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Abstract

After briefly reviewing the history of small peptides as cosmetic actives, the basic principles behind
peptides as active ingredients and why they have become so successful over the past decade, we
report a case study investigating TGF-β activation by a small tripeptide and show how the larger protein thrombospondin, as a natural
template, inspired us to design the peptide, resulting in very interesting biological in-vitro data and significant anti-wrinkle efficacy in
human skin.

INTRODUCTION
In recent years bioactive peptides have established themselves
as cornerstone ingredients in skin care, mainly for anti-aging
formulas. Their success is founded on the fact that peptides are
designed to be highly active, with a scientific rationale often
based on key functional bio-molecules inspired by nature.
In addition, synthetic cosmetic peptides show an excellent
safety track record. Peptides and proteins are both made
up of amino acid building blocks which are linked via the
so-called amide bond. The peptides are generally small with
chain lengths of two to twenty amino acid residues. Longer
chains consisting of twenty to a hundred amino acids are
called polypeptides, while proteins are the most complex,
with hundreds or thousands of amino acids in a chain. Proteins
play specific roles in biochemical and cellular mechanisms,
acting as crucial regulators in virtually all biological processes.
Regulation of biological processes is based on highly specific
interactions of defined polypeptide sequences with partner
molecules. This is often described using the metaphor of a
key fitting into a lock. The main challenge when developing
novel protein mimics is to reduce the complex protein structure
to a relatively small peptide that retains the same or similar
biological activity without losing too much target specificity.
How peptides work in general
Originally it was hypothesized that the introduction of subfragments of structural proteins such as elastin or collagen
would act as a positive feedback mechanism to resynthesize
more collagen (1). This was based on the discovery published
in 1993 (2) that a pentapeptide from procollagen-I showed
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stimulation of extracellular matrix (ECM) components.
A few years later this led to the successful launch of the
pentapeptide “KTTKS” for cosmetic purposes. However,
during the following years of research it became clear that
many more biological mechanisms and highly target-related
approaches with peptide-based ligands are available to
modulate skin physiology. Today, peptides intended for topical
application may be classified based on their mechanism
of action as signalling peptides, enzyme-inhibitor peptides,
neurotransmitter-affecting peptides or carrier peptides (3,
4). Some overviews of the area of peptide application in
skin care have been described and summarized in several
interesting publications (5, 6, 7, 8). Signalling peptides probably
represent the greatest success stories, since they act as potent
cellular messengers and thus are able to trigger important
biological processes. The general concept is that synthetic
messenger peptides represent a small but active fragment
derived from much larger and more complex polypeptides
or proteins. Since the synthetic peptides are reduced in size,
down to five or fewer amino acids, they therefore have much
greater skin penetration potential. The relatively hydrophilic or
ionic nature of the amino acid chains can be circumvented
through the incorporation of a lipophilic fatty acid tail such
as palmitic acid. The incorporation of a palmitoyl group has
already been shown to improve skin penetration behaviour
by a factor of 100 to 1000 when compared to the normal
peptide without the attached fatty acid (5). Peptides are
generally composed from a selection of the 20 most abundant
natural and protein-building amino acids which means that 20
different building blocks can be combined sequentially in any
order. This offers enormous possibilities and a huge potential
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for more candidates to be created in the future. Furthermore,
there is practically no limit to structural variation by chemical
modification on the side chains of the amino acids or on
the peptide ends, enabling fine tuning and optimization of
product properties, and of course many more than the 20 best
known natural amino acids could be incorporated into the
peptides (9). Further advantages include production under
standardized conditions to achieve reproducible quality, high
chemical stability and ease of formulation into cosmetic endproducts. Formulation is also made easier by the fact that only
small amounts of peptides need be incorporated due to their
high potency, which also helps reduce costs. Their natureidentical origin makes them biodegradable to yield individual
amino acids and generally lowers the toxicity potential. All
these factors have contributed to make peptides increasingly
popular for skin care applications in recent years.
Transforming growth factor beta (TGF-β) as a role model for
peptide design and the gateway to skin rejuvenation
How can one discover or design a new peptide with all the
properties necessary for success in skin care application?
It starts with the identification of structures that trigger
the biological activities needed for skin care benefits.
One could undertake random screening with a large and
diverse library of different peptide structures. However, this
would be an inefficient approach, due to the great number
of structural possibilities. It requires a deep understanding of
skin biology to identify biological regulators that might be
appropriate for skin health and integrity. The transforming
growth factor beta (TGF-β) pathway, which is known to
play a pivotal role in skin aging, is one of these cellular
master switches. Here we show how this important pathway
can be exploited to develop active peptide-based
ingredients. The natural agonist for the biological pathway
is TGF-β. This homodimeric protein, with a molecular weight
of approximately 25kDa, itself acts as a multifunctional
cytokine to regulate growth, differentiation and other
functions in various cell types.

