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Abstract
INTRODUCTION: We report on the preparation and efficacy of

10-hydroxystearic acid (HSA) that improves facial age spots and

conspicuous pores.

METHODS: The hydration of oleic acid into HSA was catalyzed by

the oleate hydratase from Escherichia coli. Following treatment with

HSA, collagen type I and type III was assessed in primary human

dermal fibroblasts together with collagen type III, p53 protein levels

and sunburn cells (SBC) after UVB irradiation (1 J cm�2) by

immunohistochemistry on human ex vivo skin. UVB-induced expres-

sion of matrix metalloprotease-1 (MMP-1) was determined from full

thickness skin by RT-qPCR. Modification of the fibroblast secretome

by HSA was studied by mass-spectrometry-based proteomics. In a

full-face, double blind, vehicle-controlled trial HSA was assessed for

its effects on conspicuous facial pore size and degree of pigmentation

of age spots in Caucasian women over an 8-week period.

RESULTS: HSA was obtained in enantiomeric pure, high yield

(≥80%). Collagen type I and type III levels were dose-dependently

increased (96% and 244%; P < 0.01) in vitro and collagen type III

in ex vivo skin by +57% (P < 0.01) by HSA. HSA also inhibited

UVB-induced MMP-1 gene expression (83%; P < 0.01) and miti-

gated SBC induction (�34% vs. vehicle control) and reduced signif-

icantly UV-induced p53 up-regulation (�46% vs. vehicle control;

P < 0.01) in irradiated skin. HSA modified the fibroblast secretome

with significant increases in proteins associated with the WNT

pathway that could reduce melanogenesis and proteins that could

modify dermal fibroblast activity and keratinocyte differentiation to

account for the alleviation of conspicuous pores. Docking studies in

silico and EC50 determination in reporter gene assays (EC50

5.5 9 10�6 M) identified HSA as a peroxisomal proliferator acti-

vated receptor-a (PPARa) agonist. Clinically, HSA showed a statisti-

cally significant decrease of surface and volume of skin pores

(P < 0.05) after 8 weeks of application and age spots became sig-

nificantly less pigmented than the surrounding skin (contrast,

P < 0.05) after 4 weeks.

CONCLUSION: HSA acts as a PPARa agonist to reduce the signs

of age spots and conspicuous pores by significantly modulating the

expression of p53, SBC, MMP-1 and collagen together with major

changes in secreted proteins that modify keratinocyte, melanocyte

and fibroblast cell behavior.

R�esum�e
INTRODUCTION: voici notre rapport sur la pr�eparation et

l’efficacit�e de l’acide 10-hydroxyst�earique (AHS) qui att�enue les

taches de vieillesse faciale et am�eliore l’apparence des pores.

M�ETHODES: l’hydratation de l’acide ol�eique en AHS a �et�e cata-

lys�ee par l’hydratase d’ol�eate �a partir de l’Escherichia coli. Apr�es un

traitement par AHS, les collag�enes de type I et de type III ont �et�e
analys�es dans des fibroblastes dermiques humains primaires, ainsi

que le taux de collag�ene de type III et de prot�eine p53, et les cellu-

les provenant de coups de soleil (sunburn cells, SBC) apr�es irradia-

tion par UVB (1 J cm�2) par immunohistochimie sur de la peau

humaine ex vivo. L’expression de la matrice m�etalloprot�ease-1

(MMP-1) induite par les UVB a �et�e d�etermin�ee �a partir d’un �echan-

tillon de pleine �epaisseur de peau par RT-qPCR. La modification du

s�ecr�etome des fibroblastes par l’AHS a �et�e �etudi�ee par analyse

prot�eomique bas�ee sur une spectrom�etrie de masse. Dans une �etude

du visage entier, en double aveugle, contrôl�ee par excipient, l’AHS

a �et�e �evalu�ee pour ses effets sur la taille des pores apparents du

visage et sur le degr�e de pigmentation de taches de vieillesse chez

des femmes de race blanche sur une p�eriode de 8 semaines.

R�ESULTATS: l’AHS a �et�e obtenu �a un haut rendement, �enan-

tiom�erique pur (≥80 %). Les taux de collag�enes de type I et de type

III ont augment�e in vitro en fonction de la dose (96 % et 244 %;

P < 0.01) et le collag�ene de type III dans de la peau ex vivo de

+57 % (P < 0.01) lors d’un traitement par AHS. L’AHS a �egale-

ment inhib�e l’expression g�enique MMP-1 induite par les UVB (83%;

P < 0.01) et a att�enu�ee l’induction des SBC (�34 % par rapport �a

l’excipient), et a r�eduit significativement la r�egulation �a la hausse

du p53 induite par les UV (�46% par rapport �a l’excipient;

P < 0.01) sur de la peau irradi�ee. L’AHS a modifi�e le s�ecr�etome des

fibroblastes avec des augmentations significatives des prot�eines

associ�ees �a la voie WNT qui pouvaient r�eduire la m�elanogen�ese et

des prot�eines qui pouvaient modifier l’activit�e des fibroblastes der-

miques et la diff�erenciation des k�eratinocytes pour une att�enuation

des pores apparents. Des �etudes de docking in silico et la d�etermina-

tion de l’EC50 dans les dosages des g�enes rapporteurs (EC50

5.5 9 9 10�6 M) ont identifi�e l’AHS comme un agoniste du r�ecep-
teur-a activ�e par les prolif�erateurs de peroxysomes (peroxisomal

proliferator activated receptor-a, PPARa). Cliniquement, l’AHS a

permis une diminution statistiquement significative de la surface et

du volume des pores de la peau (P < 0.05) apr�es 8 semaines

d’application, et les taches de vieillesse sont devenues significative-

ment moins pigment�ees par rapport �a la peau environnante (con-

traste, P < 0,05) apr�es 4 semaines.
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CONCLUSION: l’AHS agit comme un agoniste du PPARa pour

r�eduire les signes de taches de vieillesse et l’apparence des pores

par une modulation significative de l’expression de la prot�eine p53,

des SBC, de la MMP-1 et du collag�ene avec des changements

majeurs dans les prot�eines s�ecr�et�ees qui modifient le comportement

cellulaire des k�eratinocytes, des m�elanocytes et des fibroblastes.

