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Abstract: Ulva sp. is known to be a source of bioactive compounds such as ulvans, but their biological
activity on human dermal fibroblast extracellular matrix (ECM) is poorly reported. In this work,
the regulation of ECM has been investigated for the first time at both proteomic and transcriptomic
levels in normal human skin dermal fibroblasts, after 48 h of incubation with poly- and oligosac-
charide fractions from Ulva sp. obtained after enzyme-assisted extraction and depolymerization.
Cell proliferation enhancement (up to +68%) without exhibiting any cytotoxic effect on fibroblasts
was demonstrated at 50 and 1000 ng/mL by both fractions. At the proteomic level, polysaccharide
fractions at 1000 pug/mL enhanced the most the synthesis of glycosaminoglycans (GAGs, up to +57%),
total collagen, especially types I (up to +217%) and III, as well as the synthesis and activity of MMP-1
(Matrix Metalloproteinase-1, up to +309%). In contrast, oligosaccharide fractions had no effect on
GAGs synthesis but exhibited similarities for collagens and MMP-1 regulation. At the transcriptomic
level, the decrease of COL1A1 and COL1A2 expression, and increase of COL3A1 and MMP-1 expres-
sion, confirmed the modulation of ECM metabolism by both fractions. Our research emphasizes that
poly- and oligosaccharide Ulva sp. fractions exhibit interesting biological activities and supports their
potential use in the area of skin renewal for anti-aging dermo-cosmetic applications.

Keywords: collagen; extracellular matrix; human dermal fibroblast; matrix metalloproteinase;
seaweed; Ulva sp.

1. Introduction

Large-scale green tides caused by Ulva sp. have been recurrent in Brittany (France) due
to marine eutrophication. Strandings of green seaweed have profound adverse ecological
impacts including the alteration of the ecosystem structure, the reduction of indigenous
biodiversity, and economic losses [1,2]. Except for utilization as soil amendment, animal
feed, or simple degradation by decay or combustion from stranding events, very little is
known about the valorization of Ulva sp. in human health [1]. However, Ulva sp. is an
important source of compounds such as ulvans. Ulvans, water-soluble sulfated cell wall
polysaccharides, mainly composed of rhamnose, uronic acids, and xylose, can represent
up to 36% of Ulva dry weight [3]. The two main repeated disaccharide units of ulvan are
aldobiuronic acids (ulvanobiuronic acids), type A: 3-D-glucuronic acid (1,4)-linked to o-L-
rhamnose 3-sulfate, and type B: «-L-iduronic acid (1,4)-linked to «-L-rhamnose 3-sulfate.
Minor disaccharides aldobioses, referred as ulvanobioses (type U) can also be found in
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ulvan [3,4]. Ulvan extraction in terms of quantitative yield and quality can vary significantly
according to the extraction and fractionation methods applied to the biomass. Ulvans are
commonly extracted in aqueous solution at high temperatures (80-90 °C) referred to as a
maceration process. However, ulvans can be recovered by a novel green technology named
Enzyme-Assisted Extraction (EAE) [5]. EAE allows the extraction of compounds of interest
without using denaturing conditions such as solvents or high extraction temperatures,
and it exhibits various advantages such as high catalytic efficiency, high specificity, mild
reaction conditions, and the preservation of the biological activities of the compounds. EAE
also improves the yield and reduces the cost and energy consumption when compared to a
classical maceration process [6-9]. After aqueous extraction from maceration or a novel
process such as EAE, the ulvan enrichment is often performed by an ethanolic precipitation
procedure [3]. Ulvans have demonstrated in vitro and in vivo several biological activities
such as immunomodulation, antioxidant, anticancer, anticoagulant, antihyperlipidemic,
or antiviral [3,5,10-14]. The structural feature of ulvans (degree of sulfation, sulfation
pattern, monosaccharide composition, glycosidic linkages, degree of branching, as well as
molecular weight) impacts its biological activity [3].

Skin aging is a complex process with two complementary processes: intrinsic (genetic,
cellular metabolism, etc.) and extrinsic (UV exposure, pollution, tobacco smoking, etc.) [15-17].

The use of seaweed bioactives as sources of high value-added products for the dermo-
cosmetic industry newly appeared. Among these bioactive compounds, ulvans have a
high potential. Indeed, consumer demands for natural products are increasing in the
past years, which makes marine products and particularly seaweed an interesting source
of natural ingredients targeting skin beauty and health [18-22]. The skin, the target of
cosmetic products, is made of three major distinct overlapping layers: epidermis, dermis,
and hypodermis. The dermis supports the epidermis and harbors important skin cells
known as fibroblasts. Fibroblasts, the main cells of the papillary dermis found right under
the epidermis, essentially synthesize and organize the extracellular matrix (ECM). The ECM
is composed of various macromolecules including collagens (70% of the dry weight) mainly
type I and 111, elastin (2-4%), glycoproteins (fibronectin, laminin, etc), glycosaminoglycans
(GAGs) either sulfated (heparan sulfate, dermatan sulfate, keratan sulfate, chondroitin
sulfate) and non-sulfated (hyaluronic acid), proteoglycans, and degradative components
such as MMPs (Matrix Metalloproteinases) [23,24]. Type I collagen represents up to 80% of
total collagen [25] and is one of the major constituents of the skin dermis ECM; it is involved
in skin elasticity, flexibility, and tension. Type I collagen is an heterotrimer, triple helix
protein, composed of two a1 chains and one «2 chain respectively coded by COL1A1 and
COL1A2 genes [26]. Type I and 1II fibrillar collagens represent over 90% of total collagen
and are closely associated in skin [27,28]. Type III collagen is more prevalent in young
skin than aged skin and is particularly involved in wound healing [29,30]. In order to
establish a molecular network for ECM assembly, GAGs are associated with proteins and
form proteoglycans (e.g., decorin or versican) which interact with type I collagen [31].
Within the ECM, MMPs, which are enzymes of the ECM catabolic pathway, are linked,
in latent or active form, to their tissue inhibitor of metalloproteinases known as TIMPs,
which regulate their activity [32]. MMP-1 (collagenase-1) is the main enzyme responsible
for type I collagen degradation, and TIMP-1 is its respective inhibitor [33,34]. Fibroblasts
are key regulators of ECM homeostasis. A balance and coupling of synthesis between skin
ECM components involved in anabolism, such as type I and III collagens, GAGs, or TIMPs,
and in catabolism such as MMPs, allow the renewal and the continuing remodeling of this
ECM [25]. In skin aging, the major consequence is an imbalance of the ECM regulation with
the reduction of fibroblast proliferation, the modulation of ECM component levels with an
important decrease of type I collagen synthesis, GAGs secretion, and TIMP-1 synthesis,
and the increase in MMP-1 level [24,35].

For now, only a few studies have investigated the effect of Ulva sp. fractions on
fibroblast skin cells metabolism at both proteomic and transcriptomic levels [36-39] and, to
date, no complete study at the proteomic and transcriptomic level was conducted from Ulva
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poly- and oligosaccharide fractions derived from the EAE process. In this perspective, this
study investigates, in vitro, the effects of poly- and oligosaccharide fractions from Ulva sp.
derived from novel green technology EAE on human dermal fibroblasts metabolism. Their
effects on fibroblast proliferation and viability and on both ECM anabolism and catabolism
at proteomic and transcriptomic levels were studied in order to highlight their potential in
skin care (e.g., anti-aging).

2. Results
2.1. Poly- and Oligosaccharide Fractions of Ulva sp. from EAE Exhibit Different Biochemical
Composition and Molecular Weight Distribution

The mechanisms of production of poly- and oligosaccharide fractions are detailed
in Material and Methods section: “4.2 Poly- and Oligosaccharide Fractions Production and
Characterization”. Previous detailed biochemical characterization analysis (carbohydrates,
uronic acids, sulfate groups, and proteins) and molecular weight distribution of the poly-
and oligosaccharide fractions from Ulva sp. derived from EAE were performed [36]. Data
are combined in Table 1.

Table 1. Biochemical and monosaccharide compositions, and molecular weight distribution of poly- and oligosaccharide

fractions of Ulva sp. from Enzyme-Assisted Extraction (EAE).

Polysaccharide Fractions Oligosaccharide Fractions
UE DS-UE DEP-HD PP-UE DEP-AD PP-UE
Carbohydrates 23.5£05 37.4£0.2 244 +04 304 £0.2
Composition Uronic acids 18.5 + 0.6 37.0+0.7 21.6 + 0.4 30.8 £ 1.0
(% dry weight) Sulfate groups 29.9 £0.5 49.1+10 6.6+ 0.1 Not detected

Proteins 105+ 0.4 128 £0.2 16.8 + 0.4 128 £ 1.0

Rhamnose 504 £ 6.0 502 +22 449 554 +£2.3

Monosaccharide Glucuronic acid 10.6 £ 0.9 119403 7.5 11.0+0.7
composition

(% carbohydrates) Glucose 140+1.2 33=£02 49 70+04

Xylose 32+£02 28 £0.2 21 26£02

My, or weight-averaged Molecular weight (kDa) >670 8 15

UE: crude ulvans; DS-UE: dialyzed ulvans; DEP-HD PP-UE: depolymerized ulvans from H,O,; DEP-AD PP-UE: depolymerized ulvans

from Amberlite resin.

Briefly, polysaccharide fractions of crude ulvans (UE) and dialyzed ulvans (DS-UE)
are composed of high molecular weight ulvans (crude ulvans) with 23.5-37.4% carbo-
hydrates, 18.5-37.0% uronic acids, 29.9-49.1% sulfate groups, and 10.5-12.8% proteins.
Carbohydrates composition was mainly rhamnose (50%) and glucuronic acid (11%). The
DS-UE fraction is significantly richer in ulvans than the UE fraction. Oligosaccharide
fractions, depolymerized ulvans from H,O, (DEP-HD PP-UE) and depolymerized ulvans
from Amberlite resin (DEP-AD PP-UE), are composed of low molecular weight ulvans
with 24.4-30.4% carbohydrates (rhamnose 44.9-55.4% and glucuronic acid 7.5-11.0%),
21.6-30.8% uronic acids, and 12.8-16.8% proteins.

