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Abstract: (1) Background: Skin undergoes constant changes, providing capabilities to repair and
renovate its constituents once damaged and a fundamental shield to contrast environmental stress.
Nevertheless, environmental stressors may overcome the skin’s protective potential inducing pre-
mature aging and accelerating the appearance of anaesthetic age-related skin aspects. Ultraviolet
radiation (UVR) and pollutants (particulate matters, PAHs) contribute to skin aging and functional
decline inducing harmful oxidative modifications of macromolecules and stress-related skin dis-
orders. Innovative approaches to preserve skin are needed. (2) Methods: Skin keratinocytes were
treated (or not) with a combination of ingredients (Lactobacillus plantarum extract, Withania somnifera
root extract and Terminalia ferdinandiana fruit extract; “MIX”) in the presence or absence of stress
(oxidative stress or pollution). The effects of the MIX adaptogen technology on (a) cellular resilience,
(b) the regulation of cellular functions and (c) regeneration of skin were disclosed through expres-
sion proteomics and bioinformatics analyses first, and then through focused evaluations of protein
carbonylation as a hallmark of oxidative stress’ deleterious impact and mitochondrial activity. (3) Re-
sults: The deleterious impact of stressors was evidenced, as well as the beneficial effects of the MIX
through (a) mitochondrial activity preservation, (b) the “vigilance” of the NRF2 pathway activation,
(c) NADPH production and protein homeostasis improvements, (d) preserving skin regeneration
function and I the contrasting stress-induced oxidation (carbonylation) of mitochondrial and nuclear
proteins. (4) Conclusions: The effects of the MIX on increasing cell adaptability and resilience under
stress suggested a beneficial contribution in precision cosmetics and healthy human skin by acting as
an adaptogen, an innovative approach that may be employed to improve resistance to harmful stress
with a potential favourable impact on skin homeostasis.

Keywords: adaptogens; skin benefits; oxidative stress; pollution; skin disorders; mitochondrial
function; protein carbonylation; proteomics

1. Introduction

Skin is the largest human organ providing a fundamental shield to contrast environ-
mental stress. Cutaneous aging is a continuous, complex and cumulative biological process
influenced by intrinsic (mainly genetic) and extrinsic factors. At midlife, these factors
contribute to approximately 50% of alterations in skin function [1].

Physiologically, skin undergoes constant changes, with the capability to repair and
renovate its constituents once damaged. Although the skin maintains a functional biological
barrier against external aggressions, environmental stressors may overcome the skin’s
protective potential. Besides environmental factors, biological and chronological aging also
hamper the skin’s abilities to maintain homeostasis and repair, contributing to the aging
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process. Among environmental factors, ultraviolet radiation (UVR) is a primary element
of skin impairment, inducing oxidative stress and harmful genetic modifications. Other
factors, such as pollutants (particulate matters, volatile organic compounds (VOCs) and
polycyclic aromatic hydrocarbons (PAHs)), also contribute to skin aging and decline the
functionality of the skin [2–7].

Oxidative stress has been identified as a common and prevalent mechanism for cellular
tissue damage and dysfunctions in an ample variety of age-related diseases and skin
disorders, revealing, additionally, its interplay with inflammatory processes at both the
tissue and organismal levels [8,9]. A major mechanism by which ambient PM exerts its
detrimental effects is through the generation of oxidative stress. In particular, polycyclic
aromatic hydrocarbons (PAHs) adsorbed on the surface of suspended particulate matter
(PM) in air of urban areas can activate xenobiotic metabolism, ultimately inducing the
production of reactive oxygen species (ROS) through the formation of quinone derivates
and superoxide anion radicals. PAH metabolites contribute to the excessive generation
of reactive oxygen species (ROS), causing oxidative stress. In addition, UV irradiation
damages skin through the photosensitized production of ROS, mainly driven by UV-A
(320–400 nm), which can penetrate to the deeper sections of the epidermis, reaching the
dermis. Furthermore, several PAHs can induce strong oxidative stress and UV-A exposure
and consequent photoactivation.

Among the oxidative modification of macromolecules, protein carbonylation has
become a comprehensive warning and major hallmark of severe oxidative damage, protein
dysfunction and stress-related disorders [10], being a harmful irreversible modification.
This modification at the molecular level plays havoc with cellular/tissue functions in the
aging organism, increasing alongside the organisms’ life [11].

