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Abstract: The identification of natural remedies for the management of the skin aging process is an
increasingly growing issue. In this context, ursolic acid (UA), a ubiquitous molecule, mainly contained
in Annurca apple (AA) fruit, has demonstrated valuable cosmetic potential. To this end, in the current
study, the AA oleolite (AAO, extract in sunflower oil containing 784.40 ± 7.579 µg/mL of UA) was
evaluated to inhibit porcine elastase enzymatic reactions through a validated spectrophotometric
method. AAO has shown a valuable capacity to contrast the elastase enzyme with a calculated IC50

of 212.76 mg/mL, in comparison to UA (IC50 of 135.24 µg/mL) pure molecules and quercetin (IC50

of 72.47 µg/mL) which are used as positive controls. In this context and in view of the valuable
antioxidant potential of AAO, its topical formulation with 2.5% (w/w) AAO was tested in a placebo-
controlled, double-blind, two-arm clinical study on 40 volunteers. Our results indicated that after
28 days of treatment, a significant reduction of the nasolabial fold (−7.2 vs. baseline T0, p < 0.001) and
forehead wrinkles (−5.3 vs. baseline T0, p < 0.001) were registered in combination with a valuable
improvement of the viscoelastic skin parameters, where skin pliability/firmness (R0) and gross
elasticity (R2) were significantly ameliorated (−13% vs. baseline T0, p < 0.001 for R0 and +12% vs.
baseline T0, p < 0.001 for R2). Finally, considering the positive correlation between skin elasticity and
hydration, the skin moisture was evaluated through the estimation of Trans epidermal water loss
(TEWL) and skin conductance.

Keywords: Annurca apple; ursolic acid; oleolite; antiaging; wrinkles; cosmeceuticals; topical formula-
tion; elastase inhibition

1. Introduction

Skin aging is a complex biological phenomenon deriving from the combination of
both intrinsic and extrinsic factors. Specifically, intrinsic aging is a complex and inevitable
process depending on several processes, such as cellular metabolism, oxidative stress,
the hormonal cycle, genetics, and physiological timing. Extrinsic aging is mainly related
to repetitive and prolonged skin exposure to dangerous factors, such as environmental
pollution, cigarette smoking, alcohol consumption, use of harsh cosmetics, and principally,
sunlight irradiation (photoaging) [1]. This last factor is associated with an increased
oxidative stress in the cellular compartments that, in turn, triggers the expression and
accumulation of matrix metalloproteinases (MMPs) [2]. These enzymes play a pivotal role
in skin tissue degradation by breaking down several structural proteins, including elastin,
collagen, and fibronectin [3]. Among all the different kinds of MMPs, skin elastase, also
known as MMP-12 [4], is the enzyme capable of degrading elastin [5], thus leading to
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severe elastosis, dehydration, and wrinkling. Physiologically, elastase plays a pivotal role
in tissue remodeling, wound healing, and migration of epithelial cells and macrophages [6].
Since the activity of MMPs increases significantly with age [2], its regulation may be useful
in counteracting skin aging [7].

Nowadays, academic research and the cosmetic industry pay considerable attention
to natural bioactive compounds to develop innovative and sustainable cosmetic formu-
lations. Several food- and plant-derived molecules have shown remarkable cosmetic
potential [8–10]. Oleuropein, a polyphenol extracted from olive leaves and olive oil, was
found to exert protective and lenitive activity when topically applied on the skin of vol-
unteers before UVB exposure [11]. Quercetin exhibited relevant anti-inflammatory and
anti-acne properties both in vitro [12] and in clinical studies [13]. Moreover, several plant-
derived antioxidants, due to their important reducing activity, are largely used for the
formulation of lotions and creams [8].

The reutilization and valorization of food waste products as a source of bioactive
molecules for the formulation of nutraceuticals and cosmeceuticals is an environmentally
sustainable increasing trend worldwide. Considering that the global production of food
loss and waste represents 17% of the total production process, with an estimated annual cost
of USD 2.6 trillion, food waste reutilization has found a great appeal in the cosmeceutical
industry [14].

A recent article reported that the topical application of pomegranate seed oil (the
seeds are a massive waste product formed during pomegranate processing) is particularly
effective in contrasting UV-induced stress and damage in animals and in vitro models [15],
as well as chitin and pectin isolated from different types of food waste being applied as
a functional ingredient for the preparation of beauty masks [16]. In this sense, in a recent
paper it was reported that purified bromelain obtained from pineapple peel, stem, and
crown was used to prepare a facewash formulation to contrast skin infections [17]. In line
with this trend, Costa and colleagues have formulated microemulsions and macroemulsions
for topical application incorporated with lycopene-enriched extracts from tomato waste, in
order to investigate their potential skin protective effects [18].

Ursolic acid (UA), a ubiquitous triterpenic acid, with a well-described antioxidant activ-
ity [19], is widely used as a functional ingredient for the preparation of topical formulations
with various applications, including acne control [20], prevention of skin roughness [21],
and modulation of epidermal permeability [22]. UA has gained particular attention in the
cosmeceutical field due to its potent anti-aging activity, primarily related to its ability to
modulate the activity of the elastase enzyme [23]. The most important food sources of UA
are generally apple fruit [24], and the Annurca apple (AA) has been shown to be one of
the richest ones among the many apple varieties [25]. AA is the only apple cultivar native
to southern Italy that the European Council has registered as a Protected Geographical
Indication (PGI) product [Commission Regulation (EC) No.417/2006)] [26]. While the
nutraceutical potential of the polyphenolic portion of AA has been largely described for its
beneficial effects on plasma cholesterol levels [27–29], hair tropism [30], and antidiabetic
effects [29], without any toxic effects, the nutraceutical and cosmeceutical potential of AA
triterpenic fraction is not as well known.