However, the depolymerization process led to a partial loss of sulfates (not detected in
DEP-AD PP-UE and only 6.6% in DEP-HD PP-UE). The molecular weight (Myy) distribution
of oligosaccharide fractions showed an average low My of 8 kDa for DEP-HD PP-UE and
lower for DEP-AD PP-U with 1.5 kDa.

2.2. Poly- and Oligosaccharide Fractions of Ulva sp. Stimulate Metabolic Activity But Do Not
Affect the Viability of Fibroblasts

The metabolic activity of normal human dermal fibroblasts (NHDF), 48 h-exposed to
poly- and oligosaccharide Ulva fractions (50 and 1000 pug/mL for 48 h), was assessed by
WST-1 (Figure 1).
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In these experiments (n = 9), Ulva fractions from EAE increased the proliferation of
fibroblasts up to +68% compared to control. Significant increases of metabolic activity
(p < 0.001) were observed for both UE and DS-UE at 50 and 1000 pg/mL. Oligosaccharide
fractions exhibited a higher and more significant rise of metabolic activity at 1000 pug/mL
(p < 0.001) than at 50 ng/mL (no significant for DEP-HD PP-UE and lower significance,
p < 0.05, for DEP-AD PP-UE).
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Figure 1. Effect of poly- and oligosaccharide fractions from Ulva sp. on the proliferation of fibroblasts
evaluated by WST-1 assay. Normal human dermal fibroblasts (NHDF) were cultured for 48 h with
two concentrations (50 and 1000 pg/mL) of fractions (n = 9). Significant differences between fractions
and control are indicated by * p < 0.05 and *** p < 0.001.

To determine whether these effects were associated with no cell toxicity, the viability
of Ulva extract-treated cells was assessed by measurement of LDH (lactate dehydrogenase)
release using CytoTox 96% assay after 48 h of incubation (1 = 3) (Figure 2).

The cytotoxicity assay showed that all fractions exhibited no significant cytotoxicity
compared to control.
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50 m 1000
12
3
2
g 10 |
o)
5
g 87 [
=
£
X
3 6
£ [
| (
< L,
B>
B L _
=
g 2
8
>~
U l
0
Control UE DS-UE DEP-HD PP-UE DEP-AD PP-UE

Figure 2. Effect of poly- and oligosaccharide fractions from Ulva sp. on the cytotoxicity of fibroblasts
evaluated by LDH (lactate dehydrogenase) assay. NHDF were cultured for 48 h with two concentra-
tions (50 and 1000 pg/mL) of fractions (1 = 3). No statistically significant differences were shown in
comparison with the control.

2.3. Poly- and Oligosaccharide Fractions of Ulva sp. Stimulate Extracellular Matrix Metabolism in
Fibroblasts

The effect of poly- and oligosaccharide Ulva fractions on fibroblast sulfated and non-
sulfated glycosaminoglycans (GAGs) synthesis was evaluated with Alcian blue staining
after 48 h of incubation (1 = 4) (Figure 3).
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Significant synthesis increases were only observed for UE and DS-UE at 1000 pg/mL
considering both sulfated (p < 0.01, +39% and +51%, respectively) and non-sulfated GAGs
(p <0.05, +44% and +57% respectively).

It is interesting to note that DS-UE, the richest ulvans fraction, enhanced the GAGs
synthesis the most. At 50 pg/mL, UE and DS-UE raised non-sulfated GAGs synthesis but
not significantly (+14.2% and +22.7% respectively). Oligosaccharide fractions DEP-AD
PP-UE at 1000 pg/mL slightly decreased non-sulfated GAGs synthesis but not significantly
(—3%), and DEP-HD PP-UE slightly enhanced but not significantly GAGs synthesis at 1000
ng/mL (+4.1% for sulfated and + 10.9% for non sulfated).

m sulphated GAG  non-sulphated GAG
200

160

120

80

Percentage (%)

40

50 1000 50 1000

Control - DEP-HD PP-UE | DEP-AD PP-UE
Concentration (pg/mL)

Figure 3. Effect of poly- and oligosaccharidic fractions from Ulva sp. on fibroblast glycosaminoglycans
(GAGs) synthesis evaluated by Alcian blue staining assay. NHDF were cultured for 48 h with two
concentrations (50 and 1000 png/mL) of fractions (n = 4). Significant differences between fractions
and control are indicated by * p < 0.05 and ** p < 0.01.

Total collagen synthesis (Figure 4) was evaluated by Red sirius assay after fibroblasts
48 h exposure to poly- and oligosaccharide Ulva fractions (1 = 7 at 1000 pg/mL and n =6
at 50 ug/mL).

Concentration (ug/mL)
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Figure 4. Effect of poly- and oligosaccharide fractions from Ulva sp. on total collagen synthesis
evaluated by Red sirius assay. NHDF were cultured for 48 h with two concentrations (50 and
1000 pg/mL) of fractions (n = 6 and n = 7, respectively). Significant differences between fractions and
control are indicated by * p < 0.05 and ** p < 0.01.
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All fractions demonstrated a concentration-dependent increase collagen synthesis.
Marginal and not significant collagen synthesis decline was noted for all fractions at
50 pg/mL compare to control. In contrast, at 1000 pg/mL, all fractions raised total collagen
synthesis and in a significant manner for UE (+ 22%, p < 0.05), DS-UE (+ 18%, p < 0.01), and
DEP-HD PP-UE (+ 22%, p < 0.01).

Poly- and oligosaccharide Ulva-derived EAE fractions effect on type I collagen synthesis
(n = 6) and MMP-1 synthesis (n = 4) were evaluated with ELISA assays (Figure 5).

All fractions enhanced type I collagen synthesis and MMP-1 synthesis but not always
significantly. Type I collagen synthesis increase was concentration-dependent. Polysac-
charide fractions, UE and DS-UE, at 1000 pg/mL, were found to significantly (p < 0.05)
increase type I collagen synthesis (+122%, and +217% respectively) and MMP-1 synthesis
(+309% and +169% respectively).

(a) Type I collagen synthesis

400 l
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(b) MMP-1 synthesis

Concentration (ug/mL)

50 w1000

800

600 w l

"
< |
§ 400
= *
§ “7
<
& 200 T
N

Control UE DS-UE DEP-HD PP-UE DEP-AD PP-UE

Figure 5. Effect of poly- and oligosaccharidic fractions from Ulva sp. on fibroblast (a) type I collagen
synthesis (1 = 6) and (b) MMP-1 (Matrix Metalloproteinase-1) synthesis (1 = 4) determined by ELISA
assays. NHDF were cultured for 48 h with two concentrations (50 and 1000 pg/mL) of fractions.
Significant differences between fractions and control are indicated by * p < 0.05.

The effects of poly- and oligosaccharide Ulva fractions at 1000 pg/mL, after 48 h
fibroblasts exposure, on the synthesis of type I (n = 5) and type III (n = 4) collagens, on
the production of MMP-1 (n = 6) and TIMP-1 (n = 5) were evaluated by Western blot (WB)
analysis with normalization method using the total lane protein method (Figure 6).

In Figure 6a,e, WB highlighted respectively an increase in mature type I collagen
(130 kDa) and mature type III collagen (/2190 kDa) synthesis for all fractions. Protein
quantification in Figure 6¢ of type I collagen and Figure 6g of type III collagen revealed
an NS (not statistically significant) increase of their synthesis in the presence of both
poly- and oligosaccharide Ulva sp. fractions. Meanwhile, WB in Figure 6b,d allowed us to
quantify a significant (p < 0.05) increase of MMP-1 production (~50 kDa) for polysaccharide
fractions and not significant for oligosaccharide Ulva EAE-derived fractions DEP-AD PP-
UE and DEP-HD PP-UE. WB quantification of TIMP-1 production (=20 kDa), available
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in Figure 6f,h, showed only a significant increase in presence of DEP-HD PP-UE fraction
(p < 0.05), while other fractions had no significant effect.

MMP-1 collagenase activity was determined by zymography assay in the presence
of poly- and oligosaccharide Ulva fractions at 1000 pug/mL (Figure 7a), quantified and
compared to control (Figure 7b), after 48 h fibroblasts exposure (11 = 4).

The results revealed that both poly- and oligosaccharide Ulva sp. fractions increased
not significantly the MMP-1 activity of fibroblasts.

(a) WB Type I collagen (b) WB MMP-1
Mw (kDa) Mw (kDa)
Pro-calagen— e ! 250 S e N S 50
PN/PC —> - — — Control UE  DS-UE DEP-HD DEP-AD
N S —150 PP-UE PP-UE
Mature collagen—s - SO par
—100
Control UE DS-UE DEP-HD DEP-AD
PP-UE PP-UE
(c) Type I collagen synthesis (d) MMP-1 production
350 - 900 -
800 -
300 -4
700 - (
250 4 S 600 A W
E} 200 4 g‘l 500 4
g 150 g 4001
S 5 300
&~ 100 =
200 A
0 - o0
Control DS-UE DEP-HD PP-UE DEP-AD PP-UE Control UE DS-UE DEP-HD PP-UE DEP-AD PP-UE
(e) WB Type III collagen (f) WB TIMP-1
Mw (kDa) Mw (kDa)
—250 g = o i a —25
— e e e e 55
- Lo 160 Control UE DS-UE DEP-HD DEP-AD
Control UE  DS-UE DEP-HD DEP-AD EFUIE EFLE
PP-UE PP-UE
(g) Type III collagen synthesis (h) TIMP-1 production

1200 4
250

800 -

150
600 -

1000 -
200
400 4 100
N - i ] l
o . o

Control DS-UE DEP-HD PP-UE DEP-AD PP-UE Control DS-UE DEP-HD PP-UE DEP-AD PP-UE

Percentage (%)
Percentage (%)

Figure 6. Effect of poly- and oligosaccharide Ulva sp. fractions at 1000 pg/mL on (c) type I mature collagen synthesis (1 = 5),
(d) MMP-1 production (1 = 6), (g) type III mature collagen synthesis (1 = 4) and (h) tissue inhibitor of metalloproteinase-1
(TIMP-1) production (n = 5) in fibroblasts evaluated by Western blot. Representative blots of Western blot of (a) type I
collagen synthesis, (b) MMP-1 production, (e) type III collagen synthesis, and (f) TIMP-1 production are shown. Significant
differences between fractions and control are indicated by * p < 0.05.
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(a) Zymogram MMP-1 activity

Mw (kDa)
—50

Control UE DS-UE DEP-HD DEP-AD
PP-UE PP-UE

(b) MMP-1 activity

200 4
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Figure 7. Effect of poly- and oligosaccharide Ulva sp. fractions at 1000 ug/mL on (b) MMP-1 activity
of NHDF (n = 4) determined by zymography assay. Representative gel of zymogram (a) MMP-1
activity is shown. No statistically significant differences were shown in comparison with the control.