Introduction

As we age, our skin develops visible signs of ageing [1]. In contrast to

other body organs, the skin as our first line of defence is constantly

exposed to challenges from the environment. Ultraviolet (UV) irradia-

tion, and to some extent, visible light, climate changes and pollution

are the major external environmental contributory factors, whereas

psychological stress, fatigue and dietary habits are internal stress fac-

tors that also contribute to the skin ageing exposome [2]. Recent glo-

bal consumer surveys on the primary cosmetic concerns of women

have identified that not only are the presence of wrinkles and uneven

skin tone perceived as major signs of ageing but also the presence of

conspicuous skin pores (unpublished data). Moreover, there are eth-

nic differences in frequency of expression of such skin problems, with

the presence of enlarged pores and age spots being of major cosmetic

concern for Asian women [3–5].
Visible skin pores are enlarged funnel-shaped or cylindrical open-

ings of the pilosebaceous follicles that become more dilated and

more conspicuous caused by the continuous hydrostatic pressure

induced by sebum on the pilosebaceous duct in the presence of

decreased skin elasticity or slackening in the surrounding areas of

the duct caused by ageing [6]. Morphological changes in the der-

moepidermal junction (DEJ) are also clearly observed in subjects

with conspicuous pores in vivo [5]. Moreover, abnormal ker-

atinocyte differentiation has also been reported with the accumula-

tion of parakeratotic nucleated corneocytes, clearly indicative of UV

light irradiation damage to the epidermal keratinocytes [7].

Age spots are benign flat spots of dark pigmentation on the skin

occurring especially among older people [8–10]. Prolonged and

chronic exposure to UV light and pollutants can accelerate the pro-

duction of melanin by hyperactive melanocytes [11–13]. However,

evidence indicates that the bulk of melanin is inherited only by the

non-differentiating daughter cell post mitosis in progenitor ker-

atinocytes via asymmetric organelle inheritance. Moreover, this pre-

ferred pattern of melanin distribution can switch to a symmetric or

equal daughter cell inheritance mode under conditions of stress [14].

Secretion of melanogenic paracrine factors can also be derived

from both keratinocytes and fibroblasts as a result of UV-induced

oxidative stress [15,16]. Downregulation of genes involved in epi-

dermal differentiation has also been reported in age spots as well as

decreased expression of filaggrin and involucrin [17]. Increased

expression of the basal type keratins 5 and 10 also indicates poor

keratinocyte differentiation in age spots [18]. Increased p53 levels

also contribute to defective epidermal differentiation [19]. The most

recent hypothesis is that the increased proliferation of basal ker-

atinocytes combined with decreased turnover of suprabasal ker-

atinocytes puts a backward pressure on the DEJ leading to an

exaggerated formation of rete ridges, similar to that in age spots,

which also leads to reduced melanin processing upwards from the

basal layer of the epidermis [18]. The poor turnover of the supra-

basal cells is also suggested by increased numbers of cell layers in

the stratum corneum in age spots.

Here, we report on a sustainable source and synthesis of chiral

(R)-10-hydroxystearic acid (HSA) that reduces the appearance of

both age spots and conspicuous pores in vivo. From in vitro and

ex vivo studies we also show that non-UV absorbing HSA mitigates

the negative effects of UV stress on skin by reducing p53 activation

and matrix metalloprotease-1 (MMP-1) levels. In addition, it

increases collagen type I and III synthesis. Proteomic analysis of

proteins secreted from fibroblasts corroborates mechanisms that

reduce melanogenesis, increase fibroblast activity and stimulate

keratinocyte differentiation. These proteins will counter abnormal

keratinization, increased melanogenesis and pilosebaceous pore

wall slackening associated with age spots and conspicuous pores.

HSA is also identified through in silico approaches and reporter

gene assays to be a peroxisome proliferator-activated receptor-a
(PPARa) agonist.

Materials and methods

Synthesis of 10-HSA

In brief, 10% vegetable oleic acid (81%; KLK OLEO, Emmerich, Ger-

many) and 10% cell-free extract containing regio- and enantiose-

lective oleate hydratase (EC 4.2.1.53; DSM Chemical Technology,

Geleen, The Netherlands) were added to phosphate buffer (1.6 L,

100 mM, pH = 6.5) in a bioreactor and stirred at constant pH and

37°C until ≥95% conversion was reached (approx. 24 h). Ethyl

acetate was added to the mixture and heated to 60°C while gently

stirring followed by crystallization. Filtration and drying of the

obtained, white solid material resulted in the enantiopure (R)-10-

hydroxyoctadecanoic acid (HSA) in 81% yield and 99.8% purity (%

w/w, GC-FID, HP-5MS MS; Agilent, Basel, Switzerland). The enan-

tiomeric excess was found to be >99% determined by chiral HPLC

analysis (Chiracel OD-H; Daicel, Illkirch, France) after derivatization

as methyl ester. The melting point of the resulting white powder

was 86.5°C. Commercial material (DSM Nutritional Products Ltd,

Kaiseraugst, Switzerland) is available with the INCI name HSA.

Experimental strategy

To determine the effect of HSA on age spot and conspicuous pore

reduction we examined extracellular matrix marker production

(Collagen type I and III) together with degradative enzymes (MMP-

1), reduction of markers of UV damage [sunburn cells (SBC) and

p53], the secretome of fibroblast markers that may influence both

keratinocytes and melanocytes and clinically. Moreover, the likely

mechanistic target of action was identified as PPARa from in silico

and transactivation assays.