Carbonylation can negatively affect, or totally abrogate, protein catalytic functions
and may trigger the formation of potentially cytotoxic protein aggregates.

The nuclear factor erythroid-2-related factor 2 (Nrf2)-mediated antioxidant response
pathway plays a central role in the cellular reduction–oxidation homeostasis, promoting
a youthful cellular phenotype. This evolutionarily conserved pathway acts firstly as the
transcription of cytoprotective genes, resulting in cellular cryoprotection and in the physio-
logical cellular resilience to stress exposures (antioxidant, prosurvival, anti-inflammatory
and macromolecular damage repair) [12,13].

Another well-known cellular mechanism implicated in cellular resilience and having a
prosurvival role is the production of NADPH. In this pathway, glucose-6-phosphate dehy-
drogenase (G6PD) has a key role assuring the production of ribose and reducing equivalent
nicotinamide adenine dinucleotide phosphate (NADPH), being vital components for the
synthesis of many biological building blocks, such as nucleic and fatty acids. NADPH is
well known for its remarkable role in the maintenance of antioxidant defences promoting
health and life-span [14,15].

Moreover, protein carbonylation has been spotted as a potential mechanism contribut-
ing to mitochondrial dysfunction [16]. Mitochondria can produce up to 95% of all adenosine
triphosphate (ATP) in the cell, sustain critical metabolic processes [17–20] and play a crucial
role in inducing cell differentiation, sustaining proliferation, maintaining cell survival and
triggering apoptosis, key processes for the development and maintenance of skin homeosta-
sis and health [21–23]. Mitochondria are highly susceptible to detrimental environmental
factors [24–27], harming its function and its genetic patrimony, resulting in mitochondrial
DNA (mtDNA) deletions, perturbing the electron flow and energy production [28–30].
Mitochondrial dysfunction increases as age progresses. Additionally, wound healing and
hair growth are part of the physiological functions of the skin, where mitochondria support
optimal regeneration and differentiation, respectively.

Playing an important role in cellular metabolism and cell life-span, mitochondria
assure the generation of cellular “energy storage” molecules (adenosine triphosphate)
through oxidative phosphorylation (OXPHOS). Under unfavourable conditions, reactive
oxygen species (ROS) are generated during OXPHOS as a by-product of aerobic respiration.
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Perturbations within the OXPHOS complexes generate more reactive oxygen species (ROS),
less adenosine triphosphate and the mismanagement of mitochondrial dynamics with
the consequent accumulation of oxidative damage. Moreover, the lower concentration of
adenosine triphosphate restricts the activity of mitochondrial ATP-dependent proteases,
which are less efficient or even not able to degrade all carbonylated proteins generated
from the elevated ROS level. Reactive oxygen species can react and modify DNA, RNA, car-
bohydrates, proteins and lipids, triggering cellular and tissular dysfunction and promoting
aging [31,32].

Biological adaptation refers to the ability of living organisms to adjust their biological
functions to suit their external environment. This concept was first introduced by Laborit
in 1976 [33], who proposed that the ability of a living being to survive and reproduce is
based on its capacity to adapt to external conditions. In other words, biological adaptation
involves the successful adjustment of an organism’s physiological processes to changes in
its environment, enabling it to survive and thrive [34]. The human body is continuously
exposed to a range of environmental stressors, such as pollution, temperature fluctuations,
UV radiation, tobacco smoke and screen light [35]. The skin, acting as a barrier between
the internal body and the external environment, also plays a critical role in the adaptation
of humans to these stressors.

While the cosmetic industry has largely focused on developing products that enhance
the appearance of the skin, there is growing interest in identifying ingredients that can also
support the skin’s natural functions and ability to adapt to internal and external stressors.
Adaptogens, in particular, have gained attention for their potential to help the skin maintain
a healthy balance and resilience.

The definition of adaptogens has constantly evolved sinIe it was coined [36]. The
dictionary definition is as follows: “natural substances used in herbal medicine to normalize
and regulate the systems of the body”.

The increase in research and scientific evidence to understand the pharmacological
and molecular mechanisms of action of these active ingredients has demonstrated that
the term adaptogen is related to a physiological process, the adaptation to environmental
challenges, which is a multistep process that includes diverse mechanisms of extracellular
and intracellular interactions [36–39].

