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Simple Summary: Zinc ions are involved in the biology of cell growth, proliferation, differentiation
or apoptosis by regulating many biological molecules, such as transcription factors, enzymes and
growth factors. In this study, the time-dependent cytotoxicity, cell proliferation and gene expression
in human keratinocytes HaCaT cells were evaluated when exposed to ZnCl,. The results of this study
showed non-cytotoxic effects up to 10 pg/mL after 24 h, no significant effect on cell proliferation
when exposed to 5 or 1 ug/mL ZnCl, at 72 h and upregulation of eight genes, with great potential in
the biomedical field, particularly for regenerative-medicine applications and wound healing.

Abstract: The use of ionic metals such as zinc (Zn?*) is providing promising results in regenerative
medicine. In this study, human keratinocytes (HaCaT cells) were treated with different concentrations
of zinc chloride (ZnCl,), ranging from 1 to 800 pg/mL, for 3, 12 and 24 h. The results showed
a time—concentration dependence with three non-cytotoxic concentrations (10, 5 and 1 pug/mL)
and a median effective concentration value of 13.5 ug/mL at a cell exposure to ZnCl, of 24 h.
However, the zinc treatment with 5 or 1 pg/mL had no effect on cell proliferation in HaCaT cells
in relation to the control sample at 72 h. The effects of the Zn?* treatment on the expression of
several genes related to glycoprotein synthesis, oxidative stress, proliferation and differentiation
were assessed at the two lowest non-cytotoxic concentrations after 24 h of treatment. Out of 13
analyzed genes (superoxide dismutase 1 (SOD1), catalase (CAT), matrix metallopeptidase 1 (MMP1),
transforming growth factor beta 1 (TGFB1), glutathione peroxidase 1 (GPX1), fibronectin 1 (FN1),
hyaluronan synthase 2 (HAS2), laminin subunit beta 1 (LAMBI), lumican (LUM), cadherin 1 (CDH1),
collagen type IV alpha (COL4A1), fibrillin (FBN) and versican (VCAN)), Zn?* was able to upregulate
SOD1, CAT, TGFB1, GPX1, LUM, CDH1, FBN and VCAN, with relative expression levels of at least 1.9-
fold with respect to controls. We found that ZnCl, promoted glycoprotein synthesis and antioxidant
gene expression, thus confirming its great potential in biomedicine.

Keywords: biometals; zinc ions; human keratinocytes; cytotoxicity; gene expression; biomedical applications

1. Introduction

Zinc ions (Zn?*) are involved in all the crucial decisions in the life of mammalian cells
related to growth, proliferation, differentiation or apoptosis, both in its ionic or protein-
bound form [1]. They are implicated in regulating many biological molecules, such as
transcription factors, enzymes and growth factors [2,3], and have been shown to be crucial
in hundreds of enzymatic reactions and required for thousands of transcription factors
which regulate gene expression [4]. Zn?* has also been recently recognized as an intra-
and intercellular signaling mediator, acting similar to calcium as a second messenger to
transduce extracellular stimuli into intracellular signaling events [3,4].
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Zn**, with a mass of 0.8-3 g in the human body, can be found in tissues such as
muscle and bone, which act as a major tissue reservoir (85% of the whole body); skin (5%);
liver (5%); and the remaining percentage is distributed around other organs, such as the
brain, pancreas and kidneys. Zn?* deficiency is related to delayed bone development and
dwarfism; in addition, several skin disorders are associated with Zn2* deficiency [4-7].

The essential role played by Zn2* ions in cell behavior, modulating cell signaling, has
attracted increasing attention in the biomedical field, particularly for regenerative-medicine
applications and wound healing [8-15]. In addition, Zn*? presents antimicrobial activity,
both as an antibacterial and antifungal agent [16,17]. However, it has been reported that,
to achieve effective antimicrobial activity on common wound pathogens, such as Staphy-
lococcus aureus, Escherichia coli, Pseudomonas aeruginosa and Candida albicans, higher con-
centrations of Zn compounds are required than those used to promote cell response [18].
In that study, doses of zinc sulfate and zinc gluconate lower than 10 pug/mL showed no
antimicrobial properties, but they exerted bioactivity in nutrient-deficient environments.

