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Data-independent acquisition mass spectrometry quantitative
proteomic analysis reveals that skin aging-related proteins differ

between men and women
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Abstract: The skin is the largest organ of the human body, and its aging is visible to the naked eye. The aging rate of men
and women is slightly different. This study compared the protein expression of skin samples on the curved forearms of
11 healthy women and 9 healthy men. Quantitative proteomics analysis found that the expression of epidermal proteins
in men and women of the same age group was different. Compared with female skin, in male skin, 20 proteins were
upregulated, and 7 proteins were downregulated. These data suggest that men and women have differences in the
speed of skin aging. For the first time in this experiment, a non-invasive mass spectrometer was used to detect
27 different-related epidermal proteins between men and women. Compared with women, among the 20 epidermal
proteins upregulated in men, their functions can be classified into antioxidants, epidermal lipid metabolism, signal
transduction, membrane transport, and cell biological processes; the 7 downregulated proteins are involved in a
variety of biological processes and inflammatory reactions. Our experiments have discovered epidermal proteins
related to the differences between men and women, enriching the library of epidermal differential proteins between

men and women and enriching the mechanism of skin aging between men and women from the perspective of

epidermal differential proteins.

Introduction

The skin is the largest organ of the human body, covering the
entire body surface and playing an important barrier function
(Basler et al, 2016; Niehues et al, 2018). The stratum
corneum provides a gas-liquid barrier, tight junctions in the
granular layer provide a liquid-liquid barrier, and
Langerhans cells provide an immune barrier (Taieb, 2018).
Therefore, the epidermal barrier is essential for the health of
the skin and the entire body. At the same time, the skin is
also the first organ to appear to age (Pullar et al, 2017).
Skin aging refers to the destruction of the skin’s function,
which makes the skin’s ability to resist external stimuli and
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conditioning weakened so that it cannot adapt to changes in
internal and external environments.

The natural aging of the skin is called endogenous aging,
and there are many mechanisms: for example, matrix
metalloproteinases (MMPs) gradually increase with age and
can degrade collagen in the dermis (which maintains the
skin  tensile strength and firmness) and other
macromolecules, such as fibronectin and elastin in the
extracellular matrix (Kammeyer and Luiten, 2015; Quan and
Fisher, 2015). Because of the continuous increase of MMPs,
the degradation rate of collagen is faster than its synthesis
rate, which ultimately leads to skin aging (Lee et al., 2016).
Reactive oxygen species (ROS) are produced in the
metabolism of aerobic cells and include O,-, H,O,, HOje,
and «OH. Studies have found that as age increases, active
oxygen free radicals in the body continue to increase. ROS
can be produced in various ways, such as by ultraviolet
light, environmental pollution, and mitochondrial
respiration, among which ultraviolet radiation is the most
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important (Li et al., 2018). ROS are also natural by-products
of cellular respiration. The imbalance between ROS
production and clearance leads to DNA mutations and cell
damage, impedes protein synthesis, and induces skin cell
apoptosis (Stuart et al, 2014). When autophagy-deficient
keratinocytes are subjected to oxidative stress, DNA damage
and aging are abnormally increased (Gu et al.,, 2020).

Inflammation leads to skin aging through a variety of
mechanisms, including the formation of ROS. This process
consists of a variety of inflammatory mediators, including
the complement cascade, histamine, cytokines, Kkinin,
fibrinopeptides, NF-kB, free radicals, and eicosanoids, such
as  prostaglandins, thromboxane, and leukotrienes.
Ultraviolet rays and free radicals oxidize cell membrane
lipids to cause the release of arachidonic acid, which plays
an important role in skin inflammation because it activates
cyclooxygenase 2 (COX-2) to produce prostaglandins and
leukotrienes (Baumann, 2018). NF-kB is a key regulator that
promotes the expression of interleukins IL-1p and IL-6,
tumor necrosis factor-a (TNF-a), and other pro-
inflammatory cytokines (Lai et al., 2017). Inflammation may
increase the effects of ultraviolet rays, damage cells, and
eventually lead to skin aging (Suggs et al., 2014).

Skin aging caused by external conditions is called
exogenous aging. For example, if the body is in a state of
stress for a long time, skin aging is more obvious (Clatici et
al, 2017). Living long term in an environment with high
particulate matter (PM), a main component of air pollution,
promotes the production of ROS, thus activating MMPs,
such as MMP-1, MMP-2, and MMP-9, leading to the
degradation of collagen and accelerating the aging of the
skin (Tobin, 2017). In addition, ultraviolet rays, electronic
devices, and smoking all contribute to the aging of the skin
(Arjmandi et al., 2018; Farage et al., 2008; Han et al., 2014;
Hao et al., 2019; Megna et al., 2017).

