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Article 
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Abstract: Deficient wound healing is frequently observed in patients diagnosed with diabetes, a 
clinical complication that compromises mobility and leads to limb amputation, decreasing patient 
autonomy and family lifestyle. Fibroblasts are crucial for secreting the extracellular matrix to pave 
the wound site for endothelial and keratinocyte regeneration. The biosynthetic pathways for 
collagen production are one of the main components of the extracellular matrix, as the crosslinking 
of extracellular collagen fibers is intimately related to fibroblast redox homeostasis. In this study, 
human dermic fibroblasts were cultured with 1 mM sodium selenite (inorganic) and 1 mM of two 
selenium amino acids (organic), Se-cysteine and Se-methionine. This concentration was compatible 
with long-term exposure necessary for extracellular matrix production and allowed us to examine 
the impact of these three compounds on the state and response of the thiol-based HyPer biosensor 
expressed in the cytoplasm. In addition, the abundance of extracellular matrix and ultrastructural 
properties were evaluated by Picrus Sirius red staining and scanning electronic microscopy, 
respectively. We also evaluated whether these selenium compounds effectively ameliorated the 
perturbations induced by culturing fibroblasts at high glucose levels (25 mM) regarding cytoplasmic 
redox, extracellular matrix and glycation on collagen fibers. Our results indicate that cytoplasm 
protein oxidation was sensitive to selenium compound supplementation. Selenium amino acids 
increased the sensitivity to protein oxidation, and only Se-cysteine increased the disulfide bond 
reduction in fibroblasts maintained in high glucose. Despite the lack of effect of selenium 
compounds on the glucose-induced increase in matrix fiber thickness, we found that endothelial 
migration improved in the matrix generated by high glucose-cultured fibroblasts. 

Keywords: HyPer biosensor; sodium selenite; selenium cysteine; selenium methionine; extracellular 
matrix; human dermic fibroblast; cellular migration 
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The prevalence of type II diabetes has increased by 50% in the last ten years [1]. One of the 
hallmarks of this disease is sustained hyperglycemia that leads to unspecific and extensive 
modification of lysine residues on proteins by Schiff base reaction known as glycation [2]. Clinical 
complications, such as neuropathies, retinopathies, nephropathies, or diabetic foot ulcers, are related 
to the glycation degree observed in circulating haemoglobin [3]. Accumulative glycation on 
Extracellular Matrix (ECM) proteins [4,5] exerts a negative influence on the endothelial function at 
the microvascular level [6] as one of the pathogenic mechanisms for peripheral organ failure observed 
in diabetes.  

The biosynthesis of collagen, one of the most abundant proteins in the ECM [7], enzymatic 
hydroxylation on immature collagen requires ascorbic acid at the endoplasmic reticulum of 
fibroblasts [8]. The extracellular maturation of collagen fibers requires enzymatic crosslinking by 
lysyl oxidase (LOX) to generate fibrils. Sustained circulating high glucose levels increases 
intracellular ROS production, likely by activating NADP(H) oxidase [9,10] and upregulating LOX 
[11,12], which together modify the mechanical properties of fibers [13,14]. Increased ECM stiffness, 
due to excessive crosslinking of fibers, decreases endothelial cell adhesion due to deficient anchoring 
of integrins with glycated proteins [15].  

The antioxidant function of selenoproteins is well-supported by enzymes that regulate intra- 
and extracellular redox [16]. One of these selenoenzymes is the glutathione peroxidase (GPx), whose 
primary function is to convert hydrogen peroxide into water by oxidizing the selenol (-SeH) group 
to selenic acid (-SeOH), which is reduced back by glutathione [17]. In subjects with early arterial 
thrombosis, a 50% decrease in the activity of GPx3 has been associated with lower levels of ON [18], 
frequently present in subjects with diabetes type 2 [19]. On the other hand, thioredoxin reductase 
(TrxR) reduces disulfide bonds on thioredoxin proteins, thereby maintaining the homeostasis of -SH 
groups [20]. The TrxR system is relevant for counteracting the oxidative stress generated by high 
glucose. For instance, fibroblasts from Txnrd1 -/- mice were more sensitive to pharmacological GSH 
depletion than wild-type fibroblasts at 25 mM glucose, indicating that TrxR1 is indispensable for cell 
survival and the elimination of H2O2 under high-glucose conditions [20]. Selenium can be 
incorporated into proteins such as selenocysteine (SeCys) or selenomethionine (SeMet). For SeCys, 
which participates in the active site of GPx1, its incorporation is determined by the location of the 
UGA codon in the transcript [21] and several modifications on the anticodon loop in the transfer RNA 
[22]. The silencing of the tRNA gene encoding selenocysteine in mice provokes general skin 
disorders, including aberrant hair follicle morphogenesis, hyperplastic epidermis, and progressive 
alopecia [23]. By adding ~30 nM to the mesenchymal stem cells, Heo demonstrated increased 
proliferation of these cells and enhanced anti-inflammatory and angiogenic properties of the secreted 
exosomes in vitro and in vivo [24]. Recently, other groups have demonstrated that topical application 
with inorganic selenium improved wound healing and collagen deposition in animal models [25–30]. 
However, it is still unclear if the selenium carrier, inorganic versus organic, is relevant for ECM 
production and its redox impact on living human fibroblasts. Selenium compounds, such as Na2SeO3, 
SeCys, and SeMet, have not been employed in cell culture for durations exceeding 72 hours [31–33]. 