Regenerative medicine involves the regeneration of human tissues, with the aim
of returning the patient to full health, using bioactive factors to act in conjunction with
the natural healing potential [19]. Among the bioactive factors that have shown a great
potential, metallic ions (including Zn?*) have emerged, based on their unique properties
to modulate cell response [12]. Zn?*-based biomaterials have recently been developed,
including bioactive glasses [8,9], nanocomposites with ZnO nanoparticles [20] and hydro-
gels [21-24]. Mesoporous bioactive glasses containing Zn?* have been reported as potential
biomaterials for soft-tissue repair and wound healing [9], whilst ZnO nanoparticles with
different nanostructures have been shown to promote adhesion, growth and differentia-
tion in several cell lines [25,26]. Nanocomposite hydrogels based on alginate/graphene
oxide [21] or carboxymethylcellulose/ZnO [24] crosslinked with Zn?* jons have been pre-
pared to provide bioactivity and antimicrobial properties. Zn?* ions have been shown to
promote tissue formation and inhibit resorption in musculoskeletal disorders [27].

Zn**-based compounds such as calamine or zinc oxide have been applied topically
for centuries to sooth and calm skin irritations and enhance wound healing [28]. Its use has
also expanded over the years for several dermatological conditions, including infections
inflammatory dermatoses, pigmentary disorders and neoplasia. Therapeutically, Zn** can
be used both topically and in systemic form; however, systemic Zn?* therapy needs further
experimental and clinical evidences [28,29]. Zn?* plays an important physiological func-
tion throughout the stages of wound healing, associated with inflammation and immune
response [4,30,31]. The importance of 7n?* concentration for wound healing has been
reported in patients with thermal injuries or exposure to surgical stress [15]. In human skin,
the epidermis contains higher concentrations of Zn?* than the dermis (60 png/g vs. 40 ug/g),
due to a Zn?* requirement for epidermal keratinocytes proliferation and differentiation [32].
Keratinocytes are the main cell components of the epidermis (95%), with several key func-
tion in the wound-healing process. The signaling interaction between keratinocytes and
other cells that participate in wound healing is crucial to wound closure [33]. Zn?* therapies
have been used in wound care to promote healing in patients with Zn?* deficiency, as has
topical zinc sulfate or zinc chloride (ZnCly), due to its antioxidant effect [15]. Zn%* is crucial
for normal skin function and wound healing, acting as a bioactive factor mimicking the ac-
tion of growth factors by promoting intracellular mitogenic signaling pathways [34]. It also
acts as a stabilizer of the cell membrane of keratinocytes, being found both intracellularly
and within the skin extracellular matrix [35]. However, high concentrations of extracellular
7Zn2* ions have cytotoxic effects, due to the balance between extracellular—intracellular
Zn** concentration and cell survival [35]. Thus, whilst Zn?*-based therapy is a promising
tool in wound healing and dermatological diseases, a deeper understanding of the cellular
behavior induced by Zn?* is still needed in order to identify the boundaries that limit its
safe therapeutic application. Therefore, the aim of this study was to analyze the biological
response in terms of time-dependent cytotoxicity, cell proliferation and gene expression
in human keratinocytes HaCaT cells when exposed to extracellular Zn?*(from ZnCl,).
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Gene expression associated with glycoprotein synthesis, oxidative stress, proliferation
and differentiation was investigated for the first time to obtain further insight into the
physiological roles and mechanisms of Zn?* action.

2. Materials and Methods

2.1. Materials

ZnCl, (>97.0%, bioreagent for molecular biology suitable for cell culture) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were acquired from
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), L-Glutamine, penicillin—streptomycin (P/S), phosphate-buffered
saline (PBS), trypsin—-EDTA, dimethyl sulfoxide (DMSO) and epidermal growth factor were
purchased from Life Technologies (Gibco, Karlsruhe, Germany).