Adaptogens are mediators that help plants to persist in stress conditions, defined also
as substances causing the “state of unspecific resistance” of an organism. The term adapto-
gens comprises families of herbal and natural products able to promote the adaptability and
survival of living organisms under stress conditions, resulting in a decreased sensitivity to
stressors and/or prolonged phase of resistance (stimulatory effect). These compounds are
mild stress mimetics at low doses, activating adaptive stress-response signalling pathways
to cope with severe stress and have been used in traditional or alternative medicines for
preventing premature aging and to maintain good health and vitality [36–42].

If the beneficial properties of adaptogens have been studied often with oral intake,
some studies using topical applications in nonhuman models have also proven their efficacy,
notably with ashwagandha [43–45].

It is important to note that certain antioxidant treatments, if used incorrectly, can have
negative effects on the skin that are just as harmful as those caused by stress. For instance,
treatments that are too concentrated or applied at the wrong time can have adverse effects
on the skin. Additionally, some treatments may target the wrong biological pathways,
leading to unintended consequences.

To avoid such deleterious effects, it is crucial to adopt an approach that is tailored to
the skin’s unique needs, ensuring that antioxidant treatments provide maximum benefits
without causing any harm.

Preserving skin cells from oxidative damage and mitochondrial damage can help
mitigate the cumulative injuries caused by environmental factors. Innovative approaches
contrasting environmental aggressions that accelerate the aging process may employ com-
pounds resulting in adaptogenic effects.
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A mix of active ingredients was selected based on the understanding that the skin’s
ability to adapt to stressors is facilitated by its three primary functions: protection, regu-
lation and regeneration. These functions work together to maintain the skin’s health and
resilience. The mix of ingredients includes:

- An extract of Withania somnifera roots (or Ashwagandha), an adaptogen plant with a
long history of use in Ayurvedic medicine for promoting longevity and slowing aging;

- A ferment of Lactobacillus plantarum, known for its beneficial effects on the skin’s
barrier function;

- A superfruit extract of the Kakadu plum (Terminalia ferdinandiana), which is the richest
natural source of vitamin C.

Together, these active ingredients were thoughtfully combined to create a technology
(“Adapto.GN Smart Technology”) that can help increase the skin’s ability to adapt to
modern life stressors of the current generation, GN.

By supporting the skin, the active ingredients can help optimize and enhance the
skin’s functions.

The objective of our investigation was firstly focused on the characterizations of the
effects of a mix compounds (Lactobacillus plantarum extract, Withania somnifera root extract
and Terminalia ferdinandiana fruit extract) on human keratinocytes exposed to stress condi-
tions (urban pollution and oxidative stress) through an expression proteomics phenotypical
analysis. The obtained observations then inspired further evaluations on the potentially
beneficial effects of the mix of compounds (1) on contrasting stress-induced protein car-
bonylation as a biomarker of oxidative damage and (2) the beneficial effects against stress
exposure mitochondrial injury resulting in preserved mitochondrial function.

2. Materials and Methods
2.1. Cell Culture and Treatments

Human primary keratinocytes were seeded in multiwell plates, cultured in an SFM
medium (Gibco, Strasburg, France) and incubated in optimal conditions at 37 ◦C, a humified
atmosphere and 5% CO2. The stress exposures consisted of (1) 30 min of contact with a
solution of 100 µM H2O2 or (2) contact with particulate matters (1 µg/cm2, 1 h of contact;
Ref. ERM-CZ100; The item (ERM-CZ100) is supplied and certified by the “European
Reference Materials” from the Joint Research Centre of the European Commission in Geel,
Belgium, and is distributed by Sigma-Aldrich, Merck. European Reference Material with
certified content in PAHs and the presence of >25% of PM2.5-like particles on cumulative
distribution), followed by UV-A irradiation (dose of 2 J/cm2 at a wavelength peak of
365 nm). A fresh solution of active ingredients (the MIX (Adapto.GN technology TM)),
composed of Lactobacillus plantarum extract 0.5%, Withania somnifera root extract 1.0% and
Terminalia ferdinandiana fruit extract 0.4%, was obtained through the direct solubilization of
each ingredient in the culture medium. The MIX solution was incubated with the cells for
72 h of contact prior to stress exposure or in basal conditions (in the absence of stress). The
active mix solution was previously evaluated on cellular viability with an MTS (tetrazolium
inner salt) viability assay, excluding cytotoxic effects at the tested concentrations.

