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A B S T R A C T   

The skin is an important barrier against external attacks from bacteria, radicals, or radiations. UV-A radiations 
cause significant impairment of this barrier, inducing inflammation, oxidative stress, and wrinkle formation, 
thereby promoting photoaging. Previous studies reported that carnosine, a potent antioxidant, and carbonyl 
scavenger agent, may prevent photoaging features in the skin of hairless mice exposed to UV-A radiations. In the 
present study, we used a quantitative proteomic approach to analyze the changes evoked by carnosine in the skin 
proteome of hairless mice exposed to UV-A. This approach allowed to quantify more than 2480 proteins, among 
them consistent differences were observed for 89 proteins in UV-A exposed vs control unexposed skins, and 252 
proteins in UV-A-exposed skin preventively treated by carnosine (UVAC) vs UV-A. Several functional pathways 
were altered in the skins of UV-A exposed hairless mice, including the integrin-linked kinase, calcium signaling, 
fibrogenesis, cell migration and filament formation. An impairment of mitochondrial function and metabolism 
was observed, with an up-regulation of cytochrome C oxidase 6B1 and NADH: ubiquinone oxidoreductase S8. 
Skins pre-treated by carnosine were prevented from UV-A induced proteome alterations. In conclusion, our study 
emphasizes the potency of a proteomic approach to identify the consequences of UV radiations in the skins, and 
points out the capacity of carnosine to prevent the alterations of skin proteome evoked by UV-A.   

1. Introduction 

The skin is an efficient defensive barrier against external insults. 
Nevertheless, long-term ultraviolet (UV) radiation exposure can result in 
alterations of its structure and functionality via direct and indirect ef-
fects [1–3]. The solar UV wavebands are mainly constituted by UV-A 
(315–400 nm) and a small portion of UV-B (280–315 nm) while 
short-wave UV-C (100–280 nm) are completely absorbed by the 
stratospheric ozone. UV-A are able to deeply penetrate into the skin 
dermis up to the basal layer, and are considered as a main cause for skin 
photoaging [4,5]. Skin photoaging is characterized by the formation of 
wrinkles, a loss of skin tone and elasticity, dryness, and stiffening [1,2,6, 
7]. At the molecular and biochemical level, chronic exposure to UV-A 
progressively leads to a disorganization of the extracellular matrix 
(ECM), alteration of DNA, dysregulated autophagy, chronic inflamma-
tion, alteration of fatty acids, carbohydrates or protein structure, all 
events involved in skin aging and the increasing of the risk of developing 
skin cancers [5,8]. The mechanisms leading to skin damages are not 

fully understood and may derive (at least in part) from the generation of 
reactive oxygen species (ROS) and subsequent lipid peroxidation [9]; 
Rabe JH et al., 2016). 

We previously reported that lipid peroxidation products such as 
hydroxynonenal (HNE) and acrolein are generated in the skin dermis of 
hairless mice chronically exposed to UV-A radiations. These agents form 
adducts on extracellular matrix components such as elastin, with 
possible implication in solar elastosis [10]; Rabe JH et al., 2006 [11]). 
HNE and acrolein may contribute to dermis fibroblast senescence by 
promoting the expression of senescence markers such as γ- H2AX or the 
modification of cytoskeletal proteins such as vimentin, in the skin of 
UV-irradiated hairless mice or in cultured fibroblasts [12]. Many other 
systems could be affected by ROS or lipid oxidation products generated 
by UV-A, with consequences on protein function, signaling, antioxidant 
systems or gene expression. 

Several compounds are used to protect the skin against UV radia-
tions, among them antioxidants and carbonyl scavengers [13]; Hughes 
et al., 2021 [14]]). In this context, we reported that a topical treatment 
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of the hairless mice skin with carnosine, an endogenous β-alanyl-L-his-
tidine dipeptide with antioxidant and carbonyl scavenger properties, 
significantly prevented the visible signs of photoaging [15]. At the 
molecular level, carnosine prevented the modification of elastin as well 
as the process of fibroblast senescence evoked by HNE or acrolein [10, 
12]. Carnosine readily reacts with aldehydes like acrolein or HNE to 
form nonreactive adducts, preventing the process of protein modifica-
tion and subsequent alteration of cells and tissues [16,17]. It is likely 
that carnosine treatment exerts a larger scale of protective responses in 
UV-irradiated skin, and a deeper characterization of its effects may 
allow a better understanding of skin alterations evoked by UV 
radiations. 

