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Summary

Rhamnose-rich (RROP-s) and fucose-rich (FROP-s) oligo- and polysaccharides were
prepared and extensively characterised by physical and chemical procedures [1,2] and
compared to L-fucose. Their biological properties were then studied on human skin
fibroblast cell cultures, human skin explant cultures and on hairless rat skin, using a
variety of cell-biological, biochemical and computerised morphometrical procedures.
Among the most important properties we could establish, the following are of particular
interest for the tretment and prevention of age-dependent modifications of human skin
(loss of skin-tissue, cells and matrix, wrinkle formation and others) : stimulation of cell
proliferation (by *[H]-thymidine incorporation and the MTT test), scavenging of
reactive oxygen species (ROS) using several different procedures, and protease (MMP-
2 and MMP-9) down-regulation. A topical preparation, using RROP-s and FROP-s,
and/or L-fucose, was shown to increase cell proliferation, dermal matrix synthesis,
efficient scavenging of ROS-s and to increase also the thickness of dermal tissue when
applied for 4 weeks on hairless rat skin, accompanied by the densification of collagen
bundles as well as by an increase of elastin synthesis. Using fluorescent labeled FROPs,
it could be shown that these oligosaccharides react with cell-membrane receptors and
especially with the elastin-laminin-receptor and the fucose-mannose receptor, but they
penetrate also in the cell nucleus, suggesting the possibility of a direct action on the
regulation of gene expression. When applied to the human skin of a team of voluntary
women encompassing all age-groups, the efficiency of FROP-containing preparation
could be confirmed using indentometry and computerised evaluation of skin micro-
relief, as well as evaluation of periorbital wrinkles. It appears therefore that these

preparations correspond to all the requirements of active anti-aging principles.
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I. Introduction

Skin aging became an important issue of our rapidly aging society. 20 to 35% of the
general population in all advanced and in most advancing countries is above 65 years.
The most rapidly increasing fraction of this population are the very old (centenarians
[3]). This fact creats an important market for anti-aging skin products adressing an
increasingly exigent population. Modern research carried out in some laboratories is
taking up this challange with increasing efficiency. Before describing the results
obtained in our laboratory along these lines of investigation, we have to discuss in some

detail the basic cellular and molecular mechanisms involved in skin aging.

Cellular and molecular mechanisms involved in skin aging.

In order to define the most significant tests for screening studies, the first important
issue is to define the mechanisms which underly skin aging. Aging of tissues is a
complex process which involves the aging of cells, of extracellular matrix (ECM) and
of cell-matrix interactions [4,5]. These interactions are mediated by receptors as the
integrins or the elastin-laminine-receptor (ELR [6]). Both types of receptors (as well as
some others) are involved in the aging process. Cell-aging, as studied in cell cultures,
follows the principles elaborated by L. Hayflick [7] and is explained essentially by the
telomer-telomerase-centered mechanisms [8,9]. Cell aging affects cell divisions both for
keratinocytes and fibroblasts which is progressively slowing down with age. As shown
however by the slow but efficient wound healing of elderly subjects, it remains

sufficient to close surgical or accidental wounds.

An other important aspect of cell aging is the progressive modification of the

« program » of the biosynthesis of ECM components. This is an important aspect of
skin aging because of the rich ECM of dermis. Loss of dermal tissue measured as the
skin thickness of biopsy specimens from sun-protected sites gave an average estimate of
7% of the original skin thickness (extrapolated to birth) lost every 10 years [10]. This
leaves less than the one third of the original skin thickness at about 90 — 100 years

(Fig.1a.). This loss of skin tissue is the combined result of cell loss and mainly of

