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Abstract

Skin aging is a complex process, and alterations in human skin due to aging have distinct

characteristic as compared to other organs. The aging of dermal cells and the biological

mechanisms involved in this process are key areas to understand skin aging. A large num-

ber of biological mechanisms, such as decreasing of protein synthesis of extracellular matrix

or increasing of degradation, are known to be altered through skin aging. However, environ-

mental influence can accelerate this characteristic phenotype. In this study, we analyzed pri-

mary human dermal fibroblasts in three different in-vitro aging models—UVB irradiation and

accelerated proliferation of human dermal fibroblasts from young donors as well as from

elderly donors—for the gene expression of COL1A1, COL1A2, COL3A1, COL4A1,

COL7A1, MMP1, MMP2, MMP3, MMP7, MMP8, MMP9, MMP10, MMP12, MMP13,

MMP14, TIMP1, TIMP2, TIMP3, TIMP4, IL1B, IL1A, IL6, IL8, IL10, PTGS2, TP53, CASP3,

LMNA, SIRT1. We compared the gene expression levels with young control. Furthermore,

the behavior of skin fibroblasts was also evaluated using cell growth rate. The findings

reveal that the gene expression levels in skin fibroblasts was altered in the process of aging

in all three in-vitro aging models, and the cell growth rate was reduced, suggesting that

these methods can be employed to understand skin aging mechanisms as well as drug dis-

covery screening method.

Introduction

The skin is the most exposed organ of the body, and it functions as a barrier against external

aggressions. It frequently experiences the direct effects of environmental exposure, including

UV radiation and air pollution [1]. Alterations in skin structure and physiology occur as natu-

ral consequences of aging and contribute to diminished cutaneous health [2; 3; 4]. These dam-

ages can be aggravated by external factors and, combined with lifestyle, result in significant

biological alterations, characteristic of premature aging [5; 6; 7]. The mechanisms to accelerate

skin aging include increase of reactive oxygen species (ROS), mtDNA mutations, and telomere

shortening as well as hormonal changes [8; 9] produced by excessive exposure to environmen-

tal factors. Extrinsic aging, influenced by environmental factors, varies among individuals and

ethnic groups in a manner different from the natural aging [6].
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Exposition to high levels of UV radiation is a major cause for oxidative stress, resulting in

differential expressions of endogenous antioxidant enzymes, proteins oxidation and lipid per-

oxidation. Both the dermis and epidermis are affected by sunlight and UV radiation exposure

[10; 11]. Skin cells exhibit complex alterations during aging and are frequently accompanied

or caused by changes in gene expression and the susceptibility of cell transformation [12; 13],

related to extracellular matrix proteins [14; 15; 16]. The areas exposed to the sunlight display,

in general, deep and fine lines, wrinkles, rough and dry skin, alterations in skin pigmentation

as dark spots, sagging, and tensile strength loss [17; 18].

The matrix metalloproteinases (MMPs) play an important role in tumor invasion, inflam-

mation, and skin aging [19]. Natural aging and premature aging, induced by UV radiation,

invokes the expression of MMPs that degrades dermal collagen and other proteins from

the extracellular matrix [20; 21; 22], thus resulting in wrinkles and sagging. Studies have

also indicated the importance of TIMPs, known as metalloproteinase inhibitors, which

play a significant role in the inhibition of protein degradation of the extracellular matrix

[23; 24].

The UVB irradiation induces inflammatory cytokines expression and contributes to acute

and chronic cutaneous damages through inflammatory mediators generated by ROSs com-

mon in the aging process [11; 19; 25]. CASP3 plays a central role in the apoptosis pathway and

is described as an important marker in studies with UVR exposition and photoaging [26; 27].

Another gene related to the physiological process of cellular aging is SIRT1, which plays an

important role in maintaining longevity [28].

Mutations in LMNA are associated to several diseases, including Hutchinson-Gilford

progeria syndrome (HGPS), a premature aging disorder in which individuals present with

senile diseases specific to the aging process, as well as dermatosis [29; 30]. The mutation

results in the expression of a truncated form of Lamin A, called progerin, whose accumula-

tion has not only been described in HGPS but also during normal and photo-stimulated

aging [31].