Many studies have shown that the type and content of skin
protein are closely related to skin barrier function. When the
type and content (up or down) change, it can cause aging
and impaired function (Breitenbach et al, 2015; Ma et al.,
2019). The development of mass spectrometry has enabled
large-scale proteomics research. In this study, we analyzed the
differences in epidermal protein expression between healthy
men and women to identify differentially expressed proteins
and explore possible mechanisms of skin aging.

Materials and Methods

Study participants

We selected 20 healthy Chinese volunteers to participate in
this study, including 11 women (age range: 24-72 years old)
and 9 men (age range: 25-65 years old). The average age of
men was 46.7778 + 5.02985, and the average age of women
was 40.1818 + 6.03749. An independent sample ¢-test
showed no difference in age between the two groups (P =
0.425535965). The inclusion criteria were as follows: skin
integrity at the sampling site; female donors were not
pregnant and not breastfeeding; donors had no skin disease;
donors had not used glucocorticoids in the past month and
had not used immunosuppressive drugs in the past three
months; donors had no other systemic diseases; donors had
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no allergic reaction to the tape; and donor did not use any
moisturizer or other cosmetics on the day of the
experiment. This study followed the recommendations of
the Medical Ethics Committee of Anhui Medical University,
and all subjects provided written informed consent.

Sample preparation

We applied two consecutive strips of tape on the curved skin
on the upper forearm of each subject to extract protein. Before
peeling the tape, we gently wiped the skin of the forearm with
a sterile cotton ball. Stratum corneum samples were collected
using 3M medical tape, which was quickly pressed back and
forth for 1 min under uniform pressure. At the same
position, we performed peeling five times in sequence. The
interval between each strip of tape was 25 + 5 s. To
minimize variability, the same technician performed the
procedure for all volunteers during the study.

Protein extraction, protein extraction quality control, and
proteolysis

Protein extraction: We used a razor to cut each tape sample
on a glass plate into small 0.5 cm x 0.5 cm pieces, and then placed
them into the corresponding 1.5-mL centrifuge tubes. We then
added 50 pL L3 lysate without sodium dodecyl sulfate (SDS)
and 1x cocktail containing ethylenediaminetetraacetic acid
(EDTA) at a final concentration of 0.2 M. Samples were placed
on ice for 5 min, and a final concentration of 10 mM
dithiothreitol (DTT) was added for overnight incubation.
Samples were then centrifuged at 25,000 g at 4°C for 15 min to
collect the supernatant. DTT was then added at 10 mM final
concentration and incubated at 56°C in a water bath for 1 h.
We then added iodoacetamide (IAM) at a final concentration of
55 mM and incubated the samples in the dark for 45 min.
Samples were then centrifuged at 25,000 g at 4°C for 15 min to
collect the supernatant, which contained the protein solution.

Protein extraction quality control: We used Bradford
analysis to measure protein concentration (Bradford, 1976).
We performed sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) with 30 pg of protein solution
from each sample and 20 pL loading buffer, which were
heated at 95°C for 5 min, centrifuged at 25,000 g for 5 min,
and run on a 12% SDS polyacrylamide gel at 120 V constant
voltage for 120 min. Gels were stained with Coomassie
Brilliant Blue for 2 h and then decolorized (40% ethanol, 10%
acetic acid) on a shaker 3 to 5 times for 30 min each.

For proteolysis, 100 pg protein/sample was hydrolyzed in
2.5 pg trypsin at 37°C for 4 h (protein:enzyme ratio = 40:1).
Then, we added trypsin again in the same proportion and
continued enzymatic hydrolysis at 37°C for 8 h. Next, the
hydrolyzed peptide was desalted using a Strata X column
and dried under a vacuum.

High pH reverse-phase separation

We took 10 pg of each sample for mixing. Then, we diluted
200 pg after mixing with 2 mL mobile phase A (5% ACN
pH 9.8) and injected the sample into a Shimadzu LC-20AB
liquid phase system with a Gemini C18 separation column
of 5 um and 4.6 x 250 mm. Elution was at a flow rate
gradient of 1 mL/min: 5% mobile phase B (95% CAN,
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pH 9.8) for 10 min, 5% to 35% mobile phase B for 40 min, and
35% to 95% mobile phase B for 1 min. Phase B lasted 3 min,
and 5% mobile phase B was equilibrated for 10 min. We
monitored the elution peak at a wavelength of 214 nm and
collected one component every minute. We combined the
sample with the chromatographic elution peak to obtain 10
components and then freeze-dried the samples.

High-performance liquid phase

We reconstituted the dried peptide sample with mobile phase
A (2% ACN, 0.1% FA), centrifuged at 20,000 g for 10 min, and
injected the supernatant. We performed separation using a
Thermo Corporation UltiMate 3000 ultra-high-performance
liquid chromatographer (UHPLC). The sample was first
enriched in a trap column and desalted and then connected
in series with a self-packed C18 column (150 um inner
diameter, 1.8 pm column particle size, 25 cm column
length). We then separated the sample at a flow rate of 500
nL/min through the following effective gradient: 5 min, 5%
mobile phase B (98% ACN, 0.1% FA); 5-160 min, mobile
phase B linearly increased from 5% to 35%; 160-170 min,
mobile phase B increased from 35% to 80%; 170-175 min,
80% mobile phase B; and 176-180 min, 5% mobile phase B.
The nanoliter liquid separation end was directly connected
to the mass spectrometer.