Measurement of total cellular collagen type I and III contents in

normal human fibroblasts

Human dermal fibroblasts (HDF) obtained from adult skin were

seeded into 96-well plates (4000 cells per well) and cultured in

Dulbecco’s Modified Eagle’s Medium high glucose (DMEM, Gibco

Invitrogen, Basel, Switzerland) containing 10% fetal calf serum

(FCS; Amimed BioConcept, Allschwil, Switzerland) and 1% peni-

cillin/streptomycin (P/S; Invitrogen, Basel, Switzerland) at 37°C
with 5% CO2 for 24 h. Subsequently the cells were starved in

DMEM low glucose containing 0.2% FCS and 1% P/S for 2.5 days.

Starvation medium was then refreshed together with the addition

of the solubilized test compounds and incubated for another 48 h.

Thereafter, HSA was diluted in the culture medium from a 10 mM

dimethylsulphoxide (DMSO) stock solution. Transforming growth
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factor beta 1 (TGF-b1; PeproTech, Hamburg, Germany) was used

as positive control. After compound incubation, cells were fixed in

Dulbecco’s Phosphate-Buffered Saline (DPBS; Gibco Invitrogen,

Basel, Switzerland) containing 4% formaldehyde (Life Technologies,

Zug, Switzerland) for 15 min and permeabilized with 0.1% Triton-

X100 (Sigma Aldrich, Buchs, Switzerland) in DPBS for 90 s. Colla-

gen type I or III was detected using mouse anti-human collagen I

antibody (Millipore, Schaffhausen, Switzerland) and rabbit anti-

human type III collagen (BioTrend, Cologne, Germany), respec-

tively, followed by an AlexaFluor 488-conjugated secondary anti-

body (goat anti-mouse or anti-rabbit IgG, Life Technologies, Zug,

Switzerland). We counterstained the nuclei with 40,6-diamidino-2-

phenylindole (Sigma-Aldrich). Image acquisition and quantitative

analysis was performed using an ArrayScan� VTI HCS imaging

system (Thermo Scientific, Waltham, MA, USA) with 49 pictures

per well with 109 objective. Collagen was measured intracellu-

larly, and the fluorescence intensity values were normalized to the

cell count. Data are based on a minimum of three independent

measurements and were represented as mean values � standard

error of mean (SEM); Student-t test, significance P < 0.01 vs. med-

ium control.

Ex vivo skin sampling and treatment

Human skin from abdominal plastic surgery was obtained from

healthy Caucasian donors after their informed consent and was

used for the analysis of collagen type III, SBCs, MMP-1 and p53.

Skin samples of 8 9 3 mm (diameter 9 thickness) were maintained

in an air-liquid interface in contact with culture medium (modified

Williams’ E medium; Thermo Fisher Scientific) up to 6 days. Six

skin samples for each treatment were cultured to perform the colla-

gen, SBC and p53 analyses and two samples for the skin viability

and MMP-1 expression. For MMP-1, SBCs and p53 analysis the test

samples (4 lL, 0.33 and 3.30 mM) were topically applied in DMSO

as vehicle on the skin biopsies (8 mm diameter) 1 and 24 h prior to

UVB irradiation (1 J cm�2) and covered with 7 mm diameter deliv-

ery membrane (CoTran, 3M, Italy). The sensor-controlled BIO-SUN

irradiation system (Vilber Lourmat, Eberhardzell, Germany)

equipped with two T-30.M tubes (30 W, intensity 3 mW cm�2)

was used to irradiate the skin with UVB light. The UV emission

spectrum ranged from 280 to 400 nm, of which 62% emission was

in the UVB range (280–320 nm, peak maximum 312 nm) and

elongated in the UVA range (320–400 nm).

Ex vivo skin analyses

Skin viability

After 6 days of incubation, two skin punches were weighted and, if

necessary, reduced in the dermal portion, to have approximately

the same weight for all samples. Samples were processed with

methylthiazolyldiphenyl-tetrazolium bromide (MTT) according to

supplier’s instructions (Roche Applied Science, Rotkreuz, Switzer-

land). Skin viability was measured with a plate reader at a wave-

length of 570 nm.

Type III collagen quantification

Two sections (n = 12) from six skin samples were immunostained

with monoclonal mouse anti-collagen III (Sigma-Aldrich,

cat#c7805) and the Alkaline Phosphatase/RED Detection System

(Dako #K5005; Agilent Technologies, Glostrup, Denmark). The

amount of the antigen present in each slide was evaluated by the

intensity and the distribution of the red staining within a selected

area of the dermis using ImageJ (NIH, Bethesda, MD, USA).

Quantification of MMP1 expression by reverse transcription quantitative

polymerase chain reaction (RT-qPCR)

Total RNA was extracted from full-thickness skin using RNAeasy

mini kit for fibrous tissues (Qiagen, Hilden, Germany) following the

manufacturer’s instructions. After quantification, 400 ng of total

RNA was retro-transcribed using random hexamers and Super-

script III (Invitrogen, Darmstadt, Germany). The cDNA was used to

perform a real-time PCR (SybrGreen protocol) with specific primers

for the evaluation of MMP1 expression. Ubiquitin and YWHAZ

(Tyrosine 3-Monooxygenase/Tryptophan 5-Monooxygenase Activa-

tion Protein Zeta) were used as reference genes for data normaliza-

tion. Data acquisition and statistical analysis of RT-qPCR were

performed on RotorGene thermal cycler (Corbett Life Science, Mort-

lake, Vic, Australia) and REST 2009 V2.0.13 software (Qiagen,

Darmstadt, Germany).