In this study, we evaluate the genes involved in the skin aging process in terms of intrinsic

and extrinsic aging, to verify the gene expression profile of aging. Furthermore, we also evalu-

ate the viability of these genes as aging markers for in-vitro models pertaining to aging studies

or drug discovery screening that can provide pre-clinical solutions for numerous age-related

disturbances in the skin caused by extrinsic and intrinsic factors.

Material and methods

Statement of ethics

Primary human dermal fibroblasts (HDF) from six healthy, young, male and five healthy,

elderly, female donors were collected through posthectomy performed by the pediatrics sur-

gery group and blepharoplasty performed by the ophthalmic plastic group of the School of

Medical Sciences at UNICAMP respectively. Moreover, the use of these samples has been

allowed in the research project FR378403, approved by the Ethics Committee of FCM/UNI-

CAMP on 26/01/2011.

Individuals over 18 years of age provided their written informed consent for their participa-

tion in this study and signed the ICF (informed consent) in accordance with Resolution 196/

96 and approved by the FCM/UNICAMP Ethics Committee.

For individuals under 18 years old, their legal guardians provided the written informed

consent for their participation in this study and signed the ICF (informed consent) in

accordance with Resolution 196/96 and approved by the FCM/UNICAMP Ethics

Committee.
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Isolation of cells

Primary HDF from young healthy donors, less than 10 years old, and from elderly healthy

donors, over 55 years old, were cut into several fragments of approximately 5mm2 and stored

in 5mL trypsin (INVITROGEN) separately in sterile Petri dishes to separate the dermis from

epidermis. After 4 hours, 5mL M199 medium (GIBCO) + 10% fetal bovine serum (NUTRI-

CELL) were added for trypsin neutralization, and the result was centrifuged for 5 minutes at

2000 rpm [32; 33]. Next, the dermis was transferred to a cell culture flask with 10mL medium

M199 + 10% FBS and kept in it for at least 24 hours. Fibroblasts from the dermis were prolifer-

ated until passage 5, and after that, the RNA was extracted.

UVB irradiation of fibroblast

Primary HDF from young healthy donors, passage 5, were submitted to a subcytotoxic dose of

1 J/cm2 UVB radiation in four series of 0.25 J/cm2 radiation at 24-hour intervals, utilizing Bio-

Sun (Vilber Lourmat) and Hanks culture medium (SIGMA) without FBS. After 24 hours of

the last irradiation, the mRNA was extracted. This subcytotoxic dose exposed several biomark-

ers of senescence [34].

Accelerated proliferation of fibroblast

The primary HDF from young healthy donors were proliferated using trypsin (INVITRO-

GEN) until passage 20, and the reduction of cell growth rate was observed [35; 36]. Subse-

quently, the mRNA was extracted.

Cell senescence profile

All the cells from this study were evaluated for cell senescence profile employing the senes-

cence-associated β-galactosidase activity technique summarized here and the cell proliferation

time technique, using Scepter Cell Counter and electric cell-substrate impedance sensing

ECIS.

The cellular senescence of HDF from young donors exposed to UVB irradiation and accel-

erated proliferation as well as HDF from elderly donors and the young HDF control were mea-

sured via staining with X-gal (5-bromo-4-chloro-3-indolyl-beta-d-galactopyranoside) at pH

6.0, a condition that suppresses the lysosomal beta-galactosidase activity to guarantee that

most non-senescent cells will appear unstained [37].

For the cell proliferation time technique, HDF from each donor were cultivated in 6 well

plates with 2x104 cells per well in the M199 culture medium + 10% BFS at 37˚C and 5% CO2;

this was repeated with all the HDF cultures. After 72 hours (3 days), the cells from 3 wells were

trypsinized, mixed in a pool and counted using the Scepter Cell Counter (Merck Millipore).