2.2. Expression Proteomics Analysis and Ingenuity Pathway Analysis (IPA)

Right after the treatments and/or stress exposure to H2O2, the cells were harvested,
snap-frozen in liquid nitrogen and stored at −80 ◦C until analyses. The cellular pellets
(n = 3 replicates per experimental group) were submitted to protein extraction by using
a buffer solution of 6M Urea, 2M Thiourea, 1% SDS (sodium dodecyl sulphate) and 1%
deoxycholate (Sigma-Aldrich, Merck, Darmstadt, Germany). The protein quantification
was then realized by using the Bradford assay [46], and the profiles and qualities of protein
extractions were evaluated using SDS-PAGE. Fifty micrograms of proteins from each sample
was typically digested and desalted through anion-exchange liquid chromatography (LC).
A nanoscale LC was effectuated on a C18 column (UltiMateTM 3000 RSLCnano System;
Thermo Fisher Scientific, Illkirch-Graffenstaden, France). Mass spectrometry (MS) analyses
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were performed on Tribrid Eclipse (Thermo Fisher Scientific) coupled to an Orbitrap-HCD-
Ion Trap mass spectrometer (Thermo Fisher Scientific). Protein identifications and relative
quantifications were conducted by using Protein Discoverer 2.4.0 software, MASCOT and
SEQUEST on the SwissProt human protein database. Intergroup comparisons and statistics
were performed by using PERSEUS software. The protein abundance ratio values were then
converted to fold-change values, where the negative inverse (−1/x) was taken for values
between 0 and 1 (e.g., an abundance ratio of 0.5 was converted in fold change −2), while
values greater than 1 were not affected. Graphs and a principal component analysis (PCA)
were generated with Prism (GraphPad software version 10, San Diego, CA, USA). The
PCA was calculated using all protein abundance values (Log2) on PC1 and PC2. The data
mining analysis of identified and grouped proteins in relation with their biological functions
was then realized using IPA (Ingenuity Pathway Analysis, Qiagen, Courtaboeuf, France).
Proteins from the dataset that were associated with biological functions in the Ingenuity
Knowledge Base were considered for the analysis (minimum threshold of selection: >1.3-
fold change of upregulation or <−1.3 of downregulation and p-value < 0.1). Right-tailed
Fisher’s exact test was used to calculate a p-value determining the probability that each
biological function, canonical pathway or upstream regulator assigned to that specific
subdataset was due to chance alone. The functional analysis was restricted to human
taxon and skin functions (focused on keratinocytes, fibroblasts, adipocytes, melanocytes,
epidermis, dermis and skin over the Ingenuity Knowledge Base reference set) [47].

2.3. Mitochondrial Protein and Nuclear Protein (Histone-Enriched) Fraction Preparation

Right after the treatments and/or stress exposure to H2O2, the cells were harvested,
snap-frozen in liquid nitrogen and stored at −80 ◦C until analyses. The cellular pellets
(n = 5 replicates per group; per protein fraction) were independently processed and sub-
jected to protein extraction using an adapted method based on a sequential lysis of cell
membranes by increasing the detergent strength of the lysis buffers [48]. Reducing condi-
tions were used in the overall process of extraction/enrichment in order to avoid unwanted
oxidative reactions. The collected supernatants concerning organelle proteins (mitochon-
drial) or nuclear (histone enriched) proteins were precipitated with the trichloroacetic acid
(TCA)/acetone method and then suspended in OxiProteomics buffer for solubilization.
The quantification of the extracted proteins was performed using the Bradford method and
the samples were equally distributed for a protein carbonylation level analysis.

2.4. Protein Carbonylation Analysed

The evaluation was performed on 5 replicates per experimental group, per each
analysis: (1) organelles/mitochondrial proteins; (2) nuclear histone-enriched proteins. Right
after the stress exposure, the cells were harvested, snap-frozen in liquid nitrogen and stored
at −80 ◦C. At the moment of the analysis, the carbonylated proteins were extracted from
each sample using an optimized lysis buffer and then labelled with a specific fluorescent
probe [49]. After labelling, the proteins were resolved onto 4–20% gradient SDS-PAGE,
then fixed to the gel and evidenced with differential fluorescence scanning at an emission
wavelength of 647 nm. The total proteins were poststained with SyproRubyTM (Invitrogen,
Strasbourg, France). Digital image acquisitions of carbonyl and the total proteins were
performed using the iBright system (Thermo Fisher Scientific). Image processing and the
densitometric analysis were performed using “ImageJ” software [50].