Figure 1. TGF-β
visualized as a
dimeric protein
structure PyMOL
image from PDB
(protein data
bank) file. The
protein dimer is
linked via one
disulfide bond.

In skin, TGF-β is the master regulator of the ECM. It is known
to stimulate the fibroblasts in the dermis to synthesize several
proteins such as collagen, the main constituent of dermal
ECM (10). Among the most prominent are collagen type I
(80–85%) and type III (10–15%), which provide strength and
resilience to the skin (11) . These are followed by elastin
and fibulin-5 (12), which are important for elastogenesis,
and hyaluronan (13) and other proteoglycans (14) essential
for electrolyte control, water retention and many other
processes. Moreover TGF-β triggers synthesis of some
components of the dermal-epidermal junction such as
laminin V (15), collagen IV (16) and collagen VII (17). Apart
from its structural role, TGF-β inhibits the expression of proteindegrading matrix metalloproteases (MMP) such as MMP-1, -2,
-3 and -13 (18).
Well-balanced TGF-β signalling is therefore essential to sustain
the skin in a healthy and functional condition and overall to
support maintenance of a young appearance. However,
the aging process affects TGF-β levels and activity. TGF-β
has been shown to be lower both in-vitro aged fibroblasts
and in-vivo aged skin (10, 19), as well as in chronological skin
aging and even more so in photo-aging. Thus there is a need
to restore the missing activity in aged skin conditions. The
successful direct use of topical TGF-β to treat damaged skin
has been reported (20, 21). In these cases, it showed multiple
benefits such as epidermal thickening, higher fibroblast
density and neocollagenesis with improved skin appearance
even in patients with severe photodamage. However, as a
protein TGF-β itself is too complex and expensive to be used
widely as a cosmetic active ingredient. Also, it is too large to
sufficiently penetrate the skin, even in large topical doses. On
top of this, limited stability in cosmetic formulations must be
expected.
Although TGF-β is a large protein and at a first glance
substitution by a small peptide seems to be close to
impossible, in the following example we show how TGF-β
signalling can be specifically exploited and restored in a safe
and controlled way for skin anti-aging benefits.
Our technology is based on a short peptide sequence motif
which specifically triggers the activation of endogenous TGF-β
in the skin.
It is important to know that TGF-β is present in tissue as an
inactive precursor complex bound to a protein known as
latency associated protein (LAP). This inactive complex has to
be converted to the active TGF-β through release of the LAP
component (see Figure 3 below). In other words TGF-β has to
be unpacked/unwrapped before it will perform its function.

Figure 3. Scheme for the activation step in which the LAP-TGF-β
complex is catalyzed by thrombospondin to active TGF-β (dimer).

Figure 2. Schematic TGF-β/Smad signalling pathway.

Several different activation mechanisms for LAP-TGF-β are
known but thrombospondin (TSP-1) is thought to be the
major regulator of LAP-TGF-β complex activation (22).
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TSP-1 is a very large intricate multifunctional protein of more than
1000 amino acids that is also expressed in the epidermis and
the extracellular matrix. It was shown that TSP-1 is dramatically
down-regulated in skin following ultraviolet B irradiation (23). A
reduction in the levels of the natural activator TSP-1 has negative
consequences on the active TGF-β1 level, although the supply
of inactive latent TGF-β after UVA irradiation seems to remain
more stable (24). From these observations it could be inferred
that the drop in ECM protein synthesis associated with aging is
partly due to reduced TGF-β activity. Increasing the supply of the
active form of TGF-β would therefore appear to be an efficient
anti-aging treatment concept.
Since TSP-1 is a multifunctional large protein it seemed likely
that only part of the complex protein is essential for activation
of latent TGF-β, and in fact it was found that the LAP-TGF-β
activating function of TSP-1 is based on a short amino acid
sequence Lysine-Arginine-Phenylalanine-Lysine (KRFK) (25).

Figure 4. Domain organization and localization of selected ligand
binding sites in TSP1. TSP1 is a homotrimer linked via disulfide bonds.
As a large multi-domain protein with more than 1100 amino acids
and only a short sequence KRFK located in the TGF-β-binding
domain, TSP1 seems to be essential for activation of LAP-TGF-β.
Graph from (26).