The optimization of the UA extraction process in sunflower oil as a biocompatible
solvent from lyophilized AA was described in detail in our recent article. The obtained
oleolite with a UA concentration of 750 µg/mL demonstrated desirable skin permeation
properties suitable for potential cosmeceutical applications. In the current study, to explore
such potential of the AA oleolite (AAO), its activity on elastase enzyme was investigated
through a validated enzymatic spectrophotometric in vitro assay. The anti-elastase activity
exhibited by AAO prompted us to undertake a cosmetic double-blind clinical trial to
evaluate the AAO-based topical formulation efficacy on 40 subjects with various skin
aging-related parameters, such as elasticity, firmness, and roughness, after ensuring its
skin tolerability.
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2. Results
2.1. Validation of Elastase Inhibition Assay

Generally, the evaluation of elastase inhibition was performed by a spectrophotomet-
ric method based on the detection of p-aniline at 400 nm [31]. Practically, this assay was
based on the elastase enzymatic hydrolysis of succinyl-(Ala)-3-p-nitroanilide (SANA), in
p-nitroanilide which was spectrophotometrically monitored. In order to validate the opti-
mal reaction conditions for the enzyme reaction, the following parameters were optimized:
elastase enzymatic activity (0.005–0.6 U/mL) (Figure 1a,c), incubation time (0–30 min)
(Figure 1b,d), and DMSO concentrations (0–5%) (Figure 2). After determining these con-
ditions, the reaction course was also examined to establish the values of the specific
parameters whose enzymatic reaction exhibited linear kinetics (Figure 1c,d). Specifically,
our results indicated that the minimum value for each factor investigated that resulted in
the maximum p-nitroanilide production was as follows: elastase concentration of 0.4 U/mL
(Figure 1c), the reaction time of 10 min (Figure 1d), and DMSO 1.5% (Figure 2). Thus, these
conditions were combined to set the experimental protocol of this spectrophotometric assay.
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2.2. Elastase Inhibition Assay

Elastase plays a pivotal role in the skin aging process, thus inhibiting this enzyme
represents a possible preventive approach for the management of skin-elasticity loss and
its related wrinkles. To evaluate the capacity of AAO as a potential anti-aging functional
ingredient in cosmeceutical formulation, the AAO in vitro inhibitory activity on elastase
was investigated. As reported in Figure 3, the AAO has shown a remarkable ability to
inhibit elastase activity in a concentration-dependent manner, with a calculated IC50 of
212.76 µg/mL. To corroborate the hypothesis that UA was the main molecule responsible
for elastase inhibition, the pure UA was assayed, resulting in IC50 135.24 µg/mL (Figure 4B),
which is approximately, two-fold more active than the AAO. In addition, as a positive
control, quercetin and flavanol are largely produced in apples, with strong chelating
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properties for copper at the active site of the elastase enzyme [32]. Predictably, the quercetin
IC50 (72.49 µg/mL) was the lowest calculated value in the current study (Figure 4A).
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2.3. Skin Visco-Elasticity

To confirm the promising in vitro results on the enzymatic activity of elastase, the
ability of the formulated AAO to increase the viscoelastic properties of the skin in enrolled
subjects was investigated. In particular, the cyclic suction/release method describes the
viscoelastic behavior of the skin well [33,34]. The controlled air depressor system and
optical displacement measurement of Cutometer MPA 580 (Courage + Khazaka electronic
GmbH, Köln, Germany) allowed in vivo evaluation of skin biomechanical properties, by
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monitoring R0 and R2 parameters, indicating, respectively, the skin pliability/firmness
(mm) and the gross elasticity (%). Through this in vivo assay, the in vitro demonstrated
AAO inhibitory action on elastase can be directly related to an overall improvement of the
skin biomechanics. As reported in Table 1, the AAO revealed a noticeable skin elasticizing
and firming activity in a time-dependent manner, when used at a topical concentration of
2.5%w/w. Gross elasticity (R2) increased by 14.0% and 28.0% after 14 (D14) and 28 (D28) days
of treatment, and analogously tonicity was improved by AAO topical application with
an average percentage recorded variation of −9.0% and −13.0%, respectively after 14 and
28 days of treatment. The placebo formula did not show the same efficacy in improving
skin biomechanics.

Table 1. Skin biomechanical properties (R0 and R2 average value ± SD) before and after treatment
with 2.5%w/w AAO or Placebo.
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Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 5 of 19 
 

 

 
Figure 4. Inhibition of elastase enzyme (%) by ursolic acid (A) and quercetin (B) calculated as IC50. 
Values represent the mean ± of three replicates analyzed. 

2.3. Skin Visco-Elasticity 

To confirm the promising in vitro results on the enzymatic activity of elastase, the 
ability of the formulated AAO to increase the viscoelastic properties of the skin in enrolled 
subjects was investigated. In particular, the cyclic suction/release method describes the 
viscoelastic behavior of the skin well [33,34]. The controlled air depressor system and op-
tical displacement measurement of Cutometer MPA 580 (Courage + Khazaka electronic 
GmbH, Köln, Germany) allowed in vivo evaluation of skin biomechanical properties, by 
monitoring R0 and R2 parameters, indicating, respectively, the skin pliability/firmness 
(mm) and the gross elasticity (%). Through this in vivo assay, the in vitro demonstrated 
AAO inhibitory action on elastase can be directly related to an overall improvement of the 
skin biomechanics. As reported in Table 1, the AAO revealed a noticeable skin elasticizing 
and firming activity in a time-dependent manner, when used at a topical concentration of 
2.5%w/w. Gross elasticity (R2) increased by 14.0% and 28.0% after 14 (D14) and 28 (D28) days 
of treatment, and analogously tonicity was improved by AAO topical application with an 
average percentage recorded variation of −9.0% and −13.0%, respectively after 14 and 28 
days of treatment. The placebo formula did not show the same efficacy in improving skin 
biomechanics. 