2.4. Poly- and Oligosaccharide Fractions of Ulva sp. Differentially Modulate ECM Gene
Expression of Fibroblasts

The effect of poly- and oligosaccharide Ulva EAE-derived fractions were studied
on the mRNA steady-state levels of several extracellular matrix components (COL1A1,
COL1A2, COL3A1, MMP-1, and TIMP-1) (n = 4) (Figure 8).

We noticed that all fractions at 1000 ug/mL reduced significantly (p < 0.01 and p < 0.05)
COL1A1 mRNA steady-state levels (Figure 8a). In contrast, we noted that all fractions
increased MMP-1 mRNA level expression and significantly (p < 0.05) for UE at both
concentrations and DS-UE at 50 pg/mL only (Figure 8c). TIMP-1 mRNA steady-state level
was not significantly changed, but DEP-HD PP-UE and DEP-AD PP-UE reduced it not
significantly at 50 ug/mL (Figure 8e). The COL1A2 mRNA steady-state level (Figure 8b) is
enhanced (NS) for both UE concentrations and DS-UE at 50 pg/mL. However, it is lower
at 1000 ug/mL for DS-UE (NS), DEP-HD PP-UE, and DEP-AD PP-UE (only significant
at 1000 ug/mL for the latest, p < 0.05). Polysaccharide fractions, UE and DS-UE, raised
COL3A1 mRNA level expression significantly (p < 0.05) at 1000 ng/mL and at 50 ng/mL
for UE (NS for DS-UE) (Figure 8d). Oligosaccharide fractions, DEP-HD PP-UE and DEP-
AD PP-UE, at 1000 ug/mL raised not significantly COL3A1 mRNA level expression and
reduced it at 50 pg/mL (significant only for DEP-AD PP-UE, p < 0.05).

Table 2 shows the combined the results on gene mRNA steady-state level after fibrob-
last exposure to fractions at 1000 ug/mL.

Table 2. Genes of interest (COL1A1, COL1A2, COL3A1, MMP-1, and TIMP-1) mRNA steady-state
levels after 48 h-fibroblasts exposure to fractions (UE, DS-UE, DEP-HD PP-UE, and DEP-AD PP-UE)
at 1000 ug/mL compared to control.

Gene of Interest UE DS-UE DEP-HD PP-UE DEP-AD PP-UE
COL1A1 — ** %% a4 %
COL1A2 + NS - _ NS s
COL3A1 +* + % +Ns _
MMP-1 o +Ns +Ns + NS
TIMP-1 = = = =

+: increase level compare to control; —: decrease level compare to control; =: equal level compare to control; N°:
not statistically significant; *: significant with p < 0.05 and **: significant with p < 0.01.
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MMP-1vs RPL13A (fold change) COL1A1 vs RPL13A (fold change)

TIMP-1vs RPL13A (fold change)

(a) COL1A1 mRNA (b) COL1A2 mRNA
Concentration (pg/mL) Concentration (ug/mL)
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0 0.0
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(e) TIMP-1 mRNA
Concentration (pg/mL)
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Figure 8. Effect of poly- and oligosaccharide fractions from Ulva sp. on (a) COL1A1, (b) COL1A2, (c) MMP-1, (d) COL3A1,
and (e) TIMP-1 mRNA expression levels in fibroblasts. NHDF (1 = 4) were cultured for 48 h with the fractions at two
concentrations (50 and 1000 pg/mL) for the assessment of genes. Significant differences between fractions and control are
indicated by * p < 0.05 and ** p < 0.01.

Table 2 shows that UE decreased significantly (p < 0.01) COL1A1 and increased signifi-
cantly (p < 0.05) MMP-1 and COL3A1, and not significantly COL1A2 mRNA steady-state
levels. For DS-UE, DEP-HD PP-UE, and DEP-AD PP-UE, similar mRNA steady-state levels
with a decrease in COL1A1 (p < 0.01), in COL1A2 (only significant p < 0.05 for DEP-AD
PP-UE), increase in COL3A1 (only significant p < 0.05 for DS-UE), increase in MMP-1 (NS),
and no significant change in TIMP-1 mRNA expression were noticed.

3. Discussion

Our main scope is to evaluate the potential biological activities of poly- and oligosac-
charide fractions from Ulva sp. obtained after an innovative Enzyme-Assisted Extraction
(EAE) process, which is known to improve the yield of extraction [5] and allow a significant
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fraction enrichment in ulvans when compared to maceration [36], on the metabolism of
human skin dermal fibroblasts in culture.

A focus on the expression of skin extracellular matrix components (ECM) involved
in the anabolic pathway (particularly type I and III collagens, GAGs and TIMP-1) and in
the catabolic pathway (MMP-1) was done at proteomic and transcriptomic levels. In this
work, we assumed that due to the high composition in carbohydrates and uronic acids
of the fractions, the activity is related to ulvan (poly- and oligosaccharide) composition.
Nevertheless, the authors should not neglect that polysaccharide ulvans from the Ulva sp.
cell wall are closely linked to proteins, which are also known to promote in vitro total
collagen and hyaluronic acid production in human dermal fibroblasts [39]. Thus, the
authors suggest that these activities could be related to a synergy between ulvans and
proteins, even though the focus is made on ulvans in this manuscript.

3.1. Action of Poly- and Oligosaccharide Ulva Fractions from EAE on ECM Fibroblasts
Metabolism

Previous studies have demonstrated that fractions from Ulva sp. (crude ulvans and low
molecular weight ulvans) have the ability to modulate normal human dermal fibroblasts
proliferation [36-38]. Our results indicated that both poly- and oligosaccharide fractions
from EAE induced a significant increase of fibroblast metabolic activity (up to +68%). These
results confirmed previous preliminary published data of the authors [36] and previous
work on hydrolyzed Ulva pertusa extract at 250 pg/mL which induced significant pre- and
senescent fibroblast proliferation [38]. Metabolic activity increase was not accompanied
with cytotoxicity effect of the fractions (evaluated by LDH assay), which means that the
bioactivity results of poly- and oligosaccharide Ulva fractions from EAE are not biased by
a cytotoxic effect in the range of tested concentrations. Our result is in accordance with
previous studies highlighting ulvans as non-cytotoxic compounds on different cell types
(macrophage cell lines, gut cells, fibroblasts, cells from mouse, and Vero cells) [13,14,40-44].

As mentioned in the introduction, type I and III collagens, and GAGs interact together
to establish a molecular network for ECM assembly in the dermis. Thus, in this study,
protein synthesis and mRNA level expression of major components of dermis ECM (type I
and III collagens, and GAGs either sulfated and non-sulfated) have been investigated in the
presence of poly- and oligosaccharide Ulva sp. fractions from EAE. Furthermore, MMP-1, a
key enzyme involved in type I collagen degradation (catabolism pathway of ECM) and
its tissue inhibitor TIMP-1 involved in its regulation were also assessed at protein and
mRNA levels.

The results revealed that both poly- and oligosaccharide Ulva fractions from EAE
enhanced total collagen synthesis at 1000 ug/mL (up to +22% evaluated with Red sirius
assay and significative results except for DEP-AD PP-UE). These results differ from a
previous study where crude ulvans and low molecular weight ulvans have no significant
effect on total collagen synthesis [37]. However, our results are in accordance with previous
work, which showed that L-rhamnose-rich polysaccharide preparations (RROPs) from
Klebsiella pneumoniae strains stimulate collagen synthesis [45]. Indeed, human dermal
fibroblasts contain a lectin site that is able to recognize «-L-rhamnose [46]. In this way, the
rhamnose moiety of ulvan fraction can be recognized by the human dermal fibroblast and
then promote collagen synthesis. Particularly, type I collagen synthesis was increased for
all fractions in ELISA (significant for UE and DS-UE) and in Western blot assays (NS). This
result is in accordance with previous literature on hydrolyzed Ulva pertusa extracts [38] and
depolymerized galactofucans (<10 kDa) from Saccharina longicruris [47] which respectively
increased the synthesis of type I pro and mature collagen. In our study, steady-state levels
of COL1A1 and COL1A2 were reduced after exposure to poly- and oligosaccharide Ulva
fractions (significant for COL1A1 at 1000 pug/mL for all fractions). Expression in coordinated
manner of COLIAT and COL1A2 genes complies with the fact that they are both subunits
of type I collagen protein [48]. Regulation between type I collagen protein production
and mRNA are different at the same observation time of 48 h, which suggests a different
potential time response regulation between protein and mRNA [49]. Nevertheless, protein
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is the functional unit in ECM and exhibits an important increase after treatment with ulvans-
derived EAE fractions. COL3A1 mRINA level expression was increased (significantly for UE
and DS-UE at 1000 ng/mL) and correlated to an NS increase of type III collagen synthesis
evaluated by WB. Moreover, the results showed that polysaccharide Ulva fractions from
EAE (UE and DS-UE) boosted significantly GAGs (sulfated and non-sulfated) synthesis at
1000 pg/mL, while both oligosaccharide fractions had no effect. Our observations are in
partial accordance with the work of Adrien et al. (2017) in which the increase in hyaluronic
acid production in fibroblasts occurred with both ulvans extracts (crude and low molecular
weight ulvans) [37]. Indeed, in our study, the low molecular weight ulvans had no effect
on GAGs production (including non-sulfated GAGs hyaluronic acid).

