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ARTICLE INFO ABSTRACT

Keywords: Excessive ultraviolet A (UVA) exposure is a major environmental factor contributing to skin photoaging and
Polyphenols ) oxidative damage. Identifying natural compounds that can counteract these effects is increasingly relevant for
UVA photoprotection preventive and personalized healthcare. Precision nutrition uses diet-derived bioactives to modulate molecular

Oxidative stress
Fluorescence lifetime imaging microscopy
Phasor analysis

pathways in defined cellular contexts. Polyphenols are promising for sustaining redox and metabolic balance
under stress. This study examined the photoprotective actions of rutin (buckwheat, citrus peel) and punicalagin
(pomegranate) in human dermal fibroblasts exposed to UVA radiation. Phasor-based fluorescence lifetime im-
aging microscopy (FLIM) quantified lipid peroxidation-related oxidative stress (F,.) and oxidative phosphory-
lation activity (F,xphos). Mitochondrial morphology was assessed via fission (Fis1) and fusion (MFN2) markers.
Though UVA exposure tended to increase oxidative stress, the observed variation is not significant. Rutin pro-
vided superior antioxidant protection under UVA stress, substantially reducing F,, to 0.129 + 0.02 with a near-
significant trend, while punicalagin demonstrated stronger baseline antioxidant activity. Both compounds
enhanced oxidative phosphorylation under stress: punicalagin increased Foyynos to 0.823 £ 0.02 (p = 0.004 vs
UVA) and rutin to 0.789 + 0.02 (p = 0.023 vs UVA). UVA disrupted mitochondrial networks, elevating fission
and reducing fusion. Rutin reversed these effects, restoring fusion and reducing fission, whereas punicalagin
provided partial recovery. In summary, rutin offered broader cytoprotection by mitigating oxidative stress and
preserving mitochondrial integrity, while punicalagin mainly supported metabolic activity. These distinct re-
sponses highlight polyphenol-based nutraceuticals as precision tools for targeted skin photoprotection, sug-
gesting their potential use in dietary or topical formulations to counteract everyday UVA exposure and
photoaging.

1. Introduction essential for vitamin D synthesis and circadian rhythm regulation,
excessive exposure is a major risk factor for skin damage and carcino-