Table 1. Skin biomechanical properties (R0 and R2 average value ± SD) before and after treatment 
with 2.5%w/w AAO or Placebo. 

 
Visit Day 

Skin Parameter  
Baseline (D0) 
Mean ± SD 

Day 14 (D14) 
Mean ± SD ∆% vs. D0 

Day 28 (D28) 
Mean ± SD ∆% vs. D0 

2.5%w/w 

AAO  

Skin pliability/firmness (R0) 
0.355 ± 0.024 

mm 0.322 ± 0.014 mm −9.0% *** $$$ 0.308 ± 0.028 mm 
−13.0% *** 

$$$ 

Gross elasticity (R2) 0.602 ± 0.066% 0.676 ± 0.052% 14.0% *** $ 0.759 ± 0.071% 
28.0% *** 

$$$ 

Placebo 
Skin pliability/firmness (R0) 

0.308 ± 0.047 
mm 0.342 ± 0.037 mm 8.0%  0.342 ± 0.037 mm 12.0% 

Gross elasticity (R2) 0.507 ± 0.044% 0.521 ± 0.041% 3.0%  0.526 ± 0.038% 4.0%  
t-test vs. D0 *** p < 0.001; ANOVA vs. Placebo $ p < 0.05, $$$ p < 0.001. 

2.4. Skin Hydration and Film-Repairing Activity 
Relationships between skin visco-elasticity and hydration have been widely dis-

cussed [35], thus in the current study, the ability of AAO topical formulation to ameliorate 
the skin hydration condition was investigated. To this end, the skin conductance and the 
Trans epidermal water loss (TEWL) were measured at different time points on enrolled 
subjects. Conductance measures skin hydration non-invasively by evaluating its electrical 
properties, as water has a higher dielectric constant than most other substances. Skin 

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 5 of 19 
 

 

 
Figure 4. Inhibition of elastase enzyme (%) by ursolic acid (A) and quercetin (B) calculated as IC50. 
Values represent the mean ± of three replicates analyzed. 

2.3. Skin Visco-Elasticity 

To confirm the promising in vitro results on the enzymatic activity of elastase, the 
ability of the formulated AAO to increase the viscoelastic properties of the skin in enrolled 
subjects was investigated. In particular, the cyclic suction/release method describes the 
viscoelastic behavior of the skin well [33,34]. The controlled air depressor system and op-
tical displacement measurement of Cutometer MPA 580 (Courage + Khazaka electronic 
GmbH, Köln, Germany) allowed in vivo evaluation of skin biomechanical properties, by 
monitoring R0 and R2 parameters, indicating, respectively, the skin pliability/firmness 
(mm) and the gross elasticity (%). Through this in vivo assay, the in vitro demonstrated 
AAO inhibitory action on elastase can be directly related to an overall improvement of the 
skin biomechanics. As reported in Table 1, the AAO revealed a noticeable skin elasticizing 
and firming activity in a time-dependent manner, when used at a topical concentration of 
2.5%w/w. Gross elasticity (R2) increased by 14.0% and 28.0% after 14 (D14) and 28 (D28) days 
of treatment, and analogously tonicity was improved by AAO topical application with an 
average percentage recorded variation of −9.0% and −13.0%, respectively after 14 and 28 
days of treatment. The placebo formula did not show the same efficacy in improving skin 
biomechanics. 

Table 1. Skin biomechanical properties (R0 and R2 average value ± SD) before and after treatment 
with 2.5%w/w AAO or Placebo. 

 
Visit Day 

Skin Parameter  
Baseline (D0) 
Mean ± SD 

Day 14 (D14) 
Mean ± SD ∆% vs. D0 

Day 28 (D28) 
Mean ± SD ∆% vs. D0 

2.5%w/w 

AAO  

Skin pliability/firmness (R0) 
0.355 ± 0.024 

mm 0.322 ± 0.014 mm −9.0% *** $$$ 0.308 ± 0.028 mm 
−13.0% *** 

$$$ 

Gross elasticity (R2) 0.602 ± 0.066% 0.676 ± 0.052% 14.0% *** $ 0.759 ± 0.071% 
28.0% *** 

$$$ 

Placebo 
Skin pliability/firmness (R0) 

0.308 ± 0.047 
mm 0.342 ± 0.037 mm 8.0%  0.342 ± 0.037 mm 12.0% 

Gross elasticity (R2) 0.507 ± 0.044% 0.521 ± 0.041% 3.0%  0.526 ± 0.038% 4.0%  
t-test vs. D0 *** p < 0.001; ANOVA vs. Placebo $ p < 0.05, $$$ p < 0.001. 