2.2. Preparation of ZnCl, Stock Solution

A stock solution of ZnCl, was prepared in sterile DMEM low glucose supplemented
with P/S and L-Glutamine by sonication for 2 h to dissolve the salt completely and obtain
a homogeneous solution. The solution was used immediately after the sonication process
as source of Zn?* for in vitro cytotoxicity experiments.

2.3. Cell Culture

Immortalized human keratinocytes (cell line HaCaT) were supplied by the Medical
Research Institute Hospital La Fe (Valencia, Spain). They were cultured in DMEM low glu-
cose, containing l-glutamine, supplemented with 10% FBS and 1% P/S (complete medium)
in a humidified atmosphere, at 5% CO, and 37 °C. Culture medium was changed every
2 days, and cells were trypsinized for 3 min and resuspended in the same medium when
culture achieved 80% confluence.

2.4. Cell Viability Assay

Cytotoxicity was assessed for keratinocytes exposed to different Zn?* concentrations
by performing an MTT assay [36], based on the metabolic reduction of the tetrazolium dye
to a colored compound (formazan) through the mitochondrial succinate dehydrogenase.
Cells were trypsinized and resuspended in complete medium, centrifuged and resuspended
again in medium with 1% P/S and L-Glutamine, but without FBS, in order to avoid any
chemical interaction with the zinc divalent cations. Then 96-micro-well plates were seeded
at a low density (10* cells/well) and placed in the incubator. After 24 h to allow cell
adhesion, the culture medium was substituted by growth medium supplemented with
100 pL of ZnCl, solution at concentrations between 1 and 800 pg/mL of Zn%*. Cells with
medium without Zn?* were used as control, and culture medium was used as reagent
blank. Cytotoxicity was measured at different end points: 3, 12 and 24 h. After the exposure
time, the culture medium was removed, and 100 uL of MTT working solution was added
to each well. Plates were incubated for 3 h, at 37 °C. After removing the reagent solution
and rinsing with PBS, we added 100 uL of DMSO to dissolve the formazan crystals and
incubated for 1 h, at 37 °C. The absorbance of the resulting solution was measured at 550 nm
to determine cell viability, using the Varioskan Lux microplate reader (ThermoScientific™,
Dreieich, Germany). Median effective concentration (ECsy assay) was obtained for ZnCl,
concentrations 1, 14, 16 and 18 pg/mL (see Results). ECsy values were calculated as
the concentration where the sigmoidal curve attains values of 50%. Experiments were
performed in sextuplicate on the same plate.

2.5. Proliferation Assay

Cell proliferation was determined by using the MTT assay [36] 72 h after ZnCl,
treatment. Following the same protocol described to assess cell viability, 5-10° cells/well
were seeded in a 96-multi-well culture plate. After 24 h, the growth medium was re-
placed by DMEM+1%P/S medium supplemented with 0.5%FBS to avoid complete star-
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vation [37], together with ZnCl, at specific concentrations, and cultured in a humidified
atmosphere of 5% CO; and 37 °C. As positive control, cells treated with growth medium
(DMEM+1%P /S+0.5%FBS) and were supplemented with Epidermal Growth Factor (EGF)
at a concentration of 15 ng/mL. Moreover, a control group with only growth medium
was included. Based on the cell viability assay results, two non-cytotoxic concentrations
of ZnCl;, at 24 h were chosen (1 and 5 pg/mL) to perform this assay. Experiments were
performed in sextuplicate on the same plate.