Ultraviolet (UV) radiation is a major environmental factor with both genesis [1]. UV radiation is classified by wavelength into UVA (315-400
beneficial and harmful health effects. While controlled exposure is nm) and UVB (280-315 nm). UVA, which constitutes about 95% of the
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UV radiation reaching the Earth's surface, penetrates more deeply into
the skin compared to UVB, which primarily affects the epidermis and
causes direct DNA damage [2,3]. Unlike UVB, UVA does not directly
alter DNA but induces oxidative stress through the generation of reactive
oxygen species (ROS). These ROS interact with cellular lipids, proteins,
and DNA, causing structural and functional impairments [4,5]. Over
time, UVA exposure contributes to photoaging and increases the risk of
melanoma, basal cell carcinoma, and squamous cell carcinoma [6,7]. In
dermal fibroblasts, which are directly targeted due to UVA's deeper
penetration, chronic UVA exposure leads to mitochondrial dysfunction,
extracellular matrix (ECM) degradation, and apoptosis. This process
impairs the synthesis of key ECM proteins, accelerating skin aging and
compromising tissue integrity [4,8-10]. The accumulation of ROS is
now recognized as a central mechanism in photodamage, photoaging,
and photocarcinogenesis [11-14]. Understanding these molecular
pathways is critical for developing effective photoprotective strategies
[3]. Natural bioactive compounds are increasingly studied for their
ability to counteract oxidative stress, both as nutraceuticals and in
topical applications. Nutraceuticals are defined as compounds derived
from food that offer health benefits beyond basic nutrition. They are a
promising addition to, or alternative for, conventional pharmaceutical
and dermatological approaches. Among these, polyphenols are partic-
ularly noteworthy due to their antioxidant and anti- inflammatory
properties, which contribute to the prevention of chronic diseases such
as cancer, diabetes, and cardiovascular disorders [15]. Among them,
punicalagin and rutin deserve particular attention for the effects,
standing out for their cytoprotective properties, especially in the context
of UVA-induced oxidative stress [16,17]. In recent years, several studies
have expanded the understanding of polyphenol-based nutraceuticals
beyond classical antioxidant activity, highlighting their capacity to
modulate stress-responsive pathways and cellular metabolism in mul-
tiple biological models [18-20]. Rutin, for instance, has been shown to
mitigate oxidative and inflammatory responses in rodents and
Drosophila exposed to high-sucrose diets or chemical stressors,
improving mitochondrial performance and lipid homeostasis [18,21].
Similarly, punicalagin has demonstrated protective effects against
reproductive and hepatic toxicity induced by heavy metals or xenobi-
otics, mainly through the activation of Nrf2, SIRT1, and mitochondrial
biogenesis pathways [22]. These findings indicate that both compounds
exert pleiotropic regulatory actions on redox-sensitive signaling net-
works and energy metabolism, supporting their potential role as sys-
temic modulators of cellular resilience. Integrating these insights with
skin-targeted studies suggests that rutin and punicalagin could act as
prototype precision nutraceuticals capable of buffering oxidative chal-
lenges not only in dermal fibroblasts but also in diverse metabolic and
stress-related contexts. Rutin, a flavonoid found in foods such as buck-
wheat, apricots, cherries, grapefruit, plums, and oranges, is also abun-
dant in grape by-products from wine production [23-25]. Punicalagin, a
polyphenol extracted from pomegranate, is recognized for its strong
antioxidant capacity [26]. These compounds demonstrate how nutra-
ceuticals can be used to protect the skin systemically or locally, by
reinforcing cellular antioxidant defences and supporting mitochondrial
health under oxidative stress. This study aims to elucidate the protective
mechanisms of rutin and punicalagin against UVA-induced oxidative
stress and metabolic alterations at both cellular and subcellular levels.
While the detrimental impact of UVA radiation on skin cells is well
established, the intracellular responses, including compartment- specific
metabolic shifts and oxidative stress distribution, remain incompletely
understood. Oxidative damage to mitochondria disrupts energy meta-
bolism and compromises cellular function [27], while stress-induced
DNA damage threatens genomic stability [28]. At the same time, the
cytoplasmic environment, which regulates redox balance, plays a key
role in the cell's defence against oxidative stress [29]. To address this
issue, we used fluorescence lifetime microscopy (FLIM) together with a
custom- developed phasor algorithm to simultaneously quantify oxida-
tive stress fractions and metabolic shifts between glycolysis and
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oxidative phosphorylation inside cells. This methodological approach
allows an assessment of UVA-induced damage and elucidates the pro-
tective mechanisms of rutin and punicalagins at the subcellular level. By
analysing oxidative stress levels and metabolic rebalancing in these
compartments, we aim to clarify the efficacy of these polyphenols in
attenuating UVA-induced oxidative damage and preserving oxidative
phosphorylation. Understanding how specific polyphenols affect
photoaging-related pathways at the subcellular level provides a mech-
anistic basis for their use in personalized nutritional and dermatological
strategies. Their inclusion in functional foods or topical formulations
align with current trends in precision nutrition, which seeks to tailor
nutritional interventions based on molecular, cellular, and individual
variability. In this framework, the skin represents a relevant and
accessible model to investigate how diet-derived compounds can act as
modulators of stress response and metabolic function.

1.1. Objectives of the study

The present study aimed to elucidate the protective mechanisms of
the polyphenols rutin and punicalagin against UVA-induced oxidative
and metabolic stress in human dermal fibroblasts, thereby broadening
current understanding of the biological potential of less commonly
investigated dietary polyphenols. Specifically, we sought to:

(i) quantify UVA-induced oxidative stress and metabolic alterations
at the subcellular level using phasor-based FLIM;
(ii) assess the effects of rutin and punicalagin on oxidative stress
localization and mitochondrial fusion/fission dynamics; and.
(iii) identify complementary mechanisms by which these compounds
preserve redox and metabolic homeostasis.

This work provides a mechanistic framework for the potential use of
these polyphenols as precision nutraceuticals for skin photoprotection.

2. Materials and methods
2.1. Materials

Dulbecco's Modified Eagle Medium (DMEM) was purchased from
Sigma-Aldrich (St. Louis, MO, USA), and phosphate-buffered saline
(PBS) from Biowest (France). L-glutamine, penicillin/streptomycin, and
fetal bovine serum (FBS) were also obtained from Biowest. Dimethyl
sulfoxide (DMSO) was obtained from Avantor® (ScienceCentral).
Punicalagin (P0023) and Rutin were purchased from Sigma-Aldrich (St.
Louis, MO, USA). The chemical structures of rutin and punicalagin are
shown in Fig. 1. ELISA Kkits for Fisl (cat. MBS453299) and Mitofusin-2
(MFN2, cat. MBS2024886) were obtained from MyBiosource Inc. (San
Diego, CA, USA). MTS assay kit was acquired by Promega Srl (Padua,
Italy). The JC-9 dye (3,3-dimethyl-a-naftoxacarboxycyanine iodide;
cod. D22421) was purchased from Invitrogen (Carlsbad, CA, USA).