This provided the opportunity to seek a short peptide
structure of four or less amino acids that could mimic the
natural activity of TSP-1 and trigger TGF-β activation. An
extensive in-vitro screening program for small tetra- and
tripeptides incorporating the essential features was started.
The activation step was measured in vitro by mixing latent
TGF-β with peptide candidates and an antibody specific
for detection and quantification of activated TGF-β as
the reaction product. The second screening marker was
based on the capability of peptide candidates to stimulate
collagen 1 production in-vitro in a dermal fibroblast
culture. One of the best performers in the screening was
palmitoyl-Lysine-Valine-Lysine (palm-KVK), which became
a candidate anti-aging active ingredient. Several invitro activity tests and in-vivo application studies were
performed to demonstrate the effectiveness of this peptide
as an anti-aging active.

MATERIALS AND METHODS
TGF-β and antibodies: Recombinant human latent TGF-β
and monoclonal antibody againsthuman LAP (TGF-β)
were purchased from R&D Systems (Abingdon, UK). TGF-β
Emax® ImmunoAssay was from Promega (Madison, USA).
Monoclonal antibody against laminin V (P3H9-2) was
from Santa Cruz Biotechnology Inc (Santa Cruz, USA)
and monoclonal antibody against Collagen I was from
Chemicon (Temecula, USA).
Peptides were synthesized as described in (27).
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The resulting peptide was diluted in 30 ml of dioxane:water
= 4:6, treated overnight with 2.0 g of BioRad resin (acetate
form), filtered, rotated and lyophilized.
Fibroblast culture for high content analysis (HCA): Human
dermal fibroblasts isolated from a biopsy of a 50-yearold donor were maintained in Dulbecco’s Modified
Eagle’s Medium, high glucose (DMEM; Gibco® Invitrogen)
containing 10% Fetal Calf Serum (FCS; Gibco® Invitrogen)
and 1% Penicillin Streptomycin (P/S; Gibco® Invitrogen).
Compound treatment for HCA: Fibroblasts of either 2 or
16 passages were pre-cultured in 200 µl DMEM, 10% FCS,
for 24 h before being starved in 100 µl DMEM low glucose
containing 0.2% FCS and 1% P/S for 2.5 days. Starvation
medium was then replaced and solubilized compounds
were added and incubated for 48 h. Primary antibody was
diluted 1:100 and secondary antibody coupled to Alexa
488 dye diluted at 1:1000. Cell nuclei were visualized by
DAPI stain (1:2000).
Staining and imaging in HCA: After incubation, fibroblasts
were fixed in phosphate-buffered saline (PBS) plus 3.7%
formaldehyde for 30 min and permeabilized with PBS, 0.1%
Triton X-100, for 90 sec. Antibodies were diluted as indicated
in PBS fixed cells for 60 min at RT on a shaker. Stained cells
were analyzed with the Cellomics High Content Imaging
System Array Scan with 20x objective. “Compartmental
Analysis Bioapplication v2” software was used for image
analysis. Collagen I and III was measured in a defined ring
region around the nucleus.
Activation of LAP-TGF-β: Plates were coated with an antiLAP monoclonal antibody (R&D Systems) overnight at
4°C. After washing, LAP-TGF-β (R&D Systems) was added
at 5.25 ng/well. Peptides (25 to 50 µM) were added and
incubated for 1 h–24 h (37°C). Samples were tested with
TGF-β Emax ® ImmunoAssay System (Promega), following
the manufacturer’s instructions. This ELISA is for specific
detection of biologically active TGF-β and LAP-TGF-β is not
detected.
Hyaluronan (HA) synthesis: Human fibroblasts were precultured in Minimum Essential Medium (MEM) containing
10% FCS, 50 µg/ml gentamycin, 1 mM sodium pyruvate,
2 mM stable glutamine, 20 mM HEPES (a non-essential
amino acid) for 72 hours. At confluence the medium
was changed to FCS-free including test compounds
and incubated for 72 hours. Hyaluronan in the medium
was detected using a kit from Echeleon following the
manufacturer’s instructions.
Keratinocyte culture and treatment phorbol 12-myristate
13-acetate (PMA) experiments: Normal Human
Keratinocytes from foreskin grew in CnT-07 Medium
(CELLnTEC, Switzerland) at 37ºC for two days, after which
0.1 µM PMA was added and then the test substances
TGF-β 12.5 ng/ml and palm-KVK 10 uM were added
immediately after PMA stimulation.
Quantitation of cytokines and MMPs: Cytokines and
matrix metalloproteinases (MMPs) were quantified from
supernatant of cell cultures with a multiplex bead array
system (Luminex 100 xMAP) using the Procarta Cytokine
Assay Kit (Panomics, Fremont USA).
Clinical evaluation with human subjects: The study was
performed with 44 subjects, average age 55 years, by
Dermscan SA (Lyon), which is authorized by the regional
public health authority to perform cosmetic studies, and
was conducted in accordance with the Declaration of
Helsinki Principles. Written, informed consent was obtained
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from all participants before enrolment. The anti-wrinkle
effect was measured using the PRIMOS technique and
the PRIMOS software package. This enabled analysis
of the following cutaneous parameters: Ra: average
roughness (ratio between the integrated surface around
the mean value and the length of the skin evaluated); Rt:
maximum difference between the highest peak and the
deepest furrows registered over the entire profile; and Rz:
mean value of these different maxima obtained on five
successive regions of the profile. The tripeptide-containing
formula was tested against placebo and the treatment
regime was twice per day for 84 days.
Cream formula: aqua, glycerine, cetearyl alcohol,
dicetyl phosphate, cereth-10 phosphate, coco glyceride,
c12-15 alkyl benzoate, decyl cocoate, squalene,
cyclomethicone, sodium hydroxide, phenoxyethanol,
ammonium acryloyldimethyltaurate/VP copolymer