Protein quantitative analysis

Data-dependent and data-independent acquisition analysis
The dry peptide sample was re-dissolved in buffer A (2%
ACN, 0.1% FA), centrifuged at 20,000 g for 10 min, and the
supernatant was injected. We performed the separation
using a Thermo Corporation UltiMate 3000 UHPLC. We
first put the samples into the trap column for enrichment
and desalination. Each sample was then connected in series
with a self-assembled C18 column (150 pm inner diameter,
1.8 um column diameter, 25 c¢cm column length). We
separated the peptide at a flow rate of 500 nL/min by the
following effective gradient: 0-5 min, 5% buffer B (98%
ACN, 0.1% FA); 5-160 min, 5-35% B buffer; 160-170 min,
35-80% B buffer; 170-175 min, 80% B buffer; and 176-180
min, 5% buffer B. The nL liquid separation end was directly
connected to the mass spectrometer. The liquid-phase-
separated peptides were sprayed into a nanometer ESI
source and entered into a q-PRECISION HF tandem mass
spectrometer for data-dependent and data-independent
acquisition (DDA and DIA) analysis. We set the DDA MS
parameters as follows: (1) MS: 350-1500 scanning range
(m/z); 60,000 resolution; 3E6 AGC objectives; 50 MS
maximum injection time (MIT); 30 cycle count; an NCE 28;
(2) HCD-MS/MS: 15,000 resolution; 1E5 AGC objectives;
100 MS MIT; charge exclusion, exclusion 1, 7, 8, >8; Filter
dynamic exclusion duration 30 s; 2.0 m/z isolation window.
We used the same nanometer liquid chromatography
system and gradient for analysis. We set the DIA MS
parameters as follows: (1) MS: 350-1500 scanning range
(m/z); 20 PPM MS tolerance; 120,000 resolution; 3E6
AGC objectives; 50 MS MIT; 50 cycle count; and (2) HCD-
MS/MS: 1.7 m/z isolation window; 30,000 resolution; 1E5
AGC objectives; Automatic MIT; 50 cycle count; filter
dynamic exclusion duration was 30 s; Step NCE: 22.5, 25, 27.5.
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Data analysis

We used MaxQuant (version 1.5.3.30; (Cox and Mann, 2008)
to identify DDA data. The final spectral library was
constructed with peptide/protein entries that met the false
discovery rate (FDR) <1%. Data were reviewed with the
UniProtKB/SwissProt H. sapiens proteome database. We
selected the following parameters: (1) Enzyme: trypsin; (2)
Minimum peptide length: 7; (3) FDR and protein FDR at
PSM level: 0.01; (4) Fixed modification: amino methylene
(C); and (5) Variable modification: oxidation (M); Acetyl
group (N terms of protein). We analyzed DIA data using
Spectronaut (Bruderer et al, 2016), which calibrated the
retention time using indexed retention time(iRT) peptides.
We estimated FDR by the mProphet scoring algorithm,
which accurately reflects the matching degree of ion pairs.
Then, based on the target decoy model applicable to
SWATH-MS, we accomplished false positive control with an
FDR <1%. We used MSstats (Choi et al., 2014) to screen
gender-differentiated proteins using differential multiples
>1.5 and P < 0.05 as criteria.

Results

Quantitative protein detection

Using conventional data correlation acquisition (DDA) mass
spectrometry (MS), we established and analyzed a protein
spectrum library of the anterior upper arms of 20 healthy
people. We identified a total of 9005 peptides and 1631 proteins.
Next, we used the DIA method for MS data acquisition. A total
of 1,318 proteins were obtained (Supplementary Tab. S1), and
then we used the limma software package to obtain 27
gender-related differential proteins with folding change
>1.5 and P < 0.05 as the criteria for screening differentially
expressed proteins (DEPs) (Supplementary Tab. S2).
Among these differences, 20 epidermal proteins were
upregulated, and 7 were downregulated in men compared
with women (Fig. 1). Principal component analysis showed
that the DEPs were divided into two independent clusters

Cutoff for logFC is 3.562
The number of up gene is20
The number of down gene is 7
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FIGURE 1. Identification of DEPs in male skin samples.
The x-axis represents protein difference (log2-transformed fold
changes), and the y-axis is the corresponding log10-transformed P-
values. Red dots indicate significantly upregulated proteins, green
dots denote significantly downregulated proteins, and gray dots
symbolize proteins with no significant change.
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that could distinguish the male group from the female group
(Fig. 2). Tabs. 1 and 2 provide the functional classification
and Genecard information of the upregulated and
downregulated DEPs.
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FIGURE 2. Principal component analysis.
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Gene ontology enrichment analysis

To evaluate the functional importance of all identified
proteins, we used Blast2GO software for gene ontology
(GO) annotation (Fig. 3). “Signaling” was among the
more meaningful biological processes, and the proteins
included CAH2, S10AD, RAB25, VDAC3, STK25
ARGAL, DNPEP, LRC59, SECI13, and DNMIL.
Significant molecular functions include “immune system
processes”, the corresponding proteins are: CA2, FUCO2,
S10AD, etc., “antioxidant activity”, including GPX4.
“Molecular function modifiers” include proteins DNMI1L,
ARGAL (Supplementary Tab. S3).