2.2. Cells and treatments

Fibroblasts used in the experiments were obtained from a 31-year-
old healthy male control (CTRL, coded CTRL1). A 4 mm punch biopsy
was performed to collect the skin biopsy, and a primary fibroblast cul-
ture was established approximately one week after tissue collection.
Informed consent was obtained prior to the skin biopsy, which was
performed on the left leg, approximately 10 cm from the ankle (prot. N.
9917/15 and prot. cm 10/15 of the Ethics Committee of the Catholic
University of Rome). The cell culture of fibroblasts was grown in DMEM
media (Sigma Aldrich, St. Louis, MO, USA) supplemented with 2.5% 1-
glutamine, 1% penicillin/streptomycin and 10% fetal bovine serum
(FBS) (complete medium, CM) at 37 °C with 5% COs. Cells at passage
number 3 (P3) were plated at 80% confluence for subsequent studies.
Each experimental condition was performed in three independent



A. Riente et al.

A)

OH

Journal of Photochemistry & Photobiology, B: Biology 278 (2026) 113429

B)
O._OH
HO._O
o OH
HO 0
o}
o} OH
HO 0 L
OH
HO™" " OH
HO._OH OH
HO OH
HO on 1

OH

Fig. 1. Chemical structures of the investigated polyphenols. (A) Rutin (quercetin-3-O-rutinoside), a flavonol glycoside widely distributed in fruits and vegetables. (B)
Punicalagin, an ellagitannin abundant in pomegranate peel and known for its strong antioxidant activity.

biological experiments, with up to eight technical replicates per condi-
tion. A lamp (Vilber Lourmat VL-62C Power 6 W; Vilber Lourmat
Deutschland GmbH, Eberhardzell, Germany) set at 365 nm and 10 cm
from the source provided UVA dose of approximately 0.432 J/cm? This
intensity was selected based on previous studies [16,17,30].

This experimental setup is intended to model an acute oxidative
stress condition, rather than to reproduce physiological sunlight expo-
sure. During irradiation cells were maintained in PBS without plastic lid
in order to minimize radiation absorption by the medium. Immediately
after exposure, PBS was replaced with CM, and the cells were left in an
incubator for another 24 h before being subjected to various assays.
Under the same experimental conditions, non-exposed cells were kept
alive for the same period of time. Based on the cell viability results and
our previous studies (18,19) we designed the next experiments in which
the cells were exposed to UVA radiation for 2 h at an irradiance of 0.06
mJ-cm~2:s7}, resulting in a total delivered dose of 0.432 J/cm?, using
punicalagin and rutin at 10 pM of final concentration. Punicalagin
(Sigma-Aldrich, P0023) and Rutin (Sigma-Aldrich, PHL89270) were
dissolved in DMSO to reach a concentration of 10 mM, and the solution
was diluted to the appropriate amount in CM before use. The final
concentration of DMSO in all treatment wells was 0.1% (v/v). Cells were
pre-treated with punicalagin and rutin 24 h before UVA irradiation.
Cells that were not treated with compounds or not exposed to UVA ra-
diation served as controls.

2.3. Fluorescence lifetime imaging microscopy (FLIM)

FLIM data were acquired with a Nikon A1-MP confocal microscope
equipped with a 2-photon Ti:Sapphire laser (Mai Tai, Spectra Physics,
Newport Beach, CA) by producing 80-fs pulses at a repetition rate of
80MHz. A PML-SPEC 16 GaAsP (B&H, Germany) multi-wavelength
detector coupled to a SPC-830 TCSPC/FLIM device (B&H, Germany)
was used to collect the decay data. A 60 x oil-immersion objective, 1.2
NA, was used for all experiments. Samples were excited at 750 nm. FLIM
signals were acquired in the spectral range from 408 to 508 nm, with an
image resolution of 512 x 512.

2.4. Fis1 and Mitofusin2 levels detection

Quantification of human Fission 1 protein (Fisl) and Mitofusin-2
(MFN2) was performed in fibroblast protein lysates using two inde-
pendent sandwich ELISA Kkits, one specific for Fis1 (MBS453299) and
one for MFN2 (MBS2024886) (MyBioSource Inc., San Diego, CA, USA),
following the manufacturer's protocols. Cells were collected 24 h after
the 2-h UVA irradiation period. After lysis, cell debris was removed by
centrifugation, and protein concentration in the supernatants was
determined using a colorimetric protein assay in 96-well microplates

(Bio-Rad, Hercules, CA, USA) to ensure equal protein loading across all
samples.For each ELISA kit, standards were prepared by serial dilution
to generate a seven-point calibration curve. Aliquots of 50 pL of stan-
dards or samples (cell lysates at a protein concentration of 0.5 mg/mL)
were loaded in triplicate into wells pre-coated with the corresponding
capture antibody. After sample incubation and washing, the biotin-
conjugated detection antibody and HRP-streptavidin reagents supplied
with each kit were added sequentially. Chromogenic development was
carried out using TMB substrate, and the reaction was stopped with
sulfuric acid. Absorbance was measured at 450 nm using a microplate
reader. Fisl and MFN2 concentrations were calculated in ng/mL by
interpolating absorbance values on the respective standard curves and
expressed as percentage of the untreated, non-irradiated control (CTRL
=100%). Each experiment was repeated at least three times, with up to
eight technical replicates per condition. Data are presented as mean +
SEM. Statistical analyses were performed using one-way ANOVA in
GraphPad Prism v.8 (San Diego, CA, USA), with significance set at p <
0.05.