SBC quantification

Haematoxylin-Eosin (H&E) staining was performed on skin sections

to count SBC or apoptotic cells per millimeter of epidermis after

analysing twelve different sections per treatment.

p53 protein quantification

Skin sections were stained with the monoclonal mouse anti-p53

antibody (#ab7757; Abcam, Cambridge, MA, USA). The p53-posi-

tive cells were counted, and the obtained values were divided upon

the area covered by epidermis. Two slides of each skin sample were

processed by image acquisition and related analysis (i.e. 12 images

for each test treatment).

Statistical analysis of and ex vivo data

All quantitative data were summarized in terms of the mean score

and SEM for each treatment. Differences between groups were eval-

uated by one-way ANOVA with permutation test followed by pair-

wise post-hoc comparisons Dunnett’s permutation test and pairwise

post-hoc comparisons-Tukey’s HSD permutation tests.

Mass-spectrometry-based proteomics of fibroblast secretome

Human dermal fibroblasts from a biopsy of an adult female donor

were maintained in DMEM, 10% FCS and 1% P/S. Cells were culti-

vated at 37°C, 5% CO2-air atmosphere. HDF were seeded in 6-well

plates (120 000 cells per well) and cultured for 24 h in DMEM

10% FCS 1% P/S, then starved in DMEM low glucose, 0.2% FCS

and 1% P/S for 2.5 days. Starvation medium was then replaced,

5 lM HSA was added and incubated for 48 h. The preparation of

the extracellular secreted proteins from the conditioned media was

performed, using 20 mM ammonium hydroxide and stringent

washing with water [20]. Secreted protein isolates obtained from

the cell culture conditioned media were dissolved in 600 lL of

50 mM ammonium bicarbonate buffer containing 0.5 lg of trypsin

culture plate wells. Plates were incubated for 1.5 h at 37°C. Total
protein content was determined using the BCA kit from Thermo

Scientific (Illkirch, France). Lysates from same sample were pooled

and acidified to block trypsin activity. Lysates were evaporated to

dryness (SpeedVac; Thermo Scientific). Proteins were then reduced

(DTT) and alkylated (IAA) and trypsin added a second time to com-

plete protein digestion. For all samples, peptides were purified by

SPE chromatography (C18), dried and solubilized in 100 lL of
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0.1% formic acid aqueous solution. Peptide digests (500 ng per

run) were analysed by Eksigent Ultra Plus nano-LC 2D HPLC cou-

pled to a TripleTOF 5600 (AB Sciex, Framingham, MA, USA) mass

spectrometer interfaced to a nano-spray III source, according to the

method described in Voegeli et al. [21]. The absolute signal of pep-

tide or protein was calculated by summing the extracted area of all

unique fragment ions as described in Gillet et al. [22].

PPAR transactivation assays and EC50 determination

A one-hybrid-system, using hybrid constructs of GAL4 DNA-binding

part coupled to PPARa, PPARb or PPARc ligand binding domains

together with a luciferase reporter and a renilla-expressing plasmid,

was applied. For transient transfections, white 96-well cell culture

plates with clear bottom (Corning, Basel, Switzerland) were used. As

many as 7.5 9 104 HEK293 cells per well were plated in minimum

essential medium (Eagle) at 37°C in 5% CO2 without phenol red sup-

plemented with 10% charcoal-treated fetal bovine serum (HyClone

Laboratories, Inc., Logan, UT, USA). The cells were transiently trans-

fected at 70–80% confluence by polyethylene-mine-based transfection

for 5 h at 37°C, 5% CO2, which was followed with respective stimula-

tions of the applied compounds dissolved in DMSO (0.45% final DMSO

concentration in the wells). The GW7647 compound was used as a

reference for human PPARa. Stimulations lasted 16 h according to

established protocols. Transfection efficiency was adjusted to renilla

expression (Promega AG, D€ubendorf, Switzerland). All concentrations

were tested in three biological replicates. The ‘dose response for one

site’ was applied in a curve-fitting model according to the formula:

y = A + ((B � A)/(1 + ((10C)/x)D)), where A is the minimum y-

value, B the maximum y-value, C Log EC50 and D the slope factor.

The data were fitted by XLfit (http://www.idbs.com) using the Leven-

berg Marquardt algorithm.

Molecular modelling of the interaction of HSA with PPARa

The ligand binding domain of PPAR alpha was retrieved from the

RSCB database (PDB: 3SP6) and prepared for modelling studies

using a protein preparation wizard (Maestro version 11.0.015;

Schr€odinger, LLC, New York, NY, 2016). In short, bond orders

were set, hydrogens were added, disulphide bridge was created, all

water molecules were removed and hydrogen bonds were optimized

using the automated procedure. HSA was docked to the ligand

binding domain (Glide, LLC, New York, NY, 2016) and the Stan-

dard Precision (SP) setting was used. For docking, multiple con-

formers of HSA were generated (Confgen, LLC, New York, NY,

2016). Among the top-ranked different binding poses generated,

the best pose was selected based on visual inspection. Figures were

prepared using the PyMOL Molecular Graphics System, Version

1.8.0.4 Schr€odinger, LLC.

Full-face, double-blind, vehicle-controlled, parallel-group in vivo

study for the effects of HSA on conspicuous pores and age spots

The study was authorized by the new substance release committee

(DSM Nutritional Products, Kaiseraugst, Switzerland) and was con-

ducted in accordance with the Declaration of Helsinki Principles.

Written informed consent was collected from all volunteers before

enrollment. Before the start of the study, healthy volunteers were

advised not to use any cosmetic treatments for 3 days. Two panels

with 42 Caucasian females with Fitzpatrick skin phototypes II–III
were recruited to apply 1% (33 mM) HSA in a cosmetic product

formulation (Table I) or the vehicle formulation, respectively, on

the face twice daily for 8 weeks. Thirty-seven completed the study

and were included in the final analysis from the product group

(aged 38–65, mean 53.4 � 7.6 years) and 38 in the placebo

group (aged 34–65, mean 54.4 � 7.2 years). No other topical

leave-on product was authorized on face during the study and only

a specified cleansing milk was allowed (INCI list: AQUA, PARAFFI-

NUM LIQUIDUM, PROPYLENE GLYCOL, ALCOHOL DENAT., GLY-

CERYL STEARATE SE, POLYSORBATE 60, SORBITAN STEARATE,

CAPRYLYL GLYCOL, CARBOMER).