Next, on the basis of these results, we generated a GO
functional classification map to represent all DEPs and to
distinguish upregulated and downregulated proteins (Fig. 4).
It was evident that, in general, both upregulated and
downregulated DEPs participated in common structural or
functional processes. For some GO terms, however, in the
biological process and molecular function categories, we

TABLE 1

List of upregulated proteins

Category Accession Description Gene name P-value
number
Amino acid synthesis catalytic enzyme AILOTO  IlvB Acetolactate Synthase Like ILVBL 0.022283724
Participate in membrane transportation 096008  Translocase Of Outer Mitochondrial Membrane TOMM40 0.024417031
40
P57735  RAB25, Member RAS Oncogene Family RAB25 0.034398343
Q9Y277  Voltage Dependent Anion Channel 3 VDAC3 0.019488889
Regulate cell division 000423  EMAP Like 1 EMALLI 0.025405913
Non-heme iron-containing dioxygenase 015296  Arachidonate 15-Lipoxygenase Type B LX15B 0.026210611
Regulate signal transduction 000506  Serine/Threonine Kinase 25 STK25 0.033990737
Q9HCE6 Rho Guanine Nucleotide Exchange Factor 10 Like ARGAL 0.009589982
Metal titanase QIULAO  Aspartyl Aminopeptidase DNPEP 0.03449367
Nucleic acid or RNA binding P31942  Heterogeneous Nuclear Ribonucleoprotein H3 ~ HNRH3 0.034559215
Membrane-anchored protein Q96AG4  Leucine Rich Repeat LRC59 0.034750959
Containing 59
Pro-apoptosis Q8WY22 BRI3 Binding Protein BRI3B 0.037397537
Hydrolase Q2TAA2 Isoamyl Acetate IAH1 0.001485558
Hydrolyzing
Esterase 1 (Putative)
Catalyzes the formation of acetate coenzyme A P15104  ATP Citrate Lyase ACLY 0.005292344
Involved in protein transport P55735  SEC13 Homolog SEC13 0.008581497
Ribosyl hydrolase QI9NX46 Rho Guanine ARHL2 0.009589982
Nucleotide Exchange
Factor 10 Like
Participate in mitochondrial respiration P22695  Ubiquinol-Cytochrome C Reductase Core Protein 2 QCR2 0.009635718
Involved in glycolysis P43304  Glycerol-3-Phosphate Dehydrogenase 2 GPDM 0.009696163
Regulates apoptosis 000429  Dynamin 1 Like DNMI1L 0.020079487
Anti-oxidation P36969  Glutathione GPX4 0.020567655

Peroxidase 4
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TABLE 2
List of downregulated proteins
Category Accession number Description Gene name P-value
Signal Transduction P27348 LEM Domain Containing 3 1433T 0.013267471
Nucleic acid binding protein Q9UNS1 LINELI reversible transposon 1 LORF1 0.019969854
Lyase P00918 Carbonic anhydrase 2 CAH2 0.031744859
Vesicle transport P49754 VPS41 Subunit of HOPS Complex VPS41 0.032014022
Calcium binding protein Q99584 $100 calcium binding protein A13 S10AD 0.034401467
Immunoglobulin P01860 Immunoglobulin Heavy Constant Gamma 3 IGHG3 0.038008228
Glycosyl hydrolase Q9BTY2 a-L-fucosidase 2 FUCO2 0.03932412
binding - | 21
catalytic activity|  [—— 15
transporter activity [ 2
molecular function regulator{ [ 2
signal transducer activity- [ 1
antioxidant activity- [ 1
organelle | — 23
cellpart| [ — s
cell{ | -
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membrane | [IE— 1
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macromolecular complex -
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synapse part-
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nucleoid -

cellular process 4
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localization
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cellular component organization or biogenesis{ [ 12
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developmental process I 11
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positive regulation of biological process{ I o
immune system process{ I
cell proliferation [ 4
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FIGURE 3. Functional GO classification of DEPs.

detected specific enrichment of proteins (such as “presynaptic

process involved in chemical synaptic

“reproduction,” and “antioxidant activity process”) or
downregulation of proteins (such as the multi organism

processes; Fig. 4; Supplementary Tab. S4).

transmission,

Karyotic orthologous groups classification
The Karyotic Orthologous Groups (KOGs) database attempts
to classify the proteins into orthologous proteins. Each KOG
entry contains a series of orthologs or paralogs. We

compared the identified proteins with the KOG database to
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FIGURE 4. GO classification of upregulated and downregulated DEPs.

predict the potential functions of these proteins and perform
functional classification statistics. The most representative
KOG classification is “cell processes and signaling,” which
showed predominant association of DEPs with intracellular

secretion, vesicular transport, and signal

trafficking,
transduction mechanisms (Fig. 5; Supplementary Tab. S5).