2.5. Phasor image analysis

The analysis of the FLIM curves and the evaluation of metabolic and
oxidative stress within cells was performed using the phasor algorithm
[31].Each pixel of a FLIM image contains an array of values representing
the decay curve (Fig. 2 A-B). Phasor analysis enables to associate the
information contained in the array into a couple of values representing
the real and imaginary parts of the normalized Fourier Transform, i.e. g
and s [32]. These coordinates are computed for each pixel using the
following equations:

n
n> I (cos (%) — cos (—”’“;’D > >
=

7 (€]
2 Z Ik
=1
n
ny I (sin <2ﬁ—"> — sin (—Z”(’;‘” > >
= _ o)
2 Z Ik
=1

Where I; indicates the k-th element of the intensity emission profile.
These pair of values can be represented as a unique point in a plane
referred to as the phasor diagram (Fig. 2C), providing a model-free
analytical framework for the analysis of FLIM data that obviates the
need for explicit mathematical fitting models. Notably, a single expo-
nential decay is mapped onto a point on the universal semicircle of the
phasor diagram [33] (Fig. 2E). In contrast, multi-exponential decay
profiles yield phasor points that are linear combinations of individual
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Fig. 2. Phasor-Based FLIM. (A-C) Theoretical framework. (A) Each voxel of the FLIM dataset contains a complete fluorescence decay profile, acquired by integrating
time-resolved emission signals over multiple wavelengths. The stack of images represents the temporal evolution of fluorescence decay for each pixel. (B) Example of
a representative decay curve from the pixel highlighted in (A), showing photon counts as a function of time after pulsed laser excitation and illustrating the
characteristic multiexponential nature of cellular autofluorescence. (C) Transformation of the decay data into the phasor domain, where each pixel's fluorescence
lifetime is mapped onto a single point (yellow) in the phasor plot defined by the real (G) and imaginary (S) coordinates of the normalized Fourier transform. Points
located on the semicircle correspond to single-exponential decays, whereas multiexponential decays fall within the semicircle as linear combinations of lifetime
components. (D-E) Experimental application. (D) Representative FLIM image from the analyzed dataset, showing subcellular lifetime heterogeneity across fibroblast
structures. (E) Phasor plot representing the distribution of all image pixels as a dense cloud along the metabolic trajectory (white line) between glycolysis (right red
cross) and oxidative phosphorylation (left red cross). The lower left region identifies an additional trajectory associated with long-lifetime species related to oxidative
stress. The colour scale encodes pixel density within the phasor space. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

exponential components, the so-called law of addition. Therefore, the perform phasor-based lifetime analysis, facilitating the investigation of
ensemble of such phasors forms a convex region confined within the metabolic pathways. Given the fundamental role of free NADH (~0.4 ns)
semicircle, encompassing all possible linear combinations of distinct and protein-bound NADH (~3.4 ns) lifetimes fall along a linear trajec-
lifetime components [34].Consequently, a heterogeneous fluorescence tory (the “metabolic trajectory”) on the phasor plot and reflect cellular
lifetime distribution within an image result in a cloud of phasor points metabolic states, particularly oxidative phosphorylation (OXPHOS) ac-
dispersed across the diagram. tivity. FLIM detects the combined autofluorescence of NADH and
In biological systems with multiple contributions to autofluorescence NADPH. A third distinct population, characterized by a long lifetime of
signals fluorophores, such as tissues, the global decay profile is repre- approximately 7.8 ns, was identified as a marker of lipid peroxidation
sented by a phasor that constitutes the weighted sum of the individual and plotted along a separate line (the “oxidative stress axis”). To
phasors of each fluorophore: simultaneously assess both metabolic activity and oxidative stress, cells
(e.g., HeLa) or freshly excised tissues (e.g., white adipose tissue) were

&= Zf"g" &) imaged under label-free conditions [31]. To quantify metabolic and
" oxidative shifts, we introduced two phasor-derived parameters: F,,,

s— an s 4 representing the fractional contribution of long-lifetime components
- related to oxidative stress, and Fogns predominantly indicating the
proportion of protein-bound NADH species, which reflect mitochondrial