In this study, we evaluated if the supplementation with selenium amino acids (organic) and 
sodium selenite (inorganic) had an impact on the cytoplasmic oxidation/reduction balance of human 
dermic fibroblasts maintained at two glucose levels, 5 and 25 mM. By monitoring the HyPer signal, 
a fluorescent redox biosensor whose emission spectra change according to the disulfide/thiol state of 
a pair of cysteine residues, we corroborated that 25 mM glucose promoted a more oxidative 
cytoplasmic environment and that these fibroblasts produce a morphologically different ECM that 
offers reduced migration to endothelial cells to close a gap in vitro. Further experiments were done 
on purified collagen fibers to determine that SeCys and sodium selenite were effective in 
counteracting the effect of methylglyoxal-induced glycation.  

2. Materials and Methods 

Cell culture: The CCD-1068Sk fibroblast line (ATCC® CRL-2086™, USA) corresponds to normal 
mammary dermal tissue collected from a mastectomy procedure for mammary carcinoma. Cultures 
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were maintained in Minimum Essential Media (MEM) (Life Technologies, Carlsbad, NY, USA) 
supplemented with a 10% fetal bovine serum (Corning Inc, New York, USA) and a 1% pen-strep 
solution (penicillin 10 000 U/mL-streptomycin 10 mg/mL, (Biological Industries, USA) under a 
humidified atmosphere at 37ºC and 5% CO2. The cultures used were between passages 10 and 25. 
Cells were maintained in normal (5 mM) (NG) or high (25 mM) (HG) glucose concentrations for at 
least three passages. Ascorbic acid (155 µM) (Sigma-Aldrich, St. Louis, MO, USA) was added to the 
medium for ten days to promote collagen synthesis [34]. The human dermal microvasculature cell 
line, TIME (CRL-4025TM, ATCC, USA) was maintained at 37°C in M131 medium, enriched with 
Microvascular Endothelial Cell Growth Kit-VEGF, penicillin-streptomycin, and amphotericin under 
a humidified atmosphere with 5% CO2. Culture media was renewed every 2 to 3 days, and cells were 
used between passages 3 and 10. Viability assays were performed on 12-well plates at cell confluence 
to choose the non-lethal concentration of selenium compounds. A range of concentrations (0.25-50 
µM) of inorganic selenium (sodium selenite, SS) (Sigma-Aldrich, St. Louis, MO, USA), as well as 
organic selenium (selenomethionine, SeMet) Cayman Chemicals Company (Ann Harbor, MI, USA) 
and selenocysteine, (SeCys) (Sigma-Aldrich, St. Louis, MO, USA) was applied for ten days. Viable 
cells were identified by observation with the Neubauer chamber using trypan blue (Sigma-Aldrich, 
St. Louis, MO, USA) [35].  

2.1. HyPer biosensor imaging 

HyPer is a fluorescent biosensor oxidized only by H2O2, which contains a pair of cysteines that, 
upon oxidation, induces a conformational change in its structure, resulting in altered spectral 
properties of the fluorescent domains [36]. This phenomenon is reversible and can be reduced by 
thioredoxin and glutathione reductase [37–39]. CCD1068Sk cells were seeded on glass coverslips for 
these experiments and subsequently infected with Adeno-HyPer (at a 1:50 dilution). After 48 hours, 
biosensor recordings were carried out using a Nikon TI Eclipse inverted epifluorescence microscope 
with a 40X objective [NA 1.3]. This microscope was connected to a xenon lamp and a monochromator 
(Cairn Research Ltd, Faversham, UK), allowing dual excitation at 420 and 490 nm. Emitted 
fluorescence was collected over 520 nm using a LongPass filter. The biosensor signal was expressed 
as a 490/420 ratio. On the day of the experiment, the culture medium was replaced with KRH buffer 
(in mM: 140 NaCl, 4.7 KCl, 20 HEPES, 1.25 MgSO4, 1.25 CaCl2, pH 7.4), supplemented with 5 mM 
glucose, and the coverslip was mounted in an open recording chamber. The hyPer ratio signal was 
recorded for a minimum of 15 minutes until a stable baseline was observed. We provoked the 
maximal oxidation of HyPer by applying a 500 µM H2O2 pulse (5 minutes), which, after being washed 
out, allowed the kinetic evaluation of the biosensor signal recovery. 

2.2. Analysis of gene expression 

The RNA from fibroblasts was isolated with RNA-Solv® Reagent (Omega Bio-Tek Inc, USA ). 
Complementary DNA was generated by M-MLV reverse transcriptase (Promega, Madison, WI, USA) 
using oligo (dT) (Promega) using 1 µg of total RNA. Semiquantitative PCR reactions were performed 
using the following primers:  

GPX1, forward 5’-TATCGAGAATGTGGCGTCCC-3’ and reverse 5’-
TCTTGGCGTTCTCCTGATGC-3’, PCR product size 143 bp; TXNRD1, forward 5’-
ATCATCATTGGAGGTGGCTCAG -3’ and reverse 5’-ACACATGTTCCTCCGAGACC-3’, PCR 
product size 134 bp; AQP1, forward 5’- AGGCTACAAAGCAGAGATCGAC-3´and reverse 5´- 
CACCCTCTAAATGGCTTCATTC -3, PCR product size 197 bp, PRDX1, forward 5´- 
GGGAACCTGGTTGAACCCC -3’ and reverse 5´- TGGCATAACAGCTGTGGCTT -3’, PCR product 
size 99 bp, B-ACTIN, forward 5’-GGAGCGAGATCCCTCCAAAAT-3´and reverse 5´- 
GGCTGTTGTCATACTTCTCATGG-3, PCR product size 197 bp,  