Since skin aging is characterized with an imbalance of ECM components (decrease
levels of type I and III collagen, and GAGs), poly- and oligosaccharide fractions obtained
from Ulva sp. after EAE treatment are of interest in anti-aging strategies, since they
stimulate type I and III collagens, and GAGs synthesis.

However, our results also highlighted an increase in MMP-1 synthesis, activity, and
gene expression in the presence of poly- and oligosaccharide Ulva EAE-derived fractions.
The rise in MMP-1 mRNA levels was correlated to the increase of MMP-1 synthesis in the
presence of Ulva-derived EAE fractions and significatively for polysaccharide fractions
(UE and DS-UE). The rise of MMP-1 enzyme synthesis is also related to a non-significant
increase in MMP-1 activity in presence of the fractions. Our result differs from previous
literature since hydrolyzed Ulva pertusa extracts inhibited the expression and secretion
of MMP-1 in senescent fibroblasts [38], or fucose-containing polysaccharides (named fu-
coidans) inhibit UVB-induced MMP-1 expression in human skin fibroblasts [50]. However,
our result is in accordance with the study of Rioux et al. (2013), since crude galactofucans
(638-1529 kDa) increased the total catalytic activity MMPs (including MMP-1) of fibroblasts
treated for 6 days [47]. Our data on MMP level increase is also in agreement with the work
of Andres et al. (2006), since RROPs (thamnose-rich oligo- and polysaccharide preparations
from Klebsiella pneumoniae and K. planticola strains) upregulate MMP-9 expression [45].
Enhanced MMP-1 synthesis normally results in a decrease of ECM components amount
such as type I collagen due to MMP-1 degradative activity, but this was not pointed out in
our study, since an increase in type I collagen occurred. Furthermore, Ulva EAE-derived
fractions had no impact (NS increase or decrease) on the mRNA expression level and pro-
tein production of TIMP-1, a tissue inhibitor of MMP-1 (except for DEP-HD PP-UE with a
significant protein increase, p < 0.05, at 1000 pg/mL). It appears that the anabolic/catabolic
balance of ECM could be in favor of collagen synthesis despite MMP-1 synthesis stimula-
tion and activity. In this study, the authors thus showed that both poly- and oligosaccharide
fractions derived from Ulva sp. after EAE treatment are promoting fibroblast metabolism
activity, ECM protein synthesis, and skin matrix renewal and remodeling, which is of
interest for dermo-cosmetic applications in anti-aging strategies.

3.2. Role of the Ulvan Abundance, Sulfate Composition and Molecular Weight in ECM Fibroblast
Modulation

The structural feature of ulvans that encompasses its degree of sulfation, sulfation
pattern, monosaccharide composition, glycosidic linkages, degree of branching, as well as
its molecular weight is known to impact its biological activity [10,11,37,40,44,51].

Previous studies have shown that the molecular weight of bioactive compounds
such as polysaccharide or protein appears to be a key factor for its effect on fibroblast
proliferation and ECM modulation [37,39,47]. In our study, polysaccharide fractions, UE
and DS-UE, with high molecular weights (M, > 670 kDa) increased fibroblast proliferation.
Although oligosaccharide fractions (M < 10 kDa) also raise fibroblast proliferation, a DEP-
AD PP-UE fraction with lower molecular weight (M,y of 1.5 kDa) has lower activity than
DEP-HD PP-UE (M,, of 8 kDa). Similar results were obtained on fibroblasts treated with
RROPs, since lower RROPs exhibited similar or lower proliferation activity compared to
higher M,, RROPs [45]. Polysaccharide fractions treatment also enhanced GAGs synthesis,
total and especially type I and III collagen synthesis, MMP-1 synthesis by human skin
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fibroblasts, whereas oligosaccharide fractions (low molecular weight, <10 kDa) and in
particular DEP-AD PP-UE (1.5 kDa) have lower capacities. Only DEP-HD PP-UE stimulated
significatively total collagen synthesis and MMP-1 synthesis, while DEP-AD PP-UE with
lower molecular weight had no significant boost effect. These results are in accordance
with work of Kidgell et al. (2020) where higher molecular weight ulvan fractions elicited a
greater biological activity (immunomodulatory response) compared to lower My, ulvan
fractions [44]. These results are also in agreement with work of Bodin et al. (2020), since
enzymatic hydrolyzed proteins from Ulva intestinalis did not stimulate ECM material
biosynthesis (collagen and hyaluronic acid) [39].

The authors pointed out that the better bioactivity on GAGs synthesis was attributed
to sulfated polysaccharidic high molecular weight fractions enriched in crude ulvans. This
could be related to ulvans intrinsic composition in sulfates and its molecular weight, since
oligosaccharide Ulva sp. fractions, partially or completely free of sulfates, have no ability to
stimulate GAGs synthesis. Another study on Ulva sp. showed the importance of the ulvan
sulfation degree on biological activity since chemically sulfated ulvan fraction, doubled
sulfate content from native polysaccharide, strongly enhanced anticoagulant activity [10].
Moreover, DS-UE increased more ECM modulation regarding GAGs, total and type I and
III collagen synthesis, compared to UE. This better bioactivity could be linked to the higher
ulvans abundance and greater sulfate groups content in dialyzed fraction compared to the
other fractions.

Our data showed that poly- and oligosaccharide Ulva sp. fractions exhibited different
metabolic activities, which may be attributed to the abundance of ulvan, its sulfation
degree, and chemical structure. This work also highlighted a better activity for high
molecular weight ulvans displaying sulfate groups. The fact that the polysaccharide
fractions rich in crude ulvans (i.e., non-depolymerized) had the greatest effect on ECM
fibroblast metabolism is ideal for upcoming studies and its future potential applications in
dermo-cosmetic care, as minimal processing decreases production costs and time.

4. Materials and Methods
4.1. Macroalgal Material

Green seaweed, Ulva sp. (Chlorophyta, Ulvales, Ulvaceae), was sourced from the
intertidal beach Landrézac (47°30°17.9” N°2°42°37.1” O) in Sarzeau (Brittany, France)
on 28 May 2018 during the afternoon at low tide. Material was washed with tap water,
ground to a 3 mm diameter, frozen at —25 °C, freeze-dried (Alpha 1-4 LSC, Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany), and stored at room
temperature in the dark.

4.2. Poly- and Oligosaccharide Fractions Production and Characterization

In a previous work of Fourniere et al. (2019), detailed poly- and oligosaccharide
fractions production from Enzyme-Assisted Extraction (EAE) was described (see Figure 9
and Table 3) [36].

To briefly summarize, endo-protease Protamex® (Novozymes, Bagsverd, Denmark)
was used at 6% (w/dw) on dried Ulva sp. seaweed. Enzymatic hydrolysis was performed
for 3 h at 50 °C. Then, aqueous extract was undergone ethanolic precipitation (1:5, v/v,
Fisher Scientific, Illkirch, France) at 4 °C for 24 h in order to obtain the fraction rich in crude
ulvans (UE).

Then, fraction DS-UE was produced after dialysis of fraction rich in crude ulvans
(10 mg/mL) for 7 days at 4 °C (cut-off 12-14 kDa, Spectra/Por®4 Dialysis Membrane,
Spectrum Laboratories, Fisher Scientific, Illkirch, France).

Two depolymerization procedures (radical depolymerization by H,O, and ion-exchange
resin depolymerization) were performed on ethanolic precipitate solution from a fraction
rich in crude ulvans (25 mg/mL). For radical depolymerization, hydrogen peroxide (8%,
v /v, Fisher Scientific, Illkirch, France) was mixed to the solution for 24 h at 50 °C, and
the product underwent 48 h dialysis at 4 °C (cut-off of 500-1000 Da, Biotech CE Tub-
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Oligosaccharide fractions

7 days at 4°C

Freeze-drying l_ Freeze-drying _l

cut-off 12-14 kDal

ing, Spectra/ Por®, Fisher Scientific, Illkirch, France). For acidic depolymerization, resin
Amberlite® FPC23 H (10 mL equivalent, Sigma-Aldrich, Saint Quentin Fallavier, France)
was mixed to the solution for 24 h at 80 °C, and the product was neutralized with NaOH
(0.1 and 1 M) before undergoing 48 h dialysis at 4 °C (cut-off of 500-1000 Da, Biotech
CE Tubing, Spectra/ Por®, Fisher Scientific, Illkirch, France). These two procedures led to
oligosaccharide fractions called DEP-HD PP-UE and DEP-AD PP-UE for H,O, and the
acidic resin procedure, respectively.

All fractions were freeze-dried (Alpha 1-4 LSC, Martin Christ Gefriertrocknungsanla-
gen GmbH, Osterode am Harz, Germany) and stored at 4 °C before analysis. Characteri-
zation of these fractions: polysaccharide molecular weight distribution by high pressure
size exclusion chromatography (HPSEC, UHPLC Ultimate 3000, Thermo Fisher Scien-
tific, Waltham, MA, USA), biochemical composition, monosaccharide composition by
high-performance anion-exchange chromatography with pulsed amperometric detection
(HPAEC-PAD, Dionex'" ICS-5000* DC, Thermo Fisher Scientific, Illkirch, France) and
matrix assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF,
Bruker, Billerica, Waltham, MA, USA) were also conducted in a previous study [36].