Kyoto encyclopedia of genes and genomes pathway analysis

We performed Kyoto Encyclopedia of Genes and Genomes
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biological functions of identified DEPs (Fig. 6). Most DEPs

participate in common pathways; some upregulated proteins

participate in unique pathways, such as “mTOR signaling”; and
some downregulated proteins participate in unique pathways,

such as “P13K-Akt signaling” (Supplementary Tab. S6).
In organisms, different proteins coordinate with each other

to perform their biological functions. Pathway-based analysis can
help us further understand their biological functions. As shown
in Fig. 7, the biological function of its down-regulated

protein1433T is “aging.” (Supplementary Tab. S7).
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FIGURE 6. KEGG pathway classification of DEPs.

differences in skin aging between men and women only

The x-axis represents pathway annotation entries, and the y-axis represents the number of DEPs enriched for each pathway term.

Fig. 8 shows the top three biological functions among our

identified DEPs. Among these pathways, “Ferroptosis” was
rich in GPX4 and VDACS3, which were both upregulated in

men (Supplementary Tab. S8).
interaction

Subcellular localization and protein-protein
network analyses

Next, we used WOoLF-PSORT to predict the subcellular
localization of the identified DEPs (Fig. 9). The results showed
that nucleus, intracellular, extracellular, and mitochondria were

the most representative locations (Supplementary Tab. S9).
We then imported the DEPs into the STRING database
(String11.0) and performed network interaction analysis of
protein-protein relationships in the first 100 confidence
intervals (Fig. 10). We identified one main cluster with a broad
set of functions known as metabolic processes (including
ACLY, GPDM, ILVB2, TOM40, QCR2, and DNPEP). This
cluster also may have been related to “lipid metabolism” and

“signal transducer activity” (Supplementary Tab. S10).

Discussion
In this study, we used noninvasive MS to quantitatively

male and female differences.

analyze epidermal proteins. From 11 healthy Chinese female
skin samples and 9 healthy Chinese male skin samples, we
found a total of 27 types of epidermal proteins related to

studied the effects of estrogen, androgens, and their
receptors (Lephart, 2018; Sator et al., 2004; Makrantonaki
and Zouboulis, 2009; Zouboulis et al, 2007). Through
dermoscopy and skin ultrasound examination of the skin
conditions of men and women, it has been found that the
number and density of superficial wrinkles in women were
greater than in men (Dabrowska et al, 2018). Our study
used MS to quantitatively analyze epidermal proteins and
found 27 proteins (20 upregulated and 7 downregulated)

that were differentially expressed in male skin.

Upregulated proteins

We used GO enrichment analysis, KOG classification, and
KEGG enrichment analysis to clarify the functional role of

many upregulated proteins. For example, GPX4 enrichment

is related to “antioxidant activity”. Antioxidants help fight

free radical damage and help maintain healthy skin, reduce

light damage, and prevent skin wrinkles and inflammation
through intracellular signaling pathways involved in skin

damage (Nguyen and Torres, 2012; Rinnerthaler et al,
2015). GPX4 belongs to the glutathione peroxidase family

and is a key protein for the upstream regulation of ferritin
metabolism (Seibt et al., 2019). It can catalyze the reduction

of hydrogen peroxide, organic hydroperoxide, and lipid

hydroperoxide, thereby protecting cells from oxidative
damage. Studies have found that deletion of GPX4 reduced

Previous studies on the
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epidermal hyperplasia, inflammatory skin infiltration, hair
follicle deformation, and hair loss (Sengupta et al., 2013). It
is well known that skin surface lipids, such as squalene,
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Red and blue nodes indicate upregulated and downregulated proteins, respectively. The size of the circles indicates node degree.

sebacic acid, linoleic acid, and cholesterol (Niki, 2015; Kim and
Karadeniz, 2012), have strong skin moisturizing and antioxidant
effects and can effectively prevent free radical chain reactions
and inhibit sebum peroxidation. Squalene by-products (mostly
in the form of peroxidation) can cause acne and may cause skin
sagging (wrinkles) (Pham et al, 2015). Once these lipids
undergo oxidative stress reactions, the skin is prone to
inflammatory reactions, destroying the skin barrier function and
promoting skin aging (Mcdaniel et al, 2018). COX-2 is an
inflammatory mediator (Tang et al., 2017), and its expression in
keratinocytes is positively correlated with age (Surowiak et al,
2014). Ultraviolet-A and ultraviolet-B irradiation can induce
increased COX-2 expression in keratinocytes (Chun and
Langenbach, 2007), so GPX4 can reduce sebum peroxidation
and COX-2 content to a certain extent, which is essential for
maintaining skin barrier function and anti-aging.

