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Abstract
Clinical data published in recent years have demonstrated positive effects of collagen hydrolysate (CH) on skin aging clinical
signs. CH use as food supplement has a long history; however, few studies have addressed the underlying purpose of CH on the
cellular and molecular biology of skin cells that could elucidate clinical improvement ﬁndings. Wide diversity of characteristics
has been reported for dermal ﬁbroblasts derived from different body sites and it is unknown whether collagen peptides could
modulate differently cells from chronological aged and photoaged skin areas. This study investigated the inﬂuence of CH on
the extracellular matrix metabolism and proliferation of human dermal ﬁbroblasts (HDFs) derived from chronological aged
(sun-protected) and photoaged (sun-exposed) body sites. CH treatment did not affect cellular proliferation of either cell
cultures, but notably modulated cell metabolism in monolayer model, increasing the content of dermal matrix precursor and
main protein, procollagen I and collagen I, respectively. These effects were conﬁrmed in the human dermal equivalent model.
The increase in collagen content in the cultures was attributed to stimulation of biosynthesis and decreased collagen I
metabolism through inhibition of metalloproteinase activity (MMP) 1 and 2. Modulation of CH in dermal metabolism did not
differ between cells derived from sun-protected and sun-exposed areas, although lower concentrations of CH seemed to be
enough to stimulate sun-exposed-derived HDFs, suggesting more pronounced effect in these cells. This study contributes to
understanding the biological effects of CH on skin cells and viability of its use as a functional ingredient in food supplements.
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Introduction
Aging of human skin results from both the passage of time
(intrinsic aging) and from cumulative exposure to environmental inﬂuences (extrinsic aging). Extrinsic aging affects
mostly sun-exposed body areas, while characteristic changes
of intrinsically aged skin are mainly visible in sun-protected
areas (Fisher et al., 1997; Fligiel et al., 2003; Naylor et al.,
2011).
Major structural and functional changes in both the
intrinsic and extrinsic aging processes occur in the dermal

extracellular matrix (ECM). Dermal ECM is composed of
ﬁbrous proteins like collagen, elastin, and ﬁbrillin; proteoglycans like decorin; adhesion molecules and different types
of matrix metalloproteinase (MMPs) and play important
roles in cell signaling and cellular activities (Tracy et al.,
2016). Collagens, speciﬁcally type I collagen, are the major
components in ECM. Among the numerous modiﬁcations
of the dermal matrix during aging, alterations in collagen
have been suggested as an important cause of clinical
changes observed in photoaged and naturally aged skin
(Fisher et al., 1997; Fligiel et al., 2003; Naylor et al., 2011).
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The inﬂuence of dietary supplements on the skin
physiology has received increased attention and several
clinical studies have indicated that dietary compounds can
modulate skin functions (Asserin et al., 2015; Schunck et al.,
2015). In parallel to that, in vitro and animal experiments
have revealed the action mechanism of food ingredients and
their effects on cellular and molecular biology of skin cells.
Particularly, collagen hydrolysate (CH) has demonstrated
notable stimulatory effect on connective tissue metabolism
in cell culture of bovine chondrocytes (Oesser and Seifert
2003). Chen et al. (2017) also showed that these CH can
improve intestinal epithelial barrier dysfunction due to its
action on tight junctions in vitro model. CH is a safe and
bioavailable dietary supplement composed of low molecular
weight (<6 kDa) collagen peptides derived from native
collagen by heat denaturation and further enzymatic
hydrolysis (Zague 2008; Liu et al., 2015) has been widely
used in food supplements and pharmaceuticals. Speciﬁc and
complex multi-step hydrolysis gives rise to biologically
active collagen peptides which have been proven to stimulate
skin metabolism and have positive effects on skin properties.
Zague et al. (2011) previously reported their beneﬁcial effects
on rat skin metabolism by increasing types I and IV collagen
expression and reducing MMP-2 activity.
On the basis of clinical studies, daily oral supplementation
of speciﬁc CH has been demonstrated to improve skin
moisture and elasticity (Proksch et al., 2014b; Inoue et al.,
2016) and reduce wrinkle volume in women skin (Proksch
et al., 2014a).
A wide diversity of characteristics has been reported for
dermal ﬁbroblasts derived from different body sites (Chang
et al., 2002), which should be considered when screening for
pharmacological or food active ingredients that could
modulate cellular properties. The possibility that peptides
can cross the intestinal barrier at physically relevant
concentrations (Miner-Williams et al., 2015) allows their
use in cell culture models.
For this reason, we investigated whether CH supplementation could affect in a different way cell proliferation and
ECM synthesis of skin ﬁbroblasts derived from sunprotected and sun-exposed body sites. In addition, we
generated solely human dermal ﬁbroblasts (HDFs)-based
dermal equivalent (DE) in order to assess the CH effects on
in vitro three-dimensional model.
Material and methods