2.6. Gene Expression

Real-time reverse-transcription polymerase chain reaction (RT-qPCR) was carried out
to analyze the gene expression in HaCaT cells upon treatment with extracellular Zn?*.
Cells were seeded at a density of 1.5-10° cells/well in a 6-well plate and cultured in a
CO;, incubator, following the same protocol used in the cytotoxicity assays. After 24 h,
cells were treated with two non-cytotoxic concentrations of ZnCl, (1 and 5 pg/mL), i.e.,
the same used in the proliferation assay, and cultured for 24 h. After removing culture
medium and rinsing with PBS, we added the extraction solution, and the plates were
frozen in liquid nitrogen. RNA purification kit (Norgen, Thorold, ON, Canada) was used
for RNA isolation, following the protocol provided by the manufacturer. The quality and
the concentrations of the different samples were determined by using a Nanodrop™ One
(ThermoScientific™, Dreieich, Germany) and a PrimeScript™ RT Reagent Kit (Perfect Real
Time) (Takara Bio, Inc., Kusatsu, Japan) to synthetized cDNA. Quantitative PCR, TB Green
Premix Ex Taq (Takara Bio, Inc.), was performed by following the protocol provided
by the manufacturer in a 384 QuantStudio 5 (ThermoScientific™, Dreieich, Germany).
Data analysis was carried out by using QuantStudio™ software. Primers of target genes
and the reference gene (3-actin/ ACTB), which are reported in Table 1, were measured by
using Primer-Blast software (available on: http://www.ncbi.nlm.nih.gov /tools/primer-
blast, accessed on 18 October 2021). Data normalization was performed based on the
reference gene expression. Experiments were performed in triplicate on the same plate.
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Table 1. Details of specific genes used in the RT-qPCR assay.

Gene Symbol
(Access Number)

Gene Name Oligo Sequences

Function

ACTB (NM_001101)
CAT (NM_001752)
MMP1 (NM_001145938)
GPX1 (NM_000581)
COL4A1 (NM_000088)
TGFB1 (NM_000660)
HAS2 (NM_005328)
LAMB1 (NM_002291)
LUM (NM_002345)
FN1 (NM_001306129)
VCAN (NM_001126336)
CDH1 (NM_001317184)

FBN (NM_000138)

SOD1 (NM_000454)

5'-CCATGCCCACCATCACGC-3

Actin beta 5-CACAGAGCCTCGCCTTTG-3'

5-TGAATGAGGAACAGAGGAAACG-3/

Catalase 5-AGATCCGGACTGCACAAAG-3/

5-GGACCATGCCATTGAGAAAG-3
5'-TCCTCCAGGTCCATCAAAAG-3
5'-TTTGGGCATCAGGAGAACGC-3/
5'-ACCGTTCACCTCGCACTTC-3'
5-CAAGGGCGACAGAGGTTTGC-3
5-AAAACTCACCAGGCTCCCCC-3
5'-AGCTGTACATTGACTTCCGCA-3'
5-TGTCCAGGCTCCAAATGTAGG-3
5'-CCGAGAATGGCTGTACAATGC-3/
5-AGAGCTGGATTACTGTGGCAA-3'
5'-CAGGGTGTGCAGTCAGGGAA-3
5'-TGTGTCTGCGTTGAGGGTGT-3'
5'-ACTTGGGTAGCTTTCAGGGCA-3’
5'-TTCCTGGCATTGATTGGTGGT-3'
5'-GGCCAGTCCTACAACCAGT-3’
5'-CGGGAATCTTCTCTGTCAGC-3'
5'-CTGGTCTCCGCTGTATCCTG-3

Matrix metallopeptidase 1
Glutathione peroxidase 1
Collagen type I alpha 1
Transforming growth factor beta 1
Hyaluronan synthase 2
Laminin subunit beta 1
Lumican

Fibronectin 1

Versican 5'-ATCGCTGCAAAATGAACCCG-3'
. 5'-AACAGCACGTACACAGCCCT-3/
Cadherin 1 5 -TCTGGTATGGGGGCGTTGTC-3'
T 5-ATCCAACCACGTGCATCAGT-3/
Fibrillin 1

5'-AGAGCGGGTATCAACACAGC-3'

5-GGTGTGGCCGATGTGTCT-3'

Superoxide dismutase 1 5-TCCACCTTTGCCCAAGTCA-3/

Highly conserved protein that are involved in cell motility, structure and
integrity.
Encodes a key antioxidant enzyme (catalase) in the body defense against
oxidative stress.
Involved in the breakdown of extracellular matrix in normal physiological
processes.