This protocol was repeated after 144 hours (day 6) with the remaining 3 wells [S1 File].

For cell culture specific to ECIS equipment use, HDF were cultivated on an adapted array

with 1x104 cells/well in M199 culture medium + 10% BFS at 37˚C and 5% CO2. The same pro-

cess was repeated with all the HDF cultures. The M199 + 10% SFB culture medium was added

to a cell-free well as a control. Real-time cell proliferation analysis was performed according to

the ECIS protocol [38] for 60 hours at the frequency of 4000 Hz. The result was determined in

terms of resistance (Ohm) for each donor [S2 File].

Gene expression analysis

The mRNA from the HDF was extracted using the RNeasy mini kit (Qiagen) according to the

manufacturer’s instructions [39]. The cDNA was synthesized utilizing a High-Capacity cDNA
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Reverse Transcription Kit (Applied Biosystems), and a real-time RT-PCR analysis was per-

formed according to the Taqman protocol (Applied Biosystems) using the Taqman assay and

Thermal Cycler Rotor-Gene 3000 (CORBETT RESEARCH—QIAGEN).

The genes analyzed were sorted according to their influence on the aging process: COL1A1,

COL1A2, COL3A1, COL4A1, and COL7A1 are responsible for collagen synthesis; MMP1,

MMP2, MMP3, MMP7, MMP8, MMP9, MMP10, MMP12, MMP13, and MMP14 degrade pro-

teins of the extracellular matrix; TIMP1, TIMP2, TIMP3, and TIMP4 inhibit the metalloprotei-

nase action; IL1B, IL1A, IL6, IL8, IL10, and PTGS2 participate in the inflammatory pathway

and play an important role in the process of aging and cutaneous damage; TP53 is an impor-

tant marker for cell division; CASP3 is central to the apoptosis process; LMNA is related to pre-

mature aging; SIRT1 is an important marker for longevity and aging studies. Gene expression

levels were estimated using the ΔΔCt methodology [40] and keeping HDF from young donors

as a control [S3 File].

Statistical analysis

The statistical significance between the three in-vitro models groups using the ΔΔCt results

from the real-time PCR assay was obtained by performing ANOVA in the XLSTAT 2007 pro-

gram, p<0.05. For the Scepter Cell Counter assay, this was analyzed by Test Z, XLSTAT 2007

program, p<0.0001 [S4 File].

Results

In this study, we analyzed primary HDF from young healthy donors as well as three different

in-vitro aging models—UVB irradiation and accelerated proliferation of HDF from young

donors as well as from elderly donors—with regard skin aging characteristics: cell senescence,

cell growth rate and gene expression profile.

In-vitro aging models

Senescence-associated β-galactosidase activity. Here, we presented four representative

images from each HDF culture, demonstrating the senescence activity related to aging. The

blue color from cells indicates activity of β-galactosidase enzyme reacting with the X-GAL dye

[37]. The premature senescence of the HDF is characterized by a large number of cells in the

senescence activity, exhibited by the strong blue coloration (Fig 1c and 1d). The HDF from

elderly donors (Fig 1b) presented a few senescent cells, but there were cells with senescence

activity. It was not possible to observe senescence activity in the cells from young donors

(Fig 1a).

Scepter cell counter assay. Senescence is characterized by alterations in the physiology

and morphology of cells beyond only diminished cell proliferation rate [35; 36; 41; 42; 43; 44].

We performed a cell-counting assay to confirm the senescence phenotype of aged HDF. All

the cells groups were initially cultivated with 2x104 cells per well.

We observed decreased cell growth rate in all three in-vitro aging models with regard to the

HDF from young donors (Fig 2). The number of cells from HDF young donors on day 3 and 6

was 1.14x105 and 1.79x105 respectively (Fig 2). This result represents a significant increase in

cell growth rate compared to day 0. The cell growth rates of the HDF from elderly donors

from day 3 and day 6 were 2.52x104 and 3.26x104 respectively, indicating a substantial increase

in proliferation capacity compared to day 0. Moreover, the HDF under UVB irradiation saw

an increase in cell growth rate to 2.65x104 and 3.41x104 for days 3 and 6 respectively (Fig 2).