Dry seaweed Ulva sp.

Enzyme-Assisted Extraction

Protamex (6% dw) + H,O
3 h at 50°C

Ethanolic precipitation

Absolute ethanol (1:5, v/v)
24 h at 4°C

Freeze‘-'drying

Dialysis » Ethanolic precipitation

Absolute ethanol (1:5, v/v)
24 h at 4°C

Ion-exhange resin Radical
depolymerization depolymerization

Amberlite® FPC23H H,0, (8%, v/v)
24 h at 50°C 24 h at 50°C
FiltrItion
Neutralization
Nam Dialysis

cut-off 500-1000 Da
48h at4°C

Freeze-drying‘l
ﬁ DEP-HD PP-UE

Figure 9. Detailed processes of poly- and oligosaccharide fractions production from Ulva sp.
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Table 3. Description of fraction names and obtaining process.

Fraction Name Description
UE Fraction rich in crude ulvans from EAE
Polysaccharide fractions
DS-UE Dialyzed fraction rich in crude ulvans from EAE
DEP-HD Depolymerized fraction rich in crude ulvans
PP-UE from EAE by radical HyO, procedure
Oligosaccharide fractions i i ich i
& DEP-AD Depolymerized fraction rich in crude ulvans

from EAE by Amberlite acidic ion-exchange

PP-UE .
resin procedure

4.3. Cell Culture

Human dermal fibroblasts samples were provided by “Laboratoire Interactions Ep-
ithéliums Neurones” (LIEN, EA 4685), Brest, France. Human dermal samples were obtained
from skin biopsies of healthy donors undergoing abdominoplasty surgery. The study was
conducted in accordance with the Declaration of Helsinki, and all patients signed an in-
formed consent agreement form. Sample collections adhered to the local agreement comity
(“Comité de protection des personnes” Ouest VI) and referenced under DC 2016-2833.

Normal human dermal fibroblasts (NHDF) were cultured in Dulbecco’s modified
eagle medium (DMEM, Lonza, Basel, Switzerland) with 10% (v/v) fetal bovine serum (FBS,
Gibco, Fisher Scientific, Illkirch, France), a 1% antibiotic solution (v/v) (Penicillin, Strep-
tomycin 10,000 U/mL, Gibco, Fisher Scientific, Illkirch, France), and 1% antifungal (v/v)
(Fungizone, amphotericin B, Gibco, Fisher Scientific, Illkirch, France), in a temperature-
controlled incubator with 5% CO; at 37 °C (Forma Steri-Cycle 1160, Thermo Fisher Scientific,
Langenselbold, Germany). Cells were sub-cultured by trypsinization (0.05%) and EDTA
(ethylenediaminetetraacetic acid) solution (Gibco, Fisher Scientific, Illkirch, France) after
reaching confluence. All experiments were performed between the 3rd and 8th passages.

Cells were seeded onto 96-well microplates at a density of 4000 cells/well for WST-
1 and LDH (lactate dehydrogenase) assays onto 12-well plates, at a density of 50,000
cells/well for Red sirius and Blue Alcian staining and RT-qPCR assay, and onto 6-well
plates at a density of 200,000 cells/well for ELISA and Western blot assays.

In all experiments, after reaching 80% confluency, cells were incubated in DMEM with
2% FBS in the absence or presence of the poly- and oligosaccharide fractions for 48 h at 50
and 1000 pg/mL.

4.4. WST-1 Cell Proliferation Assay

The WST-1, in vitro, assay is based on the conversion of tetrazolium salt WST-1 (4-[3-
(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) into formazan
(orange dye) by cellular mitochondrial dehydrogenases. The color change is directly
proportional to the viability and proliferation of cells in culture.

After 48 h incubation, the medium was removed, and 100 puL of WST-1 reagent (WST-1
cell proliferation kit, Roche Diagnostics, Meylan, France; dilution 1:40 in DMEM with 2%
FBS) were added into each well. After 45 min incubation at 37 °C with 5% CO,, absorbance
was measured at 450 against 630 nm with a microplate reader (Varioskan Lux, Thermo
Fisher Scientific, Vantaa, Finland).

4.5. LDH Cytotoxicity Assay

The LDH cytotoxicity assay is based on the measurement of lactate dehydrogenase
(LDH), which is a stable cytosolic enzyme that is released upon cell lysis. Released LDH
in culture supernatants is measured via the conversion of a tetrazolium salt (iodonitrote-
trazolium violet) into red formazan product. The amount of red formazan measured is
proportional to the number of lysed cells.

LDH assay (CytoTox96®, Promega, Madison, WI, USA) was performed according to
supplier instructions. Positive control (LDH maximum release) was performed by adding
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10 puL of lysis solution 10 x (Triton X-100 at 0.8%) for 45 minutes before adding reagent
Cyt0T0x96®. After incubation, 50 uL of cell culture supernatant were transferred onto
a new 96-well microplate (non-sterile). Then, 50 pL of reagent CytoTox96® were added.
The microplate was incubated for 30 minutes at room temperature in the dark. Then,
the reaction was stopped by the addition of 50 puL of “Stop solution”. LDH release was
measured by absorbance quantification with a microplate reader at 490 nm (Varioskan Lux,
Thermo Fisher Scientific, Vantaa, Finland).

4.6. Alcian Blue Staining for Glycosaminoglycans Quantification

Alcian blue staining is a coloration method that allows quantifying two types of
glycosaminoglycans (GAGs): sulfated (heparan sulfate, keratan sulfate, chondroitin sulfate,
and dermatan sulfate) and non-sulfated (hyaluronic acid). Alcian blue solution at pH 1
colors sulfated GAGs, while solution at pH 2.5 colors non-sulfated GAGs.

At the end of the incubation, culture medium was removed, and cells were rinsed
twice with PBS 1X (Fisher Scientific, Illkirch, France). Then, cells were rinsed for 5 min with
0.1N HCI (pH 1, Fisher Scientific, Illkirch, France) or with 3M acetic acid (pH 2.5, Fisher
Scientific, Illkirch, France) in order to decrease pH and reveal sulfated and non-sulfated
glycosaminoglycans, respectively. Then, cells were stained with 1% Alcian Blue (8GX,
Sigma-Aldrich, Saint Quentin Fallavier, France) in HCI 0.1N solution (pH 1) or in 3% acetic
acid solution (pH 2.5) for 30 min. Cells were rinsed twice with tap water for 5 min, dried
under the hood, and rinsed with distilled water for 5 min. Then, bound dye was solubilized
with Guanidine hydrochloride solution 6M (Sigma-Aldrich, Saint Quentin Fallavier, France)
for 5 min under agitation at room temperature. Colored solution was transferred to a new
96-well microplates, and absorbance reading was performed at 600 nm (Varioskan Lux,
Thermo Fisher Scientific, Vantaa, Finland).

4.7. Red Sirius Staining for Total Collagen Quantification

The Red Sirius staining procedure allows quantifying total collagen. Picrosirius red,
a strong linear anionic dye comprising six sulfonate groups, associates along cationic
collagen fibers.

After incubation, the culture medium was removed, and cells were rinsed twice with
PBS 1X (Fisher Scientific, Illkirch, France). Then, 1 mL of Bouin solution (Sigma-Aldrich,
Saint Quentin Fallavier, France) was added in each well, and cells were stained for 1 h
at room temperature. Then, cells were rinsed twice with distilled water and dried under
the hood. Cells were stained with 1 mL of Red Sirius solution (Sirius Red 80 in aqueous
saturated picric acid solution, Sigma-Aldrich, Saint Quentin Fallavier, France) for 1 h. After
staining, solution was removed, and cells were rinsed successively with distilled water
and HC1 0.01N to remove unbound dye. Bound dye was solubilized with NaOH 0.1N for
30 min. Colored solution was transferred to a new 96-well microplates, and an absorbance
read was performed at 550 nm (Varioskan Lux, Thermo Fisher Scientific, Vantaa, Finland).

4.8. Type I Collagen and MMP-1 ELISAs

After incubation, cells were washed twice with PBS 1X (Fisher Scientific, Illkirch,
France). Fibroblasts were lysed in RIPA (radioimmunoprecipitation assay) buffer (Sigma-
Aldrich, Saint Quentin Fallavier, France) supplemented with protease inhibitor cocktail
(Sigma-Aldrich, Saint Quentin Fallavier, France) at 4 °C for 1 h. Cells were scraped,
and samples were vortexed for 30 min and centrifuged (12,000x g for 30 min at 4 °C).
Supernatants containing intracellular proteins were collected and then stored at —80 °C
until analysis for protein determination and Western blot analysis. Protein concentration
was determined by Pierce BCA Protein Assay (Thermo Fisher Scientific, Waltham, MA,
USA) using Bovine Serum Albumin (BSA) as standard.

Cell culture supernatant were collected and centrifuged to remove cell debris (2000 x g
for 10 min at 4 °C) and stored at —80 °C until analysis.
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Type I collagen and MMP-1 measurements were evaluated in culture media with
Abcam kits (ab210966 Human Pro-Collagen I alpha 1 SimpleStep ELISA Kit and ab215083
Human MMP1 SimpleStep ELISA Kit, Cambridge, MA, USA) according to the manu-
facturer’s instructions. Absorbance was measured at 450 nm with a microplate reader
(Varioskan Lux, Thermo Fisher Scientific, Vantaa, Finland). Results were normalized with
cell protein concentrations previously determined.