Catalyze the reduction of organic hydroperoxides and hydrogen peroxide by
glutathione, and thereby protect cells against oxidative damage.
Abundant in bone, cornea, dermis and tendon. Mutations in this gene are
associated with osteogenesis imperfect types I-IV.

Regulates cell proliferation, differentiation and growth.

Involved in a variety of functions, such as space filling, lubrication of joints and
provision of a matrix through which cells can migrate.
Implicated in a wide variety of biological processes, including cell adhesion,
differentiation, migration, signaling, neurite outgrowth and metastasis.
Is the major keratan sulfate proteoglycan of the cornea, but is also distributed in
interstitial collagenous matrices throughout the body.

Involved in cell adhesion and migration processes, including embryogenesis,
wound healing, blood coagulation, host defense and metastasis.
Involved in cell adhesion, proliferation, migration and angiogenesis and plays a
central role in tissue morphogenesis and maintenance.

Loss of function of this gene is thought to contribute to cancer progression by
increasing proliferation, invasion and/or metastasis.

Extracellular matrix glycoprotein that serves as a structural component of
calcium-binding microfibrils, providing force-bearing structural support in
elastic and non-elastic connective tissue throughout the body.

The protein encoded by this gene binds copper and Zn%* ions and is one of two
isozymes responsible for destroying free superoxide radicals in the body.




Biology 2021, 10, 1072

6 of 13

2.7. Statistical Analysis

Data were reported as mean =+ standard deviation (SD). Statistical analysis was
conducted through GraphPad Prism 6 software (GraphPad Inc., San Diego, CA, USA).
Statistical differences were tested by one-way ANOVA with Tukey’s correction for multiple
comparisons. The ECs( values were determined by using Probit analysis. Significance was
assumed at p-values < 0.05 (95% confidence).

3. Results and Discussion

3.1. Cytotoxicity Assay

To evaluate the cytotoxicity of ZnCl,, HaCaT cells were cultured in culture medium
supplemented with increasing concentrations of ZnCl,, ranging from 1 to 800 pg/mL.
The results were assessed at different exposure times (3, 12 and 24 h), and cell viability was
determined by using the MTT-based colorimetric assay. Figure 1 shows the cytotoxicity
results at 3, 12 and 24 h after exposure.

The ECs calculated for each exposure time is reported in Table 2. The highest cytotoxic
effect due to ZnCl, occurs within the first 12 h of exposure. The EC5g at 12 h was more than
90% lower than that of the concentration obtained after 3 h of treatment. However, between
12 and 24 h of treatment, there was only a 20% reduction in ECsj. In fact, it was only
possible to detect this difference in EC5g between 12 and 24 h with the addition of several
concentrations between 10 and 20 pg/mL. These results indicate that the main cytotoxic
effect of Zn?* added to the culture medium takes place in the first hours of exposure.

Table 2. Exposure of human keratinocyte HaCaT cells to ZnCl, for 3, 12 and 24 h. Median effective
concentration (ECsp), confidence limits 95% (CI) as mass/volume in pg/mL and R square.

ZnCl; Exposure ECsp (ug/mL) 95% CI R Square
3h 193.1 172.6-216.5 0.9524
12h 16.8 16.5-17.1 0.9598
24h 13.5 13.2-13.6 0.9799

Zn?*-induced cytotoxicity depends on the cell line [38]. Studies in human lens ep-
ithelial cell line (HLE B-3) have shown a high ZnCl, sensitive dose-dependent response,
where the cytotoxic effect was obtained with 5 pg/mL of ZnCl, after 72 h of treatment [39].
Evident cytotoxicity produced by ZnCl, exposure was observed in C6 rat glioma at a
concentration of 25 ng/mkL (24 h after the treatment) [40]. In vivo assays performed in
Wistar rats showed that concentrations below 10 mg/kg did not induce mortality in the
exposed animals. An increase in lethality was observed when the dose concentration
was increased, inducing a 10% mortality at 20 mg/kg body weight, with 60 mg/kg of
LCsp (lethal concentration 50) [41]. In that study, a drastic reduction in cell viability was
observed with an in vitro concentration of 20 pg/mL at 12 and 24 h of exposure, which is
in the same order of magnitude as our results. Other Zn?*-based compounds, such as ZnO,
induced higher toxicity in laryngeal cells (viability lower than 40%) at a concentration of 10
ug/mL after 24 h of exposure [42].