353



reduced cell-biosynthetic activity, as well as of increased proteolytic activity. Age-
dependent loss of collagen (Figl.b.) is the result of the combined effect of decreased
biosynthesis and increased degradation, as the result of the age-dependent increase of
the local production of matrix degrading enzymes. As shown on Fig.2., elastase-type
endopeptidase activity is steadily increasing with chronological age and also during in
vitro aging, with increasing cell passages as shown with human skin fibroblasts {11,12].
Decreasing matrix biosynthetic activity combined with increasing matrix degradation
are the two essential ingredients of skin aging. Besides proteolytic enzymes, reactive
oxygen species comprising free radicals as hydroxyl radical, superoxide and hydrogen
peroxide represent another important source of skin degrading agents. ROS-production
is both an intrinsic, cell-dependent process and also a photochemically, UV-induced
mechanism. It was shown however, that UVA-induced free radical production was
much more important than UVB-induced production [13], is maximal at the skin surface
and decreases rapidly towards the dermis. The metabolic generation of ROS is however
cell-dependent, essentially of mitochondrial origin, and was shown to increase with age,
together with a decrease of the cellular scavenging activity [14,15]. We could show that
hyaluronan, one of the most important glycosaminoglycan components of skin, is highly
sensitive to free radical degradation. This reaction could be used for the quantitative
determination of free radical generation [16,17]. Hyaluronan is produced both in the
dermis and epidermis and is involved in a number of important biological properties of
skin tissue, such as hydration, control of molecular traffic, activation of MMP-2 and

MMP-9 and others [18,19].

Bedsides these mechanisms concerning matrix production and matrix degradation, there
is another important aspect of skin homeostasis, the fine adjustment of the relative rates
of the expression of genes coding for the ECM-components, collagens, elastin and
others [20]. In this respect receptor-mediated cell-matrix interactions play a crucial role.
This receptor-mediated information exchange between the cells and the surrounding
ECM-components is progressively deteriorating with age, as we could demonstrate in
our experiments with the elastin-laminin-receptor [21,22,23]. In cells from old
individuals (>65 years) this receptor appeared to be uncoupled from its normal

transmission pathway as established on circulating white blood cells and endothelial

354



cells or fibroblasts. This transmission pathway is shown schematically on Fig.3. One of
the most conspicuous results of this uncoupling of ELR, shown on Fig.4., is the loss of
its coupling to the G;—component of its transmission pathway, accompanied however by
an increased free radical production. This can easily damage the cell-membrane and
account for the loss of the calcium homeostatic regulations of the cells, demonstrated
experimentally on PMN-leucocytes obtained from aged-pathological donors [24]. The
above summarised mechanisms, cell proliferation, matrix production and degradation,
ROS-scavenging are the reactions we explored systematically for the characterisation of

new active principles.

II1. What is meant by « anti-aging » priciple ?

This is a somewhat abusive (but largely used) term. It would be more appropriate to
speak about the slowing down of aging processes. The demonstration of « peace-meal »
aging of tissue functions (« vieillissement en pi¢ces détachées » in French [25]) shows
clearly that different tissues and functions age at different rates. Some functions
decrease rapidly with age, others much more slowly. Articular cartilage looses rapidly
its biomechanical characteristics, most elastic functions as accomodation of the eye lens,
elasticity of blood vessels , of the lung or of the skin decline also relatively rapidly.
Other functions, related essentially to the central nervous system, decline more slowly.
This is true also for the skin, some of its components decrease rapidly (skin collagen
and glycosaminoglycans), others may even increase with age, as fibronectine [26,27].
The result is a progressively changing macromolecular composition of skin matrix as
demonstrated also by the age-dependent modifications of its rheological properties

[28,29].

All the above described factors were taken in consideration for the elaboration of some
new active principles designed to counteract the above described mechanisms
underlying skin aging. In the present experiments we tested rhamnose- and fucose-rich
oligo- and polysaccharides (RROPs and FROPs). The biological origin and chemical

preparation and characterisation of these substances was recently described [1,2]. Here
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we shall concentrate on the biological-biochemical characteristics of these substances in

relation to the above described aging mechanisms.
IV. LABORATORY STUDIES IN VITRO, EX VIVO AND IN VIVO

IV.1. Effect on free radical mediated degradations. RROPs and FROPs as efficient

free radical scavengers

For these experiments we used the free radical mediated degradation of hyaluronan, a
previously described procedure [16,17]. The viscosity of a 1 mg/ml hyaluronan solution
was recorded as function of time in a cylindrical rotating viscometer (Fig.5.). When a
highly diluted solution of Ascorbate-FeCl,-EDTA (the Udenfriend reagent) was added,
a rapid fall of viscosity could be demonstrated. This reagent releases OH® radicals and
produces a rapid cleavage of the hyaluronan chains as shown by the rapid drop of its
viscosity. In the presence of low concentrations of RROP this drop of viscosity is
slowed down, with a plateau at increasing RROP concentrations. This shows a very

efficient free radical scavenging activity of RROPs (Fig.6.).