4.9. Western Blot

Protein samples extraction was described in previous Section 4.8. Protein samples
with Laemmli buffer (Bio-Rad, Marnes-La-Coquette, France) were boiled 5 min at 95 °C and
then centrifuged at 16,000 g for 1 min. Equal amounts of protein (10 pg) were loaded into
wells of 7.5% or 4-15% TGX Stain-Free gel (Bio-Rad, Marnes-La-Coquette, France), along
with Precision Plus Protein"" Unstained Protein standard (Bio-Rad, Marnes-La-Coquette,
France). The gel was run at 200 V for 30 min (PowerPac"" Basic with Mini-PROTEAN®
Tetra System, Bio-Rad, Marnes-La-Coquette, France). The transfer of protein from gel to a
mini PVDF (polyvinylidene fluoride) membrane (Bio-Rad, Marnes-La-Coquette, France)
was performed with a Trans-Blot Turbo Transfer System (Bio-Rad, Marnes-La-Coquette,
France). The membrane was blocked with 3% BSA (Sigma-Aldrich, Saint Quentin Fallavier,
France) or 5% non-fat dry milk in TBST (Bio-Rad, Marnes-La-Coquette, France) for 1 h at
room temperature and washed with TBST. Membrane was probed with type I collagen
(Novotec, Reuver, The Netherlands), type III collagen (Novotec, Reuver, The Netherlands),
MMP-1 (EnoGene, New York, NY, USA), or TIMP-1 (RayBiotech, Peachtree Corners, GA,
USA) antibodies; then, it was washed several times with TBST and incubated for 1 h at room
temperature with secondary peroxidase-conjugated antibodies (Jackson ImmunoResearch,
Ely, UK). Then, clarity Western ECL substrate (Bio-Rad, Marnes-La-Coquette, France) was
applied for 5 min to membranes and revelation was performed using ChemiDoc XRS+
Molecular Imager (Bio-Rad, Marnes-La-Coquette, France). Protein level was quantified
using ImagelLab v6.01.1 software.

4.10. Zymography

Zymography was performed to analyze the active form of collagenase MMP-1 accord-
ing to Inanc et al. (2017) adapted method [52].

SDS-PAGE gels (10% polyacrylamide, Bio-Rad, Marnes-La-Coquette, France) were
copolymerized with 1 mg/mL of type I collagen rat tail (Gibco, Fisher Scientific, Illkirch,
France). Protein samples (5 pg) were mixed with non-reducing sample buffer (62.5 mM
Tris HCl pH 6.8, 20% glycerol, 4% SDS, 0.01% bromophenol blue), centrifuged 1 min at
4 °C, loaded into wells of the gel, along with Precision Plus Protein™" All Blue Standards
(Bio-Rad, Marnes-La-Coquette, France), and then electrophoresed at 110 V at 4 °C for 2 h.
The gel was washed twice in 2.5% Triton X-100 (v/v) for 15 min each time in order to
remove SDS. Then, the gel was incubated in Zymogram Development Buffer (Bio-Rad,
Marnes-La-Coquette, France) for 48 h at 37 °C. After incubation, the gel was stained for 1 h
with 0.5% Coomassie Blue R-250 (Bio-Rad, Marnes-La-Coquette, France) solution (w/v)
and then destained in 40% methanol and 10% glacial acetic acid solution (Sigma- Aldrich,
Saint Quentin Fallavier, France). MMP-1 activity was detected as a clear band against a
Coomassie Blue-stained gel background. Quantification was performed on performed
ChemiDoc XRS+ Molecular Imager (Bio-Rad, Marnes-La-Coquette, France) with Image
Lab version 6.01.1 software (Bio-Rad).

4.11. RNA Isolation and Real-Time RT-PCR

After 48 h incubation, total RNA was extracted with TRIzol (Invitrogen, Carlsbad,
CA, USA) and chloroform (Acros Organics, Fisher Scientific, Illkirch, France), precipitated
with isopropanol (Fisher Scientific, Illkirch, France), washed with ethanol 75%, dried
under the hood before resuspension in DEPC (diethylpyrocarbonate)-treated water (Fisher
Scientific, Illkirch, France). RNA quantity and purity level (between 1.8 and 2.0) were
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estimated with absorbance measurement on a microplate reader (Varioskan Lux, Thermo
Fisher Scientific, Vantaa, Finland) at 260 and 280 nm using uDropTM Plate (Thermo Fisher
Scientific, Waltham, MA, USA).

One microgram of total RNA was treated with DNase I (iScript Dnase Master Mix,
Bio-Rad, Marnes-La-Coquette, France) for 5 min at 25 °C to remove DNA contaminants.
The enzyme was inactivated for 5 min at 75 °C.

Reverse transcription was performed on 1 pug of total RNA, previously treated with
DNase I, using iScript Reverse Transcription (RT) Supermix (Bio-rad, Marnes-La-Coquette,
France). Steps followed for cDNa synthesis were 5 min at 25 °C, 20 min at 46 °C, and 1 min
at 95 °C.

Controls of non-template were included in PCR experiments. gPCR was performed in
96-well plates for a total volume of 20 pL containing 1 pL of 1:15 diluted cDNA samples
from RT, 1 puL of primer (see Table 4, Bio-Rad, Marnes-La-Coquette, France), 10 uL of
iTaq Universal SYBR Green Supermix (Bio-Rad, Marnes-La-Coquette, France), and 8 pL
of nuclease free water. The amplification conditions were 2 min at 95 °C followed by
40 cycles of 5s at 95 °C and 30 s at 60 °C, and end with 5 s at 95 °C and 5 s at 65 °C before
protocol for the melting curve: increase of 0.5 °C from 65 °C to 95 °C. PCR experiments
were performed on CFX 96 system (Bio-Rad, Marnes-La-Coquette, France), and results
were collected from Bio-Rad CFX Manager software v3.1 (Marnes-La-Coquette, France).
The mRNA amounts were normalized to RPLI3A mRNA, and analysis of relative gene
expression was calculated using the 2~44Ct method.

Table 4. Primers used in real-time RT PCR experiments and Unique Assay ID (designed by Bio-Rad).

Gene of Interest  Unique Assay ID Amplicon Length (bp) Chromosome Location

RPL13A qHsaCEDO0020417 118 19:49995272-49995419
COL1A1 qHsaCEDO0043248 113 17:48277174-48278779
COL1A2 qHsaCEDO0003988 139 7:94060134-94060302
COL3A1 qHsaCEDO0046560 107 2:189873813-189874905
MMP-1 qHsaCEDO0048106 102 11:102666225-102667412
TIMP-1 qHsaCEDO0042919 70 X:47442907-47444405

4.12. Statistical Analysis

All values were expressed as mean of n experiment + standard error (SE).

Statistical analyses were performed using Addinsoft (2020). Evaluation of normal
distribution of the data was assessed using Shapiro-Wilk’s test. Significant differences
between control and experimental samples were analyzed by Student’s-t-test (independent,
two-sided), when normal distribution occurred, and by Mann-Whitney’s test, when normal
distribution was rejected. Significant differences compared with control according to
statistical test are indicated by asterisks (* p < 0.05, ** p < 0.01 and *** p < 0.001). Differences
that are not statistically significant are named “NS” in the text and characterized by the
absence of asterisks on the figures.

5. Conclusions

This work demonstrates that poly- and oligosaccharide fractions, enriched in ulvans,
recovered after green novel technology EAE from the green seaweed Ulva sp., influence
fibroblast proliferation, ECM protein synthesis, matrix renewal, and remodeling. Potential
application in cosmetic anti-aging strategies could emerge since skin aging is characterized
by collagen synthesis decrease. Thus, skin matrix renewal is beneficial in this context.
Thus, ulvans, from Ulva sp. fractions obtained after EAE, are biologically active on human
dermal skin fibroblasts metabolism. The authors suggest that this activity is function of the
ulvan abundance, sulfate composition, and molecular weight of the fractions. The authors
speculate that these sulfated rhamnose-rich molecules correspond to signaling molecules,
which are recognized by lectin sites of the membrane fibroblasts and subsequently stimulate
their metabolic activity at both anabolic and catabolic points of view. However, further
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investigations are necessary to assess deeply the molecular mechanism activated by poly-
and oligosaccharide Ulva sp. fractions at the transcription factors level, the penetration
capacity of high and low molecular weight ulvans in 3D skin or ex vivo skin explant
models, and confirm these results of ECM modulation with Ulva EAE-derived fractions in
these models for an anti-aging target.

Author Contributions: Conceptualization, M.E,, T.L., N.B. and G.B.; methodology, M.E,, T.L. and
G.B.; formal analysis, M.E,; investigation, M.F,, C.L.G.-P, T.L.; resources, T.L.,, N.L., R L. and G.B.;
data curation, M.E,, T.L. and G.B.; writing—original draft preparation, M.F.; writing—review and
editing, M.E,, T.L., N.L., N.B. and G.B.; visualization, M.F,; supervision, T.L., N.B. and G.B.; project
administration, T.L., N.B. and G.B.; funding acquisition, T.L. and G.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Conseil départemental des Cotes d’Armor (CD22) [INR00089]
and Guingamp Paimpol Agglomération (GPA).

Institutional Review Board Statement: Human dermal fibroblasts samples were provided by Labo-
ratoire Interactions Epithéliums Neurones (LIEN, EA 4685), Brest, France. Human dermal samples
were obtained from skin biopsies of healthy donors undergoing abdominoplasty surgery. The study
was conducted in accordance with the Declaration of Helsinki and all patients signed an informed
consent agreement form. Sample collections adhered to the local agreement comity (“Comité de
protection des personnes” Ouest VI) and referenced under DC 2016-2833.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author without restriction.

Acknowledgments: We are grateful to the Conseil Départemental des Cétes d’Armor and Guingamp
Paimpol Agglomération (GPA) for contributing to this research by providing a part of the PhD
funding. We would like to thank Nicolas Lebonvallet, Christelle Le Gall Ianotto Raphaél Leschiera,
and Laurent Misery from LIEN (EA 4685) for providing skin cell samples.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Charlier, RH.; Morand, P.; Finkl, CW.; Thys, A. Green tides on the Brittany coasts. Environ. Res. Eng. Manag. 2007, 3, 52-59.
[CrossRef]

2. Briand, X. Seaweed harvesting in Europe. In Seaweed Resources in Europe: Uses and Potential; Guiry, M.D., Blunden, G., Eds.; John
Wiley & Sons: Chichester, UK, 1991; pp. 259-308. ISBN 0-471-92947-6.