High content analysis scanning showed collagen I upregulation by palm-KVK and TGF-β in normal human dermal
fibroblasts. This effect was well visible in “aged” cells after
passage 16. The up-regulation was less prominent in fresh cells
at passage 2 (data not shown). However, the control cells
at passage 2 are already producing more collagen I than
cells after passage 16 and thus may be less prone to further
stimulation. A similar result was observed for collagen III (data
not shown).
3)

Collagen I protein quantification in human dermal
fibroblasts (see Figure 7)

RESULTS AND DISCUSSION
1)

In-vitro LAP-TGF-β activation: Figure 5 shows the result
of the in-vitro release of TGF-β from LAP-TGF-β complex
after incubation with different concentrations of palmKVK peptide. palm-KVK induced a time-dependent
release of active TGF-β which was not the case for the
negative control condition in which no tri- or tetrapeptides were added. In another test series (not shown
in Figure 5) the peptide KVK without palmitic acid also
showed some degree of activation, although in direct
comparison the palm-KVK was about 35% more active.

Figure 5. ELISA quantification of free TGF-β released from LAP-TGF-β.

2)

Figure 7. Quantitative detection of collagen I expression at
protein level by ELISA. Collagen associated with the cell layer was
detected. 100% level corresponds to constitutive expression of
the untreated control of human dermal fibroblasts in passage 7.
Incubation time with the peptide was 72 h.* p<0.05, ** p< 0.001.

4)

TGF-β and the peptide suppress pro-inflammatory factors
in human normal keratinocytes (Figure 8):
The keratinocytes were exposed to phorbol 12-myristate
13-acetate (PMA) as a chemical stress signal to induce
a pro-inflammatory reaction. TGF-β and the palm-KVK
peptide always strongly inhibited up-regulation of MMP-1,
MMP-3 and pro-inflammatory cytokine expression (TNF-α
and IL-8) (Figure 8).

5)

Hyaluronan synthesis in human dermal fibroblasts (Figure 9)

6)

In-vivo topical skin treatment with peptide containing
formulation (Figure 10, 11, 12)

High content analysis imaging for collagen in normal
human dermal fibroblasts

In-vitro this peptide stimulated the collagen synthesis of
dermal fibroblasts dose-dependently to 180% at 25 μM
concentration as measured
by quantitative ELISA and
6B
6C
6A
this was also made visible
as strongly improved
collagen staining of the cells
by immunofluorescence.
In another assay with
keratinocytes challenged by
PMA (phorbol 12-myristate
13-acetate), which has proinflammatory effects similar
to UV irradiation, we were
able to show an almost
complete inhibition of
Figure 6. Collagen I induction in primary human dermal fibroblasts in passage 16 by palm-KVK (48h incubation
matrix metalloproteinases-1
time) shown as Array-Scan pictures (6A control, 6B 10 μM palm-KVK, 6C 10 ng/ml TGF-β).
(MMP1) and -3 (MMP3)
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Figure 12. Pictures by Laboratoire Dermscan of volunteer 18: left at
study start, right at week 12.
Figure 8. TNF-α, IL-8, MMP-1 and MMP-3 expression detected on
protein level 24 h after PMA (0.1 µM) induced stress signal with
normal human keratinocytes (NHK) in passage 10. The fold increase
in fluorescence intensity is compared to untreated control cells
(=1.00). TGF-β at 12.5 ng/ml; palm-KVK at 10 µM.