When similar experiments are carried out with FROPs, the scavenging effect is smaller
at the lowest concentrations, but there is a steady increase with increasing FROP

concentrations (Fig.6.). :

These results substantiate a good complementarity of these two compounds as free
radical scavengers, RROPs active already at very low concentrations, but with a rapid
saturation, FROPs less active at low concentrations, but increasing their efficiency at

higher concentrations.

Using an other, independent test, we could confirm the efficiency of FROPs as
protectors against ROS-mediated cell-death. We could show that ascorbate at millimolar
concentrations is cytotoxic [30]. This effect is the result of the dose-dependent

inhibition by ascorbate of fibronectin biosynthesis, mediated by ROS as shown by the

356



protection in presence of catalase and SOD. FROPs were shown to protect efficiently

human skin fibroblasts against the ascorbate mediated cell-death [31].

Taken all together, these results show, that RROP and FROP are efficient scavengers of

free radicals.
IV.2. Effect on cell proliferation

For these experiments human skin fibroblasts were used and cultured as described [1].
The effect of several FROP-preparations (for details see ref.[1]) was compared to that of
the original high molecular weight polysaccharides (Fucogel®) as well as to that of L-
fucose. The original polysaccharide produced a strong stimulation of proliferation as
shown on Fig.7. At a 10 pg/ml concentration this polysaccharide gave a more than
100% increase in proliferation as compared to control cultures, using *H-thymidine
incorporation (p<0,001). At higher concentrations (100 pg/ml) less stimulation was
obtained (+61%). The effect of L-fucose was more modest but significant, at 1 pg/ml
+19% and at 10 pg/ml +35%. FROP-3, used currently in topical preparations, gave at 1
pg/ml +48% stimulation and at10 pg/ml +31%. Both for the high molecular weight
polysaccharide and for the oligosaccharides the lower concentrations gave the most

important stimulation.

IV.3. Effect on skin matrix biosynthesis

As mentioned in the introduction, aging is accompanied by a progressive loss of skin
extracellular matrix, as exemplified by the decrease of skin thickness (Fig.1.).
Stimulation of matrix biosynthesis is therefore an important quality of active anti-aging
ingredients. We shall describe the effects of the two substances tested, RROP and FROP
on extracellular matrix biosynthesis

IV.3.1. Effects in vitro

a) protein and collagen biosynthesis
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We tested the biosynthesis of two major matrix components, proteins and
glycosaminoglycans. Protein biosynthesis comprises also collagen neosynthesis, tested
by the incorporation of radioactive proline in macromolecular proline (total proteins)
and macromolecular hydroxyproline (collagens). Glycosaminoglycan biosynthesis was
estimated by the incorporation of radioactive glucosamine in glycosaminoglycans,
identified by their specific degradation with selective endoglycosydases [32]. We could
show that RROP strongly increased 3 H-proline incorporation in total neosynthesised
proteins by human skin fibroblasts in culture (Fig.8.). From this total incorporation
about 3,5 % concerned collagens. In presence of 1jug/ml RROP *H-proline
incorporation increased by a factor above 500x in total proteins, and by a factor of 13x
in collagens. At 10 pg/ml RROP produced a further increase of protein and collagen
biosynthesis, to a level of about the double of the stimulation by 1 pg/ml.