Table I describes the product formulation and corresponding

vehicle without HSA that was used in the clinical study.

Subjects were acclimatized for 30 min at a temperature of 24 � 2°C
and 35 � 10% relative humidity before any images were taken. Full-

face cross- and parallel-polarized VISIA-CR images (Canfield Scientific,

Parsippany, NJ, USA) were assessed at baseline, 4, and 8 weeks during

January 19 to March 15, 2016 in Northern Germany. Image analysis

and statistics on conspicuous facial pores and solar lentigines were per-

formed with calibrated VISIA images (Newtone, Lyon, France). Three

pigmented spots were selected on the chosen profile of each subject from

the cross-polarized images with the largest area and the best contrast.

The contrast was calculated from the difference of the ITA° values (indi-
vidual topological angle based on CIE L 9 a 9 b values) of the sur-

rounding skin minus the age spot. For the conspicuous pores analysis,

the parallel-polarized images were used to see distinctly the pores and

defined areas near the nose on each image for each subject. After seg-

mentation, the identified pores could be analysed in terms of area, depth

and volume.

Statistical analysis of in vivo data

For age spots the DITA° were expressed as mean values � SEM

and significance level P < 0.05 product vs. vehicle was determined

by Student t-test. For pores the surface and volume differences of

conspicuous pores for product and vehicle treatment were com-

pared to T = 0 and expressed in mean � SEM by Shapiro–Wilk test

followed by a Mann–Whitney test using significance level of

P < 0.05 product vs. vehicle.

Results

Synthesis and structural characterization

The hydration of oleic acid was catalysed by the oleate hydratase

(EC:4.2.1.53) from a crude cell-free extract produced in a proprietary

process resulting in the enantiopure (R)-10-hydroxystearic acid in high

yield (81%) and purity (99.8%) after crystallization. Reproducibility

was shown by five consecutive batches with similar productivity and

quality analysed by GC-MS and 1H-NMR (data not shown).

Table I INCI list of formulation (vehicle is minus HSA and replaced by

water)

AQUA, HOMOSALATE, ETHYLHEXYL SALICYLATE, C12-15 ALKYL

BENZOATE, BUTYL METHOXYDIBENZOYLMETHANE, OCTOCRYLENE,

STEARETH-2, BUTYLENE GLYCOL, CETEARYL ALCOHOL,

HYDROXYSTEARIC ACID, STEARETH-21, PHENOXYETHANOL,

ETHYLHEXYLGLYCERIN, XANTHAN GUM, BHT, ACRYLATES/C10-30

ALKYL ACRYLATE CROSSPOLYMER, DISODIUM EDTA, SODIUM

HYDROXIDE.
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HSA stimulated collagen type I and type III synthesis in human

skin fibroblasts

We assessed the stimulatory effect of HSA on collagen type I and

type III on primary HDF after 48 h of incubation. HSA significantly

and dose-dependently induced collagen on HDF (Fig. 1). The

amount of newly synthesized collagen type I almost doubled com-

pared to the medium control when HSA was added at 5 lM con-

centration (P < 0.01). In addition, collagen type III synthesis was

stimulated up to 244% in HSA (5 lM) treated fibroblasts vs.

untreated cells (P < 0.01).

HSA markedly induced ex vivo synthesis of collagen type III

Human skin biopsies from plastic surgery were utilized to verify the

modulatory activities of HSA. The test material in DSMO was

applied topically and renewed daily for 6 days. The immunohisto-

chemical staining in the prepared skin sections (Fig. 2A) showed

that HSA at concentrations between 0.33 and 3.3 mM (=0.1 w/

w%) significantly stimulated the formation of collagen type III up

to 57% compared to the control at day 6 (Fig. 2B).

UV-induced MMP-1 expression, SBC formation and p53 protein

were reduced ex vivo by HSA

The gene expression of MMP-1 in untreated skin explants was

analysed 24 h after the UV irradiation (1 J cm�2) and was shown

to be upregulated by a factor of 3.4 (Fig. 3A) compared to the

non-irradiated control. A significant decrease of 83% in MMP-1

expression was observed in ex vivo skin topically treated with

0.33 mM (0.1%) HSA compared with the irradiated vehicle control

(P < 0.05). In another experiment, the SBC formation was quanti-

fied 24 h post-UVB (1 J cm�2) by H&E staining. As expected, UVB

irradiation significantly increased the incidence of SBCs more than

two-fold vs. non-irradiated control (Fig. 3B). Interestingly,

0.33 mM (0.1%) HSA reduced the formation of SBCs by 49%

Figure 1 Collagen type 1 (A) and type 3 (B)

stimulation by hydroxystearic acid (HSA) and

TGFb (transforming growth factor beta 1) as

positive control in primary human dermal

fibroblasts. Mean values � SEM, n = 3,

**P < 0.01 relative to medium control.
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compared to the vehicle-treated, UVB-irradiated controls. Next, we

tested the effect of HSA on UV-induced upregulation of the stress

marker protein p53 when topically applied on human skin biopsies.

Indeed, 24 h after UVB irradiation (1 J cm�2) immunostained skin

sections showed an 80-fold induction of p53 compared to the non-

irradiated control skin (Fig. 4). HSA inhibited UV-induced p53 for-

mation by 46% vs. irradiated vehicle control skin.