3. Kidgell, ].T.; Magnusson, M.; De Nys, R.; Glasson, C.R. Ulvan: A systematic review of extraction, composition and function. Algal
Res. 2019, 39, 101422. [CrossRef]

4. Lahaye, M.; Ray, B. Cell-wall polysaccharides from the marine green alga Ulva rigida (Ulvales, Chlorophyta). Extraction and
chemical composition. Carbohydr. Res. 1995, 274, 251-261. [CrossRef]

5. Hardouin, K; Bedoux, G.; Burlot, A.-S.; Donnay-Moreno, C.; Bergé, ].-P.; Nyvall-Collén, P.; Bourgougnon, N. Enzyme-assisted
extraction (EAE) for the production of antiviral and antioxidant extracts from the green seaweed Ulva armoricana (Ulvales,
Ulvophyceae). Algal Res. 2016, 16, 233-239. [CrossRef]

6.  Garcia-Vaquero, M.; Rajauria, G.; O’Doherty, J.; Sweeney, T. Polysaccharides from macroalgae: Recent advances, innovative
technologies and challenges in extraction and purification. Food Res. Int. 2017, 99, 1011-1020. [CrossRef] [PubMed]

7. Hardouin, K.; Bedoux, G.; Burlot, A.S.; Nyvall-Collén, P.; Bourgougnon, N. Enzymatic recovery of metabolites from seaweeds:
Potential applications. In Advances in Botanical Research-Sea Plants; Bourgougnon, N., Ed.; Academic Press: London, UK, 2014;
Volume 71, pp. 281-323. ISBN 978-0-12-408062-1.

8.  Pliego-Cortés, H.; Wijesekara, I.; Lang, M.; Bourgougnon, N.; Bedoux, G. Current knowledge and challenges in extraction,
characterization and bioactivity of seaweed protein and seaweed-derived proteins. In Advances in Botanical Research-Seaweeds
around the World: State of Art and Perspectives; Bourgougnon, N., Ed.; Academic Press: London, UK, 2020; Volume 95, pp. 289-326.
ISBN 978-0-08-102710-3.

9.  Terme, N.; Hardouin, K.; Cortes, H.P,; Pefiuela, A.; Freile-Pelegrin, Y.; Robledo, D.; Bedoux, G.; Bourgougnon, N. Emerging

seaweed extraction techniques: Enzyme-assisted extraction a key step of seaweed biorefinery? In Sustainable Seaweed Technologies;


http://doi.org/10.1109/BALTIC.2006.7266128
http://doi.org/10.1016/j.algal.2019.101422
http://doi.org/10.1016/0008-6215(95)00138-J
http://doi.org/10.1016/j.algal.2016.03.013
http://doi.org/10.1016/j.foodres.2016.11.016
http://www.ncbi.nlm.nih.gov/pubmed/28865611

Mar. Drugs 2021, 19, 156 19 of 20

10.

11.

12.

13.

14.

15.
16.

17.

18.
19.

20.

21.
22.
23.
24.
25.

26.
27.

28.

29.

30.

31.
32.

33.
34.

35.

36.

37.

38.

39.

Torres, M.D., Kraan, S., Dominguez, H., Eds.; Elsevier BV: Amsterdam, The Netherlands, 2020; pp. 225-256. ISBN 978-0-12-
817943-7.

Adrien, A; Bonnet, A.; Dufour, D.; Baudouin, S.; Maugard, T.; Bridiau, N. Anticoagulant Activity of Sulfated Ulvan Isolated from
the Green Macroalga Ulva rigida. Mar. Drugs 2019, 17, 291. [CrossRef] [PubMed]

Qi, H.; Zhao, T.; Zhang, Q.; Li, Z.; Zhao, Z.; Xing, R. Antioxidant activity of different molecular weight sulfated polysaccharides
from Ulva pertusa Kjellm (Chlorophyta). J. Appl. Phycol. 2005, 17, 527-534. [CrossRef]

Shao, P.; Chen, M.; Pei, Y.; Sun, P. In intro antioxidant activities of different sulfated polysaccharides from chlorophytan seaweeds
Ulva fasciata. Int. ]. Biol. Macromol. 2013, 59, 295-300. [CrossRef] [PubMed]

Tabarsa, M.; Han, ].H.; Kim, C.Y.; You, S.G. Molecular characteristics and immunomodulatory activities of water-soluble sulfated
polysaccharides from Ulva pertusa. J]. Med. Food 2012, 15, 135-144. [CrossRef]

Peasura, N.; Laohakunjit, N.; Kerdchoechuen, O.; Wanlapa, S. Characteristics and antioxidant of Ulva intestinalis sulphated
polysaccharides extracted with different solvents. Int. |. Biol. Macromol. 2015, 81, 912-919. [CrossRef] [PubMed]

Krutmann, J.; Bouloc, A.; Sore, G.; Bernard, B.A.; Passeron, T. The skin aging exposome. J. Derm. Sci. 2017, 85, 152-161. [CrossRef]
Farage, M.A.; Miller, KW.,; Elsner, P.; Maibach, H.I. Intrinsic and extrinsic factors in skin ageing: A review. Int. ]. Cosmet. Sci. 2008,
30, 87-95. [CrossRef]

Haydont, V.; Bernard, B.A.; Fortunel, N.O. Age-related evolutions of the dermis: Clinical signs, fibroblast and extracellular matrix
dynamics. Mech. Ageing Dev. 2019, 177, 150-156. [CrossRef] [PubMed]

Guillerme, J.-B.; Couteau, C.; Coiffard, L. Applications for marine resources in cosmetics. Cosmetics 2017, 4, 35. [CrossRef]
Wang, H-M.D.; Chen, C.-C.; Huynh, P; Chang, J.-S. Exploring the potential of using algae in cosmetics. Bioresour. Technol. 2015,
184, 355-362. [CrossRef]

Bedoux, G.; Hardouin, K.; Burlot, A.S.; Bourgougnon, N. Bioactive components from seaweeds: Cosmetic applications and future
development. In Advances in Botanical Research-Sea Plants; Bourgougnon, N., Ed.; Academic Press: London, UK, 2014; Volume 71,
pp. 349-382. ISBN 978-0-12-408062-1.

Pimentel, EB.; Alves, R.C.; Rodrigues, F; Oliveira, M.B.P.P. Macroalgae-derived ingredients for cosmetic industry—An update.
Cosmetics 2017, 5, 2. [CrossRef]

Couteau, C.; Coiffard, L. Seaweed application in cosmetics. In Seaweed in Health and Disease Prevention; Fleurence, J., Levine, I.,
Eds.; Academic Press: London, UK, 2016; pp. 423-441. ISBN 9780128027721.

Prydz, K.; Dalen, K.T. Synthesis and sorting of proteoglycans. J. Cell Sci. 2000, 113, 193-205. [PubMed]

Lee, D.H.; Oh, J.-H.; Chung, ] H. Glycosaminoglycan and proteoglycan in skin aging. J. Dermatol. Sci. 2016, 83, 174-181. [CrossRef]
Prost-Squarcioni, C.; Fraitag, S.; Heller, M.; Boehm, N. Functional histology of dermis. Ann. Dermatol. Venereol. 2008, 135, 5-20.
[CrossRef]

Bornstein, P.; Sage, H. Regulation of collagen gene expression. Base Excision Repair 1989, 37, 67-106. [CrossRef]

Lovell, C.; Smolenski, K.; Duance, V.; Light, N.; Young, S.; Dyson, M. Type I and III collagen content and fibre distribution in
normal human skin during ageing. Br. J. Derm. 1987, 117, 419-428. [CrossRef]

Fleischmajer, R.; MacDonald, E.D.; Perlish, ].S.; Burgeson, R.E.; Fisher, L.W. Dermal collagen fibrils are hybrids of type I and type
III collagen molecules. |. Struct. Biol. 1990, 105, 162-169. [CrossRef]

Varani, J.; Dame, M.K.; Rittie, L.; Fligiel, S.E.G.; Kang, S.; Fisher, G.J.; Voorhees, J.J. Decreased collagen production in chronologi-
cally aged skin: Roles of age-dependent alteration in fibroblast function and defective mechanical stimulation. Am. . Pathol. 2006,
168, 1861-1868. [CrossRef] [PubMed]

Xue, M.; Jackson, C.J. Extracellular Matrix Reorganization During Wound Healing and Its impact on Abnormal Scarring. Adv.
Wound Care 2015, 4, 119-136. [CrossRef] [PubMed]

Smith, M.M.; Melrose, J. Proteoglycans in Normal and Healing Skin. Adv. Wound Care 2015, 4, 152-173. [CrossRef]

Arpino, V.; Brock, M.; Gill, S.E. The role of TIMPs in regulation of extracellular matrix proteolysis. Matrix Biol. 2015, 44—46, 247-254.
[CrossRef]

Kahari, V.-M.; Saarialho-Kere, U. Matrix metalloproteinases in skin. Exp. Dermatol. 1997, 6, 199-213. [CrossRef]

Cui, N.; Hu, M,; Khalil, R.A. Biochemical and biological attributes of matrix metalloproteinases. In Progress in Molecular Biology
and Translational Science; Academic Press: Cambridge, MA, USA, 2017; Volume 147, pp. 1-73.