FROPs also proved to be efficient in this respect. As in many topical preparations this
polysaccharide is combined with vitamin C, retinol and vitamin E, their combined effect
on protein and collagen biosynthesis was therefore also investigated. We tested
separately protein and collagen biosynthesis by 3 H-proline incorporation, as well as
collagen accumulation in cell cultures by a specific colorimetric procedure [33]. Both
methods gave comparable results. Curiously L-fucose alone gave a slight but significant
inhibition of collagen biosynthesis and accumulation. This was not the case for the ‘
FROP preparation, it potentiated the action of ascorbate on collagen biosynthesis. It
also counterbalanced, corrected the retinol-induced inhibition of collagen biosynthesis
(Fig.9.). As can be seen on Fig.9., at 10 ug/ml FROP-3 increased significantly *H-
proline incorporation in cell-associated collagens and non collagen proteins. A much
more modest effect was seen with L-fucose. As shown on Fig.10., retinol increased
incorporation of *H-proline both in collagen and in non collagen proteins excreted by
fibroblasts in the culture medium. This increase was much more important in presence

of 10 pg/ml FROP-3. L-fucose did not potentiate the effect of retinol.

b) Glycosaminoglycan biosynthesis
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We used *H-glucosamine incorporation followed by the selective degradation of
individual GAG-s as described [32]. Both L-fucose and FROP-3 stimulated
incorporation in some selective GAG-s, this effect was however strongly age- (passage
number-) dependent. L-fucose stimulated incorporation in heparan sulfates at the gt
passage of fibroblasts by 20%. FROP-3 stimulated incorporation in dermatan sulfate in
a dose-dependent fashion: +67% at 1 pg/ml and +128% at 10 pg/ml [34]. Hyaluronan
biosynthesis was also stimulated by about 27% [34].

These results taken together strongly support our claim that the rhamnose-rich and
fucose-rich preparations stimulate the biosynthesis of several macromolecular

components of skin extracellular matrix.
IV.3.2. Effects in vivo

In order to appreciate the effect of these two compounds on in vivo matrix biosynthesis,
we determined their effect on the thickness of hairless rat skin after four weeks of local
application. This effect was compared to that produced by L-fucose. After 4 weeks of
local application we could demonstrate by computerised image-analytical methods on
skin biopsies a significant increase of skin thickness, both for the epidermis and for the
dermis (Fig.11.). This increase is the combined result on cell proliferation and on matrix

biosynthesis.

Another important aspect of the in vivo effect of L-fucose concerned the relative density
of collagen fiber-bundles in the dermis. This was also evaluated by image-analytical
procedures. As shown on Fig.12. local treatment with L-fucose considerably increased
the density of the dermal collagen fibers as shown by the left-shift of the histogram of
the fiber density distribution profile.

These results confirm those obtained with in vitro methods and show that L-fucose and
the two oligo- polysaccharide preparations strongly stimulate in vivo also the
biosynthesis of dermal matrix, as well as the proliferation of the cellular components of

skin.
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IV.3.3. Effect on elastin biosynthesis

Elastic fibers represent an important component of skin matrix. We could show that the
vertical fibers of young skin are progressively degraded and replaced by mostly
horizontally running thicker elastic fibers. Although total elastin fiber surface density of
human skin is increasing with age, its elasticity is decreasing [35]. This is due to
qualitative modifications of aging elastic fibers, which get progressively saturated with

Ca-salts and with lipids.

We therefore tested the effect of L-fucose and of FROP-3 on elastin fiber formation in
rat skin and on tropoelastin biosynthesis by fibroblasts in culture. Both tests gave
positive results. As shown on Fig.13., tropoelastin biosynthesis was stimulated by L-
fucose and even more by FROP-3. The morphometric evaluation of elastic fiber surface
density on histological sections from topically treated rat skin confirmed the stimulation

of skin elastin fiber deposition in the treated skin.

V. STUDIES ON HUMAN VOLUNTARIES

In further experiments the above described biological properties of the polysaccharides

were tested and extended to the skin of human voluntaries.

V.1. Effect on human skin,

A cosmetic preparation containing as active principle FROP-3 (and more recently also
RROP) was tested on 20 voluntary women representing a wide age-spectrum with
different skin

qualities. The following tests were performed:
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a) indentometric evaluation of skin firmness (hydration) and elasticity, as
described previously [37]

b) skin surface relief by computerised image analytical procedures according to
a method worked out in our laboratory [38]

¢) evolution of periorbital wrinkles (crow-foot) by measurement of length-

width relations on replicas using an image-analytical procedure [39]

These tests were carried out before and after four weeks of application (twice daily,
with suppression of all other local treatments), accompanied by the measure of skin
surface pH and by sebumetry. All these tests showed a considerable amelioration of

these skin rheological parameters, as shown on Fig.14.