The signal of the carbonylated proteins (fluorescence units) was normalized with
respect to the signal obtained with the total proteins for each sample to obtain the carbonyl
score for each sample: carbonyl score (sample X) = carbonylated proteins (fluorescence
signal; sample X)/total proteins (fluorescence signal; sample X). The statistics were obtained
by using GraphPad Prism software.
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2.5. Mitochondrial Function Analysis

The analysis was performed on n = 5 replicates per experimental group. Right after
the stress exposures (H2O2 or pollution) and/or cell treatments with the active MIX,
the mitochondrial function evaluation was conducted through an in situ treatment of
cells with a Mitotracker® probe, following the provider’s instructions (Red CMXRos;
Invitrogen). The control group did not receive any treatment or exposure to stress. The
image collection of specific fluorescence signals was performed with the epi-fluorescence
imaging system (EVOS M5000; Thermo fisher). The image analysis was effectuated with
ImageJ software [50]. The levels of fluorescent probe accumulation in active mitochondria
were obtained by integrating the specific intensity of a signal normalized on the surface of
the evaluation and N of the nuclei.

3. Results and Discussion
3.1. MS (Mass Spectrometry)-Based Proteomic Analysis

The effects of a combination of active ingredients (MIX) were evaluated on skin cells
(human primary keratinocytes) exposed (or not) to oxidative stress (H2O2) through a pro-
teomic analysis. This approach allowed us to describe and characterize the changes in the
expression of thousands of proteins supporting a better understanding of the beneficial
protection against stress. Through a MS (mass spectrometry)-based proteomic analysis,
we investigated the association between biological pathways, phenotypes, skin cell treat-
ments and exposure to stress supporting precision cosmetics and promoting a healthy
human skin.

In our study, “upregulated” and “downregulated” proteins referred to the proteins
that showed an increase or decrease in their expression levels, respectively, when comparing
two or more conditions. To quantify these changes in the protein expression, we employed
a metric called ‘fold change’. Fold change is a ratio that represents how much a quantity has
changed between an initial and a subsequent measurement. In our context, a fold change
greater than one indicated an increase or upregulation in protein expression, while a fold
change of less than one indicated a decrease or downregulation. For instance, a fold change
of 2 would suggest that the protein expression doubled (upregulated) in the subsequent
measurement compared to the initial one, whereas a fold change of 0.5 would indicate that
the expression halved (downregulated).

More than 2400 proteins were identified and quantified per the experimental con-
ditions (Figure 1). Among them, proteins with fold-change expression ratios versus the
control group higher or lower than the control group or stress group (+1.3- or −1.3-fold
change values) were considered, respectively, as upregulated (in red) or downregulated (in
green, Figure 1).
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Figure 1. Stacked bar representation of significantly differentially expressed proteins in treated
conditions versus “Ctrl” (basal conditions) or versus “Stress”. The number of upregulated proteins
with fold change expression ratios higher than 1.3 are represented in the red bar, while the number of
proteins downregulated are shown in green (fold change ratio lower than −1.3). The total number
of identified proteins in the experimental dataset is shown as a white bar (cumulated distribution =
2432 proteins).

The biplot representation (Figure 2 showed a homogenous positioning of the vec-
tors (loadings, red dots) of each replicate belonging from the same group (generating
clusters), and a relative difference in the positioning between the groups (correlation in
this space) describing both intragroup (replicates n = 3) homogeneity and intergroup
differential positioning.
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(each replicate for experimental group) and PC scores. Proportion of variance PC1 96.26%, PC2 0.81%.

The following results were evaluated according to skin functions: (1) regulation,
(2) regeneration and (3) cellular protection/resilience. Among the identified proteins, the
expression levels of “ADP/ATP translocase 1”, an antiporter that mediates the import of
ADP (adenosine diphosphate) into the mitochondrial matrix for ATP (adenosine triphos-
phate) synthesis and the export of ATP out to fuel the cell resulted affected by stress (H2O2)
exposure (downregulated; fold change −2.09, Table 1), were assessed. The expression of
ANT1 carrying mutations caused a wide range of mitochondrial abnormalities clinically
characterized by exercise intolerance, ptosis and muscle weakness [51]. Adenine nucleotide
translocases (ANTs) are highly abundant proteins in mitochondria, comprising up to 1%