Fibroblast secretome modified by HSA

Considering factors that influence melanogenesis and thereby the

skin lightening activity of HSA (Table II). As shown in Table III, HSA

appears to modulate many of the proteins in the Wingless-related

Integration site (WNT) signalling pathway that would normally

increase melanogenesis. Typical of these are reduced levels of

secreted frizzled-related protein 1 (sFRP1; 0.77X) and increased

antagonist proteins such as Insulin-like growth factor-binding pro-

tein 3 (IGFBP2; 15.07X) and Angiopoietin-related protein 4

(ANGPTL4; 2.9X). However, Dickkopf-related protein 1 (DKK1) also

a WNT antagonist had slightly lower levels following treatment

(0.78X). Protein CYR61 also inhibits the melanocyte growth and

increased levels (1.45X) were observed with HSA treatment. Grem-

lin-1 (0.48X), a bone morphogenic binding protein that increases

melanogenesis, was also decreased as was adrenomedullin (0.36X), a

melanocyte dendrite branching factor. Semaphorin 3A (Sema3A;

1.35X) was increased, whereas the 3B/3D isoforms (0.72X; 0.63X)

were decreased and their changes influenced nerve growth and

melanogenesis. Similarly, IGFBP3, fibroblast growth factor 5 (FGF5)

and nestrin-1 increased in pigmentary disorders in melanoma

and their decreases observed with HSA are consistent with a skin

lightening effect (0.90X, 0.76X and 0.71X). As TGFb is normally

associated with decreased skin pigmentation then reductions in

Latent- TGFb-binding protein 2 (LTBP2) (0.66X; Table IV) caused by

HSA will help this. Also, increased levels of gremlin-2 (1.74X;

Table IV) probably inhibit certain BMP isoforms, e.g. BMP6 to reduce

melanogenesis [23]. A disintegrin and metalloproteinase with throm-

bospondin motifs 23 (ADAM 23), MMP3 and serine peptidases are

known to be increased in solar lentigo’s and we observed many

decreases in proteases that may be associated with decreased

melanogenesis or increased protease inhibitors (Tables V and VI).

Alpha-2-antiplasmin (3.90X) is of interest as plasmin destruction of

the DEJ is associated with increased melanogenesis. Increased Tissue

A

B

Figure 2 (A) Immunohistochemical (IHC)

staining for type 3 collagen in human ex vivo

skin. Comparison of vehicle (dimethylsulphox-

ide) vs. hydroxystearic acid (HSA) treatment

(0.1% = 3.3 mM) at day 6. (B) Quantification

of type 3 collagen of IHC-stained sections. Mean

values � SEM, n = 12, **P < 0.01 significance

relative to vehicle control.
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inhibitor of metalloproteinase 3 (TIMP3; 1.66X) may also control the

excessive proteolysis and melanogenesis activation. Moreover,

MMP14 (0.65X) controls melanocyte migration and the reduction

by HSA can account for decreased age spot expression.

Considering factors that influence keratinocyte differentiation and

thereby the strengthening pore wall elasticity activity of HSA. As

shown in Table III, changes in the IGF-1/IGFBP signalling pathway

were observed with lower levels of IGFBP3 (0.90X) following HSA

treatment but also dramatic increases in another IGF-1 binding pro-

tein IGFBP2 (15.07X) consistent with changes in pores. Moreover,

increases in the levels of Midkine (15.74X), the highest secreted

protein, ANGPTL4 (2.90X), TGFBI (1.41X) and Sema3A (1.35X)

may be associated with increased keratinocyte differentiation and

Isoform delta of stromal cell-derived factor 1 (SDF1A; 3.94X) with

keratinocyte proliferation. Adrenomedullin was decreased (0.36X).

Considering factors that influence fibroblasts and ECM production

and thereby the strengthening pore wall elasticity activity of HSA.

The above-reported changes in midkine and TGFBI can improve

fibroblast migration and proliferation together with glycosaminogly-

can synthesis. Increased levels of connective tissue growth factor

(CTGF; 2.29X) will increase procollagen production to help with pore

wall structure and reductions in complement C1q tumour necrosis

factor-related protein 3 (C1QTNF3; 0.34X) will help as this factor

inhibits TGFb effects on fibroblasts and ECM production. Many extra-

cellular matrix proteins were increased by HSA treatment: Fibronec-

tin type III domain-containing protein (FNDC1; 19.64X), vitronectin

(VTN; 5.33X), hyaluronan-binding protein 2 (HABP2; 5.09X), pro-

teoglycan 4 (PRG4; 2.91X), tenascin (TNC; 1.75X), matrilin-2

(MATN2; 1.47X), Versican core protein (VCAN; 1.38X), elasin

microfibril interface 1 (EMILIN-1; 1.30X) and collagen alpha chains-

2 and -3 (VI) (COL6A2/6A3; 1.31 and 1.22X), which will all help

with strengthening the pore wall structure (Table IV).

HSA is a transactivating ligand of PPARa

In a transient transactivation assay, both HSA forms (R-enantiomer

and racemate) were tested for ligand binding and subsequent trans-

activation using human peroxisome proliferator-activated receptor

proteins, PPARa, PPARb and PPARc. Only PPARa was positive for

HSA. The half-maximal effective (EC50) concentration for the R-

enantiomeric HSA was determined to be 5.43 � 0.18 lM, whereas

the racemate was 11.81 � 0.39 lM, indicating that only (R)-10-

HSA and not the (S)-10-HSA is a PPARa agonist (Table V).

In silico mechanistic evidence for the binding of HSA to PPARa

Docking of HSA into PPARa revealed that the carboxylic acid moi-

ety of HSA forms H-bonds with Tyr 314(H5), His440(H11) and

Tyr464(H12) and Ser280 (H3), which also forms a H-bond to the

hydroxy group in HSA (Fig. 5). This hydrogen bond network is key

in stabilizing the active conformation of PPARa required for

heterodimerization with retinoid receptor (RXR) [24]. This heterodi-

mer promotes coactivator recruitment that increases transcriptional

activity [25].