Shin, J.-W.; Kwon, S.-H.; Choi, J.-Y.; Na, ].-I.; Huh, C.-H.; Choi, H.-R.; Park, K.-C. Molecular mechanisms of dermal aging and
antiaging approaches. Int. J. Mol. Sci. 2019, 20, 2126. [CrossRef]

Fourniére, M.; Latire, T.; Lang, M.; Terme, N.; Bourgougnon, N.; Bedoux, G. Production of Active Poly- and Oligosaccharidic
Fractions from Ulva sp. By Combining Enzyme-Assisted Extraction (EAE) and Depolymerization. Metabolites 2019, 9, 182.
[CrossRef]

Adrien, A.; Bonnet, A.; Dufour, D.; Baudouin, S.; Maugard, T.; Bridiau, N. Pilot production of ulvans from Ulva sp. and their
effects on hyaluronan and collagen production in cultured dermal fibroblasts. Carbohydr. Polym. 2017, 157, 1306-1314. [CrossRef]
Ko, HJ.; Kim, G.B.; Lee, N.H.; Lee, G.S.; Pyo, H.B. The effect of hydrolyzed Jeju Ulva pertusa on the proliferation and type I
collagen synthesis in replicative senescent fibroblasts. J. Soc. Cosmet. Sci. Korea 2013, 39, 177-186. [CrossRef]

Bodin, J.; Adrien, A.; Bodet, P-E.; Dufour, D.; Baudouin, S.; Maugard, T.; Bridiau, N. Ulva intestinalis Protein Extracts Promote In
Vitro Collagen and Hyaluronic Acid Production by Human Dermal Fibroblasts. Molecules 2020, 25, 2091. [CrossRef] [PubMed]


http://doi.org/10.3390/md17050291
http://www.ncbi.nlm.nih.gov/pubmed/31091758
http://doi.org/10.1007/s10811-005-9003-9
http://doi.org/10.1016/j.ijbiomac.2013.04.048
http://www.ncbi.nlm.nih.gov/pubmed/23643973
http://doi.org/10.1089/jmf.2011.1716
http://doi.org/10.1016/j.ijbiomac.2015.09.030
http://www.ncbi.nlm.nih.gov/pubmed/26400737
http://doi.org/10.1016/j.jdermsci.2016.09.015
http://doi.org/10.1111/j.1468-2494.2007.00415.x
http://doi.org/10.1016/j.mad.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29548941
http://doi.org/10.3390/cosmetics4030035
http://doi.org/10.1016/j.biortech.2014.12.001
http://doi.org/10.3390/cosmetics5010002
http://www.ncbi.nlm.nih.gov/pubmed/10633071
http://doi.org/10.1016/j.jdermsci.2016.05.016
http://doi.org/10.1016/S0151-9638(08)70206-0
http://doi.org/10.1016/s0079-6603(08)60695-9
http://doi.org/10.1111/j.1365-2133.1987.tb04921.x
http://doi.org/10.1016/1047-8477(90)90110-X
http://doi.org/10.2353/ajpath.2006.051302
http://www.ncbi.nlm.nih.gov/pubmed/16723701
http://doi.org/10.1089/wound.2013.0485
http://www.ncbi.nlm.nih.gov/pubmed/25785236
http://doi.org/10.1089/wound.2013.0464
http://doi.org/10.1016/j.matbio.2015.03.005
http://doi.org/10.1111/j.1600-0625.1997.tb00164.x
http://doi.org/10.3390/ijms20092126
http://doi.org/10.3390/metabo9090182
http://doi.org/10.1016/j.carbpol.2016.11.014
http://doi.org/10.15230/scsk.2013.39.3.177
http://doi.org/10.3390/molecules25092091
http://www.ncbi.nlm.nih.gov/pubmed/32365755

Mar. Drugs 2021, 19, 156 20 of 20

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

Tabarsa, M.; You, S.; Dabaghian, E.H.; Surayot, U. Water-soluble polysaccharides from Ulva intestinalis: Molecular properties,
structural elucidation and immunomodulatory activities. J. Food Drug Anal. 2018, 26, 599-608. [CrossRef] [PubMed]

Berri, M; Olivier, M.; Holbert, S.; Dupont, J.; Demais, H.; Le Goff, M.; Collen, P.N. Ulvan from Ulva Armoricana (Chlorophyta)
Activates the PI3K/Akt signalling pathway via TLR4 to induce intestinal cytokine production. Algal Res. 2017, 28, 39-47.
[CrossRef]

Alves, A.; Sousa, R.A.; Reis, R.L. In vitro Cytotoxicity Assessment of Ulvan, a Polysaccharide Extracted from Green Algae.
Phytother. Res. 2012, 27, 1143-1148. [CrossRef] [PubMed]

Moran-Santibariez, K.; Cruz-Suarez, L.E.; Ricque-Marie, D.; Robledo, D.; Freile-Pelegrin, Y.; Pena-Hernandez, M.A.; Rodriguez-
Padilla, C.; Trejo-Avila, L.M. Synergistic Effects of Sulfated Polysaccharides from Mexican Seaweeds against Measles Virus.
Biomed. Res. Int. 2016, 2016, 1-11. [CrossRef]

Kidgell, J.T.; Glasson, C.R.; Magnusson, M.; Vamvounis, G.; Sims, LM.; Carnachan, S.M.; Hinkley, S.E; Lopata, A.L.; De Nys, R.;
Taki, A.C. The molecular weight of ulvan affects the in vitro inflammatory response of a murine macrophage. Int. J. Biol. Macromol.
2020, 150, 839-848. [CrossRef] [PubMed]

Andres, E.; Molinari, ].; Péterszegi, G.; Mariko, B.; Ruszova, E.; Velebny, V.; Faury, G.; Robert, L. Pharmacological properties
of rhamnose-rich polysaccharides, potential interest in age-dependent alterations of connectives tissues. Pathol. Biol. 2006,
54, 420-425. [CrossRef]

Faury, G.; Ruszova, E.; Molinari, J.; Mariko, B.; Raveaud, S.; Velebny, V.; Robert, L. The x-1-Rhamnose recognizing lectin site of
human dermal fibroblasts functions as a signal transducer: Modulation of Ca?* fluxes and gene expression. Biochin. Biophys.
Acta Gen. Subj. 2008, 1780, 1388-1394. [CrossRef]

Rioux, L.-E.; Moulin, V.; Beaulieu, M.; Turgeon, S.L. Human skin fibroblast response is differentially regulated by galactofucan
and low molecular weight galactofucan. Bioact. Carbohydr. Diet. Fibre 2013, 1, 105-110. [CrossRef]

Vuorio, E.; De Crombrugghe, B. The family of collagen genes. Annu. Rev. Biochem. 1990, 59, 837-872. [CrossRef] [PubMed]
Stefanovic, B. RNA protein interactions governing expression of the most abundant protein in human body, type I collagen. Wiley
Interdiscip. Rev. RNA 2013, 4, 535-545. [CrossRef] [PubMed]

Moon, HJ.; Lee, S.R.;; Shim, S.N.; Jeong, S.H.; Stonik, V.A.; Rasskazov, V.A.; Zvyagintseva, T.; Lee, Y.H. Fucoidan Inhibits
UVB-Induced MMP-1 Expression in Human Skin Fibroblasts. Biol. Pharm. Bull. 2008, 31, 284-289. [CrossRef] [PubMed]
Wijesekara, I.; Pangestuti, R.; Kim, S.-K. Biological activities and potential health benefits of sulfated polysaccharides derived
from marine algae. Carbohydr. Polym. 2011, 84, 14-21. [CrossRef]

Inanc, S.; Keles, D.; Oktay, G. An improved collagen zymography approach for evaluating the collagenases MMP-1, MMP-8, and
MMP-13. BioTechniques 2017, 63. [CrossRef]


http://doi.org/10.1016/j.jfda.2017.07.016
http://www.ncbi.nlm.nih.gov/pubmed/29567229
http://doi.org/10.1016/j.algal.2017.10.008
http://doi.org/10.1002/ptr.4843
http://www.ncbi.nlm.nih.gov/pubmed/22972627
http://doi.org/10.1155/2016/8502123
http://doi.org/10.1016/j.ijbiomac.2020.02.071
http://www.ncbi.nlm.nih.gov/pubmed/32057850
http://doi.org/10.1016/j.patbio.2006.07.004
http://doi.org/10.1016/j.bbagen.2008.07.008
http://doi.org/10.1016/j.bcdf.2013.03.004
http://doi.org/10.1146/annurev.bi.59.070190.004201
http://www.ncbi.nlm.nih.gov/pubmed/2197991
http://doi.org/10.1002/wrna.1177
http://www.ncbi.nlm.nih.gov/pubmed/23907854
http://doi.org/10.1248/bpb.31.284
http://www.ncbi.nlm.nih.gov/pubmed/18239288
http://doi.org/10.1016/j.carbpol.2010.10.062
http://doi.org/10.2144/000114597

	Introduction 
	Results 
	Poly- and Oligosaccharide Fractions of Ulva sp. from EAE Exhibit Different Biochemical Composition and Molecular Weight Distribution 
	Poly- and Oligosaccharide Fractions of Ulva sp. Stimulate Metabolic Activity But Do Not Affect the Viability of Fibroblasts 
	Poly- and Oligosaccharide Fractions of Ulva sp. Stimulate Extracellular Matrix Metabolism in Fibroblasts 
	Poly- and Oligosaccharide Fractions of Ulva sp. Differentially Modulate ECM Gene Expression of Fibroblasts 

	Discussion 
	Action of Poly- and Oligosaccharide Ulva Fractions from EAE on ECM Fibroblasts Metabolism 
	Role of the Ulvan Abundance, Sulfate Composition and Molecular Weight in ECM Fibroblast Modulation 

	Materials and Methods 
	Macroalgal Material 
	Poly- and Oligosaccharide Fractions Production and Characterization 
	Cell Culture 
	WST-1 Cell Proliferation Assay 
	LDH Cytotoxicity Assay 
	Alcian Blue Staining for Glycosaminoglycans Quantification 
	Red Sirius Staining for Total Collagen Quantification 
	Type I Collagen and MMP-1 ELISAs 
	Western Blot 
	Zymography 
	RNA Isolation and Real-Time RT-PCR 
	Statistical Analysis 

	Conclusions 
	References