The current development of ‘omics sciences (genomics, proteomics, 
metabolomics etc.) supported by performing analytical tools is showing 
a new molecular panorama with the availability of a huge amount of 
data. Proteomic studies represent a suitable technique for analyzing and 
characterizing the nature and alterations of proteins in various patho-
physiological areas [18–20], particularly in the skin [21]. A proteomic 
atlas of human skin (https://skin.science/) has been established [22]. 
The quantitative distribution of skin structural proteins, obtained by 
label free quantitative proteomics, is an important resource for trans-
lational research in this area too [22,23]. Dermatological diseases, such 
as human malignant melanomas [24], eczema [25], psoriasis [26], were 
characterized by the alteration of proteome in the different states, 
control versus disease. Moreover, murine skin protein profiling was also 
described during ageing [27] and in psoriasis-like disease [28]. How-
ever, and surprisingly, only few studies were focused on the murine or 
human skin proteome or its protection by antioxidants and related 
compounds, upon exposure to UV-radiations. 

The present study was designed to provide an in-depth description of 
the murine skin proteome of hairless mice exposed to UV-A radiations 
and the preventive effect of carnosine, using a label-free quantitative 
proteomics approach by high-resolution mass spectrometry. These an-
alyses were carried out on murine skin samples from Negre-Salvayre’s 
previous study showing that carnosine may prevent several photoaging 
features in the skin of UV-A irradiated hairless mice [10,12]. 

2. Materials & methods 

2.1. Experimental treatment 

Skin samples used in this work were from our previous study [10]; 
experimental protocol N◦12/1048/10/13, approved by the French 
legislation and the local ethical committee for animal experiments). 
Briefly, this study was carried out on albino hairless mice Skh:hr-1 (8 
weeks old, Charles River Laboratories) (4 animals/condition), with one 
control non-irradiated group, one group daily exposed to UV-A radia-
tions (20 J/cm2 daily, up to 600 J/cm2), one group treated with poly-
ethylene glycol (PG) (solvent for carnosine) and daily exposed to UV-A, 
and one group treated by carnosine (1% in PG) and exposed to UV-A. 
Carnosine and PG were spread over the back at the end of UV-A expo-
sure. After animal sacrifice, samples of skins from mouse backs were 
recovered and stored at − 80 ◦C until use [10]. 

2.2. Sample preparation 

Each sample was homogenized by glass bead beating (3 cycles, 60′′, 
350 rpm) in 100 μL of protein extraction buffer (8 M urea in 50 mM Tris- 
HCl, 30 mM NaCl (Bio-Rad) at 8.5 pH and 1% of protease inhibitor 
cocktail (Sigma-Aldrich)). The supernatant was collected in fresh tubes 
and centrifuged at 14000×g, 4 ◦C for 10 min and sonicated by probe. 

The amount of proteins was quantified by the Bradford Reagent 
(Sigma-Aldrich) following the standard procedure. 20 μg of proteins in 
50 mM NH₄HCO₃ were reduced with 5 mM DL-dithiothreitol (DTT, 
Sigma-Aldrich) for 30 min at 52 ◦C shaking, then centrifuged at 500 rpm 
and alkylated with 15 mM iodoacetamide (Sigma-Aldrich) for 20 min in 

the dark at room temperature. The protein digestion was performed in 
1:100 lysC: protein ratio (w/w) for 3 h at 37 ◦C shaking at 650 rpm 
followed by 1:20 trypsin:protein ratio (w/w) (Trypsin Sequencing 
Grade; Roche, Monza, Italy) overnight at 37 ◦C shaking at 650 rpm. 