3.2. Proliferation Assay

In the cytotoxicity assay, it was found that Zn?* concentration became cytotoxic at
concentrations from 12 pg/mL onwards after 24 h of Zn?* exposure. Thus, two non-
cytotoxic ZnCl, concentrations were chosen for the proliferation assays, namely 1 and 5
ug/mL, to minimize the cytotoxic effect at a longer time (72 h). Thus, proliferation was
assessed after 72 h of ZnCl, exposure in human keratinocytes (Figure 2).

In both concentrations, the zinc treatment had no significant effect on cell proliferation
after 72 h of culture. In a previous study [43], it was found that a higher concentration of
extracellular ZnCl, (100 uM (~13 pg/mL)) induced slight but significant cell proliferation
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after 72 h of exposure (1.3-fold; p = 0.045) in HaCaT cells. In the present study, concentra-
tions of extracellular Zn?* higher than 12 pig/mL were found to show a slight cytotoxicity
after 24 h of treatment and therefore were discarded for the proliferation assays. In good
agreement with our results, Emri et al. [43] showed that a close extracellular concentration
of Zn%* 50 uM (~6.5 ug/mL) had no effect on cell proliferation in HaCaT cells. However,
many controversial results have been published in the literature with regards to the toxicity
of Zn?* ions [35], and further investigation is therefore required. It should be noted that the
culture media, as well as the different techniques used in the experiments, can give rise to
differences in the outcomes. In Holmes’s study [35], the researchers found that the results
from the cytotoxicity assay, performed after 24 h of the Zn?* treatment in HaCaT cells with
extracellular ZnSO;, depended on the medium used in the cell culture: complete DMEM,
complete DMEM with 1.75% bovine serum albumin (BSA) or complete DMEM with 1 mM
Ethylenediaminetetraacetic acid solution (EDTA). Both BSA and EDTA can act as Zn?*
chelators, reducing the Zn?* toxicity. The techniques used in the cytotoxic studies (EZ4U
or MTS assays) also affect the results [35,43].
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Figure 1. Cytotoxicity assay (MTT method) in human keratinocytes HaCaT cell line after exposing
the cells for 3 h (a), 12 h (b) and 24 h (c) to several concentrations of ZnCl,, ranging from 1 to
800 pg/mL. Results represented are normalized to the control group (culture media without ZnCly).
Data depicted as mean =+ SD of six replicates. Significant differences with respect to control were
determined by one-way ANOVA with Tukey’s correction for multiple comparisons: * p > 0.05;
*** p > 0.001; **** p > 0.0001; n.s. = not significant.
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Figure 2. Proliferative activity of ZnCl, after 72 h of exposure in human keratinocytes. Results repre-
sented are normalized to the control group (culture media without ZnCl,). Data depicted as mean
+ SD of six replicates. Significant differences were determined by one-way ANOVA with Tukey’s
correction for multiple comparisons: **** p > 0.0001; n.s. = not significant.

3.3. Gene Expression

The protective effect of non-cytotoxic ZnCl, concentrations against UVB radiation was
studied in human epidermal keratinocytes [43]. Although the data showed a reduction on
pyrimidine dimers in cells pretreated with ZnCl,, significantly enhanced superoxide gener-
ation was found 10 h after UVB treatment. The results of that study therefore suggested
that the exposure of human keratinocytes to non-toxic concentrations of zinc chloride im-
pacts gene expression, cell proliferation and the responses to external stress (such as UVB
radiation) in the skin. It was also demonstrated that primary keratinocytes exposed to nM
concentration of zinc pyrithione (ZnPT) loosed genomic integrity [44]. Exposure of HaCaT
cells to ZnO nanoparticles induces the expression of genes involved in oxidative stress [45].
SOD genes were significantly higher in cells exposed to Zn nanoparticles, suggesting its
potential to induce intracellular reactive oxygen species (ROS) and oxidative stress.