procedure by degradation and enzymatic hydrolysis of
bovine type I collagen. The product was a combination of
collagen peptides with mean molecular weight of about
3 kDa, previously characterized by Zague et al. (2011).

Cell culture
Human dermal ﬁbroblasts (HDFs) were derived from skin
explants from sun-protected (breast skin) and sun-exposed
(eyelid skin) body sites of non-smoking Caucasian women
ranging 35–45 years old (n ¼ 6). Following informed consent,
skin tissue samples were obtained from patients undergoing
elective breast and eyelid surgeries. Written informed consent
was obtained from each participant and the study was
approved by the Clinical Research Ethical Committee of
Institute of Biomedical Sciences, University of Sao Paulo; in
accordance with current GCP practice regulations and in
accordance with the revised Declaration of Helsinki.
The cells were routinely cultured in Dulbecco’s modiﬁed
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS)
(Gibco), penicillin A (100 IU/mL) and streptomycin (100 mg/
mL). Culture ﬂasks were maintained at 37 C in a humidiﬁed
atmosphere of 5% CO2. Successive population doublings were
obtained with a one to two split ratio. The cells were used
between passages three and ﬁve. For cell seeding, the vital
ﬁbroblasts were counted by means of the trypan blue exclusion
method. For the stimulatory assays, cell viability—under CH
treatment—was assessed by MTT viability assay.

Collagen hydrolysate treatment (stimulatory assays)
For the stimulatory assays, culture medium (10% FBSDMEM) was replaced by supplemented 10% FBS-DMEM
with CH at 0.5, 1.0, 2.5, and 5.0 mg/mL (previously
determined by MTT viability assay). The control group
was kept in CH-free medium. Cell cultures were treated with
CH for 48 h (previously established).

Cellular proliferation by guava CellGrowth assay
(cell division cycle)
Cellular proliferation was assessed by the Guava CellGrowth
Assay (Millipore, Bedford, MA) following the manufacturer’s protocol. Acquired data were analyzed in gating dot
plot by CytoSoftTM and expressed as the percentage of
proliferating or resting and live or dead HDFs.

Collagen hydrolysate (CH)

Conditioned medium

CH used in this study was supplied by Gelita do Brasil Ltda
(Cotia, Brazil), commercially available as Bioactive Collagen
Peptides1. It was a speciﬁc food grade CH, composed of
collagen peptides obtained from a complex multistep

For detecting ECM proteins in conditioned medium,
ﬁbroblasts were culture (1  105) in ﬂasks of 25 cm2 and
after 2 days, the medium was removed and the cells were
washed exhaustively with PBS, and then placed in FBS-free
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medium supplemented or not with CH. After 48 h the
medium was collected, added to 20 mL/mL of protease
inhibitor cocktail (Sigma) (except in the case in which
MMPs was evaluated) and dialyzed and concentrated using
centrifugal ﬁlter device cut-off 30 K (Amicon Ultra-4,
Millipore). Protein amount was determined by BCA assay
(Pierce Inc., Rockford, IL, USA).