Clinical effects of HSA reduced age spots and conspicuous pores

Conspicuous facial pores and age spots on heathy subjects were sig-

nificantly reduced by a 1% (33 mM) HSA formulation compared to

the vehicle treatment. The image analysis of both pore parameters,

volume and surface, showed statistical significance (P < 0.05) of

the product vs. the vehicle treatment after 8 weeks of treatment

(Figs 6 and 7). Age spots became significantly lighter than the sur-

rounding skin by product compared to vehicle application when

analysing contrast by the differences in ITA° angles between the

surroundings and the pigmented spot after 4 weeks of treatment

(Figs 8 and 9).

Discussion

Consumer research indicates that the expression of age spots and

pores is of major concern to consumers globally. Both skin problems

Figure 3 Comparison of ex vivo treatments vs. vehicle [dimethylsulphoxide

(DMSO)] 24 h after UVB irradiation. (A) UVB-induced matrix metallopro-

tease-1 (MMP-1) gene expression from skin sections by RT-qPCR. (B) Sun-

burn cells quantification on Haematoxylin-Eosin-stained skin sections. Mean

values � SEM, n = 12; *P < 0.05 vs. vehicle control (DMSO) + UVB.
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are induced by oxidative stress to the skin and have some similarities

in their pathophysiology. Poor keratinocyte differentiation and aber-

rations to the DEJ are characteristic to both [5,7,17,18,26–29]. As a
result, agents that improve epidermal differentiation or reduce the

negative effects of UV irradiation on keratinocyte differentiation are

likely to be beneficial. Proteases are also involved in their formation:

MMPs are involved in the destruction of the dermal matrix in con-

spicuous pores and ADAMs, a type of MMP, induce melanogenesis

[6,30]. Consequently, agents that reduce the levels of MMPs will be

advantageous. Moreover, agents known to improve the levels of col-

lagen will likely counteract the pilosebaceous pore wall slackening

that occurs in conspicuous pores. In addition, paracrine signalling

molecules induced by UV irradiation on keratinocytes and fibroblasts

induce melanogenesis [16,17]. Also, the effects of UV on increasing

sebaceous gland activity should not be underestimated in the expres-

sion of skin pores also [31]. Here we identified the monohydroxy fatty

acid HSA to counteract many of these issues and to reduce facial age

spots and conspicuous pores in vivo. In this respect, improvements in

reduction of conspicuous skin pores and age spots were observed as

early as 4 weeks clinically, although the effect of HSA on age spots

was slightly less at 8 weeks.

To clarify mechanisms of action, several in vitro, ex vivo and in

silico studies were performed. HSA was shown to reduce the nega-

tive effects of UV irradiation on the epidermis in vitro (reduced SBC

formation and p53 levels). These effects are consistent with an

improvement in keratinocyte differentiation capacity and will help

with the poor keratinization of keratinocytes in age spots and the

surrounding epidermis around skin pores [17–19]. Furthermore,

HSA was also shown to increase collagen type I and III synthesis

and reduce MMP levels, which will help to improve the piloseba-

ceous pore wall slackening in conspicuous skin pores. Relatively

higher increases in collagen type III are indicative of extracellular

A

B

Figure 4 (A) Immunohistochemical-stained

skin section for p53 analysis. (B) Image analy-

sis of p53-stained skin sections. Mean val-

ues � SEM, n = 12, **P < 0.01 significance vs.

vehicle (dimethylsulphoxide) control. HSA,

hydroxystearic acid.

Figure 5 Molecular modelling of docking of hydroxystearic acid (HSA) to

peroxisome proliferator -activated receptor-a (PPARa). Docking of HSA (blue

tubes) into PPARa (PDB: 3SP6, shown in green).
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Table II Total number of proteins identified in fibroblast secretome 15 and % of proteins that were modulated by hydroxystearic acid (HSA) and transforming

growth factor beta (TGF-b)

0.23 nM TGF vs control 5 mM 10-HSA vs control

Number in % Number in %

Total proteins 352 100 352 100

% Regulated proteins, P-value <0.05 141 40 151 43

% Non-regulated proteins, P-value >0.05 211 60 201 57

% Down-regulated proteins, P-value <0.05, fold change <0.5 14 4 18 5

%Down-regulated proteins, P-value <0.05, fold change 0.5 to 1 65 19 54 15

% Up-regulated proteins, P-value <0.05, fold change 1 to 1.5 40 11 39 11

% Up-regulated proteins, P-value <0.05, fold change >1.5 22 6 40 11

Table III Paracrine/autocrine growth factors and cytokines that modulate keratinocyte differentiation and ECM production to influence pore wall elasticity

and melanogenesis in age spots

Name Gene names

Fold

change P-value Potential function

Midkine MDK MK1 NEGF2 15.74 0.0027 Involved in keratinocyte differentiation

Insulin-like growth factor-binding

protein 2

IGFBP2 BP2 IBP2 15.07 0.0001 Insulin-like growth factor I binding to improve pores, reduce

sebum, decrease fibroblast migration and decrease melanocyte

growth.

Isoform Delta of Stromal cell-

derived factor 1

CXCL12 SDF1 SDF1A SDF1B 3.94 0.0002 Involved in melanocyte/fibroblast migration and keratinocyte

proliferation. Enhances wound healing.

Angiopoietin-related protein 4 ANGPTL4 ARP4 HFARP PGAR

PP1158 PSEC0166 UNQ171/PRO197

2.90 0.0004 WNT signalling antagonist to reduce melanogenesis. Also

improves keratinocyte differentiation.

Connective tissue growth factor CTGF CCN2 HCS24 IGFBP8 2.29 0.0001 Insulin-like growth factor binding (as above). Increases

procollagen production to help pore wall structure.

Protein CYR61 CYR61 CCN1 GIG1 IGFBP10 1.45 0.0007 Extracellular matrix binding. Inhibits melanocyte growth but

increases MMP’s

Transforming growth factor-beta-

induced protein ig-h3

TGFBI BIGH3 1.41 0.0000 Promotes fibroblast growth and keratinocyte differentiation.