Messenger expression was determined by real-time qPCR using AriaMx Real-Time PCR System 
(Agilent Technologies), and the amplification was performed with 200 ng of cDNA and a DNA 
Master SYBR® Green I reaction mix in a final volume of 20 µL. All reactions carried out were 
duplicated, including a negative control. Data was relativized to the expression of the messenger of 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 December 2023                   doi:10.20944/preprints202312.1141.v1

https://doi.org/10.20944/preprints202312.1141.v1


 4 

 

β-actin. The relative expression of each studied gene was determined by the equation described in 
[40]. 

2.3. Picrus Sirius Red staining 

CCD1068Sk cells were seeded on culture plates and maintained under the above-described 
experimental conditions. Cultures were decellularized with lysis buffer (Triton 0.5% v/v is 20 mM 
NH4OH solution), and samples were then fixed with 4% formaldehyde in PBS for 20 minutes. A 1 
mg/mL concentration solution of Picrus Sirius Red (PSR) (Sigma-Aldrich, St. Louis, MO, USA) was 
added. The samples were washed twice with 0.5% acetic acid solution (0.5%) Merck (Darmstadt, 
Germany)., and at least 18 images were taken from each condition under a brightfield microscope 
images were collected. The area covered with fibers was obtained on fixed and stained decellularized 
samples with Image J software (v. Fiji)[41]. 

2.4. Determination of fiber thickness by scanning electron microscope (SEM) 

After running the protocol for collagen synthesis on 12 mm coverslips, the cultures were 
decellularized, and the cell-free surface was fixed. In brief, the matrices were fixed for 12 hours using 
a PBS solution composed of 2% glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA), 1 M sodium 
cacodylate (Sigma-Aldrich, St. Louis, MO, USA), 0.1 M sucrose (Sigma-Aldrich, St. Louis, MO, USA). 
Subsequently, the samples were washed with a 0.1 M sodium cacodylate solution, followed by 
immersion in a 1% osmium tetroxide (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M sodium 
cacodylate solution for 1 hour. After this period, the solution was replaced with 1% tannic acid in 0.1 
M sodium cacodylate solution for one hour more. Finally, the samples were dehydrated with ethanol 
and immersed in hexamethyldisilazane (Sigma-Aldrich, St. Louis, MO, USA) for 3 minutes [42]. After 
coating the samples with gold (10 nM), they were observed in a LEO 1420VP SEM equipped with a 
dispositive for surface element microanalysis and a linear profile at 10 kV and in a Tesla 343 A SEM 
instrument. Fiber thickness, number of branches and crosslinking were analyzed using the open-
access software Image J (v. Fiji)[41]. 

2.5. Cellular migration assay 

A wound-type assay was performed with endothelial cells seeded on two types of surfaces: 
decellularized surfaces and purified collagen type I. An intra-chamber device (abcam, UK) prevented 
the extracellular matrix disruption. To generate a surface covered with the collagen, 0.5 mg/mL 
human collagen type I (Corning Inc, New York, USA) in Phosphate-Buffered Saline (PBS 137 mM 
NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2 mM KH2PO4) was adjusted to pH of 7.0-7.2. Polymerization 
was carried out for 2 hours at 37°C on 24-well culture plates. Glycation was performed with 10 mM 
methylglyoxal (MGO) in the presence or absence of 1 µM of selenium compounds overnight at 37°C 
in a humidified environment.  

The endothelial cells were seeded on decellularized matrices or purified collagen until cells 
reached 90% confluence. At this time, the intra-chamber device was carefully lifted, and cells were 
gently washed twice with warm PBS. Images were taken under brightfield microscopy at the 
beginning (zero time) and 8 hours later. Then, the area of the existent gap was measured by Image J 
software (v Fiji)[41].  

2.6. Statistical analysis  

All data presented correspond to average ± SE from at least three independent experiments. 
Comparison of more than two experimental groups was analyzed by ANOVA, with Bonferroni post-
hoc test, for non-parametric Kruskal-Wallis with Dunn´s post-hoc and averages between two groups 
with t-student. Tests were performed with 3 independent samples and at least 3 technical replicates 
under the described experimental conditions. Data plotting and analysis were done with GraphPad 
Prism 8 software. 
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3. Results 

3.1. HyPer responses in human dermal fibroblasts culturing in normal and high glucose.  

HyPer biosensor was expressed in two groups of CCD-1068Sk cells, one maintained at 5 mM 
glucose (normal, NG) and the other at 25 mM glucose (high glucose, HG). Figure 1A,B show the 
classic response of the biosensor when 500 µM H2O2 is added to the extracellular space; this stimulus 
provokes a rapid increase in the ratio signal until a plateau is reached. Then, after removing the 
oxidant agent from the extracellular space, a recovery phase is followed, driving the signal back to 
basal values. Basal values of HyPer were compared between fibroblasts maintained at 5 and 25 mM 
glucose; cells maintained at normal glucose elicited values significantly lower than those cultured at 
25 mM glucose (Figure 1C). Despite this difference, the oxidation rate of HyPer was similar in both 
glucose conditions (Supplemental Figure S1).  