Zf,, =1 (5) oxidative phosphorylation activity [35,36](Fig. 2E). In our analysis,
n only the nuclear region was excluded from the phasor-FLIM evaluation
Where f, is the fractional contribution of n-th species. When two to prevent fluorescence lifetime artefacts arising from chromatin and
molecular species exhibit distinct multi-exponential decay characteris- nucleic acid signals. The mitochondria and cytoplasmic compartments
tics, their respective phasors define two discrete locations within the were fully included within the region of interest. Consequently,
diagram. The weighted combinations of these species lie along a linear Fosphosteflects the contribution of protein-bound NAD(P)H associated
trajectory connecting the two phasor points. For three-component sys- with mitochondrial oxidative metabolism, while F,,represents the frac-
tems, the phasor distribution is enclosed within a triangular region, with tion of long-lifetime components related to oxidative stress. This
vertices corresponding to the phasors of the pure components. More approach follows the methodological framework described by Datta
generally, an N-component system generates a phasor distribution et al. [31], which enables label-free mapping of intracellular metabolic
constrained within an N-sided polygon, whose vertices correspond to the states without the need for exogenous markers. These values were
individual species' phasors. A custom Python script was employed to extracted from the phasor cloud based on reference trajectories
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corresponding to known fluorescence lifetime components. The phasor
clusters corresponding to NADH and the long-lifetime species were
identified using cursors on the phasor plot and mapped back onto the
spatial fluorescence image to reveal their subcellular localization. This
multimodal, non-invasive method allows the concurrent monitoring of
OXPHOS status and oxidative lipid damage in live or fixed biological
samples.

For statistical evaluation, a Kruskal-Wallis test was initially per-
formed to assess group differences, revealing significant effects for both
parameters: Fognos(H = 15.510, p = 0.0084) and Fox (H = 14.714,p =
0.0117). Post hoc comparisons were then conducted using Dunn's test to
identify significant pairwise differences between experimental groups.

3. Results
3.1. Mitochondrial fusion and fission

Mitochondrial fusion and fission activity was assessed using an ELISA
assay by measuring the levels of Mitofusin 2 (MFN2), a mitochondrial
membrane protein involved in fusion, and Fisl, a component of the
mitochondrial complex known as the ARCosome, which promotes
mitochondrial fission. Protein levels were evaluated 2 h after UVA
irradiation (UVA dose of 0.432 J/cmz) of fibroblasts that had been pre-
treated with both punicalagin and rutin, as shown in Fig. 3. As expected,
Fisl levels significantly increased following UVA exposure, indicating
mitochondrial damage. However, Fisl levels returned to baseline in cells
pre-treated with punicalagin and rutin, demonstrating the protective
effects of both compounds against UVA-induced stress. Conversely,
MFN2 levels decreased after UVA irradiation, consistent with reduced
mitochondrial fusion activity. Pre-treatment with punicalagin and rutin
prior to irradiation led to an increase in MFN2 expression, approaching
control levels.
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3.2. Analysis of UVA induced lipid peroxidation

As shown in Fig. 4, all pairwise comparisons among the experimental
groups (Kruskal-Wallis with Dunn's post-hoc test) revealed distinct
oxidative profiles across treatments. Pretreatment with punicalagin
(PUN) significantly reduced oxidative stress under basal conditions,
decreasing F x from 0.179 + 0.05 (CTRL) to 0.057 + 0.02 (p = 0.029).
Rutin (RUT) also reduced F « relative to CTRL (0.140 + 0.01), although
this effect was not statistically significant (p = 0.530). The direct com-
parison between the two polyphenols under basal conditions showed a
non-significant trend toward a stronger antioxidant activity of PUN
(PUN vs RUT: 0.057 + 0.02 vs 0.140 + 0.01; p = 0.094). As expected,
UVA irradiation increased F x when compared to PUN alone (UVA vs
PUN: 0.243 £ 0.01 vs 0.057 + 0.02; p = 0.001), validating the irradi-
ated condition as a positive control. Importantly, PUN markedly reduces
F,x under basal conditions, and the significant increase observed when
UVA is added (PUN vs PUN + UVA: 0.057 + 0.02 — 0.236 + 0.02; p =
0.003) shows that UVA largely abolishes the basal protection. AA similar
pattern was observed for RUT. Under UVA exposure, RUT pretreatment
reduced F « relative to UVA alone (RUT+UVA vs UVA: 0.129 + 0.02 vs
0.243 + 0.01), showing a protective trend close to statistical signifi-
cance (p = 0.062). Finally, the comparison between the two polyphenols
under irradiation revealed that RUT tended to provide stronger pro-
tection than PUN (RUT+UVA vs PUN+UVA: 0.129 + 0.02 vs 0.236 +
0.02; p = 0.110), although the difference did not reach statistical sig-
nificance. Overall, these data confirm that both compounds exert anti-
oxidant activity, with PUN being more effective under basal conditions
and RUT showing a comparatively stronger trend under UVA-induced
oxidative stress.