Figure 9. Hyaluronan was quantified from the supernatant of
human dermal fibroblast cultures 72 hours after addition of the
substances at the concentrations indicated. Student t-test was
applied. * p< 0.05 compared to untreated cells.

Figure 10. Effect of palm-KVK on smoothing (Ra) and wrinkle (Rz
and Rt) parameters measured after 84 days, compared with
placebo The result is a smoothing of the relief and decrease in
wrinkle depth, with Rt and Rz reduced by 12% after the treatment
whereas only a minor effect (3–4%) was seen with the placebo
formulation. 25 ppm palm-KVK is equal to 29 μM peptide.

day 0

day 84

Figure 11. Example of PRIMOS artificially colour-coded microrelief
record from the crow’s feet area from one volunteer before
treatment (day 0) and after treatment with 25 ppm palm-KVK
formulation (day 84).

10

and a reduction of TNF-α and interleukin-8 by addition of
TGF-β but also with 10 μM of the peptide. This provided good
confirmation of the MMP-suppressing effect of TGF-β as known
from previous studies (28). The TGF-β-like effect of the peptide
could thus be a result of activation of LAP-TGF-β present in the
cell culture.
In order to improve the bioavailability of the active ingredient
in the skin we combined the peptide sequence with a fatty
acid linked to the N-terminal amino acid (palm-KVK). As
demonstrated by the in-vitro results the addition of palmitoic
acid did not neutralize the activity of the tripeptide. The invivo application of a cream formulation including the peptide
at 10 or 25 ppm led to a dose-dependent reduction by up
to 12% on average of the wrinkle parameters in the face as
measured by PRIMOS surface topography.

CONCLUSION
As palm-KVK proved to be a strong activator of LAP-TGF-β,
we expected that the tripeptide would provoke the same
cellular effects as those mediated by TGF-β directly.
TGF-β is an important stimulator of the synthesis of several
extracellular matrix components and we demonstrated
the positive effect of palm-KVK in fibroblast cell culture on
collagen synthesis and hyaluronan synthesis.
Altogether our in-vitro data allow the conclusion that the
anti-aging benefits of the tripeptide palm-KVK are based
on both regenerative mechanisms (synthesis of matrix
proteins) and protective mechanisms (inhibition of MMP
expression and pro-inflammatory cytokines).
Moreover it is known that TSP-1, as activator of the LAPTGF-β complex, is down-regulated in premature skin aging
(23), which could be a reason for the reduced level of
TGF-β in aged skin. The concept of activating the precursor
molecule LAP-TGF-β opens up the possibility of restoring the
TGF-β level to that of younger skin.
Notably the risk of over-dosage is very limited because the
supply of active molecule is based on the presence of skinendogenous precursor (LAP-TGF-β). Hence palm-KVK is just
correcting the bioavailability of TGF-β in aged skin, making
it a highly valuable candidate for integral anti-aging
applications, as demonstrated by the successful reduction
of wrinkle parameters in vivo.
Peptides as short-chain sequences of amino acids are
a rapidly expanding category of active ingredients in
skin care. We have shown that it is possible to activate
TGF-β from its latent form with a small peptide. Our
rational design approach and a dual in-vitro screening
of a couple of candidates revealed the best performing
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Figure 13. a) Overlay of the 3D structures of active argininephenylalanine-arginine-peptide (RFR) fragment of TSP1
(magenta) and palm-KVK (cyan). b) Side-by-side 3D structures of
active RFK-peptide fragment of TSP1 (magenta) and palm-KVK
(cyan). 3D structures were generated using ConfGen, version
2.8, Schrödinger, LLC, New York, NY, 2014 and the corresponding
figures were produced using PyMOL Molecular Graphics System,
Version 1.7.4 Schrödinger, LLC.

architecture to be the tripeptide palm-KVK. In principle it
is hypothesized that this effect is due to the presence of
common structural features. The presence of two positively
charged side chains separated by a lipophilic residue can
be easily identified in both sequences and a good spatial
overlay can be achieved. This molecular shape similarity
was visualized using molecular modelling software (Figure
13). The use of molecular modelling in the design of new
skin care actives is an asset allowing more targeted and
efficient development of novel skin care bioactives. With
such tools to hand TGF-β activators could potentially be
improved even further. The consumer can expect a bright
future with a lastingly younger-looking, more beautiful
facial complexion.
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