2.3. High-resolution mass spectrometry analysis (nLC-HRMS) 

To increase the quality of instrumental analysis, the digested samples 
were further purified and concentrated by 0.6 μL C-18 resin ZipTip 
(Millipore, Milan, Italy). Tryptic peptides were analyzed using a Dionex 
Ultimate 3000 nano-LC system (Sunnyvale CA, USA) connected to 
Orbitrap Fusion™ Tribrid™ Mass Spectrometer (Thermo Scientific, 
Bremen, Germany) equipped with a nano-electrospray ion source (nESI). 
Peptide mixtures were pre-concentrated onto an Acclaim PepMap 100 - 
100 μm × 2 cm C25 and separated on EASY-Spray column, 25 cm × 75 
μm ID packed with Thermo Scientific Acclaim PepMap RSLC C18, 3 μm, 
100 Å. The temperature was set to 35 ◦C and the flow rate was 300 nL 
min− 1. Mobile phases were the following: 0.1% formic acid (FA) in 
water (solvent A), 0.1% FA in water/acetonitrile with 2/8 ratio (solvent 
B). The elution gradient was from 96% buffer A to 40% buffer B for 110 
min. MS spectra were collected over an m/z range of 375–1500 Da at 
120,000 resolutions, operating in data dependent scan mode, cycle time 
3 s between master scans. Higher-energy collision dissociation (HCD) 
was performed with collision energy set at 35 eV in positive polarity. 
Each sample was analyzed in three technical replicates. 

2.4. Data analysis 

The instrumental raw files were processed by MaxQuant software 
v1.6.6.0 [29] set on the Uniprot_Homosapiens database against the 
Andromeda search engine. The quantification of peptides and related 
proteins for each control and treated sample in biological duplicate and 
technical triplicates was based on the LFQ intensities. Lys-C and trypsin 
as the digestive enzymes, variable modification of carbamidomethyla-
tion of cysteine (+57.021 Da), fixed modification of methionine oxida-
tion (+15.995 Da), N-terminal acetylation (+42.011 Da) and LFQ 
minimum ratio count to 2 were set as further parameters. The inter-
pretation and visualization of results obtained from MaxQuant software 
were performed by a two-sample t-test using Perseus (v1.6.1.3, Max 
Planck Institute of Biochemistry, Germany). Statistical parameters (p <
0.05; q < 0.05, q = FDR adjusted p-value) were set to identify the 
differentially expressed proteins between samples (log2 fold changes). 
The proteins were selected with a minimum of two peptides. Variability 
of biological replicates were measured using the scatter plot with 
Pearson correlation coefficient values of the LFQ intensities. The 
network protein analysis related to significantly altered proteins was 
carried out by Ingenuity Pathways Analysis (last release; Qiagen) based 
on Gene Ontology database. The statistical enrichment of involved 
pathways is performed by the right-tailed Fisher’s exact test, in corre-
lation with QIAGEN Knowledge Base, assigning a p-value (https://digi 
talinsights.qiagen.com/products/features/analysis-match/). The signif-
icance indicates the probability of association of molecules from the 
experimental dataset with the pathway by random chance alone. The 
overall activation/inhibition states of canonical pathways are predicted 
based on a z-score algorithm. The pathways are colored to indicate their 
activation z-scores: orange predict a gain of function, while blue a loss of 
function. 

3. Results and discussion 

The objectives of this study were to analyze whether and how car-
nosine prevents the modifications of skin proteome evoked by the 
exposure of hairless mice to UV-A. For this purpose, the skin samples 
recovered from Negre-Salvayre’s previous study showing that UV-A 
generate lipid peroxidation products (HNE, carnosine) in the skin 
dermis of hairless mice chronically exposed to UV-A, and their 
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prevention by a topical application of carnosine [10]. Skin samples were 
analyzed by applying a high-resolution mass spectrometry (MS)-based 
label-free quantitative (LFQ) proteomic technique, which first led to 
quantify a total of 2480 proteins, whose expression has been compared 
for each condition. 