LX15B, IAH1, and GPDM are related to “lipid transport
and metabolism.” LX15B is a member of the lipoxygenase
family of structurally related non-heme iron dioxygenases

involved in the production of fatty acid hydroperoxides,
converting arachidonic acid (AA) to 15S-
hydroperoxodicarbon tetraenoic acid/(15S)-HPETE. It also
acts on linoleic acid to produce 13-hydroxyoctadecadienoic
acid/13-HPODE (Setkowicz et al, 2015). AA plays an
important role in the development of disease in the epidermis
and can synthesize the prostaglandin family through COX-1
and COX-2. AA can also synthesize the leukotriene family
(Ruzicka and Printz, 1984) through 5-lipoxygenase. Many
skin diseases are related to prostaglandins or related
compounds. PGD2 and PDE2are related to inflammation and
can promote skin capillary dilatation and erythema
production (Ikai and Imamura, 1988). Therefore, some anti-
inflammatory drugs currently targeted at the skin mainly
inhibit skin microsomal prostaglandin synthase (Ziboh,
1973). B4 (LTB4) is also a well-known inflammatory factor
that promotes methicillin-resistant Staphylococcus aureus
(MRSA) infection through its receptor B leukotriene receptor
1 (BLT1) (Brandt et al, 2018). Additionally, 5-lipoxygenase
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(5-LO) product inhibition of leukotriene B4 (LTB4) and
cysteinyl leukotriene (cysLTs) can regulate the inflammatory
response and improve skin wound healing (Guimaraes et al,
2018). Therefore, the oxidative metabolism of AA in the
epidermis leads to the formation of a variety of inflammatory
mediators, causing inflammatory erythema, edema, and
hyperalgesia in the skin, and has a destructive effect on
skin barrier function (Aked et al, 1986). As a member of
the lipoxygenase family, LX15B plays an important role in
AA metabolism, reduces the excessive accumulation of AA
in the epidermis, greatly reduces the inflammatory
response, and is critical to maintaining skin barrier
function. At the same time, LX15B can generate linoleic
acid to produce 13-hydroxyoctadecadienoic acid/13-
HPODE, and this process can be used to regulate the
differentiation of skin cells, eventually forming a suitable
water barrier layer (Nugteren and Kivits, 1987), thus
maintaining normal skin barrier function.

IAHI (isoamyl acetate hydrolyzing esterase 1) is involved
mainly in lipid metabolism according to GO enrichment.
Studies have found that it is widely distributed in the liver,
kidney, lung, muscle, and accessory fat. The expression of
Iahl protein inhibits the expression levels of lipid
metabolism-related genes (such as Cd36 and Dgat2). The
increase of Cd36 mRNA level in the liver is related to the
increase of hepatocellular carcinoma and the accumulation
of hepatic triglycerides. Therefore, the expression of Iahl
can avoid the formation of fatty liver (Masuya et al., 2020;
Kobayashi et al., 2016). Aging is related to the imbalance of
glucose and lipid metabolism. The accumulation of liver
lipids may lead to serious liver and systemic consequences,
including steatohepatitis, cirrhosis, systemic glucose
metabolism impairment, metabolic syndrome, and aging
(Gong et al., 2017). The aging of the skin and the whole
body is closely related to the decline of liver function and
lipid disorders (Bertolotti et al, 2014). Fatty liver patients
have decreased liver detoxification, endocrine disorders, and
vitamin synthesis disorders. This results in skin melanin
deposition, darkening, roughness, dullness, and loss of
luster; fatty liver over the long term will make the skin lose
elasticity and accelerate aging.

GPDM is enriched in “lipid transport and metabolism”
and “energy production and conversion.” The gene card
shows that the protein is localized in the inner
mitochondrial membrane, and FAD is used as a cofactor to
catalyze the conversion of 3-phosphoglyceride into
phosphodihydroxyl acetone ester. Glycolysis is essential in
the cell and can improve the tolerance of tissue cells to
hypoxia (Wu ef al, 2020). GPDM has a unique role in
mediating glucose oxidation. During acute gram-negative
bacilli (LPS) exposure, GPDM activity drives forward
electron transport and the production of acetyl-CoA,
thereby enhancing histone acetylation and inflammation.
During long-term LPS exposure, however, continuous
GPDM activity eventually will limit histone acetylation and
inflammatory gene-induced acetyl-CoA production, so
GPDM activity supports the inflammatory response after
acute microbial exposure, but it helps suppress the
inflammatory response after prolonged microbial exposure.
Inflammation damages tissue defense capabilities, and
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GPDM plays a key role in maintaining such inflammatory
balance (Langston et al., 2019).