To determine the effects of exposure to extracellular Zn?* ions on the expression
of genes involved in different metabolic routes, thirteen genes, which are related to
the glycoprotein synthesis associated with repair and maintenance of different tissues,
oxidative stress and damage, proliferation, differentiation and cell growth, were analyzed
(Table 1). Figure 3 shows the results obtained after analyzing gene expression in HaCaT
cells treated for 24 h with 1 or 5 pg/mL of extracellular Zn?*, referred to the housekeeping
gene (3-actin/ ACTB).

The lowest concentration (1 ng/mL) did not show significant differences in any of
the genes analyzed (only TGFBI showed a slight upregulation). Nevertheless, exposure to
5 ng/mL induced significant upregulation in eight genes (SOD1, CAT, TGFB1, GPX1, LUM,
CDH]1, FBN and VCAN) with relative expression levels of at least 1.9-fold with respect to un-
treated controls. VCAN gene showed the highest overexpression after the extracellular Zn?*
treatment (6.265-fold). This gene is involved in cell adhesion, proliferation, migration and
angiogenesis and plays an important role in tissue morphogenesis and maintenance [46].
It has also been reported that keratinocytes express versican during active cell prolif-
eration [47]. The expression on this gene was upregulated in association with heal-
ing /restructuring processes following non-surgical periodontal treatments [48]. In addition,
cell exposure to ZnCl; at a concentration of 5 pg/mL upregulated the genes involved in
glycoprotein synthesis. Gene expression of FBN, LUM and CDH1 was upregulated (2-fold).
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Type I cadherins includes vital transmembrane glycoproteins for the morphogenesis and de-
velopment of normal animal tissue [49]. Studies carried out on UV-irradiated HaCaT cells
showed how the decrease in the synthesis of these glycoproteins compromises cell—cell
adhesion in epithelial tissues, thus compromising the integrity of the skin after radia-
tion [50]. Moreover, LUM is the major keratan sulfate proteoglycan of the cornea, and it is
distributed throughout the body in interstitial collagenous matrices. It has been reported
in this cell line that lumican is involved in inflammatory cells infiltration [51] and angio-
genesis [52], which are essential in wound healing. Studies performed on fibroblasts and
keratinocytes demonstrated that lumican can modulate fibroblast activation via integrin
a2, whereas keratinocytes were not affected [53]. In our study, LUM gene expression was
activated by the exposure to zinc chloride, which could lead to triggering the signaling
cascade and subsequent activation of cells in the lower layers of the skin. FBN is an extra-
cellular matrix glycoprotein that provides force-bearing structural support in elastic and
non-elastic connective tissue throughout the body and serves as a structural component
of calcium-binding microfibrils [54]. It has also been related to growth-factor signaling,
being crucial for correct growth and balance of skin homeostasis [55]. During metabolic
processes, ROS are present due to the requirements for normal cell signaling. In the same
way as with lumican, the expression of fibrillin increased in fibroblasts after treatment with
xanthohumol, which improves the structure and firmness of the skin [56]; moreover, it has
also been demonstrated that these glycoproteins can be synthetized by HaCaT cells [57].
However, high ROS levels cause severe cellular damage and may lead to the develop-
ment of skin diseases, including cancer [58,59]. Induction of gene expression involved in
oxidative stress could protect cells against oxidative cellular damage in the presence of
different external stressors. Vitamin E has been used as antioxidant to pre-protect human
epidermal keratinocytes and enhance their therapeutic ability under induced oxidative
microenvironments [60]. Other exogenous antioxidants have also been reported recently,
such as extract of Rhodiola rosea L. roots [61], cannabidiol [62] and other different antioxi-
dant agents [63]. Recently, a compound of nicotinamide, a soluble vitamin B; well-known
as an antioxidant, and a jellyfish peptide (nicotinyl-isoleucine—valine-histidine peptide)
have also been reported to promote antioxidant gene expression in HaCaT Cells [64].