Type I procollagen and collagen protein expression by
immunoblotting
For the detection of type-I procollagen and collagen in the
conditioned medium the use of antibody that recognized the
protein in its native soluble form (non-denatured) was
needed in order to avoid the detection of collagen peptides
from the product used as supplement in the culture medium.
Test was done to assure no positive signal for the testproduct. Just prior to loading samples (30 mg/lane) onto precast polyacrylamide gel (NativePAGE Novex 3–12% Bis-Tris
Gel, Invitrogen), 2.5 mL of NativePAGE 5% G-250 sample
additive was added to samples on ice. Then, the native gel
electrophoresis was run according to manufacturer’s
instructions. Proteins were transferred to a PVDF membrane which was soaked in the blocking buffer (25 mM Tris,
150 mM NaCl, 2 mM KCl, pH 7.4, 0.1% Tween-20
containing 5% skimmed milk) for 1 h. The primary mouse
monoclonal antibody against type-I procollagen (QED
Bioscience Inc.) and type I collagen (Sigma–Aldrich) were
used at a dilution of 1:500 in blocking buffer. Secondary antimouse monoclonal antibodies conjugated with horseradish
peroxidase (Amersham Inc., Arlington Heights, IL, USA)
were diluted to 1:2000 in blocking buffer. The resulting
bands were detected by the horseradish peroxidase reaction
with an enhanced chemiluminescence kit (Amersham) and
exposed to X-ray ﬁlm (GE Technology).

MMP-1 protein expression by immunobloting
After measuring protein concentration in conditioned
medium, samples were loaded in sample buffer, containing
0.3 M Tris-HCl, 5% SDS, 50% glycerol, 100 mM dithiothreitol (DTT) (Pierce). Equivalent protein samples (30 mg)
were subjected to sodium dodecyl sulfate pre-cast polyacrylamide gel electrophoresis (NuPAGE Novex 4–12% Bis-Tris
Gel). Proteins were transferred to a PVDF membrane for 2 h
at 100 V. The membrane was soaked in the blocking buffer
(25 mM Tris, 150 mM NaCl, 2 mM KCl, pH 7.4, 0.1%
Tween-20 containing 5% skimmed milk) for 1 h. The
primary rabbit monoclonal antibody against MMP-1
(Chemicon) was used at a dilution of 1:500 in blocking
buffer. Secondary anti-mouse and anti-rabbit monoclonal
antibodies conjugated with horseradish peroxidase (Amersham Inc., Arlington Heights, IL, USA) were diluted to
Cell Biol Int 42 (2018) 95–104 © 2017 International Federation for Cell Biology
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1:2000 in blocking buffer. The resulting bands were detected
by the horseradish peroxidase reaction with an enhanced
chemiluminescence kit (Amersham Bioscience) and
exposed to X-ray ﬁlm (GE Technology).

Cell-bound type I collagen content by ELISA
Type I collagen amount in cultured cell layers was
determined by indirect ELISA (Collagen Detection Kit,
Chondrex, Inc, Redmond, USA), following the manufacturer’s protocol.

Type I procollagen subcellular localization
Cells were seeded (2  104) on coverslips in 35mm-dishes
and treated with CH. After 48 h of treatment, cells were ﬁxed
in formaldehyde 3.7% for 15 min, treated with Triton X-100
for 15 min and blocked with 1.0% bovine serum albumin
(BSA in PBS) for 30 min. Subsequently cells were incubated
with rat monoclonal anti-type I procollagen (1:50 Millipore,
USA) overnight at 4 C. After that, cells were incubated with
FITC-anti-rat antibody (1:200) for 90 min. Actin ﬁlaments
were stained by TRITC-phalloidin. Images were acquired by
using a laser scanning confocal microscope (LSM 510, Carl
Zeiss Co., Germany).

MMP-1 protein activity
MMP-1 activity in conditioned medium was measured by
Type I Collagenase Activity kit (Chemicon International),
following the manufacturer’s protocol.