This technique allowed to identify 89 proteins significantly altered 
by UV-A exposure vs control (n = 30 up-regulated, 59 down-regulated) 
(Fig. 1A). Likewise, 252 proteins were identified in UV-A plus carnosine 
(UVAC) vs UV-A without carnosine (UVA) (n = 173 up-regulated, 79 
down-regulated; Fig. 1B). Multi-scatter plots confirmed the quality and 
reproducibility of biological and technical replicates (Pearson correla-
tion coefficient values ≥ 0.98). In the Supplementary Table 1, we pre-
sent the complete list of quantified proteins obtained by MaxQuant 
software [29]. 

The identification and quantification of proteins differentially 
regulated for each condition (control, UVAC, UV-A) were followed by an 
analysis of the protein network, to describe the functional modules and 
pathways altered by UV-A radiations w/wo carnosine. In Fig. 2, we show 

Fig. 1. Distribution of differentially regulated proteins induced by a) UV-A exposure vs Control, b) UV-A exposure w/wo carnosine. Green color indicates up- 
regulation (log2 ratio ≥ 0.6), red color represents down-regulation (log2 ratio ≤ − 0.6); Scatter plots of log2 ratio on x-axis against -log10 p-value on y-axis of 
significantly quantified proteins (Perseus v 1.6.1.3). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 2. Firsts canonical pathways obtained comparing a) UV-A vs Control and b) UVAC vs UV-A (IPA). In orange, increased pathways (positive z-score), in blue, 
decreased pathways (negative z-score), in white, no change (zero as z-score), in grey uncertain changes (NA z-score). (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Calcium signaling pathway enhanced in a) UV-A vs control and 
decreased in b) UVAC vs UV-A (IPA). In red the increased genes, in green those 
decreased. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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the most prominent canonical pathways obtained by Ingenuity Path-
ways Analysis (IPA) comparing UVA vs control (Fig. 2A) and UVAC vs 
UVA (Fig. 2B). The functional modules are based on statistical analyses 
and are associated with a p value and scores. In addition, the protein 
expression in each module was correlated with literature databases to 
predict the de/activation of the functional or disease modules. See the 
Supplementary Table 2 for the complete list of networks and related 
proteins. 

3.1. Changes of skin dermis proteome evoked by UV-A exposure 

Several pathways were severely altered by UV-A exposure, among 
them oxidative phosphorylation (p-value = 2.48 e− 10), mitochondrial 
dysfunction (p-value = 2.54 e− 09), integrin-linked kinase (ILK) 
signaling (p-value = 8.66 e− 07) and contraction as evidenced by the 
increase of calcium signaling (p-value = 1.96 e− 07; Fig. 3A), contractile 

and strength of muscular tissue pathway (p-value = 6.91 e− 07; Fig. 4), 
nNOS signaling (p-value = 1.80 e− 07; Fig. 5A), fibrogenesis and fila-
ments formation (p-value = 5.83 e− 06; Fig. 6A). 

Indeed, a significant increase could be observed for several cyto-
skeletal and contractile proteins or complexes such as dystrophin (DMD, 
log2 ratio = 0.99), keratin 31 (KRT31, log2 ratio = 2.00), myosin heavy 
chain 11 (MYH11, log2 ratio = − 0.82) or ryanodine receptor (RyR-1, 
log2 ratio = − 0.75) (Table 1, Supplementary Table 1). 

Ryanodine receptor 1 (RyR-1) is expressed at the more external layer 
of the epidermis in the keratinocyte and has a role in barrier homeostasis 
[30]. RyRs are also actively involved in the regulation of intracellular 
calcium levels. In particular, the inhibition of RyR-1 was shown to 
accelerate the barrier recovery of the skin in the presence of wounds 
[31]. RyR-1 is not the unique regulator of calcium signaling altered by 
UV-A. Indeed, upon UV-A exposure we also observed a significant 
up-regulation related to aspartate beta hydroxylase (ASPH, log2 ratio =

Fig. 4. Contraction related pathways in a) UV-A vs Control and b) UVAC vs UV-A. In red the increased genes, in green those decreased. The color intensity is 
positively related to the up- or down-gene’s regulation; orange line leads to activation, blue lines lead to deactivation, yellow lines for findings inconsistent with state 
of downstream molecule, grey line for effect not predicted. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 