The accelerated proliferation of HDF presented cell growth rates of 2.70x104 and 2.58x104 on
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Fig 1. Images from premature senescence activity induced by stress. 1a –Primary HDF from the young donors control assay at

passage 5. The absence of the blue color indicates cells with non-senescence activity. 1b –Primary HDF from elderly donors at

passage 5. The blue color indicates a few senescent cells. 1c –Primary HDF from young donors submitted to UVB irradiation at

passage 5. The blue color indicates cells with senescence activity. 1d –Primary HDF from young donors submitted to accelerated

proliferation at passage 20. The blue color indicates cells with senescence activity.

https://doi.org/10.1371/journal.pone.0219165.g001

Fig 2. Cell growth rate. The HDF cell growth rates from all the in-vitro aging models were analyzed after 3 and 6 days of incubation.

Data is expressed in number of cells, and the results were compared between days 0, 3, and 6 (�) and between young HDF donors

versus aged cells (��). Test Z statistics (p<0.0001; ns: not significant).

https://doi.org/10.1371/journal.pone.0219165.g002
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day 3 and 6 respectively, which was no significance increase compared to day 0 (Fig 2). These

findings are associated with literature prerogatives [42; 43].

Electric cell-substrate impedance sensing ECIS assay. We evaluated the cell growth rate

in this second assay utilizing a real-time methodology to identify the doubling time of the cell

culture via impedance sensing. At the 35th hour of the experiment, we observe an average

impedance as presented in Fig 3.

The applied electric field produces a voltage drop at the boundary between the solution and

electrode. The cells that attach and spread on the electrode have an effect on the measured

impedance, and that can also cause it to fluctuate with time [45; 46]. The impedance behavior

indicates diminished time for in-vitro aged HDF to fill the space of the well during cell growth

as compared to HDF from young donors, which is in contrast with cell counter assay results.

These finds reinforce a well-documented senescence phenotype that include alterations in cell

morphology during aging [47; 48], which will be discussed below.

Gene expression analysis

The gene expression assay was performed by comparing the HDF from all in-vitro aging mod-

els to determine dermal aging profile, considering the HDF from young donors as the control

using the ΔΔCt method [40]. The ratio was converted into fold change and grouped according

to the upregulation or downregulation profile [Table 1]. This result suggests aging-related dif-

ferential gene expression in all three in-vitro models. However, the expression of the genes was

not uniform between in-vitro models. The dermal aging phenotype may vary with external sti-

muli, such as UV radiation or cell culture conditions [10; 49].

Discussion

Gene expression analysis

The RNA extraction represents a specific time for the condition analyzed. In these proposed

aging models, the RNA extraction assay was performed 24 hours after stress stimulation. With

Fig 3. Cell growth rate: Real-time evaluation by resistance and impedance measurement with ECIS (electric cell-substrate

impedance sensing). The analysis of the cell growth rate, evaluated in real time by determining the resistance in relation to time,

obtained via impedance sensing indicates an increase in impedance in comparison to young control.

https://doi.org/10.1371/journal.pone.0219165.g003
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regard to inflammatory pathway, we found IL1B, IL1A, IL6, and PTGS2 downregulated gene

expression, whereas IL8 and IL10 upregulated it. This result may suggest a regulation feedback

caused by the proinflammatory cytokines in the cellular environment during the transcrip-

tion–translation period. Studies have proven inflammation to be a physiological aging process

that is associated with increased levels of cytokine circulation and proinflammatory markers

[50]. The proinflammatory signaling, during our experiment, may have generated a feedback

signal to the cells, inhibiting gene expression in order to decrease cytokine synthesis. These

proinflammatory cytokines may also have generated a signal to stimulate the expression of the

IL10 gene, an anti-inflammatory cytokine. The cytokines involved in the inflammatory

response indicate a possible mechanism to restore cell balance.