V.2, Lasting effects

A further test concerned the permanence of these improvements. Five of the twenty
women accepted to abstain from any further skin treatment for two more weeks, and
their above mentioned skin parameters were evaluated one and two weeks after the end
of the four weeks test period. It appeared that four out of the five women kept an
improved skin firmness (hydration) and elasticity. The only woman who did not, was a
heavy smoker. Skin elasticity decreased slowly during those two weeks after the last
application of the FROP-containing preparation, but remained however still well above

those measured before the application of the FROP-containing preparation (Table 1.).

Similar favourable results were obtained with the two other tests mentioned, skin
microrelief and periorbital wrinkles. After four weeks of treatment with the FROP-
containing preparation the number of polygons per unit surface increased, suggesting an
efficient reversal of the age-dependent loss of skin surface relief. This depends largely
on the structure and composition of the underlying skin tissue and does reflect its
improvement. The average improvement of the skin surface relief was of the order of

50%.

V.3. Periorbital wrinkles
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Similar favourable results were obtained on the evolution of periorbital wrinkles. The

following parameters were recorded on replicas:

1) the number of deep wrinkles

2) the length of each wrinkle

3) average width of each wrinkle

4) total cumulative length of all wrinkles

5) average width calculated for all wrinkles (expressed in units of 0,1 mm)
6) an index obtained by multiplying total length with average width for all

wrinkles.

As shown on Fig.15., it appeared that for most women (>65%) the above mentioned
wrinkle parameters changed favourably as a result of the treatment with the FROP-
containing preparation. The details of all these investigations on human voluntaries will

be described in future publications (in preparation).

V1. Discussion

The above described and succently summarised favourable results obtained with the
oligo- polysaccharide preparations, designated RROP-s and FROP-s, need to be
explained in terms of mechanisms of action at the level of the cellular and molecular
components of the skin. We could show with fluorescent-labeled FROP-preparations,
that they have two major sites of interaction with human skin fibroblasts (Fig.16.): the
cell membrane and the nucleus. Interaction with the cell membrane is maintained even
for formol-fixed cells, but nuclear penetration is suppressed. Interaction of FROP-s with
cell membrane components appears to concern two types of receptors: the elastin-
laminin receptor and the fucose-mannose receptor (1). The presence of a specific a-L-
rhamnose recognising receptor was demonstrated on keratinocytes [40]. Detailed study
on the transmission pathway of these receptors suggested a plausible explanation for the
action of FROP-s and RROP-s at the level of the message-transmission between skin

cells and extracellular messages and also at the level of cell-matrix interactions [1]. The
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nuclear penetration of FROP-s, about 8-times more intense (as estimated by the
measurement of fluorescence intensity) suggests a direct action on gene-expression and
regulation. Further studies are indicated in order to fully elucidate the mechanisms of

the above summarised remarkable “anti-aging” properties of RROP-s and FROP-s.
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Table I.

Late effect of FROP-3 preparation. % increase of the two rheological parameters,
resistence to pressure (indentation) and elastic rebound, one week after the last

application of the preparation. No other treatment was used inbetween.

Designation of % remanence
voluntaries Age indentation elasticity
Mal 39 0 20
Mic 50 28 6
Gen 56 13 2
Jos 57 2 6
Mad 68 0 3
averages: 8.,6% 7.4%

370




Legends for figures

Fig.1a. The most conspicuous sign of skin aging is the loss of skin tissue, of about 7%
of the original skin thickness - measured on biopsies - lost every decade. Abscissa: age
of persons biopsied, males and females; A. Ordinates: thickness of skin measured by

image analysis on histological sections.
Fig.1b. Collagen content of dermis, arbitrary units (10).

Fig.2. Age dependent upregulation of elastase-type proteolytic activity is another factor
of skin aging. The lower graph (B) shows the age-dependent increase of elastase

activity in mouse-skin extracts (12). The upper graph (A) shows the increase of elastase
production by human skin fibroblasts in culture as a function of successive passages (in

vitro aging) (11).