MMP-2 and -9 activities by zymography
To determine the activity of secreted MMP-2 and -9 in
culture media, samples were resuspended in sodium dodecyl
sulfate–polyacrylamide gel electrophoresis sample buffer
(without b-mercaptoethanol) (Pierce). Ten micrograms of
each sample were loaded in polyacrylamide gels containing
0.2% gelatin type A from porcine skin (Sigma). After
electrophoresis, the gels were washed in 2.5% Triton X–100
for 30 min, equilibrated in 10 mM Tris (pH 8.0), and
incubated at 37 C in a developer buffer containing 50 mM
Tris (pH 8.0), 5 mM CaCl2, and 0.02% NaN3 for 16 h. The
gels were stained with 0.2% Coomassie Brilliant Blue.
Gelatinolytic bands were observed as clear zones against the
blue background, and the intensity of bands was estimated
using Image J software.

Human fibroblast-derived DE and treatment
Fibroblast-derived matrices (FDMs) were generated according to method proposed by El Ghalbzouri et al. (2009). HDFs
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were seeded into polyester permeable supports at a density of
4  105 in each well (6 well plates with 0.4 mm pore size
inserts). The FDMs were cultured for 3 weeks in ﬁbroblast
medium supplemented with 5% of fetal bovine serum (FBS)
and 100 mg/mL ascorbic acid phosphate (AAP) under
submerged conditions and the culture medium was
refreshed every 2 days.
In order to assure that dermal equivalent (DE) was
properly formed, culture medium was collected at each
refreshment throughout the entire culture period, dialyzed,
and concentrated for type I collagen quantiﬁcation by means
of ELISA (as described above). Transmission electron
microscopy (TEM) (previously described by Amaral et al.
(2010)) was performed at 3 weeks culture to evaluate to what
extent the collagen ﬁbers were formed in FDM-based matrix.
For the stimulatory assays (on the 22nd day culture), FDMs
were maintained in FBS-free medium supplemented with CH
at 0.5 or 5.0 mg/mL in association or not with 100 mg/mL
AAP for 24 and 48 h. FDMs in the control group were kept in
FBS-free medium supplemented with AAP, but without CH.

Statistical analysis
Data were analyzed using Minitab software, version 15.1.1.0
(Minitab Inc, State Collage, PA, USA). All variances in the
measurement data expressed as mean  standard error of
mean (SEM) were checked for homogeneity by the
Normality’s test. Differences among groups were assessed
by ANOVA, followed by Tukey–Kramer’s multiple comparison post-test. Only P-values <0.05 were considered
statistically signiﬁcant.
Results

Effects of CH on cell-bound type I collagen and ECM
proteins expression in conditioned medium
CH signiﬁcantly increased (P < 0.05) type I collagen
amounts in both skin-derived cell cultures, after 48 h of
treatment in contrast to control. The upgrading amount of
type I collagen in sun-protected-derived cell cultures was
observed after exposure to 2.5 and 5.0 mg/mL of CH,
reaching the highest of 1.3-fold of control cells. In the sunexposed-derived cells, CH increased type I collagen amounts
in a dose-response manner, being signiﬁcantly higher than
control as of 1.0 mg/mL and reaching about twofold of
control at maximum concentration of 5.0 mg/mL
(Figure 1A).
Representative immunoblottings of ECM proteins expression are shown in Figure 1B. CH treatment of sun-protectedderived cells resulted in notably increased type-I procollagen
and collagen expression at doses of 2.5 and 5.0 mg/mL
compared with untreated cells. In sun exposed-derived cells,
98

Figure 1 Stimulatory effect of collagen hydrolysate (CH) on
extracellular matrix (ECM) proteins biosynthesis by human skin
ﬁbroblasts (HSFs) derived from sun-protected and sun-exposed
body sites. (A) Cell-bound type I collagen amount detected by ELISA after
CH treatment in relation to control. Each column represents the
mean  SEM value from six independent experiments done in triplicate
( P < 0.05, in relation to control group). (B) Representative immunoblotting of type I procollagen (pCol I), type I collagen (Col I). Representative
immunoblotting from three independent experiments. HDFs were treated
with CH at concentrations ranging from 0.5 up to 5.0 mg/mL for 48 h in all
the experiments. Control cells (CO) were kept in CH-free medium.

type I procollagen and collagen expression was greatly
increased by CH-treatment, as of 1.0 mg/mL, in comparison
to control cells.