All genes from the inflammatory pathway considered in this study (IL1B, IL1A, IL6, IL8,

IL10, PTGS2) showed consistency of aging influence on cell metabolism and functionality.

In addition, inflammation is a common condition of the skin observed in the aging process

[50; 51].

For COL1A1, all three in-vitro aging models showed a decrease of gene expression

profile, indicating the direct influence of aging on collagen synthesis. The COL1A2 gene was

downregulated in both in-vitro aging models: HDF under UVB irradiation and accelerated

Table 1. Gene expression profile using young HDF donors as the control.

Symbol Entrez gene name Location UVB irradiation Accelerated proliferation Elderly donors
CASP3 caspase 3 Cytoplasm -750,876 -1461,671 -175,986

COL1A1 collagen type I alpha 1 chain Extracellular Space -7,947 -7,579 -2,429

COL1A2 collagen type I alpha 2 chain Extracellular Space -3,024 -4,831 18,091

COL3A1 collagen type III alpha 1 chain Extracellular Space -2,381 1,105 2,785

COL4A1 collagen type IV alpha 1 chain Extracellular Space 1,004 -2,867 -1,087

COL7A1 collagen type VII alpha 1 chain Extracellular Space 4,768 2,253 -1,302

CXCL8 C-X-C motif chemokine ligand 8 Extracellular Space 6,04 35,038 9,697

IL10 interleukin 10 Extracellular Space 76,565 113,444 108,814

IL1A interleukin 1 alpha Extracellular Space -23,606 -6,03 -37120,195

IL1B interleukin 1 beta Extracellular Space -16,093 -9,043 -382,792

IL6 interleukin 6 Extracellular Space -5,87 -73,907 -2,008

LMNA lamin A/C Nucleus 1,433 -2,648 1,081

MMP1 matrix metallopeptidase 1 Extracellular Space 1,155 -9,11 -1,981

MMP10 matrix metallopeptidase 10 Extracellular Space 63,92 3,475 -38,757

MMP12 matrix metallopeptidase 12 Extracellular Space 6,859 8,168 8,685

MMP13 matrix metallopeptidase 13 Extracellular Space 1,045 6,621 5,632

MMP14 matrix metallopeptidase 14 Extracellular Space 2,914 1,863 1,321

MMP2 matrix metallopeptidase 2 Extracellular Space -2,183 -60,805 1,032

MMP3 matrix metallopeptidase 3 Extracellular Space 8,251 41,26 -4,66

MMP7 matrix metallopeptidase 7 Extracellular Space -53,59 -6,578 -461,894

MMP8 matrix metallopeptidase 8 Extracellular Space -1,261 -5,08 -5,356

MMP9 matrix metallopeptidase 9 Extracellular Space 19173,227 -1,2 -1,566

PTGS2 prostaglandin-endoperoxide synthase 2 Cytoplasm -9,872 -1,743 -4,534

SIRT1 sirtuin 1 Nucleus -1,13 -3,221 3,186

TIMP1 TIMP metallopeptidase inhibitor 1 Extracellular Space 3,472 -1,523 2,258

TIMP2 TIMP metallopeptidase inhibitor 2 Extracellular Space 2,35 -2,218 1,807

TIMP3 TIMP metallopeptidase inhibitor 3 Extracellular Space -11,337 -848,651 -1,766

TIMP4 TIMP metallopeptidase inhibitor 4 Extracellular Space 4,231 -1,314 -1,443

TP53 tumor protein p53 Nucleus 1,777 -5,406 -1,198

https://doi.org/10.1371/journal.pone.0219165.t001
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proliferation. Whereas, it was upregulated in HDF from elderly donors, suggesting a different

mechanism of collagen synthesis reduction during canonical skin aging. These genes, COL1A1
and COL1A2, together encode the type I collagen protein, an abundant extracellular protein in

the skin [52]. The COL3A1 gene encodes the type III collagen, an important protein for skin

balance together with collagen type I [53]. We found the downregulation of gene expression

on HDF undergoing UVB irradiation but not in the HDF undergoing accelerated proliferation

or HDF from elderly donors, which indicated that the synthesis of type III collagen is influ-

enced by external environmental factors. The culmination of these findings provides strong

evidence that our in-vitro skin aging model using UVB irradiation reproduces a realistic

model for skin aging drug screening.

