results
indicated that AE may attenuated UV-induced Casp-3
expression, with its suppressive effect become evident

at higher concentrations.
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Figure 2 Effect of various concentration of AE on Casp-3 gene expression.

*Data represented as mean + standard deviation (SD), tests were conducted in 3 replications. Treatment I: negative control
(untreated BJ cells), II: positive control (BJ cells + UV), I1I: positive control + AE 3.13 pg/mL, I'V: positive control + AE
6.25 pg/mL, V positive control + AE 12.5 pg/mL. Different codes (a, b) indicate significant differences between

treatments based on Tukey post hoc Test.

This study indicates that the expression of Casp-3
mRNA is inhibited by AE. AE was demonstrated a
significant reduction in Casp-3 expression when
compared to the positive control [21]. A negative dose-
dependent relationship was observed, where by a higher
concentration of AE resulted in a more significant

reduction in Casp-3 expression. This implies that the
bioactive elements in AE can control Casp-3 expression
in a proportionate way [23]. One important enzyme in
the apoptotic (programmed cell death) process is Casp-
3. AE may have anti-apoptotic properties, as evidenced
by the decrease in Casp-3 expression, which could slow
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down the aging process of cells. AE may contribute to
the preservation of tissue integrity and cell function by
lowering the level of apoptosis, which is significant in
the context of anti-aging [22]. Previous studies have
shown that apple, rich in phenolic compounds, can
modulate apoptosis-related proteins like Casp-3 and
reduce apoptotic markers, thereby enhancing cell
viability under stress conditions [27,28].

The results shows that the UV can reduce the
expression of GPX gene compared to the negative
control group (untreated fibroblast cells), as shown in
(Figure 3). The treatment of AE following UV exposure
increased the expression of GPX gene. The highest level
of GPX expression is observed at the highest AE
concentration (12.5 pg/mL, Treatment V), which higher
than in the positive control group (UV-exposed
fibroblasts without AE treatment) and other lower
concentration groups. These results demonstrated a
dose-dependent effect, where higher concentrations of
AE led to progressively greater recovery of GPX
expression.

There was a greater increase in GPX expression
when the concentration of AE increased. This dose-
dependent effect indicates that the bioactive components
in AE have the capacity to proportionately regulate GPX

expression [23]. GPX is a crucial antioxidant enzyme
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that helps protect cells from oxidative damage and
neutralize peroxides. An important factor in the
resistance to aging is cellular antioxidant capacity,
which may be increased in response to AE, as seen by
the increase in GPX expression. AE may help slow
down the aging process of cells by improving protection
against oxidative stress [22]. Polyphenols, particularly
flavonoids like quercetin and catechin, are abundant in
AE. These substances may stimulate cellular signaling
pathways linked to antioxidant defense in addition to
their well-established strong antioxidant activity. Apple
polyphenols activate the transcription factor Nrf2,
which controls the antioxidant genes expression,
potentially mediating the increase in GPX expression
[16]. These findings suggest that AE could be useful as
active components in skin care products that target
aging. To improve skin antioxidant protection and slow
down the aging process, topical formulations containing
apple extracts at optimal concentrations could be
developed [29]. Previous study reported that apple-
derived polyphenols enhance antioxidant enzymes like
GPX, with a dose-dependent increase that strengthens
protection against oxidative stress, supporting the role
of apple extract in preventing aging-related damage
[30].

cd
bc

v Vv

Treatments

Figure 3 Effect of various concentration of AE on GPX gene expression.

*Data represented as mean + standard deviation (SD), tests were conducted in 3 replications. Treatment I: negative control
(untreated BJ cells), II: positive control (BJ cells + UV), III: positive control + AE 3.13 pg/mL, I'V: positive control + AE
6.25 ng/mL, V positive control + AE 12.5 pg/mL. Different codes (a, ab, bc, cd, d) indicate significant differences

between treatments based on Tukey post hoc Test.
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This study suggests a synergistic anti-aging effect
(Figure 4) that may be more potent than targeting
individual pathways, as it demonstrates the ability of AE
to modulate multiple aging-related pathways
simultaneously [31]. Studies have shown that TIMP-1,
Casp-3, and GPX are interconnected, particularly
through mitochondrial apoptosis pathways. TIMP-1
levels can influence Casp-3 activity [32], while GPX
regulates oxidative stress, which impacts TIMP-1
expression and apoptosis [33]. Both TIMP-1 and Casp-
3 play key roles in apoptotic signaling cascades [34].
Additionally, the examination of dose-dependent
responses addresses an important issue that is frequently
disregarded in studies on natural products and offers
insightful information for possible future uses in
cosmeceuticals or nutraceuticals [35]. Moreover, apple
extract shows potential as an anti-aging agent by
modulating oxidative stress and inflammation markers,

similar to the mechanisms of well-established active

ingredients such as retinoids and vitamin C, which are
commonly used in anti-aging formulations [36,37].
Finally, by providing a scientific foundation for the
creation of apple-derived anti-aging products, this study
closes the knowledge gap between conventional wisdom
about the health benefits of apples and contemporary
molecular biology [29].

Exposure to ultraviolet (UV) rays increases
reactive oxygen species (ROS), leading to activation of
nuclear factor kappa B (NF-kB), Casp-3, and matrix
metalloproteinase-1 (MMP-1), while decreasing GPX
and TIMP-1. These changes promote apoptosis, reduce
antioxidant stress tolerance, and cause collagen
degradation, resulting in photoaging. Apple extract
containing polyphenols, flavonoids, quercetin, and
catechin reduces ROS, inhibits NF-xkB and Casp-3,
increases GPX and TIMP-1, thereby maintaining
collagen structure and enhancing antioxidant stress

tolerance, protecting against photoaging.

ROS ,\/

CASP-3 +

Photoaging « Apoptosis +

ROS ¢ ~ l

MF-kB ¢ —» MMP-1:

CASP-3 4

S !
Photoaging Apoptosis 4

MNF-kB + = MMP-11%

¢ Collagen
degradation

TIMP-1 &
GPX + Antioxidant stress
tolerance +
Polyphenal,
A PP le Flowvaonoid,
extract Quercetin,
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Antioxidant stress
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GPX T

Figure 4 Proposed mechanism of apple extract (AE) as anti-aging agents.
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Conclusions

The study demonstrates apple extract as an anti-
aging agent by modulating TIMP-1, Casp-3, and GPX
genes. The highest concentration of apple extract (12.5
png/mL) produced the most significant increase in TIMP-
1 and GPX expression. Apple extract significantly
inhibited Casp-3 expression, these findings suggest that
apple extract could be a valuable active ingredient in
skincare formulations,

anti-aging particularly by

improving extracellular matrix regulation and

enhancing antioxidant defenses.
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