Type-1 procollagen subcellular localization
Type I procollagen had the expected perinuclear distribution
in control cells from both body sites (Figure 2). Treatment
with 2.5 mg/mL CH resulted in an increase in both the
quantity and distribution of type I procollagen observed in
ﬁbroblast derived from both skin sites. This increase was
even more evident in cells treated with the highest
concentration of CH (5.0 mg/mL), showing a noticeable
staining bunch around the nuclei, indicating an increase of
procollagen biosynthesis promoted by CH treatment.

Effects of CH on MMP protein expression and activity
Type I collagenase (MMP-1) activity in the conditioned
medium, from sun-protected and sun-exposed-derived skin
Cell Biol Int 42 (2018) 95–104 © 2017 International Federation for Cell Biology

V. Zague et al.

Collagen peptides modulate ECM metabolism

Figure 2 Representative immunostaining of procollagen I subcellular localization in human dermal ﬁbroblasts (HDFs) cultures derived from
sun-protected and sun-exposed body sites. HDFs were treated with collagen hydrolysate (CH) at 0.5 and 5.0 mg/mL for 48 h. Control cells (CO) were
kept in CH-free medium. Positive staining for procollagen I (green) and cytoskeleton (actin ﬁlaments) in red.

cells, is demonstrated in Figure 3A. In comparison to
untreated cells, CH treatment led to a dose-dependent
decrease in MMP-1 activity by trend. A statistically
signiﬁcant (P < 0.05) decrease of collagenase activity could
be detected at the highest concentration of CH (5.0 mg/mL)
compared to the control.
In sun-exposed-derived cells CH treatment induced a
decrease in MMP-1 protein expression at higher concentrations (Figure 3B).
Higher concentrations of CH (2.5 and 5.0 mg/mL) were
also associated with a notably decrease in MMP-2 activity
Cell Biol Int 42 (2018) 95–104 © 2017 International Federation for Cell Biology

(Figure 3C) compared to untreated cells, in both cell
cultures. On the other hand, MMP9 activity was not changed
by CH supplementation in both sun-protected and sunexposed cells.

Solely human fibroblast-derived DE model
A signiﬁcant and gradual increase in secreted type I collagen
was detected during three weeks of HDFs culture in a 3D
model (Figure 4A). At the end of the third week, sufﬁcient
type I collagen amounts (0.33  0.07 mg/mL) were secreted
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Figure 3 Effects of collagen hydrolysate (CH) on matrix metalloproteinases (MMPs) activity and protein expression by sunprotected and sun-exposed derived human dermal ﬁbroblast
(HDFs) cultures. (A) MMP-1 protein amounts in conditioned medium of
HDFs cultures treated with CH. Each column represents the mean  SEM
value from three independent experiments done in duplicate ( P < 0.05,
in relation to control group). (B) Representative immunoblotting from
three independent experiments of MMP-1 protein expression in
conditioned medium. (C) Zymograms for the determination of activities
of MMP-2 and -9 in the conditioned medium. Gelatinolytic activities of
MMPs 2 and 9 in conditioned medium were detected by electrophoresis
of soluble protein on a gelatin-containing 10% polyacrylamide gel.
Representative zymograms were obtained from three independent
experiments. HDFs were treated with CH at concentrations ranging from
0.5 up to 5.0 mg/mL for 48 h in all the experiments. Control cells (CO)
were kept in CH-free medium.

by ﬁbroblasts to form a functional DE (Figure 4A). The
transmission electron microscopy (TEM) revealed a normal
assembly of collagen ﬁbrils by the ﬁbroblasts which
produced their own matrix, showing the presence of
uniform collagen ﬁbrils in the ECM (Figure 4B) and notable
network of collagen ﬁbril bundles (Figure 4C).