Cosmetics 2023, 10, 155 8 of 15

of the total mitochondrial protein content [52]. In normal physiological conditions, the
consumption of oxygen by mitochondria has been closely linked to the production of
ATP. The proper functioning of ANT is crucial for maintaining healthy mitochondrial
activity. One of the primary functions of ANT is to facilitate the exchange of ATP and
ADP across the inner mitochondrial membrane, which is necessary for both ATP synthesis
and the maintenance of a normal mitochondrial membrane potential (∆ψm). Additionally,
ANT also serves as an uncoupler, which is important for protecting mitochondria from
excessive reactive oxygen species (ROS) production that can occur due to an elevated
∆ψm. These dual roles of ANT are critical for preserving mitochondrial health and func-
tion [53]. The pretreatment of cells with the MIX (MIX + Stress group) resulted in its
significant upregulation (+2.37-fold change) when compared to the stressed group, con-
trasting the impact of stress exposure and preserving the levels of a key protein involved in
mitochondrial activity.

Table 1. Subset of proteins significantly (p < 0.05) up- or downregulated in “Stress” (compared to
control) and in “Mix + Stress” condition (compared to stress). Only the proteins showing a relative
fold change (vs. ctrl) >1.3 in the group STRESS were included. The fold change ratios were presented
as negative values for downregulation and positive values for upregulation.

Accession
Number Description

MIX (in Basal Conditions) Stress (H2O2) MIX + Stress

Fold Change
(vs. Ctrl) p-Value Fold Change

(vs. Ctrl) p-Value Fold Change
(vs. Stress) p-Value

P12235 ADP/ATP
translocase 1 +1.14 0.525 −2.09 0.039 +2.37 0.007

Q9BY77
Polymerase
delta-interacting
protein 3

−1.08 0.780 −2.63 0.007 +2.43 0.012

Q9UQE7

Structural
maintenance of
chromosome
protein 3

−1.87 0.416 −6.13 0.006 +5.53 0.020

Moreover, polymerase delta-interacting protein 3 contributed to an enhanced transla-
tional efficiency of spliced over nonspliced mRNAs. This protein recruited activated ribo-
somal protein S6 kinase beta-1 I/RPS6KB1 to the newly synthesized mRNA antiporter [54].
Oxidative stress (H2O2) negatively affected the expression of polymerase delta-interacting
protein 3 (fold change variation versus control −2.63, Table 1), while the presence of the
active MIX significantly contrasted the stress-induced variation (fold change +2.43 versus
stress), suggesting a potentially improved and preserved protein homeostasis.

The structural maintenance of chromosome protein 3 is a central component of a
complex required for chromosome cohesion during the cell cycle, which is coupled to
DNA replication and involved in DNA repair [55], resulted in a significant downregulation
(−6.13-fold change variation, Table 1) upon stress. The presence of the MIX of active
ingredients (MIX + Stress) resulted in its significant upregulation (+5.53-fold change)
when compared to the stressed group, preserving this important component of genetic
maintenance and stability from the impact of oxidative stress exposure.

Interestingly, the levels of ADP/ATP translocase 1, polymerase delta-interacting pro-
tein 3 and structural maintenance of chromosome protein 3 were not significantly affected
when the MIX was in contact with the keratinocytes in the basal conditions (absence
of stress).

Then, the omics (proteome) dataset was analysed using IPA (Ingenuity Pathway Anal-
ysis; Qiagen) software to determine the biological significance of the observed experimental
changes in the protein expression. Based on the integration of single protein expression
results, the biological functions relevant to the skin expected to be activated or inhibited,
given the observed protein expression profile, were identified as (a) major canonical path-
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ways implicated in key aspects of cellular homeostasis (regulatory functions), (b) activated
or inhibited upstream regulators (regulatory and protective functions, and (c) whether
significant downstream biological processes increased or decreased (regeneration and
resilience; Table 2).

Table 2. Relevant canonical pathway, upstream analysis and biofunction analysis originated from the
comparison between the conditions “MIX (basal conditions)” or “Stress” or “MIX + Stress” versus the
condition “Ctrl”. A positive z-score indicated a predicted activation and a negative z-score indicated
a predicted inactivation of the enriched pathway or biofunction in relation to the group of binary
comparison. NaN, a z-core, could not be calculated. The overlap p-value identified pathways or
biological functions that were statistically significantly overlapping between the dataset proteins and
the proteins that were included in the specific pathway or biological function.