 

Figure 1. Redox responses of HyPer-expressing human fibroblasts cultured at 5 and 25 mM glucose. 
In A, the time courses of 37 single-cell recordings of HyPer obtained from cells maintained at 5 mM 
glucose (NG) are shown with grey lines and the average of this group is depicted by a black line. A 
white box and do ed line indicate the moment and period of exposure to 500 M H2O2. In B, similar 
to A, but here 23 single-cell recordings belong to fibroblasts maintained at 25 mM glucose (HG), time-
courses are represented by grey lines and the application of 500 M H2O2 pulse is indicated by the 
white box and do ed line on the plot. In both cases, imaging data was collected from four independent 
experiments. C, a comparison of baseline values of the biosensor obtained from NG-fibroblasts (white 
bar) and HG-fibroblasts (black bar). Basal values of HyPer were collected from 5-6 random fields from 
each coverslip, a procedure that was repeated in four independent experiments. This procedure 
rendered an overall of 129 and 133 cells for NG and HG, respectively. Data correspond to the average 
± SE, and the asterisk represents the significant difference between the groups by t-student’s test. In 
D, HyPer signal recovery was obtained right after H2O2 removal, when biosensor is oxidized and 
present the maximal signal. Data corresponds to the average ± SE of 37 cells for NG (empty circles), 
23 cells for HG (filled circles). The contribution of disulfide bond reduction activity to the biosensor 
recovery was assessed by including 1 M PX-12 to buffer used to wash the hydrogen peroxide out. 
For these data, the average ± SE of 24 recordings for NG-PX-12 (empty triangles) and 23 cells for HG-
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PX-12 (filled triangles) are presented. E, a comparison of the recovery observed in the four groups 
from D, data correspond to average ± SE. The asterisk indicates significant differences between the 
groups by one-way ANOVA, Bonferroni post-hoc.Another aspect we evaluated with this molecular 
device was the recovery rate that the HyPer experiences after removing the oxidative pulse. This 
recovery phase corresponds to the disulfide bond reduction activity present at the cytoplasm that 
seems to be quite similar in fibroblasts maintained in normal glucose, which recovered 83.7 ± 0.4% of 
the signal compared with fibroblasts at high glucose that recovered 79.4 ± 0.7% (Figure 1D). Our next 
step was to add PX-12, an inhibitor of the cytosolic thioredoxin-1, to unveil the contribution of the 
thioredoxin system to the reduction of the biosensor. The recovery of HyPer in NG-fibroblasts was 
more sensitive to PX-12 than in HG-fibroblasts. In contrast, the former was able to recover only 32 ± 
1%, and the fibroblast at high glucose reached 73 ± 1% of recovery (Figure 1E), indicating that the 
reduction of the oxidized biosensor at the cytoplasm of HG-fibroblasts was insensitive to the 
thioredoxin inhibition. 

3.2. Redox effects of Selenium compounds on dermic fibroblasts  

To select a non-cytotoxic concentration of selenium and to be compatible with the entire period 
that fibroblasts need to secret ECM, which takes between seven to ten days after confluency, we first 
evaluated cellular viability for three selenium compounds: sodium selenite (SS, Na2SeO3), 
Selenocysteine (SeCys) and Selenomethionine (SeMet). The analysis of dose-response curves 
rendered LC50 values for SS of 5.7 ± 0.7 µM in NG-fibroblasts and 5.8 ± 0.6 µM in HG-fibroblasts. In 
the case of selenium amino acids, the LC50 values obtained for SeCys in fibroblasts in NG was 16.2 ± 
1 µM and in HG was 9.3 ± 1 µM. For SeMet, an LC50 of 7.9 ± 2 µM was obtained for fibroblasts in NG, 
whereas it was 7.9 ± 2 µM for fibroblasts maintained in HG (Supplemental Figure S2). Accordingly, 
we decided to utilize 1 µM of each selenium compound based on cell viability results and visual 
inspection of cellular morphology. 