The matrix metalloproteinases are involved in the degradation of various proteins in the

extracellular matrix [54] and plays an important role in the skin aging process. High levels of

MMP9 gene expression only in the HDF from UV radiation assay was observed. These find-

ings are in agreement with the available literature [55], confirming the influence of UV radia-

tion on inducing premature skin aging. Although MMP9 presented a strong response to UVB

radiation, other metalloproteinases were also upregulated, induced by the UVB radiation,

such as MMP1, MMP3, MMP10, MMP12, MMP13, and MMP14. The MMP12, MMP13, and

MMP14 biosynthesis was upregulated in all three in-vitro aging models when compared with

the young control, suggesting a crucial role of these genes in the skin aging biological mecha-

nism. The tissue inhibitors of metalloproteinases TIMP1, TIMP2, and TIMP4 were also upre-

gulated during UVB irradiation, probably related to the increase in metalloproteinases

expression. These findings suggest that the combination of MMPs and TIMPs gene expression

analysis can be used as a biomarker for skin aging models to find new ingredients and prevent

premature aging.

The TP53 gene plays a central role in the regulation of cell division, inhibiting the uncon-

trolled cell proliferation behavior. The decrease of gene expression in the HDF from the accel-

erated proliferation assay and the HDF from elderly donors, but not in the HDF from UVB

irradiation, indicates the senescence phenotype in these two models. The increasing of gene

expression in that case may be considered a cell response to prevent any future tumor. This

model can be a potential candidate for skin cancer evaluation.

SIRT1, an important biomarker in longevity studies, showed a decrease of gene expression

in both in-vitro aging models, but not in the HDF from elderly donors. The biosynthesis

downregulation of SIRT1 observed in previous studies with UV radiation [56; 57] was

observed here as well. These findings suggest that the use of UVB irradiation and the acceler-

ated proliferation protocol are both realistic models that can support skin aging studies for this

biomarker.

The CASP3 was downregulated in all three in-vitro aging models evaluated, indicating that

gene is an important biomarker for aging studies. LMNA is responsible for the synthesis of

Lamin A and is produced in most cells of the body [58]. A mutation in the expression results

in a truncated form of Lamin A, called progerin, whose accumulation has not only been

described in HGPS but also during normal and photo-stimulated aging [31]. In this study, the

LMNA was upregulated in the UVB irradiation model, indicating the strong influence of this

gene in premature skin aging.

In contrast to studies which did not present any significant difference between the cells

from in-vitro aging models [12; 59], in this study, the difference in the gene expression profile

was observed when comparing HDF from young donors and the three in-vitro aging models

[Table 1]. Comparing all in-vitro aging models of this study, 14 genes (CASP3, COL1A1,

MMP7, MMP8, MMP12, MMP13, MMP14, TIMP3, IL1B, IL1A, IL6, IL8, IL10, PTGS2) showed

similar gene expression behaviors. For 6 genes (TP53, COL3A1, COL4A1, MMP1, MMP9,
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TIMP4), different gene expression profiles were observed only in the cells from the UVB

irradiation model, indicating major influence of the environment on these biomarkers. The

HDF from elderly donors showed different gene expression profiles for 6 other genes (SIRT1,

COL1A2, COL7A1, MMP2, MMP3, MMP10), and the HDF from the accelerated proliferation

model showed the lowest number of genes with different gene expression profile: 3 genes

(LMNA, TIMP1, TIMP2).

With regard to the use of the HDF from elderly donors, the gene expression response

showed higher variability than previous findings in the literature suggest, when cultivated in

vitro without aging signaling, thus exhibiting different behavior from fibroblasts of premature

aging.