Fig. 5. nNOS signaling pathway enhanced in A) UV-A vs Control, B) decreased in UVAC vs UV-A (IPA). In red the increased genes, in green those decreased. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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− 2.10), involved in calcium homeostasis as well further than different 
isoforms of heavy chain of myosin involved in calcium binding and 
contraction, and DMD, a myosin binding protein. Moreover, the over-
expression of myosin was related to fibrosis, showed by the accumula-
tion of collagens, such as collagen alpha-1 (XII) chain (col12a1, log2 
ratio = 0.87) and by the alteration of growth factor expression, regu-
lated by integrin-linked kinase (ILK) pathway (z score = 1.90). The 
fibrotic process indeed is physiologically linked with the calcium 
signaling regulation as well as with the cell’s damage induced, in this 
case, by UV-A. At this regard, calcium signaling has shown an active role 
on the inflammasome activation leading to fibrotic pathways (Carol 
et al., 2015). 

Homeostasis of calcium regulates also the nNOS activity and its 
interaction with DMD, affecting NO signaling. On the skin, UVA radia-
tion induced an upregulation of DMD (log2 ratio = 0.99) and Beta-1- 
syntrophin (log2 ratio = 0.68), the adapter protein involved in the for-
mation of dystrophin glycoprotein complex. DAD1, dystrophin- 
associated glycoprotein 1 was highly down-expressed (log2 ratio =
− 0.701). The deregulation of nNOS signaling was also attested by the 
upregulation of RyR1 (Fig. 5A). 

On the contrary, epithelial adherens junction signaling (p-value =
1.18 e− 06), immune response especially mediated by monocytes (p- 
value = 3.73 e− 03) and phagocytosis (p -value = 4.44 e− 03) were 
decreased related to controls. The two isoforms SH3 domain binding 
glutamate rich protein (SH3BGR and SH3BGRL3), belonging to thio-
redoxin like protein superfamily and involved in the redox homeostasis 
were also downregulated, indicating an impairment of ROS related 
pathways [32]. The metabolism of ROS was also down-regulated 
(p-value = 4.43 e− 03) (Supplementary Table 1). 

Interestingly, sirtuin signaling was severely decreased upon UV-A 
treatment related to controls (p-value = 2.47 e− 02), suggesting an 
alteration of sirtuin activity and the turnover of acetylated proteins. 
These data agree with our recent report showing a decreased expression 
of the sirtuin SIRT1 in skin samples of hairless mice, and in dermis fi-
broblasts exposed to UV-A, directed related with photoaging [10]. Sir-
tuins are nicotinamide dinucleotide (NAD+)-dependent deacylases, able 
to stabilize the chromatin structure and histone diacylation, and pro-
mote the repair of DNA double-strand breaks [33,34]. Sirtuins may 
protect against photoaging [35], by inhibiting the expression and ac-
tivity of metalloproteases (MMPs) and the degradation of collagen, 

while their knockdown, (particularly SIRT1) increases the levels of 
MMP-1 and -3 [34]. 

Overall, these results indicate that cell environment has been 
compromised (p-value range = 6.89 e− 07 to 3.54 e− 13) as suggested by 
an alteration of several processes for instance related to cytoskeletal 
assembly and organization (p-value range = 6.89 e− 03 to 4.90 e− 12), cell 
morphology (p-value range = 6.89 e− 03 to 6.51 e− 07), energy produc-
tion (p-value range = 6.89 e− 03 to 7.23 e− 07) or nucleic acid meta-
bolism (p-value range = 6.89 e− 03 to 7.23 e− 07). 