Contrary to what we expected, the sustained exposure with 1 mM of selenium, either as a salt 
or amino acids, induced higher baseline values of the redox biosensor in both conditions, normal and 
high glucose, than non-treated fibroblasts (Figure 2A). Next, we observed that HyPer biosensor 
responded faster to 500 µM hydrogen peroxide in NG-maintained fibroblasts treated with SS and 
SeCys than in non-treated fibroblasts; SeMet showed no significant effect on the biosensor oxidation 
rate (Figure 2B). In fibroblasts maintained at 25 mM, only selenium amino acids significantly 
increased the rate of HyPer response by exogenous H2O2 (Figure 2C) compared with non-treated 
fibroblasts. In this group, sodium selenite treatment showed no effect. 
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Figure 2. Redox alterations induced by the treatment with seleno-compounds in human fibroblast 
cultured at 5- and 25-mM glucose. A, Comparison of baseline values obtained from HyPerexpressing 
fibroblasts maintained at 5 (white bars) and 25 mM glucose (filled bars) and treated for ten days with 
sodium selenite (SS, 1 µM), selenocysteine (SeCys, 1 µM) or selenomethionine (SeMet, 1 µM). For this, 
baseline values 136 to 170 cells were collected from four independent experiments. Data correspond 
to the average ± SE, and the asterisks represent the significant difference between the treated groups 
versus non treated by one-way ANOVA, with post-hoc Bonferroni. B, the time course of HyPer signal 
increase in NG-fibroblasts upon hydrogen peroxide exposure. Data correspond to the average ± SE of 
37 cells for NG (green line), 29 cells for NG-Na2SeO3 (empty square), 23 cells for NG-SeCys (filled 
stars) and 37 cells for NG-SeMet (filled triangles) conditions. The inset graph shows the rate constants 
(b) obtained by data fi ing to the function 𝐻𝑦𝑃𝑒𝑟 𝑟𝑎𝑡𝑖𝑜 = (𝑀𝑎𝑥𝑖𝑚𝑎𝑙 − 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒) ∗ 𝑒 . The asterisk 
indicates significant differences between the treated and non-treated groups by Kruskall-Wallis, 
Dunn post-hoc. C, Identical to B, but here time-courses of HyPer signal increase were obtained from 
HG-fibroblasts. Data correspond to the average ± SE of 23 cells for HG (red line), 23 cells for HG- 
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Na2SeO3 (1 µM) (empty square), 28 cells for HG-SeCys (1 µM) (filled stars) and 33 cells for HG-SeMet 
(1 µM) (filled triangles) conditions. The inset graph with black bars compares the rate constants 
obtained as described in B. The asterisk indicates significant differences between the groups by 
Kruskall-Wallis, Dunn post-hoc. D, the time-courses of HyPer signal recovery obtained from NG-
fibroblasts (green line) and subjected to treatments with Na2SeO3 (empty square), SeCys (filled stars) 
and SeMet (filled triangles). Data are expressed as the percentage of the maximal signal obtained from 
the oxidized biosensor and correspond to average ± SE. The inset graph shows the rate constants (b) 
obtained by fi ing each single-cell recording to an exponential decay function. E, similar to D, with 
the difference that here data correspond to HGfibroblasts and the same symbols for the treatments 
works. The asterisk indicates significant differences between the NG between HG with 
selenocompounds groups by Kruskall-Wallis, Dunn post-hoc. F. The recovery expressed as 
percentage is compared in the presence or absence of the thioredoxin-1 inhibitor, PX-12 (1 µM, gray 
bars). In the left panel, biosensor recovery time-courses obtained from NG-fibroblasts treated or not 
with seleno compounds. In the right panel, the percent of recovery obtained from HG-fibroblasts. 
Data correspond to average ± SE and the asterisks indicate significant differences between the groups 
by one-way ANOVA, Bonferroni post-hoc. 

Next, we analyzed the effect of the selenium compounds on the recovery rate of the biosensor. 
In NG-fibroblasts, the treatments with selenium compounds did not affect the recovery rate of HyPer 
signal after H2O2-induced oxidation except SeMet, which diminished the reducing capacity of the 
cytoplamic environment, decreasing the rate of HyPer recovery from 17.2 ± 1 s−1 in non-treated to 8.2 
± 1 s−1 in SeMet treated of NG-fibroblasts (Figure 2D). In HG-fibroblasts, we found that only the 
treatment with SeCys accelerated the rate of the biosensor recovery from 13.9 ± 1 s−1 in non-treated to 
19.2 ± 1 s−1 in SeCys-treated HG-fibroblasts (Figure 2E). Intriguingly, when we tested the sensitivity 
to PX-12 of the recovery phase in seleno-treated fibroblasts (Supplemental Figure S3), we found in 
NG-fibroblasts that culturing the cells with all three selenium compounds abolished the inhibitory 
effect that PX-12 exerts on the reduction of the oxidized biosensor (Figure 2F). A similar response was 
observed in HG-fibroblasts cultured in the presence of seleno-amino acids; however, sodium selenite 
sensitized these cells to PX-12, significantly decreasing the recovery degree oxidized biosensor 
(Figure 2G). 

In summary, we could not observe a clear pattern of the redox impact of selenium on human 
fibroblasts. Nevertheless, the ratio signal of the HyPer biosensor at the baseline, which represents the 
thiol/disulfide balance at the steady state, was significantly increased by all types of selenium 
evaluated, independently of the glucose level in the culture conditions. Thus, we explored the 
possibility that the selenium treatment could modify the transcript levels of some cytoplasmic redox 
enzymes. The treatment with selenomethionine increased the abundance of glutathione reductase-1, 
thioredoxin reductase-1 and peroxiredoxin-1 in NG-fibroblasts, although these changes did not reach 
statistical significance. We only found a significant decrease in the expression of aquaporin-1 in HG-
fibroblast treated with SeMet (Supplemental Figure S4).  