3.3. Analysis of metabolic trajectories

As shown in Fig. 5, phasor-based FLIM analysis of the extranuclear
compartment showed that oxidative phosphorylation (Foxnos) is the
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Fig. 3. Fisl and MFN2 levels after 2 h of UVA irradiation with and without 10 pM of punicalagin and rutin. ELISA-based quantification of Fis1 and MFN2 protein
levels is shown. Data are expressed as mean + SEM and presented as percentage of the untreated control (CTRL, set as 100%). Experiment was repeated three times

with up to eight technical replicates per condition. The two “+UVA 0.43 J/cm

2 5

groups represent the UVA-irradiated controls for the punicalagin and rutin

experimental series, which were performed independently. UVA exposure increased Fisl and reduced MFN2 levels, pre-treatment with punicalagin or rutin was
associated with a partial normalization of Fis1 and MFN2 levels toward control values. * p < 0.05, ** p < 0.01 vs. CTRL.
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Fig. 4. Phasor-based analysis of oxidative stress in human dermal fibroblasts under different treatments. (A) Representative phasor-fraction images of whole cells
(nucleus excluded) showing oxidative stress distribution. The colour gradient from red (low) to yellow (high) represents the oxidative stress fraction (F,x). Scale bar:
50 pm. (B) Quantification of F x values under each condition (mean + SEM, from three experiments). Orange bars: punicalagin (10 pM); blue bars: rutin (10 pM).
Solid bars: no UVA,; patterned bars: UVA dose of 0.432 J/cm?; *p < 0.05; **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

>

NO UVA

UVA

CTRL

Glycolisis

50 pem

F oxphos
Ox Phos

B Oxidative Phosphorylation
*
1
[ I
*k
l__l—l
(02529,
2 T
T 1553 %
3 R
oS R S
34 B
R R bR
o 159 20008
o0 1% 2000
RS 159 205
0] 133 2000
%0008 3 B
0% R oo
295 K %0
0 19 20008
0303 X3 %0394
20208 3 B
0] 13 20008
%62 %02 o2
(] 13 20508
20008 3K EXX]
2020 KRN 20
0%y o2 ERX)
o 153 20008
%0 159 0%
o0 1% 2000
B3 5K B
eted KA oo
2 e 3 \')\_ L g
& X & NE &
N S §
S > ® >
o ™ N LS
5 o X o’
Ny N
x X
S Gl
& o
x‘\’e 3

Fig. 5. Phasor-based analysis of metabolic balance between glycolysis and oxidative phosphorylation (OxPhos) in human dermal fibroblasts under different
treatments. (A) Representative phasor-fraction images of of whole cells (excluding nuclei)) showing the glycolytic-OxPhos balance. The colour gradient from blue
(glycolysis-dominant) to yellow (OxPhos-dominant) indicates the metabolic fraction (Foypnos). Scale bar: 50 pm. (B) Quantification of Foupres values under each
condition (mean + SEM; from three experiments). Yellow bars: punicalagin (10 pM); purple bars: rutin (10 pM). Solid bars: no UVA; patterned bars: UVA dose of
0.432 J/cm?; p < 0.05; **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

predominant metabolic pathway in basal conditions (CTRL: 0.673 +
0.02). Under non-irradiated conditions, punicalagin (PUN) tended to
increase Foxphos (0.775 £ 0.03; p = 0.057), whereas rutin (RUT) pro-
duced no significant change (0.703 + 0.02; p = 0.567). These contrasts
quantify the intrinsic metabolic action of each polyphenol in the absence
of oxidative stress. UVA irradiation alone did not reduce oxidative

phosphorylation (CTRL: 0.673 + 0.02 — UVA: 0.673 & 0.01; p = 0.945),
indicating that the UVA dose used increases oxidative stress without
suppressing mitochondrial respiration. When polyphenols were added
before UVA exposure, both compounds preserved mitochondrial activity
relative to UVA alone. PUN + UVA significantly increased Foxphos
compared with UVA (0.823 £ 0.02 vs 0.673 + 0.01; p = 0.004), and
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RUT + UVA produced a similar enhancement (0.789 + 0.02 vs 0.673 +
0.01; p = 0.023), confirming their protective effect on oxidative meta-
bolism. Within-compound comparisons revealed different biological
patterns. RUT became metabolically more effective under stress (RUT:
0.703 + 0.02 - RUT + UVA: 0.789 + 0.02; p = 0.073), while PUN
maintained its basal metabolic effect during irradiation (PUN: 0.775 +
0.03 - PUN + UVA: 0.823 + 0.02; p = 0.260). Overall, both compounds
preserved oxidative phosphorylation under UVA-induced oxidative
stress, but with distinct behaviors: PUN exhibited its strongest metabolic
effect under basal conditions, whereas RUT enhanced mitochondrial
activity predominantly under stress.