Cell physiology and morphology

HDF may undergo changes in metabolism after natural aging or during excessive environ-

mental exposure, resulting in visible signs of skin aging [6]. HDF from young and elderly

donors as well as HDF from the assays of UVB irradiation and accelerated proliferation were

compared in terms of cell growth rate in order to observe the influence of aging on cellular

physiology and morphology, using an in-vitro model. The senescence phenotype in aged HDF

was demonstrated through high levels of the β-galactosidase enzyme activity found in cells

with blue coloration due to reaction with X-GAL [37]. Only HDF that presented aging activity

was blue colored (Fig 1). The cell-counting assay reinforced the senescence-associated pheno-

type. The aged HDF decreased the cell growth rate in comparison to HDF from young donors

(Fig 2). Initially, the results from ECIS revealed opposite result of cell-counting assay, exhibit-

ing reduced doubling time of the aged HDF, through impedance sensing. However, it is

known that aged HDF shows alterations in cell morphology with a larger cellular size than

HDF from young donors [47; 48]; therefore, they showed reduced time to coat the well

adapted ECIS (Fig 3) [45].

Extrinsic aging model

The extrinsic skin aging process occurs in conjunction with intrinsic aging, associated with

excessive environment exposition, resulting in visible signs of premature aging in an individ-

ual [20]. To observe the possible differences in pattern based on the cell aging process, the

gene expression profile of HDF from young donors under UVB irradiation was analyzed. Both

COL1A1 and COL1A2 were downregulated, indicating a decrease of collagen protein synthesis

which is associated with premature aging. The increase in MMP1, MMP3, MMP9, MMP10,

MMP12, MMP13, and MMP14 in addition to TIMP1, TIMP2, and TIMP4 gene expressions

were observed during the experiment, supporting the influence of the UVB stimulus in prema-

ture skin aging signaling [21]. LMNA and TP53 were also upregulated, corroborating the find-

ings from the literature on the relationship between the accumulation of these proteins and

aging [31].

Intrinsic aging model

The process of intrinsic aging occurs over the lifespan, leading to a decrease of cell functions

and the beginning of the senescence process [60]. Several biological processes are involved in

this effect, but the damage in telomeres caused by the cellular replication process is the main

factor [61].

In this study, HDF from young healthy donors were cultivated until passage 20, senescence

activity, and a decrease in cell growth rate were observed. To observe the differences in the

aging process through accelerated proliferation, we evaluated the gene expression profiles of
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these cells. The COL1A1, COL1A2, and COL4A1 genes were downregulated, indicating a

decrease in collagen synthesis related to aging. The MMP1, MMP2, MMP7, MMP8, and
MMP9 as well as the TIMP1, TIMP2, TIMP3 and TIMP4 genes were downregulated in this

model, contrasting with the UVB irradiation aging model and demonstrating the necessity

for an external signaling to induce alterations in such cellular physiological processes in vitro

[19].

HDF from elderly donor

The collagen gene expression from HDF progressively decreases, and the enzymes responsible

for collagen degradation increase with age. Other biological mechanisms, such as inflamma-

tion and apoptosis pathway, also induce alterations in normal metabolism. In this study, we

found that the COL1A1, COL4A1, and COL7A1 gene expressions decreased in HDF from

elderly donors, corroborating the findings in the relevant literature. The genes MMP1, MMP3,

MMP7, MMP8, MMP9, and MMP10 were downregulated, suggesting that an external induc-

ing factor is necessary for this stimulation.

Conclusion

Results from all three in-vitro aging methodologies was successful in proving senescence activ-

ity. Regarding the gene expression profile, we found 14 genes with similar gene expression

behaviors in all three in-vitro aging models in addition to the genes with particular behavior

pertaining to differences in the applied stress model, such UVB irradiation or accelerated pro-

liferation. In this study, we demonstrated the existence of a gene expression pattern in aging.

Furthermore, we also demonstrated the viability of using these in-vitro methodologies for

aging studies’ models or drug discovery screening as well as the use of these genes as biological

aging markers.
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