3.2. Effect of carnosine on skin proteome evoked by UV-A exposure 

The treatment by carnosine prevented almost all conditions sub-
stantially altered by single UV-A exposure. Indeed, we found a reac-
tivation of oxidative phosphorylation (p value = 2.59 e− 03) with an up 
regulation of Cytochrome C oxidase 6B1 (Cox6b1, log2 ratio = 1.25) and 
NADH ubiquinone oxidoreductase S8 (log2 ratio = 0.92), improving the 
functionality of mitochondria (p-value = 9.06 e− 03). In addition, we 
observed a decrease of calcium signaling (p-value = 8.73 e− 11; Fig. 3B), 
fibrosis (p-value = 1.99e-08; Fig. 6B), cell migration (p-value = 2.27 
e− 03) and nNOS pathway (p-value = 4.75 e− 03; Fig. 5B). We also found 
an increase of integrin-linked kinase (ILK) and actin signaling (p-value 
= 8.18 e− 06; 2.19 e− 04 respectively), epithelial adherens junctions 
signaling (p-value = 4.05 e− 05), immune response mediated by neu-
trophils and leukocyte migration (p-value = 2.60 e− 04), attesting the 
regulation of signal transduction mediated by integrins and activation of 
immunity system. 

Carnosine treatment was able to repristinate calcium homeostasis. 
Proteins related to contraction and fibrotic processes such as DMD (log2 
ratio = − 0.85) or MYH11 (log2 ratio = − 0.82) were reduced (Table 1). 
RYR1 (log2 ratio = − 0.75), sarcoplasmic/endoplasmic reticulum cal-
cium ATPase (2Atp2a2, log2 ratio = − 0.80) and calcium/calmodulin- 
dependent protein kinase II subunit gamma (Camk2g, log2 ratio =
− 0.78) as support of calcium channel’s block (Table 1), were also 
significantly down-regulated. The reduction of fibrosis (Fig. 6B) and the 
regulation of NO signaling evoked by carnosine treatment were associ-
ated with a reversion of DMD and dystroglycan 1 expression (DAG1, log2 
ratio = 0.35). The cellular organization and growth were enhanced 
(1.09e-08 to 4.43 e− 08 and 9.98 e− 03 to 1.83 e− 05 as p value range, 
respectively) as well as function and maintenance (p-value range = 7.50 

Fig. 6. Fibrosis related pathways in A) UV-A vs Control and B) UVAC vs UV-A. In red the increased genes, in green those decreased. The color intensity is positively 
related to the up- or down-gene’s regulation; orange line leads to activation, blue lines for deactivation, yellow lines for findings inconsistent with state of down-
stream molecule, grey line for effect not predicted. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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e− 03 to 2.55 e− 05). At this regard, proteins involved in nuclear func-
tions, energetic metabolism, or reduction of oxidative stress as well as 
complement factor D (CFD, log2 ratio 1.39), glyceraldehyde-3- 
phosphate dehydrogenase (GAPCP2, log2 ratio = 1.73) or Cox6b1 
(log2 ratio = 1.25) were significantly up-regulated (Supplementary 
Table 1). The thioredoxin like protein superfamily (SH3BGR and 
SH3BGRL3) were overexpressed after carnosine treatment, showing the 
regulation of redox homeostasis. Overall, these data confirm the benefit 
of a preventive carnosine treatment on cell and skin recovery after the 
UV-A injury. 

Note that sirtuin signaling was partially improved by carnosine 
acting on genes’ expression such as NDUFS8 (UVA vs C difference =
-1.90 vs 0.91 in carnosine treatment) or NDUFA4 (− 0.77 vs 0.33 as 
difference), in agreement with our recent observation showing that 
carnosine restores sirtuin activity in skin fibroblasts exposed to UV-A 
radiations [12]. 

Despite the use of murine model has greatly contributed also to the 
dermatological research, interspecies differences with humans must be 
considered to properly interpret the results. Among them, skin thick-
ness, immunologic response, mechanism of contraction [36]. Moreover, 
a recent gene array study demonstrated as the most conserved skin genes 
between mice and humans are related to barrier structure or function, 
structure (cell-to-cell junctions), cell proliferation and communication 
[37]. Nevertheless, the use of hairless mice allowed us to mimic human 
skin UV-A response more accurately compared to unmodified models. 
Indeed, intrinsic and extrinsic skin damages to hairless mice are similar 
to that of humans [38]; Peres, P. S., 2011 [39]). 