4. Discussion

Our findings offer a comprehensive view of how rutin and punica-
lagin protect human dermal fibroblasts from UVA-induced damage by
targeting three interconnected domains: oxidative balance, mitochon-
drial metabolism, and organelle homeostasis. These aspects are func-
tionally linked, and modulation of one often affects the others. In this
study, organelle morphology was not directly examined; instead, func-
tional states were inferred from molecular and metabolic indicators.
Mitochondrial activity was assessed through the expression of fission
(Fis1) and fusion (MFN2) proteins, which regulate mitochondrial dy-
namics, together with the phasor-FLIM-derived parameters that reflects
oxidative phosphorylation activity based on NAD(P)H lifetime sig-
natures. Phasor-FLIM analysis of oxidative stress confirmed the well-
established pro-oxidant effect of UVA (in Fig. 4), with the
Fox parameter increasing from 0.179 + 0.05 in CTRL to 0.243 + 0.01
under UVA exposure, corresponding to a 36% increase. Although this
increase did not reach statistical significance (p = 0.301), it represents a
trend toward higher oxidative stress after UVA exposure. Pretreatment
with PUN markedly reduced basal oxidative stress to 0.057 + 0.02 (68%
reduction vs CTRL, p = 0.029), while RUT decreased F,, to 0.140 + 0.01
(22% reduction, not significant). Under UVA challenge, RUT pretreat-
ment provided substantial protection, lowering F, to 0.129 + 0.02,
while PUN pretreatment showed modest effects (0.236 + 0.02).

Although not statistically significant, the near-significant reduction
observed for RUT (p = 0.062) consistently indicated a protective trend
that was reproduced across experiments and is now explicitly reported
in the Results. The direct comparison between PUN and RUT under
irradiation (PUN + UVA vs RUT + UVA) did not reach statistical sig-
nificance (p = 0.110), suggesting that although RUT shows a stronger
trend under UVA stress, future studies will be required to determine
whether this represents a true biological difference.

In parallel, metabolic profiling of oxidative phosphorylation
(OxPhos in Fig. 5) revealed that control cells exhibited an Fyphos of 0.673

+ 0.02, reflecting a predominant reliance on oxidative metabolism.

The UVA dose used in this study did not reduce mitochondrial
OxPhos (CTRL vs UVA, p = 0.945), an effect expected for this controlled
dose (0.432 J/cmz), which induces oxidative stress without impairing
mitochondrial respiration. This feature of the model is essential, as it
allows assessing whether polyphenols actively preserve OxPhos under
oxidative challenge rather than recovering from mitochondrial
dysfunction. Pretreatment with polyphenols enhanced oxidative meta-
bolism: PUN increased Fyypnos to 0.775 + 0.03 (p = 0.057 vs CTRL),
while RUT yielded a modest increase to 0.703 + 0.02 (p = 0.567).
Importantly, the combination of polyphenols with UVA further boosted
oxidative metabolism. Cells treated with PUN + UVA reached an
Foxphos of 0.823 £ 0.02 (+22% p = 0.004 vs UVA), while RUT + UVA
reached 0.789 + 0.02 (+17% p = 0.023 vs UVA).

At the functional level, UVA triggered substantial mitochondrial
fragmentation, as evidenced by a 75% rise in fission protein Fisl and a
55% decrease in the fusion protein MFN2(Fig. 3A-B). Rutin effectively
counteracted these alterations by normalizing the expression levels of
Fisl and MFN2, suggesting a restoration of balanced mitochondrial
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balance. In contrast, punicalagin did not significantly modify MFN2
expression, consistent with its limited influence on mitochondrial fusion
processes. This observation is in line with the data shown in Fig. 3B,
which display only a partial recovery of MFN2 levels in punicalagin-
pretreated cells, whereas Fisl reduction indicates a protective modula-
tion mainly acting on fission-related pathways. Punicalagin exerted only
partial protection, leading to a moderate recovery of fusion activity and
a slight attenuation of fission. Under UVA stress, rutin pretreatment
maintained mitochondrial structure more efficiently, whereas punica-
lagin provided only incomplete rescue. These results suggest that rutin
and punicalagin act through distinct but complementary mechanisms.
Rutin exerts a broader upstream protective effect, attenuating oxidative
stress, restoring mitochondrial fusion, and supporting redox homeosta-
sis. Punicalagin, in contrast, acts more downstream, primarily
enhancing oxidative phosphorylation efficiency, even in structurally
compromised mitochondria, a pattern consistent with metabolic
compensation rather than morphological preservation. This
compartment-specific distinction is consistent with previously described
molecular pathways [16,17] Rutin is known to activate Nrf2-mediated
antioxidant responses, promoting the expression of detoxifying en-
zymes. Punicalagin, on the other hand, has been shown to scavenge ROS
and support mitochondrial respiration by preserving membrane poten-
tial and electron transport chain [16,26]. In human dermal fibroblasts,
our previous data show that both compounds protect mitochondrial
function and oxidative balance under UVA stress. Mitochondrial dy-
namics are time-dependent: protein changes occur early but are most
pronounced 24 h after UVA exposure, when cellular responses are
consolidated. This suggests rutin and punicalagin's protective effects go
beyond immediate antioxidant action to restoring mitochondrial bal-
ance over time [16,17].