Fig.3. Schematic representation of the elastin-laminin-receptor with its 3 subunits and
its message-transmission pathway, the Gji-protein, phospholipase C (PLC), as well as
the inhibitors used to block the transmission. Elastin peptides are the agonists of this
receptor, and FROP-s act as antagonists. In young cells this receptor mediates a number
of physiological functions. In old cells there is an uncoupling of the transmission
pathway at the level of the G; protein eliminating several useful functions, but
increasing free radical release (see Fig.4.) and elastase release. Two of the free radicals
released , superoxide and NO*® can combine to form the highly toxic peroxinitrite

anion (ONOO _), increasing the harmful effects mediated by the receptor and efficiently
inhibited by FROP (6,21,23). This can also be inhibited by reduced glutathion (GSH)
which decreases with age.

Below: Demonstration by immunofluorescence (thodamine) of the presence of the

elastin-laminin receptor on human skin fibroblasts.

Fig.4. Superoxide release mediated by the elastin-laminin receptor (e--®; see Fig.3.). In

"young" cells this free radical release can be inhibited by pertussis toxin (0--0), an
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inhibitor of the G; protein, as shown on Fig.3. In "old" cells this inhibition becomes

inefficient and free radical release is increased (6,21,23).

Fig.5. Demonstration of free radical scavenging by RROP. The viscosity of a
hyaluronan solution is recorded in the absence of free radicals and in presence of the
Udenfriend reagent releasing OH® radicals, producing a rapid drop of viscosity. This

drop of viscosity is inhibited in presence of RROP at low concentrations ( 1 to10

pg/ml) (17).

Fig.6. Dose-effect curves of the free radical scavenging by RROP and FROP. The
former is efficient at low concentrations and reaches than a saturation. FROP-s

efficiency is increasing with concentration without reaching a plateau.

Fig.7. Effect of L-fucose and FROP-s on cell-proliferation determined by *H-thymidine
incorporation. % increase of incorporation as compared to control. The stimulating
effect of L-fucose was compared to the fucose-rich polysaccharide Fucogel and to three

FROP-preparations (1).

Fig.8. Stimulation by RROP of protein and collagen biosynthesis by human skin
fibroblasts. Increasing concentrations produce increasing incorporation of *H-proline in

proteins (upper part of graph) and in collagens (lower part of graph).

Fig.9. Stimulation by L-fucose and FROP of total protein and collagen biosynthesis by
the incorporation of * H-proline (33).

Fig.10. Effect of all-trans retinol, of FROP and L-fucose on total protein and collagen
biosynthesis, alone or in combination. Notice the strong stimulation by the combined

effects of retinol and FROP (33).
Fig.11. Effect of 4 weeks of local treatment with L-fucose or FROP on the thickness of

epidermis (I) and dermis (II). A. untreated skin B. treated skin. Notice the strong

increase of cells and extracellular matrix.
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Fig.12. Increase of collagen fiber density of hairless rat skin after 4 weeks of local
treatment with L-fucose or with FROP as shown by the density of the histological
sections (left) and by the distribution profile of fiber density evaluated by computerised
image analysis (right). The left-shift of the distribution curve indicates the strong

increase of fiber density in the treated skin.

Fig.13. Histogram representing the increase of elastin fiber formation in L-fucose or

FROP-treated hairless rat skins after 4 weeks of treatment (35).

Fig.14. Effect of FROP-containing topical preparation on the rheological properties of
human skin, determined by indentometry on 20 women voluntaries (37). A. increase of

resistence to pressure (indentation, hydration); B. increase of elastic rebound.

Fig.15. Histogram showing the effect of the FROP-containing topical preparation on
the periorbital wrinkles of 18 voluntary women. The wrinkles are evaluated by the
product of total length and average width (wrinkle coefficient) and represented as % of
modification after 4 weeks of local treatment (39). + values: improvement in %, -

values: deterioration.
Fig.16. Microphotograph showing a human skin fibroblast reacted with fluorescein-

marked FROP which reacts specifically with cell-membrane localised receptors and

penetrates in the nucleus (1).
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