Analysis

MIX (in Basal
Condition)
(vs. Ctrl)

Stress (H2O2)
(vs. Ctrl)

MIX + Stress
(vs. Ctrl)

z-Score p-Value z-Score p-Value z-Score p-Value

Canonical
Pathway
Oxidative Phos-
phorylation

2.309 <0.001 NaN 0.48 2.449 0.035

Upstream
Analysis
Nuclear factor,
erythroid 2 like
2 (NRF2)

NaN <0.001 NaN / 2.236 <0.001

Biofunction
Formation
(Regeneration)
of the skin

−1.091 <0.001 −1.715 <0.001 NaN <0.001

The oxidative phosphorylation pathway, a key process in active mitochondria [56], was
activated by the treatments with the combination of the MIX in the presence or absence of
stress. This effect was not attended with the only exposure to stress (H2O2). This beneficial
effect on mitochondria resulting from the activation of oxidative phosphorylation pathway
was related to mitochondrial energy generation and production.

A predicted activation of the upstream regulator NRF2 was disclosed upon treatment
with the MIX in the presence of stress underlying the effects on the regulation and protec-
tion of skin functions increasing cellular resilience to stress. In the nucleus, Nrf2 bound to
the antioxidant response element (ARE) in the upstream promoter region of antioxidant
genes and initiated their transcription, playing a vital role in response to oxidative stress,
cytoprotection, being a recognized guardian of health span and a gatekeeper of species
longevity [57]. The presence of the MIX in stress conditions showed beneficial effects on the
“vigilance” of the Nrf2 signalling pathway resulting from activated antioxidant mechanisms
(observed significant upregulation of five key proteins: the upregulation of phosphoglu-
conate dehydrogenase [58], a key enzyme that produces NADPH, (PDG, fold change +1.48
vs. Ctrl), glucose-6-phosphate dehydrogenase [59] (G2PD; +1.39), malic enzyme 1 [60]
(ME1; +1.39), transketolase [61] (TKT; +1.39), which connects the pentose–phosphate path-
way to glycolysis and transaldolase 1 [62] (TALDO1; +1.39), an important enzyme for the
balance of metabolites in the pentose–phosphate pathway. To note, transaldolase deficiency
is associated with cutis laxa/wrinkled skin.

In basal conditions, the MIX treatment also showed a significant upregulation of
PDG (+1.35), G2PD (+1.40) and malic enzyme 1 (ME1; +1.47). G2PD is responsible for
the first step in the pentose–phosphate pathway, which, in a series of chemical reactions,
converts glucose (a type of sugar found in most carbohydrates) to another sugar, ribose-
5-phosphate. A dysfunction in the pentose–phosphate pathway can lead to a reduced
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production of NADPH (nicotinamide adenine dinucleotide phosphate) [59]. ME1 is a
cytosolic protein that catalyses the conversion of malate to pyruvate, while concomitantly
generating NADPH from NADP [60]. NADPH is one of the major reducing powers
required for lipid production and protecting the cell against oxidative stress [63].

The biofunction formation (regeneration) of skin was predicted as slightly inhibited
upon the basal treatment with the MIX (Z-score −1.091), being highly inhibited upon the
exposure to the stress (Z-score −1.715), while not being affected in the presence of both the
MIX and stress. These behaviours were aligned with the adaptogenic effects of the MIX,
which exhibited slightly negative effects on the regeneration of the skin at basal conditions
(mild stress-mimicking effects), but activated the adaptive stress response to protect and
cope with the highly deleterious effects of stress, thus, maintaining a functional regeneration
function of the skin comparable to the reference control conditions (not exposed to stress).

To note, among the differentially expressed proteins belonging to the so-called ”forma-
tion of skin regeneration”, Cornifin-A (SPRR1A) was upregulated upon the MIX treatment
of the cells in the absence (basal conditions; fold change +6.37 vs. Ctrl) and in the presence
of stress (fold change +10.12 vs. Ctrl), but not in the presence of stress only (−1.18 vs. Ctrl).
Cornifin-A is a structural constituent of the skin epidermis that can participate widely in
the construction of cell envelopes in cornifying epithelia characterized by either increased
thickness or a requirement for extreme flexibility [64].

3.2. Carbonylation of Proteins

In order to confirm these promising results focused on key cellular functions, the
effects of the MIX were evaluated on skin cells (primary keratinocytes) exposed (or not) to
oxidative stress (H2O2) or pollution stress exposure (PM + UVA irradiation) through (a) a
targeted evaluation of protein carbonylation levels of nuclear (histone-enriched) proteins
and mitochondrial fraction and (b) a functional evaluation of mitochondrial activity. These
investigations aimed to disclose the potential of the MIX to protect skin cells from stress-
induced deleterious effects.