2.4. Skin Hydration and Film-Repairing Activity 
Relationships between skin visco-elasticity and hydration have been widely dis-

cussed [35], thus in the current study, the ability of AAO topical formulation to ameliorate 
the skin hydration condition was investigated. To this end, the skin conductance and the 
Trans epidermal water loss (TEWL) were measured at different time points on enrolled 
subjects. Conductance measures skin hydration non-invasively by evaluating its electrical 
properties, as water has a higher dielectric constant than most other substances. Skin 

Skin Parameter

Baseline (D0)
Mean ± SD

Day 14 (D14)
Mean ± SD ∆% vs. D0

Day 28 (D28)
Mean ± SD ∆% vs. D0

2.5%w/w
AAO

Skin pliability/firmness (R0) 0.355 ± 0.024 mm 0.322 ± 0.014 mm −9.0% *** $$$ 0.308 ± 0.028 mm −13.0% *** $$$

Gross elasticity (R2) 0.602 ± 0.066% 0.676 ± 0.052% 14.0% *** $ 0.759 ± 0.071% 28.0% *** $$$

Placebo
Skin pliability/firmness (R0) 0.308 ± 0.047 mm 0.342 ± 0.037 mm 8.0% 0.342 ± 0.037 mm 12.0%

Gross elasticity (R2) 0.507 ± 0.044% 0.521 ± 0.041% 3.0% 0.526 ± 0.038% 4.0%
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2.4. Skin Hydration and Film-Repairing Activity

Relationships between skin visco-elasticity and hydration have been widely dis-
cussed [35], thus in the current study, the ability of AAO topical formulation to ameliorate
the skin hydration condition was investigated. To this end, the skin conductance and the
Trans epidermal water loss (TEWL) were measured at different time points on enrolled
subjects. Conductance measures skin hydration non-invasively by evaluating its electrical
properties, as water has a higher dielectric constant than most other substances. Skin
conductivity results indicated a higher water content in the stratum corneum (T1h: 17.8%;
T24h: 17.2%), since the first application of AOO, which was further confirmed at the end
of the test (D14: 20.0%; D28: 25.0%). Similarly, TEWL measurements suggested a recovery
action on the unpaired skin barrier, both in the short- (T1h: −13.2%; T24h: −13.4%) and
long-term treatment (D14: −17.0%; D28: −23.0%). AAO ameliorated skin barrier conditions
and boosted hydration with statistically significant differences with the vehicle formulation,
which showed no significant effect on these skin conditions (Table 2).

Furthermore, in order to confirm the previously described relationship between skin
elasticity and hydration, a correlation study between the obtained experimental skin hy-
dration and elasticity values at the different time points (D0, D14, and D28) (Figure 5) was
performed. Our results indicate that treatment with AAO disrupts the basal condition,
leading to a population with higher hydration and elasticity values. Specifically, the study
found that AAO treatment caused a perturbation in the skin’s natural state, increasing
hydration and elasticity values. Moreover, during AAO treatment, the population un-
derwent a perturbation that resulted in a tendency of linearity between hydration and
elasticity, indicating that the oleolite acts by stimulating the skin on both aspects. This is in
contrast to the placebo group, which does not experience any disruption in its distribution
profile; therefore, this suggests a potential use for AAO as a cosmetic ingredient in skincare
products aimed at improving skin hydration and elasticity.
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Table 2. Skin hydration and film repairing activity (Corneometry and TEWL average value ± SD)
before and after one application of 2.5%w/w AAO or Placebo (short-term test) and during the 28-day
treatment (Long-term test).

Short-Term Test

Check-Up
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Day 14 (D14)
Mean ± SD ∆% vs. D0
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Figure 5. Distribution profile of skin hydration and elasticity values of the population under treatment
with topical 2.5%w/w AOO and Placebo.

2.5. Wrinkles and Fine Lines

The aging process alters both the structure and mechanical properties of the skin,
mainly through changes in the collagen and elastic fibers of the dermis [36]. As a result, the
skin gets more wrinkles [37]. Microscopically, the fine mesh of the skin surface declines,
and each wrinkle becomes prominent, as its width and height grow with age [38]. Thus,
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the demonstrated inhibitory action of AAO on elastase enzyme can, with reasonable
predictivity, have a pivotal role in the phenotypic manifestations of skin ageing, like
wrinkles and fine lines appearance. As evidence, our study demonstrated that AAO
treatment decreased the most evident facial wrinkles. Specifically, forehead and frown
lines were detected through VISIA 7th (Canfield Scientific Inc., Parsippany, NJ, USA) in
the forehead area, which showed a statistically significant decrease over time by −6.1
and −7.2% at D14 and D28 vs. baseline (Figure 6). Likewise, nasolabial folds reduced
their intensity by −3.0 and −5.0% during the 28-day treatment period with topical AAO
(Figure 7), contrary to what is observed for the placebo-treated group. These results
demonstrated the AAO validity in the treatment of the most typical skin ageing disorders.
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Figure 6. Two-dimensional and three-dimensional forehead wrinkles over 28-day treatment with
2.5%w/w AAO vs. Placebo. The three-dimensional replica showed in blue, skin furrows, while
hollows in red. The AOO group reduced the blue replica area demonstrating the smoothing ability of
the oleolite in treating expression lines.
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Figure 7. Two-dimensional and three-dimensional nasolabial folds over 28-day treatment with
2.5%w/w AAO vs. Placebo. The three-dimensional replica showed in blue, skin furrows, while
hollows in red. The AAO group reduced the blue replica area indicating the smoothing ability of the
oleolite in treating gravitational lines.