4. Conclusions 

In conclusion, this study describes a high-resolution mass spec-
trometry (MS)-based label-free quantitative (LFQ) proteomic analysis of 
UV-A exposed murine skin and the effect of carnosine. We show here 
that several major protein systems are altered by UV-A treatment 
including calcium signaling, mitochondrial function or sirtuin expres-
sion, which were all restored by a preventive treatment of the skins by a 
topical application of carnosine. These results suggest that proteomics 
alterations could result (at least in part) from ROS generated by UV-A 
(and inhibited by carnosine), or/and the generation of lipid oxidation 
products (HNE, acrolein) resulting from the peroxidation of poly-
unsaturated fatty acids in the irradiated skins. These agents post- 
translationally modify proteins by forming adducts on free amino 
groups and thiol residues, which progressively alters protein expression 
and function, and trigger inflammatory and apoptotic responses 
[40–44]. The implication of such agents is emphasized by the potent 
efficacy of carnosine in restoring a normal proteomic profile of 
UV-A-treated skins, in accordance with its ability to neutralize the for-
mation of adducts on proteins ad their subsequent modification, thereby 
restoring their function [16,45]. Beyond these observations, the high 
sensitivity of our proteomics approach should enable future analyses of 
murine or human skin, to check the protective potential of agents able to 
prevent or delay the mechanism of photoaging. 
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Appendix A. Supplementary data 
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Table 1 
Top up-/down-regulated proteins by UV-A or UVAC exposure involved in cal-
cium signaling and fibrogenesis processes.  

Gene 
name 

Protein name UniProt/ 
Swiss-Prot 
Accession 

UVA 
vs C 
Log2 

Ratio 

UVAC 
vs 
UVA 
Log2 

Ratio 

Functional 
module 

ATP2A2 ATPase 
sarcoplasmic/ 
endoplasmic 
reticulum Ca2+
transporting 2 

Q5DTI2 0,16 − 0,80 Ca2+

signaling 

ATP2A3 ATPase 
sarcoplasmic/ 
endoplasmic 
reticulum Ca2+
transporting 3 

Q8C213 0,84 − 0,69 Ca2+

signaling 

CAMK2G calcium/ 
calmodulin 
dependent 
protein kinase II 
gamma 

Q6ZWS7 0,60 − 0,78 Ca2+

signaling 

MYH11 myosin heavy 
chain 11 

A0A338P6K2 − 0,05 − 0,82 Ca2+

signaling 
MYL3 myosin light 

chain 3 
P09542 NaN 1,00 Ca2+

signaling 
MYL9 myosin light 

chain 9 
Q9CQ19 − 0,78 0,73 Ca2+

signaling 
RYR1 ryanodine 

receptor 1 
K3W4M2 2,52 − 0,75 Ca2+

signaling 
TNNI2 troponin I2, fast 

skeletal type 
A2A6K0 − 0,85 0,64 Ca2+

signaling 
Tpm1 tropomyosin 1, 

alpha 
A0A2R2Y2P8 − 0,45 − 1,12 Ca2+

signaling 
MYH2 myosin heavy 

chain 2 
G3UW82 1,18 − 0,79 Ca2+

signaling/ 
fibrogenesis 

ACTN2 actinin alpha 2 Q9JI91 0,68 0,03 fibrogenesis 
DMD Dystrophin P11531 0,99 − 0,85 fibrogenesis 
KRT14 keratin 14 Q61781 0,82 − 0,07 fibrogenesis 
LUM lumican P51885 − 0,90 0,11 fibrogenesis 
MIF macrophage 