Additionally, RAB25, VDAC3, STK25 ARGAL, DNPEP,
LRC59, SEC13, and DNMIL are enriched in “signal
transduction mechanisms.” RAB25 is a member of the Ras
superfamily of small GTPases, which are involved in
membrane transport and cell survival, regulate epithelial
morphology, and create polarity in epithelial cells. Each
layer of the epidermis expresses different markers, such as
loricrin, involucrin, keratin family members, filaggrin, and
integrins, which are essential for epidermal differentiation
and functional maturation of the skin barrier. Among them,
integrins a6, 4, and Bl are abundantly expressed on the
basolateral side of the basal cell layer at the interface with
the dermis. The absence of Pl integrin causes severe
epidermal inflammation (Brakebusch et al., 2000). A lack of
auxin results in abnormal expression of differentiated genes,
reflecting the important role of integrins in the
differentiation and proliferation of keratinocytes and their
interaction with the extracellular matrix on the basement
membrane. Deletion of Rab25 can impair the transport of
integrin, so Rab25 plays an important role in regulating the
differentiation and proliferation of keratinocytes. A lack of
Rab25 will disrupt epidermal differentiation and skin barrier
function, leading to increased transdermal water loss and
reduced skin moisture (Jeong et al, 2019). Therefore,
RAB25 is essential for maintaining skin barrier function.

VDACS3, a voltage-dependent anion channel (VDAC),
belongs to the mitochondrial pore protein family. VDACs
are small, intact membrane proteins that can cross the
mitochondrial outer membrane and conduct ATP and other
small metabolites. The VDAC3 carrying the VDACI
N-terminus can complement mitochondrial respiration and
ROS regulation of yeast cell protein deficiency. Such
chimeras prolong life, suggesting a protective role in
biological metabolism (Reina et al, 2010). In addition,
VDAC3 is also involved in ferroptosis. The excessive
accumulation of iron in the body can lead to aging (Wang
et al., 2020). The upregulation of VDAC3 can reduce the
production of lipid ROS and inhibit iron accumulation,
thereby slowing down aging (Yang et al., 2020).

The enzyme encoded by STK25 plays a role in the serine-
threonine liver kinase Bl (LKBI1) signaling pathway,
regulating the neuronal polarization and morphology of the
Golgi body. The NF-«kB pathway, which is closely related to
skin aging, can be blocked by protein modification and
signal transduction pathways (Adler et al., 2007).

As for the other proteins, ARGAL does not increase the
risk of pigmentation and skin basal cell carcinoma (Stacey
et al, 2008). DNPEP may play an important role in
intracellular protein and peptide metabolism, but its role in
the skin needs further study. LRC59 is an important positive
regulator of DDX58-mediated type I IEN signal transduction.
DDX58/RIG-I is a key pattern recognition receptor for viral
RNA, which plays a vital role in antiviral immunity and
maintains immune homeostasis (Xian et al., 2020).

SEC13 participates in the mTOR signaling pathway, is a
component of the endoplasmic reticulum and nuclear pore
complex, and plays an important role in protein transport.
It can activate class I phosphoinositide 3-kinase (PI3K) and
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then activate the mechanistic target of rapamycin complex 1
(mTORC1) signaling network to guide metabolism and the
growth of cells. The dysregulation of this pathway is related
to many diseases, including cancer, diabetes, autism, and
aging (Dibble and Cantley, 2015).

DNMIL mediates mitochondrial and peroxisomal
division and is involved in developmental regulation of
apoptosis and programmed necrosis. This protein plays a
key role in mitochondrial fission (Sheffer et al., 2016).

ACLYis ATP citrate synthase and is the main enzyme
responsible for the synthesis of cytoplasmic acetyl-CoA in
many tissues. In previous studies, ACLY was found to be
upregulated in normal human skin fibroblasts and normal
human skin keratinocytes when a series of well-known
purified antioxidants were applied for 24 h (Gruber and
Holtz, 2010). Most antioxidants may affect the synthesis of
skin lipids, and acetyl-CoA is an important component of
the synthesis of sebum that can be used in many important
biosynthetic pathways, including for fat formation and
cholesterol generation. Cholesterol, as a keratinocyte lipid, is
an important component to connect and stabilize the
epidermis (Ramsing et al., 1995; Sochorova et al., 2019). It
plays an important role in maintaining stability and
moisturizing. We speculated that ACLY is involved mainly
in the production of fat and cholesterol, which is essential
for maintaining the stability of the skin barrier function and
keeping the skin younger.