2.6. Skin Tolerability

Before establishing the potential anti-aging activity of the studied formulation, its skin
tolerability was ensured. To this end, the cosmetic product Irritant Power (IP) of AAO was
evaluated. Specifically, the AAO potential skin irritant activity was evaluated through an
occlusive 48 h patch test, which revealed that AAO used at 2.5%w/w in topical formulations
is not irritating. The recorded IP at 48 h (IP48) and at 72 h (IP72), calculated on 20 subjects
was lower than 1.5, the limit under which topical products are generally classified as a
non-irritant [39] (Figure 8).
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3. Discussion

Elastase, a protease enzyme present in the dermal layers, effectively degrades skin
elastin leading to alterations in elasticity. As a consequence, the reduced elastin skin content
was positively correlated to skin age-related changes, including skin wrinkles, roughness,
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and loss of skin elasticity [25]. Thus, the incorporation of elastase inhibitors in cosmetic
formulations could support skin aging by maintaining skin elasticity and preventing
sagging and laxity. Recently, there has been great attention on the individuation of natural
bioactive molecules with potential anti-elastase activity. Specifically, it was well-established
that UA was a natural compound with multi-target cosmeceutical potential. Chemically,
UA was a triterpenic acid, mainly contained in apple peel [40]. The main limitation of its
nutraceutical or cosmeceutical application was related to its high lipophilicity, which makes
necessary the use of apolar, but not biocompatible, solvents for UA recovery from several
food sources. Consequently, to overcome this practical problem, in our previous publication,
the UA extraction from AA in sunflower oil as a biocompatible and lipophilic solvent was
optimized in order to reach a UA concentration of 762 µg/mL in Annurca apple oleolite,
AAO [9]. Thus, in line with these considerations, in order to explore the AAO cosmeceutical
application, we evaluated the inhibitory potential of the formulated AAO on elastase
activity using an optimized enzymatic reaction assay. Our results show that the formulated
AAO was able to inhibit the elastase activity with a calculated IC50 of 286.42 mg/mL. This
promising result could be mainly due to AAO-relevant UA content, which has been shown
to be a potent elastase inhibitor agent, with a calculated IC50 of 26.8 µg/mL (0.026 µM). In
this regard, from the molecular point of view it was described that UA was able to contrast
the activity of elastase enzyme by binding to the enzyme’s subsites S3–S5 [41]. Specifically,
it was reported that the main structural characteristic of the elastase inhibitor is the presence
of hydroxyl groups. This explains why the triterpene glycoside has no elastase activity:
the bulky hydrophilic glycosyl residues hinder the interaction of the constitutive aglycon
with the substrate-binding site of the enzyme [41]. Therefore, although UA is the major
triterpenic compound detected in the prepared oleolite, the inhibitory activity of AAO
towards elastase may be also potentiated by the activity of apolar polyphenols identified in
AAO which are phloridzin (0.15 ± 0.010 mg/mL), phloretin (0.07 ± 0.01 mg/mL), rutin
(0.76 ± 0.001 mg/mL) and quercetin-3-O-glucoside (0.71 ± 0.007 mg/mL) [9]. Regarding
the anti-elastase effect of polyphenols, quercetin generally proven to be the most active
polyphenol, which is why quercetin was used as a positive control in an elastase in vitro
inhibition assay. This observation was confirmed by our data that reported quercetin
IC50 of 74.72 µg/mL, a value perfectly in line with the finding of another author, which
described quercetin IC50 for porcine elastase inhibition ranging from 60 to 70 µg/mL [32].
Considering that the main AAO polyphenolic components were quercetin derivatives,
such as rutin and quercetin-3-O-glucoside, it could be assumed that they act synergically
with UA in inhibiting elastase activity. However, the valuable activity of both rutin and
quercetin-3-O-glucoside on elastase enzyme was well-documented [42].

Once established that AAO was able to contrast the elastase activity in the in vitro
assay, to confirm such promising antiaging activity, an instrumental clinical trial using
AAO-based topical formulation (2.5% (w/w)) was performed on healthy human subjects,
after ensuring its skin tolerability through a patch test. According to the collected data, the
formulated AAO-based product is safe and not an irritant for topical applications. Addi-
tionally, in accordance with the in vitro results, the in vivo evidence indicates a relevant
antiaging effect in terms of the reduction of skin wrinkles at the nasolabial and T area levels
in treated subjects. Specifically, our results indicated a statistically significant reduction
after 28 days of treatment of nasolabial fold and forehead wrinkles vs. T0 parameters of
−5.0% and −7.2%, respectively.

These results are supported by those described by others in different in vitro cellular
models, who reported that UA-based topical formulation has shown a relevant capacity to
induce collagen content in cultured normal human dermal fibroblasts [43].

Additionally, the improvement of the skin visco-elastic parameters R0 e R2 were
evaluated in enrolled subjects. Actually, according to the present scientific literature,
there is no evidence related to the in vivo UA modulation of such visco-elastic factors,
while other cosmeceutical formulations have shown a valuable ability in the management
of these parameters. In this context, a saffron-based topical formulation has shown a
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valuable amelioration of elastic skin parameters, such as net elasticity (R5), and gross
elasticity (R2) after 12 weeks of treatment in 20 healthy patients [44]. Finally, considering
the well-established relationship between skin elasticity and hydration, the skin moisture
parameters were investigated. Our results indicate that after 28 days of treatment, a
valuable increase of dermal hydration in terms of skin conductance (+25% vs. T0, p < 0.001)
was observed in the AAO group, combined with a significative reduction of skin TEWL
(−23% vs. T0, p < 0.001). The ability of UA-based cosmeceutical formulation to modulate
skin hydration parameters was also previously evaluated in postmenopausal volunteers,
where after treatment, a valuable reduction of transepidermal water loss improved skin
moisturization, reduced scaliness, and improved skin elasticity [45]. In addition, our results
were supported by in vitro results, which describe the positive effect of triterpenic acids,
especially UA and oleanolic acid, on the epidermal permeability barrier and therefore on
skin moisture, indicating a valuable improvement in skin moisture after application of
UA [46]. Additionally in our study, a positive correlation between gross elasticity (R2) and
hydration was calculated (Figure 5). This finding confirms the previous theory proposed
by Debelle et al. [47], who insisted that only the water-swollen elastic fibers have an elastic
recovery ability that improves the firmness of the skin.