migration 
inhibitory 
factor 

Q545F0 − 1,10 0,33 fibrogenesis 

MYH6 myosin heavy 
chain 6 

B2RQQ1 1,28 − 0,59 fibrogenesis 

NEB nebulin A2AQB2 0,65 − 0,53 fibrogenesis 
NEFH neurofilament 

heavy 
Q80TQ3 − 1,14 0,33 fibrogenesis 

Nefm neurofilament, 
medium 
polypeptide 

P08553 − 0,65 0,26 fibrogenesis 

NUMA1 nuclear mitotic 
apparatus 
protein 1 

E9Q7G0 0,69 − 0,42 fibrogenesis 

OBSCN obscurin, 
cytoskeletal 
calmodulin and 
titin-interacting 
RhoGEF 

A2AAJ9 1,88 − 0,49 fibrogenesis 

PDCD6IP programmed 
cell death 6 
interacting 
protein 

Q9WU78 0,85 − 0,08 fibrogenesis 

S100A10 S100 calcium 
binding protein 
A10 

Q3UF30 − 0,89 0,09 fibrogenesis 

SPARC secreted protein 
acidic and 
cysteine rich 

Q5NCU4 − 1,55 0,58 fibrogenesis 

TTN titin A2ASS6 0,73 − 0,49 fibrogenesis 
TTR transthyretin Q9D6A4 − 1,34 0,09 fibrogenesis  
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[10] P. Larroque-Cardoso, C. Camaré, F. Nadal-Wollbold, M.H. Grazide, M. Pucelle, 

S. Garoby-Salom, et al., Elastin modification by 4-hydroxynonenal in hairless mice 
exposed to UV-A. Role in photoaging and actinic elastosis, J. Invest. Dermatol. 135 
(7) (2015) 1873–1881. 

[11] J.H. Rabe, A.J. Mamelak, P.J. McElgunn, W.L. Morison, D.N. Sauder, Photoaging: 
mechanisms and repair, J. Am. Acad. Dermatol. 55 (1) (2006) 1–19. 
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[13] R. Pandel, B. Polǰsak, A. Godic, R. Dahmane, Skin photoaging and the role of 
antioxidants in its prevention, ISRN Dermatol 2013 (2013) 930164. 

[14] M.C.B. Hughes, G.M. Williams, H. Pageon, A. Fourtanier, A.C. Green, Dietary 
antioxidant capacity and skin photoaging: a 15-year longitudinal study, J. Invest. 
Dermatol. 141 (4S) (2021) 1111–1118.e2. 

[15] A. Altomare, G. Baron, E. Gianazza, C. Banfi, M. Carini, G. Aldini, Lipid 
peroxidation derived reactive carbonyl species in free and conjugated forms as an 
index of lipid peroxidation: limits and perspectives, Redox Biol 17 (2021) 101899. 

[16] G. Aldini, R.M. Facino, G. Beretta, M. Carini, Carnosine and related dipeptides as 
quenchers of reactive carbonyl species: from structural studies to therapeutic 
perspectives, Biofactors 24 (2005) 77–87. 

[17] G. Aldini, M. Carini, K.J. Yeum, G. Vistoli, Novel molecular approaches for 
improving enzymatic and nonenzymatic detoxification of 4-hydroxynonenal: 
toward the discovery of a novel class of bioactive compounds, Free Radic. Biol. 
Med. 69C (2014) 145–156. 

[18] N.L. Anderson, N.G. Anderson, Proteome and proteomics: new technologies, new 
concepts, and new words, Electrophoresis 19 (11) (1998) 1853–1861. 

[19] V. Dhingra, M. Gupta, T. Andacht, Z.F. Fu, New frontiers in proteomics research: a 
perspective, Int. J. Pharm. 299 (1–2) (2005) 1–18. 

[20] B. Domon, R. Aebersold, Options and considerations when selecting a quantitative 
proteomics strategy, Nat. Biotechnol. 28 (7) (2010) 710–721. 

[21] C.M. Huang, C.A. Elmets, K.R. van Kampen, T.S. De silva, S. Barnes, H. Kim, et al., 
Prospective highlights of functional skin proteomics, Mass Spectrom. Rev. 24 (5) 
(2005) 647–660. 

[22] B. Dyring-Andersen, M.B. Løvendorf, F. Coscia, A. Santos, L.P. Møller, A.R. Colaço, 
et al., Spatially and cell-type resolved quantitative proteomic atlas of healthy 
human skin, Nat. Commun. 11 (2020) 5587. 

[23] G. Fredman, L. Skov, M. Mann, B. Dyring-Andersen, Towards precision 
dermatology: emerging role of proteomic analysis of the skin, Dermatology (2021), 
https://doi.org/10.1159/000516764. 
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