3.3. Effects of high glucose culture and selenium compounds on the abundance, thickness, and crosslinking of 

fibers secreted by dermal fibroblasts 

To observe the ultrastructure of secreted ECM by fibroblasts, cell bodies were removed, and the 
remaining material deposited on the surface was prepared for scanning under electronic microscopy 
and for collagen staining with Picrus Sirius Red. A comparative panel of representative images of 
extracellular collagen stained with pictures of Sirius red is shown in Figure 3A. After the analysis of 
the total surface covered by red stain, we observed a slight but significant decrease in the amount of 
collagen secreted by HG-fibroblasts (from 22 ± 1% in NG-fibroblasts to 15 ± 1% in HG-fibroblasts, t-
Student’s test). Regarding the effect of selenium compounds, the treatment with SeCys induced a 
more abundant presence of collagen in NG-fibroblasts (32 ± 4%), an effect that was not observed in 
HG-fibroblasts (15 ± 1%). On the contrary, SeMet induced a dramatic diminishment in the collagen-
covered extracellular surface of fibroblast maintained in either normal or high glucose, 4.5 ± 0.4% and 
4.9 ± 0.7%, respectively (Figure 3B). 
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Figure 3. Effect of selenium compounds treatments on the abundance of extracellular collagen 
secreted by CCD1068Sk cells. In A, the panel of images show the staining with Picrus Sirius Red on 
the surface that CCD1068sK cells left after decellularization. The black bar in the lower right corner 
of each image represents 250 µm. NG and HG fibroblasts were treated with 1 M sodium selenite 
(SS); Selenocysteine (SeCys) and selenomethionine (SeMet). B, the area covered by the staining with 
Picrus Sirius Red was quantified by following a sequential step that included background 
subtraction/RGB stack/threshold in image J software. Experiments were conducted in triplicate and 
repeated in three times. Data are expressed as average ± SE. The asterisk indicates significant 
differences between NG and HG with selenium compounds groups by Kruskall-Wallis, Dunn 
posthoc. . 

Next, we examined the thickness, branching and crosslinking of extracellular fibers by Scanning 
Electronic Microscopy (Figure 4A). By visual inspection of SEM images, we could perform precise 
measurements of 20 nm thickness for individual fibers, albeit our analysis was blind to thinner fibers, 
the population of fibers deposited by HG-fibroblasts were thicker than those produced by NG-
fibroblasts (Figure 4B). This morphological feature in high glucose was not affected by sodium 
selenite and SeCys. However, a significant increase in fiber thickness was observed in fibroblast 
treated with SeMet, an effect also noted in NG-fibroblasts. To compare the branching level for each 
fiber, we only considered a maximum of 30 branches per fiber, an upper limit that included more 
than 90% of the universe of observations; data distribution can be found in the supplemental figure 
5. With this approach, we noted that HG-fibroblasts produced fibers with more branches than NG-
fibroblasts (Figure 4C). The treatment with SeCys significantly increased the number of branches per 
fiber in HG-fibroblasts, whereas in NG-fibroblast, SeMet induced a similar effect. SeMet consistently 
increased the percentage of fibers with more than 30 branches, from 5.4% in non-treated NG-
fibroblasts to 10% in treated with SeMet. SeCys, on the other hand, increased this type of fiber 
population from 7.7% to 9.4% in HG-fibroblasts. Alternatively, the number of nodes with three cross-
links was determined for each condition. SeMet increased the number of these nodes in the fibers 
secreted by NG-fibroblasts and SeCys produced a similar effect in HG-fibroblasts (Figure 4D).  
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Figure 4. Effect of high glucose and selenium compounds on thickness, numbers of branches and 
crosslinking of fibers secreted by dermal fibroblasts. CCD1068sK cells were maintained under the 
collagen synthesis protocol for 10 days in normal glucose (NG, 5 mM) and high glucose (HG, 25 mM) 
conditions with ascorbic acid (155 µM) and selenium compounds 1 µM: sodium selenite (SS); 
Selenocysteine (SeCys) and selenomethionine (SeMet). Subsequently, the samples were decellularized 
and fixed. A, a set of representative images taken by scanning electron microscope at 50,000x. The 
black bar in the lower right corner of each image represents 2 µm. In B, the graph compares the 
thickness of at least 50 fibers per condition, white bars to the left panel for NG and black bars to the 
right for HG. C, the graph compares the number of branches obtained after skeletonizing the images, 
only branches associated to an intersection were considered, at least 9,000 intersections were used to 
this analysis. D, the number of crosslinking nodes were obtained from skeletonized images. Data 
represents the average ± SE of from two to three independent trials. The asterisk indicates significant 
differences between selenocompounds in NG or HG conditions by KruskallWallis, Dunn post-hoc. 

3.4. Selenium compounds treatment improved endothelial cell migration on extracellular matrix synthesized 

by HG-fibroblasts and purified collagen fibers subjected to glycation 
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To test if the morphological changes observed in the extracellular matrix generated by HG-
fibroblasts had some relevance for tissue regeneration, we performed wound healing assays with 
TIME endothelial cells (ECs), which are derived from the microvascular bed of the dermis (Figure 
5A).  

 

Figure 5. Selenium compounds treatments partially improve the surface for cellular migration: 
wound assay with microvascular endothelial cells. A, a panel of bright field images was taken at 4x 
magnification of wound assays performed in TIME cell after 8 hours growing on decellularized matrix 
(ECM) produced by CCD1068sK fibroblasts maintained under normal (NG, 5 mM) and high glucose 
(HG, 25 mM) conditions with the selenocompounds. The black bars in the lower right corner of each 
image represent 500 µm. In B, the quantification of the gap area filled by TIME cells (p6-10). The 
wound closure percentage is the average ± SE of 18 observations from three independent experiments. 
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The asterisk indicates significant differences in the treatments compared to the NG group by Kruskall-
wallis, post-hoc Dunn. C. Similar to A, TIME cells were seeded on purified collagen type I treated or 
not with Methylglyoxal (MGO) and selenium compounds. D, the quantification of the gap area filled 
by TIME cells (p6-10). Data represents the average ± SE from 18 observations from three independent 
experiments. The asterisk indicates significant differences in the treatments compared to the Native 
group by Kruskall-wallis, post-hoc Dunn. . 