Stimulatory effects of CH on human fibroblast-derived
DE model
The stimulatory effects of the lowest (0.5 mg/mL) and
highest (5 mg/mL) concentrations of CH on the type I
collagen secretion in a solely HDFs-DE model can be seen in
100

Figure 4 Solely human ﬁbroblast-derived dermal matrices (FDMs).
(A) Type I collagen secretion in dialyzed and concentrated culture
medium quantiﬁed by ELISA. Data demonstrate the amounts of collagen I
determined by ELISA at two each day of culture throughout 3 weeks. Bars
represent mean  SEM of triplicate measurements performed in three
independent. (B) Ultrastructure of FDMs assessed by transmission
electron microscopy (TEM). Transversal overview of FDMs showing the
presence of uniform collagen ﬁbrils marked by the asterisks. (C) General
view of FDMs illustrating the notable network of collagen ﬁbrils,
indicating their normal processing and assembly. Arrows ¼ collagen
ﬁbrils

Figure 5. The lowest concentration of CH failed to stimulate
collagen secretion whilst the highest one signiﬁcantly
(P < 0.05) increased collagen secretion compared to control.
Cells treated with 5 mg/mL CH secreted 1.5-fold more
collagen than the untreated cells. In addition, a pronounced
and signiﬁcant (P < 0.01) stimulation of collagen secretion
could be observed in cultures treated with 5 mg/mL
associated with ascorbic acid phosphate (AAP), reaching a
maximum of 1.8-fold more collagen than control.

Effects of CH on cellular proliferation
The treatment with 0.5–5.0 mg/mL CH for 48 h had no
signiﬁcant effect on dermal ﬁbroblast cell division or death,
in both skin-derived cell cultures, since the percentage of
cells did not differ from control (Table 1).
Cell Biol Int 42 (2018) 95–104 © 2017 International Federation for Cell Biology
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Figure 5 Stimulatory effects of collagen hydrolysate (CH) on type I
collagen secretion by solely human ﬁbroblast-derived dermal
equivalent model. Type I collagen amounts after 24 and 48 h of
treatment with CH associated or not with ascorbic acid phosphate (AAP).
Control cells (CO) were kept in CH-free medium. Each column represents
the mean  SEM value from three independent experiments done in
triplicate ( P < 0.05, in relation to control group).

Discussion
Fibroblasts are considered the main cell type that synthesizes
ECM in connective tissues, nonetheless endogenous and
sun-induced aging of the skin cause alterations in cellular
morphology, proliferative potential, ECM biosynthesis, and
response to growth factors and cytokines, which may appear
when skin cells are cultured in vitro (Chung et al., 1996).
Consistent with the idea that ﬁbroblasts in vitro have the
coordinate regulation and synthesis of ECM characteristic
their sites of origin (Chang et al., 2002), to the best of our
knowledge, nothing is known as to the potential effects of
CH on the metabolism and proliferation of cultured
ﬁbroblasts from different anatomic skin sites.
First, we investigated the inﬂuence of CH on ﬁbroblasts
growth and no effect was found on either HDFs derived
from sun-protected or sun-exposed sites. CH did not change

the percentage of proliferating ﬁbroblasts in terms of cell
division cycle. In parallel, we also carried out proliferating
trials assessing cell number counting and number of cells in
S-phase trials (data no shown) and CH also failed to
stimulate ﬁbroblast proliferation, allowing us to conclude
that CH could not inﬂuence dermal ﬁbroblast growth.
Collagen-derived di-peptide (Pro-Hyp) has been reported to
induce cell proliferation in human dermal ﬁbroblasts (Ohara
et al., 2010a) and cell migration and growth of mouse skin
ﬁbroblasts (Shigemura et al., 2009). Apart from the differences between the experimental designs, these authors
investigated a single di-peptide normally found in the blood
after collagen hydrolysate intake, while we studied the total
combination of peptides which CH is composed of. The
biological responses of other collagen-derived peptides
(except Pro-Hyp) are also important due to the potential
occurrence of high biological activity even at low plasma
concentrations, as well as the potential synergistic effects of
various peptides. Consequently, skin cells responses can
signiﬁcantly differ when they are exposed to a single
collagen-derived peptide or a speciﬁc combination thereof
(Liu et al., 2015; Inoue et al., 2016), contributing to explain
these differences we found.
Besides ﬁbroblast proliferation, we investigated the
stimulatory effects of CH on the secretion of type I collagen,
the major protein in dermal ECM. Cell-bound type I
collagen was expressively increased by CH treatment, in sunprotected and sun-exposed-derived cell cultures. CH
treatment led as well to an increase of type I procollagen
and collagen amounts in conditioned culture medium,
indicating the increase of collagen secretion.
These results are consistent with those reported in animal
studies that demonstrate the stimulatory effect of CH intake
on dermal connective tissue metabolism. We previously