Mitochondrial outer membrane translocation enzyme-40
kD (TOMMA40) is the key channel for various enzymes on
the mitochondrial outer membrane to enter mitochondria,
directly affecting mitochondrial function. The G/A
polymorphism at locus 45395619 of the second intron of the
TOMMA40 gene is associated with longevity (Wang et al,
2020). ILVBL is related to “amino acid transport and
metabolism” and may be involved in the metabolism of
branched amino acids or pyruvate (Chang ef al., 2017) and
participate in the degradation of fatty acids (Kitamura et al,
2017). EMALLI regulates the assembly and organization of the
microtubule cytoskeleton and may play a role in regulating
the direction of the mitotic spindle and the direction of the
cell division plane. HNRH3 is related to “RNA processing
and modification” and is involved in the splicing of
messenger RNA, which is downregulated during aging (Holly
et al, 2013). QCR2 is related to “energy production and
conversion” and is a component of panthenol-cytochrome ¢
oxidoreductase, a multi-subunit transmembrane complex that
is part of the mitochondrial electron transport chain that
drives oxidative phosphorylation.

Downregulated proteins
Among the 7 downregulated proteins, KEGG results indicated
that 1433T is involved in “aging”. It antagonizes growth factor
signal transduction on the internal nuclear membrane, which
is an important driver of pathological fibrosis in multiorgan
systems. In humans, in heterozygotes of LEMD3 (LEM
domain-containing protein 3), some skin collagenomas and
elastomas (from abnormal TGF signaling) occur and affect
dermal fibroblast metabolic processes (Chambers et al., 2018).
CAH2, IGHG3, and FUCO?2 are related to the “immune
system process”. Carbonic anhydrase (CA) is a universally
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expressed enzyme that reversibly synthesizes carbon dioxide
and water into bicarbonate and protons. CAH2 is almost
completely expressed in differentiated keratinocytes. This
enzyme is involved in maintaining cell pH, water transport,
and ion homeostasis. Many skin diseases are related to the
destruction of the skin microbial environment. For example,
S. aureus likes neutral pH. Skin disturbance of the surface
pH value may cause colonization and infection by skin
microorganisms, thereby promoting the occurrence of
inflammatory skin diseases (Kamsteeg et al, 2007).
Therefore, an increase in CAH2 will destroy the optimal PH
value of the epidermis, leading to the destruction of the skin
barrier. Studies have found that carbonic anhydrase (CAHI)
is a candidate protein for human skin aging.
Immunoglobulin secreted by IGHG3 mediates the response
period of humoral immunity, leading to the elimination of
binding antigens, and it participates in the P13K-Akt
signaling pathway. Studies have shown that this protein is
closely related to alopecia areata (a nonscarring
inflammatory hair loss disease) and may be involved in the
humoral immune mechanism (Subramanya et al., 2010). In
addition, it is upregulated in vascular neuropathy and
participates in B-cell antigen recognition (Steck et al., 2011).
FUCO?2 is a member of the glycosylhydrolase 29 family, and
its mechanisms related to the skin have yet to be studied.

S10AD is related to “signaling”, is a member of the S100
protein family, and contains two EF-hand calcium-binding
motifs. S100 protein is located in the cytoplasm or nucleus
of a large number of cells and is involved in the regulation
of many cellular processes, such as cell cycle progression
and differentiation. Previous studies have shown that the
expression level of SI0AD in melanoma specimens is
significantly higher than that of normal skin (Xiong et al,
2019). Human VPS41 protein is required for Golgi vacuole
assembly and vacuole transport. VPS41 regulates vacuole
transport and is thought to play a role in pigmentation
(Ibarrola-Villava et al., 2015).

Conclusion

We used Q Exactive quadrupole MS to perform non-invasive
quantitative analysis of skin epidermal proteins related to
male and female differences. For the first time, we identified
27 kinds of epidermal proteins related to male and female
differences and explored their possible functions in skin
aging. Compared with women, the up-regulated epidermal
proteins in men are: ILVBL, TOMM40, RAB25, VDACS3,
EMAL1, LX15B, STK25, ARGAL, DNMIL, DNPEP,
HNRH3, LRC59, BRI3B, IAH1, ACLY, SEC13, ARHL2,
QCR2, GPDM, GPX4, their functions can be divided into
antioxidants (GPX4), epidermal lipid metabolism (LX15B,
IAH1, GPDM), signal transduction (RAB25, VDACS3,
STK25, ARGAL, DNPEP, LRC59, SEC13, DNMIL),
membrane transport (ILVBL, ACLY) and cell biology
processes (TOMM40, QCR2, HNRH3, EMALIL), etc.
Compared with women, the seven epidermal proteins
downregulated in men are: S1I0AD, VPS41, 1433T, CAH2,
IGHG3, FUCO2, and LORF1. They are involved in a variety
of biological processes: for example, SIOAD and VPS41 are
related to pigmentation, and 1433T is related to aging,
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CAH2, IGHG3, FUCO?2 are related to inflammation, and
LORF1 is involved in the metabolism of skin fibroblasts.
Although the sample size of our experiment is not large
enough, our experiment detected the epidermal protein
related to the difference between men and women for the
first time, enriching the library of epidermal difference
proteins between men and women and enriching the skin
aging mechanism of men and women from the perspective
of epidermal difference proteins. In the future, we will strive
to use more samples for further research.
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