Our first finding indicates that ECs were less effective in closing the gap on ECM secreted by 
HG-fibroblasts compared to the ECM secreted by NG-fibroblasts (65 ± 10% for NG; 39 ± 6% for HG). 
The extent of wound closure improved in ECM of HG-fibroblasts when they were exposed to the 
selenium compound treatments (Figure 5B). To know the contribution of collagen glycation as a 
factor in the reduced wound closure percentage observed in ECM secreted by HG-fibroblasts, we 
worked with purified human Type I collagen, which was left to polymerize overnight in the presence 
of the glycant agent, methylglyoxal, with or without the selected selenium compounds (Figure 5C). 
With this in vitro approach, we found that ECs migrated less on collagen surfaces exposed to 
methylglyoxal and that the treatments with sodium selenite and SeCys dissipated this effect. In 
contrast, the presence of SeMet was ineffective in improving the EC migration on glycated surfaces 
(Figure 5D). These pieces of evidence suggest that collagen glycation is important for endothelial 
migration and that selenite and SeCys somehow interfere with the chemical modification of collagen, 
such as glycation improving cellular recruitment. 

4. Discussion 

The production of collagen by fibroblasts is central to the generation of ECM. This entire process, 
from the intracellular collagen biosynthesis to the extracellular maturation of collagen fibrils, is 
subjected to environmental redox factors. In this work, we examined the differential impact of long-
term exposure with three forms of selenium compounds: inorganic, as sodium selenite and organic, 
in the form of amino acids, Se-cysteine and Se-methionine, on living fibroblasts monitoring the 
thiol/disulfide bond balance of cytosolic proteins and the way that the intracellular machinery 
responds to an oxidant challenge and restore oxidized proteins by observing the kinetic of the 
fluorescent redox biosensor, HyPer. With this approach, we found subtle, although significant, 
differences in the biosensor signal at steady state and the sensitivity to the thioredoxin inhibitor, PX-
12, in HG-fibroblasts compared to NG-fibroblasts. Furthermore, secreted ECM was visualized by 
SEM, which helped determine that fibers secreted by HG-fibroblast were thicker and more cross-
linked than those secreted by NG-fibroblasts. Finally, by doing a migration assay with endothelial 
cells on these surfaces, generated by NG- and HG-fibroblasts, we found that ECs migrated slower on 
the ECM secreted by HG-fibroblasts than on the matrix secreted by NG-fibroblasts. Our results 
indicated that despite the morphological changes of ECM and the intracellular redox perturbations 
induced by culturing fibroblasts at high glucose, the treatment with selenium, in all the forms 
evaluated here, improved the endothelial migration not by counteracting the redox balance nor by 
modifying the ECM framework but by interfering with glycation on collagen fibers.  

4.1. Long-term exposure of Selenium compounds and its Antioxidant Effects 

Despite selenium has a concrete biological role by being incorporated into several redox 
enzymes in the form of seleno-aminoacids (Se-Cys and Se-Met), several groups have reported a 
biphasic dose-response curve that shows that high doses of selenium become toxic in cellular [43–45] 
and animal [46–48] models. The most extended exposure period at the cellular level does not exceed 
four days [49–51]. In this study, we used the two mentioned amino acids and the inorganic form, 
sodium selenite, at 1 µM for 10 days, maintaining cellular viability. Curiously, mammalian cells seem 
more tolerant to selenium supplementation if they are subjected to stress. For instance, trophoblasts 
(HTR8/SVneo), presented loss of their cellular integrity at 5.5 mM of sodium selenite or 6.2 mM 
selenomethionine within 24 hours; however, the same concentrations had a protective effect in cells 
treated with 15 µM menadione, to induce oxidative stress [52]. This phenomenon perhaps reflects the 
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convergence of two mechanisms triggered in stressed cells, one that involves the canonical activation 
of transcriptional factors like Nrf-2 [53], HO [54], Hif-1 [55], among others, which regulate the 
abundance of transcripts for antioxidant enzymes and another set of specific mechanisms associated 
to the usage of selenium amino acid during protein translation, which are concentrated on the 
regulation of transfer RNASec [22,56,57], essential for the biosynthesis of selenoproteins [58,59].  

High glucose in the culture condition promotes an oxidative intracellular environment by 
diverse mechanisms that include inhibition of antioxidant defenses [60], and increased ROS 
production by mitochondria [61] or NOX [62]. Here, we observed an increase in the basal ratio signal 
of HyPer in HG-fibroblasts compared to NG-fibroblasts. Unexpectedly, the long-term treatment with 
the selenium compounds pushes the redox balance toward an even more oxidized biosensor than 
high glucose did. In this context, sodium selenite (20 µM, 48 hrs) reduced cellular apoptosis, 
decreased production of reactive oxygen species, assessed with 2,7-dichlorofluorescein diacetate 
(DCFH-DA), and increased activity of the glutathione peroxidase enzyme on rat cardiomyocytes 
maintained under high glucose conditions (25 mM) [63]. A similar effect was reported in retina cells 
from pigs maintained between 5 to 80 mM of glucose; the treatment with sodium selenite (250 nM, 
24 hrs) reduced caspase-mediated apoptosis and decreased ROS production [64]. 