Table 1 Effects of collagen hydrolysate (CH) on the percentage of proliferating or resting and live or dead human dermal ﬁbroblasts (HDFs),
after 48 h-treatment period.a
CH concentration (mg/mL)
CO
% of cells—sun-protected-derived HDFs
(a) Proliferating
90.89  7.85
(b) Resting
7.23  3.40
(c) Dead, stimulated
0.23  0.07
(d) Dead, resting
2.66  1.03
% of cells—sun-exposed-derived HDFs
(a) Proliferating
87.89  9.58
(b) Resting
9.23  3.45
(c) Dead, stimulated
0.23  0.06
(d) Dead, resting
2.64  0.45

0.5

1.0

2.5

5.0

90.42  9.76
8.40  3.69
0.62  0.19
1.55  0.80

88.48  5.44
10.55  4.91
0.43  0.15
1.53  0.64

89.55  6.78
8.37  3.75
0.38  0.04
1.73  0.40

90.27  8.96
7.40  2.25
0.17  0.06
1.17  0.59

86.42  6.30
10.35  2.69
0.42  0.17
2.32  0.48

85.48  8.41
11.55  2.50
0.43  0.15
1.53  0.47

85.55  4.76
9.37  3.41
0.38  0.08
2.20  0.39

80.27  9.36
11.40  1.15
0.18  0.07
3.17  0.23

a
Percentage  SD of (a) CEFS-painted, propidium iodide (PI)-negative, live, proliferating cells; (b) painted, propidium iodide (PI)-negative, live, resting
cells; (c) painted, PI-positive, dead, stimulated cells; and (d) painted, PI-positive, dead, resting cells. Control cells (CO) were kept in CH-free medium.
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showed that CH intake stimulated an increase of collagen I
and IV amount in rat skin (Zague et al., 2011) and Matsuda
et al. (2006) reported an improvement in collagen density in
skin of pigs fed CH. Liang et al. (2010) revealed that CH
inhibited collagen loss and collagen fragmentation and
increased collagen type I and III protein levels in
chronological aged skin of rats.
Interestingly, lower concentrations of CH were needed to
stimulate collagen biosynthesis in sun-exposed cells than
sun-protected cells. CH stimulatory inﬂuence was more
pronounced in sun-exposed derived ﬁbroblasts. Probable
reasons for these ﬁndings are based on the metabolism
characteristics and ECM biosynthesis that are impaired in
sun-exposed-derived cells (Chen et al., 1994; Brinckmann
et al., 1995; Krishnan and Birch-Machin, 2006), being more
susceptible to external stimuli. Fan et al. (2013) showed that
CH intake could repair the endogenous collagen and elastin
protein ﬁbers, and could maintain the natural ratio of type I–
III collagen in UV-damaged skin of mice.
This is the ﬁrst time that stimulatory effects of CH on type
I procollagen expression in human skin ﬁbroblasts has been
evaluated by immunoﬂuorescence staining. Our results
revealed an improvement in content and distribution of type
I subcellular type I procollagen expression promoted by CH
in both ﬁbroblast cultures.
The immunoﬂuorescence images showed the normal
perinuclear localization of procollagen in control cells,
indicating placement into the endoplasmic reticulum site. At
the same time, images of cells treated with higher CH
concentration showed more intense and widespread
procollagen staining, suggesting higher transference of
procollagen to Golgi apparatus to be secreted. It is well
known that type I procollagen is a precursor molecule of
mature collagen and its levels generally reﬂect the levels of
collagen biosynthesis (Haukipuro et al., 1991; Oikarinen
et al., 1992). Therefore, our immunoﬂuorescence staining
ﬁndings help to explain the increase of type I procollagen
and collagen secretion and deposition in cells cultures.
Then, we investigated whether CH could affect MMP
activity and protein expression and we found a pronounced inﬂuence of CH on decreasing MMP-1 and -2
activities. The decrease in MMP-2 activity by CH agrees
with those we formerly reported in skin of rats (Zague
et al., 2011). Liang et al. (2010) also shown that CH
inhibited the age-related increased collagen degradation
through attenuating MMP-1 expression and increasing
tissue inhibitor of metalloproteinases-1 (TIMP-1) expression in a dose-dependent manner.