In any case, it is not negligible that the antioxidant activity of the oleolite, previously
evaluated [9], could play a pivotal role in skin aging protective effects. AAO has shown
valuable antiradical (DPPH and ABTS test) and ferric-reducing activity (FRAP-test), with a
calculated IC50 of 14.63, 5.90, and 21.72 ± 0.68 µmol (Trolox equivalent (TE)/g of AAO),
respectively. Considering that oxidative stress plays a crucial role in the appearance of the
clinical manifestation of skin aging, accelerating the molecular mechanisms that underline
this natural phenomenon [2], the AAO antioxidant potential could have a positive impact
on the skin condition. In conclusion, the current study paves the way for possible new
applications of this oleolite as a valuable cosmeceutical ingredient, hitherto only predicted,
and perfectly in line with the most current trend pursued by cosmetic industries to employ
sustainable and upcycled active ingredients [48].

4. Materials and Methods
4.1. Reagents

All chemicals, reagents, and standards used were analytical or LC-MS grade reagents.
The water was treated in a Milli-Q water purification system (Millipore, Bedford, Burling-
ton, MA, USA) before use. Sunflower oil was purchased in a local market. Ursolic acid
(purity ≥ 98.5% HPLC), phloridzin (purity ≥ 99% HPLC) were purchased from Sigma-
Aldrich (Milan, Italy). For the o/w topical formulation, cosmetic-grade ingredients were
used, such as Glyceryl-Stearate and PEG-100 Stearate, Caprylic/Capric Triglycerides,
Cetearyl Alcohol, Cetyl Ricinoleate, Sodium Gluconate, and Carbomer, Phenoxyethanol
(and) Ethylhexylglycerin. All listed excipients were purchased from ACEF Spa (Fiorenzuola
D’arda, Italy).

4.2. Oleolite Preparation and Extraction of Triterpenic Fraction

Annurca apple fruits (Malus pumila Miller cv Annurca) (about 100 g each) were
collected in October 2022, Valle di Maddaloni (Caserta, Italy), when the fruits had just been
harvested (green peel). The fruits were reddened for about 30 days following the typical
treatment [26]. After this time, the apples were washed and sliced for freeze-drying. The
oleolite preparation was performed according to the conditions optimized in our previously
published article [9] to achieve the maximum UA concentration of 784.40 ± 7.579 (mg/mL).
Specifically, the ratio of freeze-dried AA to sunflower oil was 1:4, and the mixture was
stirred at 68.85 ◦C for 63 h. Then, the AAO was subjected to a specific ethyl acetate extraction
protocol for the isolation of the triterpenoid acids, according to our published protocols.
This extract was used to verify the effect on the elastase enzyme. All the results observed
are expressed in terms of mg of AAO [9]. Then, the AAO was subjected to two different
extraction protocols for the isolation of the triterpenoid acids and polyphenols fractions,
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according to our published protocols. The two extractions were performed with ethyl
acetate and hydroalcoholic mixtures, respectively. The fractions obtained were first dried
using a rotary evaporator, when the solvents used were completely removed, the residues
obtained were suspended together in water, frozen at −80◦ and freeze-dried (for 24 h at
−69 ◦C at 0.096 mbar). The resulting powder was ground (IKA A11 analytical mill) to obtain
a homogeneous powder representative of the triterpenic acids and polyphenol fractions.
The chemical composition of the prepared extract was assessed by HPLC-DAD analysis,
leading to the identification and quantification of 6 different polyphenolic compounds:
Rutin (0.76 ± 0.001); Quercetin-3-O-glucoside (0.71 ± 0.007); Kaempherol-3-O-rhamnoside
(0.15 ± 0.010); Apigenin-7-O-glucoside (0.0081 ± 0.001); Phloridzin (0.1 ± 0.010); and
Phloretin (0.07 ± 0.01) µg/mL of AAO and UA at the concentration of 750 µg/mL. All the
results observed are expressed in terms of mg of AAO.

4.3. Elastase Inhibition Assay

The elastase inhibition assay was performed according to the previously reported
spectrophotometric method [31], with slight modifications. Practically, this method was
based on the enzymatic activity of elastase, which is involved in an oxidation reaction of the
peptide linkage of the substrate succinyl-(Ala)-3-p-nitroanilide (SANA) to p-nitroanilide,
a cleavage product which is monitored at a wavelength of 410 nm. An amount of 10 µL
of different concentrations of the samples (AAO, UA, quercetin) and 100 µL of 0.5 mM of
N-succinyl-(Ala)-3-p-nitroanilide were added to a 96-well microplate. After an incubation
time of 10 min, 10 µL of elastase from porcine pancreas (0.4 U/mL) was added, mixed well,
incubated at room temperature for 10 min, and finally the absorbance was determined
at 410 nm using a microplate reader. An amount of 0.5 mM of N-succinyl-(Ala)-3-p-
nitroanilide and the enzyme elastase (0.4 U/mL) were prepared in a 0.1 M Tris-HCl buffer
at pH 8.0. The analyzed standards and the extracts were dissolved in 100% v/v DMSO and
diluted with 0.1 M Tris–HCl buffer at pH 8.0 to obtain a final concentration of 1.5% v/v
DMSO in the enzymatic mixture. The performance of the assay was verified using quercetin
as a reference and UA as a principal bioactive triterpenic acid in AAO, under the same assay
conditions. The inhibitory effect was expressed as the concentration required to inhibit
elastase activity by 50% (IC50). Generally, the capacity to inhibit an enzymatic reaction
was expressed as a % of the inhibition [49], calculated as Inhibition (%) = (1 − B/A) × 100,
where A is the enzyme activity without the sample and B is the activity in the presence of
the sample.