Carbonylated proteins (Oxi-Proteome [7,65]) were quantified upon detection, while
the mitochondrial function was assessed by evaluating the membrane potential as a key
indicator of mitochondrial activity through the accumulation of a selective fluorophore in
active mitochondria. Increased levels of carbonylated (damaged) proteins were observed
both in mitochondria and nuclear fraction upon H2O2 or pollution (PM + UVA) insults
(Figure 3). In addition, the mitochondrial proteome fraction showed a higher susceptibility
to oxidative damage than the nuclear proteome fraction for pollution stress exposure. The
presence of the combination of active ingredients (MIX) showed a significant preservation
of mitochondria-enriched proteome and nuclear (histones enriched) proteome from both
H2O2-induced oxidative and pollution-induced damages, preventing the accumulation
of carbonylated (oxidatively damaged) proteins. The alone presence of the MIX did not
show any significant changes on the mitochondrial protein carbonylation basal levels.
Interestingly, the presence of the MIX in basal conditions increased the carbonylation
(p < 0.01) levels of nuclear proteins and showed protection upon stress conditions, again, in
line with the action as stress mimetics in basal conditions and activating the adaptive stress
response signalling pathways to contrast the deleterious effects of stress.
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3.3. Mitochondrial Activity

Decreased levels of selective probe accumulation in the function of the mitochondrial
membrane potential (essential for mitochondrial activity) were observed upon stress expo-
sure (Figure 4). During the incubation with cells, the specific fluorescent probe passively
diffused across the plasma membrane and selectively accumulated in active mitochondria
in relation to their membrane potential, an essential component of mitochondrial function.
The process in which the potential difference across the mitochondrial membrane was
reduced is defined as mitochondrial depolarization, and it reflects a loss of mitochondrial
function or activity. Upon both stress exposures (H2O2 or pollution), a significant decreased
membrane potential was observed (reduced cumulation of the fluorescent probe in active
mitochondria). The presence of the MIX showed a significant cellular resilience resulting
in the protection of mitochondrial activity in the presence of pollution stress (PM + UVA;
Figure 4).
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Figure 4. (a) Mitochondrial activity. The levels of fluorescent probe (Mitrotracker®) accumulation in
active mitochondria are reported as vertical bar representation of mean values for each experimental
group +/− standard deviation from the mean. The intensity of fluorescence was normalized with
the number of nuclei per each analysed image (detection and quantification from DAPI nuclear
staining collected images). (b) In situ visualization of mitochondrial polarization (yellow), functional
mitochondria accumulate more efficiently the probe (high intensity of the signal, yellow). Mitochon-
dria injury and depolarization led to lower levels of probe accumulation (decreased fluorescence
signal). The specific fluorescence emission signal for the fluorescent probe included in active mi-
tochondria was obtained by using different and specific excitation and emission wavelengths (Ex:
542/20 Em: 593/40). *** p-Value < 0.001 n.s.—not significantly different—ANOVA and Tukey’s post
hoc multi-comparisons statistical analyses.

4. Conclusions

Taken together, these results suggested that the presence of the MIX of active in-
gredients (Lactobacillus plantarum extract, Withania somnifera root extract and Terminalia
ferdinandiana fruit extract) improved the response to negative stress consequences through
(1) preserving mitochondrial activity, (2) activating the “vigilance” of NRF2 pathway, (3) im-
proving NADPH production and protein homeostasis and (4) preserving skin regeneration
under pollution exposure by boosting cellular antioxidant mechanisms.

Moreover, the MIX showed a significant increase in cellular resilience resulting in
the protection of both mitochondria-enriched proteome and nuclear (histones enriched)
proteome from H2O2- and pollution-induced oxidative damage (carbonylation).

Both effects indicated that the MIX acted as an adaptogen, improving the cellular
resistance to harmful stresses with a potential favourable impact on skin health homeostasis.

Based on the obtained results on carbonylation levels of nuclear proteins, a mode of
action such as eustressors (i.e., good stressors) or as mild stress mimetics was evidenced in
the basal conditions, associated then to a stress-protective response against both stressors
(H2O2 and pollution), confirming their action as adaptogens.
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This study showed the effects of the MIX on increasing cell adaptability and re-
silience under stress, thus, as adaptogen technology, suggesting a beneficial contribution
in precision cosmetics and healthy human skin targeting the adverse consequences of
environmental stress.
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