It is known that high levels of MMP-1 and -2 not only
degrade mature form collagen, but also its precursor newly
synthesized and secreted by ﬁbroblasts (Chung et al., 2001).
Thus, inhibition of MMP-1 and -2 by CH decreased the
degradation of both collagen and its precursor, increasing
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the content of these two forms in the culture and promoting
procollagen conversion into mature collagen.
Lastly, CH effects were conﬁrmed in DE model in an
attempt to simulate ECM in vivo conditions. The essential
ﬁbroblast function of synthesizing ECM was utilized in vitro
to produce solely HDFs-based DE, featured by ﬁbroblasts
producing their own matrix to form collagen ﬁbril bundles,
important structural elements of a fully functional ECM (El
Ghalbzouri et al., 2009). The main stimulating additive in
these cultures is ascorbic acid phosphate, which promotes
the in vitro processing of procollagen to collagen a-chains
(Traber and Stevens, 2011).
Herein, the highest concentration of CH signiﬁcantly
induced an increase of collagen secretion and its effects were
even more evident in the presence of ascorbic acid
phosphate. The outcomes found in the DE model could
validate those observed in monolayer model and endorsed
us to improve the understanding of the response of dermis
tissue to CH treatment closer to in vivo environment.
These ﬁndings also have clinical relevance since they help
to explain the existing clinical data found (Proksch et al.,
2014a, 2014b). They demonstrated a notable improvement
in skin elasticity (Proksch et al., 2014b), signiﬁcantly
decrease in eye wrinkle volume (Proksch et al., 2014a) and
markedly increase in collagen I and elastin content (Proksch
et al., 2014a) in skin of women who ingested 2.5 g/day of
speciﬁc collagen peptides for 8 weeks.
Some mechanisms may be proposed to explain the
effects of CH on ECM metabolism. First, biochemical
similarities of CH to endogenous type I collagen, such as
the unique amino acid and peptide proﬁles, providing
amino acids as building blocks as well and bioactive
collagen peptides able to modulate protein metabolism
(Zague, 2008). Second, collagen peptides from CH may
simulate those presented in damage skin, inhibiting
further collagen degradation by MMPs and mitigate
indirect inhibition of collagen synthesis by MMP
generated collagen degradation. These collagen peptides
may function as biological messengers for the underlying
cell signaling pathway to help stimulate ﬁbroblasts and
trigger the biosynthesis of new collagen ﬁbers and hence
the reorganization of the extracellular matrix (Fisher
et al., 2009; Liang et al., 2010; Ohara et al., 2010b; Zague
et al., 2011). Third, the antioxidative ability of collagen
peptides (Mendis et al., 2005a, 2005b) and protective
effects on the activities of antioxidant enzymes (Hou
et al., 2009; Zhuang et al., 2009) may be an contributory
factor to maintain extracellular homeostasis in skin.
Finally, it is possible that food-derived collagen peptides
may function by binding with the cell surface receptor or
transporter, if present, or by affecting the interactions
between the extracellular matrix and ﬁbroblasts (Shigemura et al., 2009).
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In view of that (a) ﬁbroblasts derived from skin at different
anatomical sites display distinct and characteristic transcriptional patterns which implies in ECM synthesis and (b)
the use of oral CH has been widespread as promising in the
prevention and treatment of skin aging signs, this study is a
major contribution in understanding the inﬂuence of CH on
the metabolism of ﬁbroblasts derived from different skin
sites and the viability of its use as a functional ingredient in
food supplements.
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