= 1 pg/mL
B 5 pg/mL
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Figure 3. Effects of Zn?* on HaCaT cell line after 24-h treatment. Expression of different genes
at 1 and 5 ug/mL ZnCl, concentration. Data depicted as mean + SD of three replicates. Results
represented as fold-change to control and relative expression to ACTB. Significant differences were
determined by one-way ANOVA with Tukey’s correction for multiple comparisons: * p < 0.05;
**p < 0.01; *** p < 0.001; **** p > 0.0001; n.s. = not significant.

CAT, GPX1 and TGFB1 were upregulated with fold-changes between 3 and 4. CAT and
GPX1 genes act as relevant antioxidants, encoding the synthesis of enzymes related in the
neutralization of HyO,. UVA and UVB irradiation causes biological damage by inducing
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an increase in ROS levels in human keratinocytes [65,66], causing cellular oxidative stress,
damage to cell components and genomic instability [67,68]. UVB induces an increase in
ROS levels in two stages, immediately following UVB irradiation and several hours after
irradiation [69]. It has been shown that CAT overexpression has a protective role against
UVB irradiation by preventing DNA damage mediated by the late ROS increase [66].
In addition, UVA induces upregulation of the transcription factor AP-2«, involved in
epidermal differentiation, which can be attenuated by the overexpression of GPX1 [65].
Both CAT and GPX1 were upregulated after extracellular Zn?* treatment for 24 h at
a concentration of 5 pg/mL. Exposure to 1 pg/mL did not show any change in gene
regulation; thus, a higher concentration exposure is required to activate these defense
mechanisms in HaCaT cells. In addition, previous studies in the same cell line treated
with caffeic acid or ferulic acid [70] concluded that this upregulation could result in a
protective effect on cells against oxidative stressors. TGFB 1, a well-established melanoma
suppressor gene [71], which is also involved in cell proliferation, differentiation and growth
regulation, was also activated when cells were treated with the highest extracellular Zn2*
concentration (5 ug/mL).

The protein encoded by SOD1 gene binds copper and zinc ions and it is one of two
isozymes responsible for destroying free superoxide radicals in the body. SOD 1 is the
representative antioxidant enzyme among all SOD enzymes. It can be activated by different
substances, such as genoposidic acid [72], sinapic acid [73], or nicotinyl-isoleucine-valine—
histidine [64]. However, other promising compounds such as graphene oxide, are not able
to upregulate the SOD1 gene using non-cytotoxic concentrations [74]. In the present study;,
SOD1 was upregulated with extracellular Zn?* at the highest concentration (5 pg/mL),
suggesting that non-cytotoxically extracellular Zn?* concentrations are able to induce an
antioxidant effect in HaCaT keratocytes.

Therefore, we have shown that ZnCl, could be a promising bioactive antioxidant
against external factors and promote skin regeneration in wound healing or skin-disease
therapeutics, thus confirming its great potential in biomedicine. However, further research
is required to fully assess the efficacy and safety before clinical use.

4. Conclusions

The results show a time-dependent cytotoxity of ZnCl, with non-cytotoxic concen-
trations up to 10 pg/mL in human keratinocyte HaCaT cells treated for 3, 12 and 24 h.
However, 5 ug/mL of ZnCl, induced significant upregulation in eight genes (S5OD1, CAT,
TGFB1, GPX1, LUM, CDH1, FBN and VCAN), with relative expression levels of at least
1.9-fold with respect to untreated controls. ZnCl, promoted glycoprotein synthesis and
antioxidant gene expression in this cell line. Therefore, we have shown that ZnCl, could
be a promising antioxidant compound against external factors. It could be used as a
bioactive agent and promoter of regeneration in wound healing or skin-disease treatments.
This study demonstrates the great potential of Zn?* ions in the form of ZnCl, salt in
biomedical applications.
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