On the contrary, human dermic fibroblasts showed no morphological differences between the 
two glucose levels used here; they proliferated at a similar rate. At this point, it is relevant to establish 
that high glucose did not affect cellular viability. We observed that HG-fibroblasts were more 
sensitive to the treatment with selenium than NG-fibroblasts. For example, the LCSE-Cys was 16.2 ± 1 
mM for NG-fibroblasts. In contrast, it was 9.3 ± 1 mM for HG-fibroblasts, indicating that the high 
glucose condition used here was not working as a cellular stressor for dermic fibroblasts. Thus, it did 
not promote cellular selenium usage.  

4.2. Understanding the Impact of Glycation on Secreted Fibers: Exploring Selenium's Role  

Our findings indicate that fibroblasts secrete fibers with different structural properties under 
high glucose conditions or in the treatment with selenium compounds. All the mentioned conditions 
provoked an increase in the oxidative tone at the cytoplasm of fibroblasts, and accordingly, all these 
conditions promoted the secretion of thicker fibers. Particularly, the thickening of collagen is a 
biological process that depends on the activity of LOX, an amino oxidase-type enzyme, that promotes 
the crosslinking of tropocollagen fibers to form the collagen fibril by deamination of lysine residues 
necessary for the formation of covalent bonds between fibers [7]. Although we did not find changes 
in the abundance of LOX mRNAs (data not shown), we do not discard an increase in the LOX activity 
by the high glucose. There is evidence that high glucose conditions increase the activity of NADPH 
oxidase with the concomitant production of H2O2 [65], events that be linked to stimulation of LOX 
activity in human endothelial cells [11] that exhibits altered ECM characterized by higher crosslinking 
of collagen and elastin [10]. In this work, we observed that the treatments with selenium compounds, 
which promoted a more oxidative tone in fibroblasts than high glucose condition did, improved the 
ECM for endothelial migration. This effect was also observed in purified collagen fibers subjected to 
glycation, which indicated that sodium selenite and SeCys could interact with collagen at the 
molecular level. This type of interaction has been reported with selenium nanoparticles, which 
decreased the formation of advanced glycation end products by ribose on lactoglobulin protein [66]; 
this protection is probably due to selenium shields amino groups preventing the formation of the 
Schiff base [67].  

Glycation on collagen fibrils has been associated with impaired cellular migration [68–71]. In 
most in vitro approaches, massive amounts of glucose or other glycan agents are used on purified 
collagen fibers. In this work, we studied the ECM generated by dermic fibroblast cultured in 25 mM 
glucose. This concentration represents the hyperglycemia observed in diabetic patients [72] and is 
well-tolerated by cultured cells. Under this condition, the ECM covered less area than the secreted by 
NG-fibroblasts, likely because thicker and more cross-linked fibers produced by HG-fibroblasts tend 
to be in groups composed of piled-up fibers. Whether this HG-promoted ECM arrangement has a 
different stiffness compared to the ECM generated by NG-fibroblast is unknown. However, atomic 
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force microscopy measurements on plantar tissue obtained from diabetic patients indicate an 
increased stiffness compared with healthy patients [73]. High extracellular glucose leads to the 
establishment of an ECM with morphological and mechanical properties that impair cell migration. 
Selenium compounds improved ECM generated by HG-fibroblasts for endothelial cell migration; this 
positive effect was also observed in methylglyoxal-treated purified collagen fibers, at least with 
sodium selenite and selenocysteine. Unfortunately, the mechanisms behind this effect are puzzling 
since selenomethionine, which shares the same valence on the Se atom as selenocysteine, does not 
affect migration.  

From the perspective of migrating endothelial cells, a glycated collagen surface produces 
changes in the profile expression of integrins, increasing αVβ3 and decreasing α2 β1, promoting 
cellular adhesion [75]. These changes may be linked to impaired angiogenesis [74] that contributes to 
perpetuating dermic lesions in decompensated diabetic patients. Given the potential benefits of 
selenium compounds as promoters of migration under glycation and their ability to impede the 
formation of AGEs [66,67], they emerge as an alternative for treating chronic wounds, such as diabetic 
foot ulcers. A transdermal patch with selenium and chitosan nanoparticles significantly reduced 
inflammation in 7 days in an animal model for wound healing study; this procedure also improved 
neovascularization and collagen formation at day 21 [25]; similar results were observed by applying 
a hydrogel, consisting of selenium nanoparticles embedded in cellulose-gelatin, that increased 
collagen deposition, angiogenesis, and fibroblast activation in rats [29]. Combination with other 
compounds has also shown that selenium in a hydrogel structure and zinc can improve full-thickness 
histopathological indices of wound healing in pediatric lesions [76].  

5. Conclusions 

The effects of high glucose on cellular redox status are not mitigated by selenium compound 
treatment, nor are the structural changes in fibers secreted by fibroblasts. Nevertheless, selenium 
compounds transform the extracellular matrices secreted by fibroblasts cultured in high glucose in a 
more transitable surface for microvascular endothelial cells. 
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