4.4. AAO-Based Topical Formulation Preparation

Cosmetic o/w emulsions were prepared with cosmetic-grade ingredients. First, phase
A containing oily constituents, such as Glyceryl-Stearate and PEG-100 Stearate (4.00%w/w),
Caprylic/Capric Triglycerides (10.00%w/w), Cetearyl Alcohol (0.50%w/w), and Cetyl Rici-
noleate (2.00%w/w) were mixed using a magnetic stirrer at 200 ± 25 rpm and heated up to
70 ± 5 ◦C.

Once melting occurred, phase A was mixed with phase B (aqueous phase), comprising
deionized water (79.55%w/w), Sodium Gluconate (0.10%w/w), and Carbomer (0.35%w/w),
previously heated at the same temperature of phase A. Phases mixing occurred using the me-
chanical stirrer Silverson L5T Laboratory Mixer (SBL, Shanghai, China), at 4500–5000 rpm
until the 50 ± 2 ◦C temperature was reached, then at 2500–3000 rpm until the mix became
supple and homogenous. Once 37 ± 2 ◦C was reached, the final phase (phase C) containing
the preservative system, such as water solution of Phenoxyethanol (and) Ethylhexylglycerin
(0.90%w/w), and the active ingredient AAO (2.50%w/w), was added to the mix. For the
clinical trial, two batches of the topical formulation were prepared, such as the placebo and
active batch. The active batch was enriched with the active ingredient AAO (2.50%w/w)
in phase C, before neutralization with NaOH 2N sol. which occurred once the emulsions
were cool.
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Quality Control and Potting of the Cosmetic Formulations

After 24 h, viscosity (18.750–19.633 mPa; 22 ◦C, spindle 64, 20 rpm) was measured
using the Brookfield DV-E viscosimeter (AMETEK Inc., Berwyn, PA, USA), and the pH
(5.6 ± 0.3) was checked with the GPL20 pH-Meter (Crison Instruments S.A., Barcelona,
Spain). The placebo emulsions were prepared analogously and contained all the listed
ingredients, except for the AA oleolite. Once ready, cosmetic creams were placed in
anonymous 30 mL jars, by a blind technician, in blind conditions.

4.5. Clinical Study

This randomized, double-blind, efficacy study was performed at the RD Cosmetics
laboratory of the University of Naples Federico II—Pharmacy Department, which has
a quality management system for cosmetic clinical trials certified by RINA S.p.A (Gen-
ova, Italy) according to the UNI EN ISO 9001 standard [50]. The cosmetic clinical trial
aimed to assess the skin tolerability and the anti-aging efficacy of the AAO vs. placebo
incorporated in a topical formulation. Due to the cosmetic nature of the present study
and the involvement of adult healthy human subjects, a submission to the relevant ethics
committee was not required. The clinical study was performed after written informed
consent (S1-Supplementary Materials) was provided by all subjects. Nevertheless, the
study was performed in accordance with the principles embodied by the Declaration
of Helsinki [51] and following COLIPA guidelines for the Evaluation of the Efficacy of
Cosmetic Products [52]. Good clinical practice was maintained throughout the study.

4.5.1. Study Design and Participants

40 subjects aged 40 to 65 years (included) with relaxed skin tone and dermis thinning
were eligible for the study.

Further inclusion criteria were discontinuation of all cosmetic products used to treat
aging phenomena from screening up until the final follow-up visit; however, cleansing
preparations deemed acceptable by the investigator and make-up were permitted. Ex-
clusion criteria included any dermatological disease, previous use of retinoids, and use
of medical aesthetic procedures, such as bio-stimulations, filler or botox within 12 weeks
or five half-lives of screening, face radiofrequencies within 8 weeks of screening, or anti-
aging/antioxidant oral supplementation within 4 weeks of screening. Further exclusion
criteria were the presence of both topical and systemic pathologies or diseases. Characteris-
tics of the study populations are shown in Table 3.

Table 3. Characteristics of clinical study participants.

Characteristics of Study Participants 2.5%w/w AAO Placebo

No. of subjects
Female, n (%) 20 (100) 20 (100)
Male, n (%) - -

Mean age ± SD a, years
(min–max) 51.1 ± 10.5 (41–63) 50.7 ± 11.3 (40–64)

Fitzpatrick skin phototype, n (%)
I - 1 (5)
II 15 (75) 13 (65)
III 5 (25) 6 (30)
IV - -

Skin type, n (%)
Dry 20 (100) 20 (100)
Normal - -
Combined - -
Oily - -

a SD Standard deviation.
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After the enrollment visit, a mandatory washout period of 7 days was required before
study entry. During the baseline (D0) and check-up visits, participants were assessed for
the monitored skin parameters and were randomly assigned to a treatment group. They
received test samples and were instructed about the way of use. They had to apply about
2 mg of the assigned product on their face twice daily (morning and evening) for 28 days.
An overview of the study plan and protocol is illustrated in Figure 9.