Our present data further support previous findings, indicating that
rutin may modulate the expression of mitochondrial dynamics regula-
tors, thereby indirectly influencing mitochondrial function. Phasor-
FLIM imaging further revealed that lipid peroxidation is not confined
to mitochondria but is also prominent in other cytoplasmic compart-
ments. This pattern suggests that organelles such as the endoplasmic
reticulum and peroxisomes, both involved in lipid metabolism and
detoxification, may also be targets of UVA-induced oxidative stress. The
ability of both polyphenols to attenuate F,, in these regions underscores
their potential to offer broader cytoplasmic protection. Overall, our
findings emphasize that mitochondrial dynamics and metabolism are
functionally intertwined but can be differentially modulated by distinct
polyphenols. Rutin primarily preserves redox balance and supports
mitochondrial functional integrity, whereas punicalagin enhances
oxidative metabolism, possibly compensating for partial structural al-
terations. These complementary mechanisms align with previous studies
showing polyphenol-mediated regulation of mitochondrial performance
and redox signaling. Together, they highlight polyphenols as precision
nutraceuticals capable of stabilizing cellular homeostasis under photo-
oxidative stress. Rutin primarily preserves redox balance and mito-
chondrial integrity, while punicalagin enhances bioenergetic perfor-
mance. Together, they represent two synergistic strategies for protecting
skin cells from UVA-induced damage. Our results align with literature
showing polyphenols enhance cellular resilience across tissues and stress
types (for a review see [37]). In future studies combination of both
polyphenols in pretreatment of UVA exposed fibroblasts could be
considered.

Despite the encouraging outcomes, it is important to clearly recog-
nize the limitations of this study. All experiments were performed using
fibroblasts derived from a single healthy donor, which restricts the
extent to which the results can be extrapolated to a broader population.
Furthermore, although FLIM-phasor analysis represents a powerful and
non-invasive approach to monitor redox and metabolic states, it does not
allow the direct identification of specific ROS species or the recon-
struction of intracellular signaling pathways. To overcome these con-
straints, future work should integrate metabolomics, transcriptomics
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and proteomic analyses to better elucidate the mechanisms underlying
skin and systemic photoprotection. In addition, since UVA-induced skin
damage also involves inflammation and extracellular matrix remodel-
ling, validation in in vivo models will be necessary to fully assess the
translational potential of these polyphenols in preventing photoaging
and photocarcinogenesis.

5. Conclusions

This study demonstrates that rutin and punicalagin offer significant
protection against UVA-induced oxidative and metabolic stress in
human dermal fibroblasts, acting through distinct but complementary
mechanisms. Rutin showed broad-spectrum efficacy by markedly
reducing oxidative stress, restoring mitochondrial morphology, and
enhancing oxidative metabolism. Notably, lipid peroxidation was also
observed in non-mitochondrial compartments, suggesting that rutin
provides wider cytoplasmic protection beyond the mitochondria. Puni-
calagin was less effective in preserving mitochondrial structure but
strongly enhanced oxidative phosphorylation, indicating a role in
metabolic adaptation under stress, likely to support ATP production
despite partial organelle damage. Overall, rutin emerges as the more
comprehensive photoprotective agent, offering both structural and
metabolic resilience. Punicalagin, while more limited in scope, may still
be valuable for sustaining energy metabolism in oxidative conditions. By
integrating phasor-FLIM imaging with molecular markers of mitochon-
drial dynamics, this study provides a detailed subcellular perspective on
the protective actions of polyphenols. These findings highlight how
polyphenols can act as targeted modulators of oxidative and metabolic
vulnerabilities in the skin. The distinct subcellular effects of rutin and
punicalagin highlight their capacity to selectively modulate cellular
responses to photo-oxidative stress. Based on our in-vitro findings, both
compounds emerge as promising candidates for topical strategies aimed
at strengthening skin resilience to UVA-induced damage, with rutin
exhibiting the most comprehensive protective profile. While systemic
implications cannot be inferred from the present data, the molecular
mechanisms identified here may nonetheless provide a basis for future
studies exploring whether these polyphenols also hold relevance in
broader nutraceutical contexts.
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