The primary outcome of the study was the determination of the skin aging-related
parameter improvement (skin elasticity, firmness and roughness) and AOO skin tolera-
bility; the secondary outcomes were transepidermal water loss (TEWL) and corneometry
assessment in accordance with the literature findings [17], with a short- and long-term test.
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4.5.2. Randomization and Masking

The laboratory staff used a system for the management of study enrollment and
ensuring anonymity. The system assigned to the enrolled subjects a patient study number,
randomized according to defined parameters drawn on a general panel where volunteers
are recorded, and maintained treatment masking. Subjects came from all social categories,
and they spontaneously participated in the study. Before admission, they received a clinical
skin examination and a detailed cosmetic questionnaire. The system used a configurable
buildable algorithm with limits set to patient age (≤40 and >65 years) and skin type (thin
dermis and relaxed face). Patients were randomly assigned AAO-based cream (2.5%w/w
twice daily) or vehicle cream twice daily (placebo group) in a 1:1 ratio. Patients, and
investigators, (except members of the primary endpoint analysis data monitoring teams)
remained masked to each patient’s treatment assignment throughout the study. Emergency
unmasking was conducted in case of side effects that required the investigator’s knowledge
of the patient’s treatment group. At the end of the study, the number of patients who
respected the protocol with no significant deviation, which could influence the study
results, had to be 20 for each treatment group (Figure 10).

4.5.3. Anti-Aging Efficacy Assessment

Skin firmness and elasticity were assessed after 14 and 28 days (D14 and D28) of
treatment with AOO-based cream or placebo using Cutometer® Dual MPA 580 (C + K
electronic GmbH, Cologne, Germany), while wrinkles and fine lines were determined
through evaluation of forehead and nasolabial wrinkles with VISIA 7th (Canfield Scientific
Inc., Parsippany, NJ, USA).
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4.5.4. Short- and Long-Term Hydration and TEWL

Hydration and TEWL were evaluated after one and repetitive application of the
investigated topical formulations using Corneometer® CM 825 and Tewameter® TM Hex
(C + K electronic GmbH, Cologne, Germany). All parameters were evaluated at baseline
(D0) after 1 and 24 h by assigned product application (1 h and 24 h, respectively), and
on days 14 and 28 (D14 and D28).

4.5.5. Skin Tolerability Test

In order to ensure the test product tolerability, its potential irritant power was evalu-
ated when it is applied in a single dose to intact human skin with an occlusive patch test
for 48 h. The irritancy patch test was conducted on the volar forearm due to its hairlessness,
lower sebaceous gland count, and larger skin surface area. This test allowed for the evalua-
tion of the tolerability of the AAO when transmitted in a topical formulation, through the
identification and classification of its potential irritant power, as required by EEC Directive
76/768 [52].

The test is conducted using Finn Chambers® AQUA (Bio-Diagnostics Ltd., Worcester,
UK) which is a patch delivery system and holding device to place allergens and allergen
mixes in contact with the surface of the skin during allergen patch tests. The AAO cream
and placebo were displaced directly into different chambers and applied to healthy skin on
the upper forearm, which was clean, dry, and free of ointments or lotions. The panel was
left in situ for 48 h, then, the panel was removed, and skin reactions were recorded (PI48),
and measured again after a further 24 h (PI72). Results of the patch test are measured
by morphologic criteria recommended by the International Contact Dermatitis Research
Group [53], using a 2 × magnifying lamp for visual scoring using the following grading
system: 0 = no evidence of reaction, 1 = minimal erythema, 2 = visible erythema and
3 = erythema and papules. The irritancy power was calculated using the average visual
score + standard deviation (SD) for 2.5%w/w AOO formulation and the placebo—irritancy
levels for the sample were classified as follows: average clinical score + SD > 1.5 = sample
is an irritant; average clinical score + SD ≤ 1.5 and > negative control = sample has low
irritancy potential and a mean visual score + SD ≤ negative control = sample is non-irritant.
The irritancy limit of 1.5 on a 0–3 scale for the visual score + one SD was used as the
irritancy level threshold.

4.6. Statistical Analysis

A sample size of 40 randomly assigned patients (approximately 20 patients per group)
was determined to provide sufficient statistical power to detect the difference between
the AAO cream and placebo. For the primary and secondary endpoints, comparisons
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between the AAO groups and placebo were conducted using the ANOVA test (inter-groups
differences), whereas average percentage variations compared to baseline for each group
were controlled using the Student t-test (intra-groups differences) at an overall two-sided
p of 0.05. Statistical analyses were done with SAS software version 9.4. Regarding the
in vitro assay, GraphPad Prism software version 9 (San Diego, CA, USA) was used for
statistical analysis. The t-test and ANOVA test were used for the comparison of two groups
or multiple groups, respectively. The data were shown as mean ± DS. A p-value < 0.05
was considered statistically significant and was labeled with *; p-values < 0.05, 0.01 or 0.001
were labeled with **, *** or ****, respectively.

5. Conclusions

The described results show that AAO (containing 784.40 ± 7.579 µg/mL of UA)
is a precious source of natural bioactive compounds, especially of UA, useful for the
management of aging-related skin disorders. AAO has shown a valuable ability to inhibit
elastase with an estimated IC50 of 212.76 mg/mL. This in vitro evidence was corroborated
by valuable clinical results, where the treatment of 20 healthy subjects with AAO-based
topical formulation (2.5% of AAO (w/w)) led to a noticeable decrease of the nasolabial
fold and forehead wrinkles, improvement of visco-elastic parameters, and remarkable
amelioration of the skin hydration condition. Thus, in conclusion, the formulated AAO
could be considered a potential functional ingredient for the formulation of cosmeceutical
products with skin anti-aging activity. Undoubtedly, further investigations are necessary
to highlight the potential molecular mechanism of actions responsible for the registered
clinical evidence.
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