Semaphorin-3A SEMA3A SEMAD 1.35 0.0332 Inhibits inflammation (reduces melanogenesis and ECM

destruction) and decreases TEWL (keratinocyte differentiation)

via neurophilin-1 receptor that protects against UVB apoptosis.

Insulin-like growth factor-binding

protein 3

IGFBP3 IBP3 0.90 0.0384 Increased levels in conspicuous pores

Growth/differentiation factor 15 GDF15 MIC1 PDF PLAB PTGFB 0.78 0.0078 Transforming growth factor beta receptor binding [GO:0005160].

Involved in keratinocyte differentiation. GDF9 increases CTGF?

Dickkopf-related protein 1 DKK1 UNQ492/PRO1008 0.78 0.0050 Low-density lipoprotein particle receptor antagonist activity and

reduces melanogenesis

Secreted frizzled-related protein 1 SFRP1 FRP FRP1 SARP2 0.77 0.0050 Frizzled binding reduces melanogenesis. Increased levels found

in age spots

Fibroblast growth factor 5 FGF5 0.76 0.0483 Fibroblast growth factor receptor binding and elevated levels in

melanoma

Semaphorin-3B SEMA3B SEMA5 SEMAA 0.72 0.0015 Causes growth cone collapse of sensory neurons may help with

itch

Netrin-1 NTN1 NTN1L 0.71 0.0329 Proinflammatory and promotes melanoma invasiveness

Semaphorin-3D SEMA3D UNQ760/PRO1491 0.63 0.0127 Causes growth cone collapse of sensory neurons may help with

itch

Gremlin-1 GREM1 CKTSF1B1 DAND2 DRM PIG2 0.48 0.0011 BMP binding and transient increases induces melanogenesis.

Adrenomedullin ADM AM 0.36 0.0020 Melanocyte dendrite branching factor, induces keratinocyte and

fibroblast proliferation

Complement C1q tumour

necrosis factor-related protein 3

C1QTNF3 CTRP3 UNQ753/PRO1484 0.34 0.0277 CTRP3 inhibits TGF-b1-induced collagen synthesis, proliferation

and migration. Attenuates CTGF production. CTRP3 also

attenuated TGF-b1-induced Smad3 phosphorylation, nuclear

translocation, and interaction with p300
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matrix remodelling and a more ‘youthful’ dermis [32]. Moreover,

reducing the negative effect of UV on melanogenesis will aid the

reduction in expression of age spots.

In an attempt to provide greater insight into the potential mech-

anism of action of HSA, particularly on the potential paracrine

effect of fibroblasts after treatment, on the expression of pore and

Table IV Structural proteins of ECM and dermoepidermal junction to influence pore wall elasticity and melanogenesis in age spots

Fibronectin type III domain-containing

protein 1

FNDC1 FNDC2

KIAA1866 MEL4B3

19.64 0.0000 ECM protein

Vitronectin VTN 5.33 0.0000 Extracellular matrix binding [GO:0050840]; heparin binding

[GO:0008201]; integrin binding [GO:0005178]; polysaccharide

binding [GO:0030247]; scavenger receptor activity [GO:0005044]

Hyaluronan-binding protein 2 HABP2 HGFAL PHBP 5.09 0.0345 Glycosaminoglycan binding [GO:0005539]; serine-type endopeptidase

activity [GO:0004252]

Proteoglycan 4 PRG4 MSF SZP 2.91 0.0290 Polysaccharide binding [GO:0030247]; scavenger receptor

activity [GO:0005044]

Pentraxin-related protein PTX3 TNFAIP5 TSG14 1.93 0.0014 Involved in wound healing.

Tenascin TNC HXB 1.75 0.0004 Syndecan binding [GO:0045545]

Gremlin-2 GREM2 CKTSF1B2

DAND3 PRDC

1.74 0.0005 Inhibits BMP signaling to reduce melanogenesis

Matrilin-2 MATN2 UNQ193/PRO219 1.47 0.0000 Calcium ion binding [GO:0005509]

Versican core protein VCAN CSPG2 1.38 0.0012 Calcium ion binding [GO:0005509]; carbohydrate binding [GO:0030246];

extracellular matrix structural constituent [GO:0005201];

glycosaminoglycan binding [GO:0005539]; hyaluronic acid

binding [GO:0005540]

Collagen alpha-2(VI) chain COL6A2 1.31 0.0041

EMILIN-1 EMILIN1 EMI 1.30 0.0001 Extracellular matrix constituent conferring elasticity [GO:0030023]

Collagen alpha-3(VI) chain COL6A3 1.22 0.0103 Serine-type endopeptidase inhibitor activity [GO:0004867]

CD44 antigen CD44 LHR MDU2 MDU3 MIC4 0.66 0.0066 Collagen binding [GO:0005518]; hyaluronic acid binding [GO:0005540];

hyaluronan-glucosaminidase activity [GO:0004415]

Latent-transforming growth factor

beta-binding protein 2

LTBP2 C14orf141 LTBP3 0.66 0.0007 Assists TGF beta signaling for matrix production and melanogenesis

Collagen alpha-2(I) chain COL1A2 0.59 0.0103 Extracellular matrix structural constituent [GO:0005201]; identical protein

binding [GO:0042802]; metal ion binding [GO:0046872]; platelet-derived

growth factor binding [GO:0048407]; protein binding,

bridging [GO:0030674]

Isoform 4 of Elastin ELN 0.59 0.0018 Extracellular matrix structural constituent [GO:0005201]

Vimentin VIM 0.53 0.0002 Double-stranded RNA binding [GO:0003725]; glycoprotein

binding [GO:0001948]; identical protein binding [GO:0042802];

protein C-terminus binding [GO:0008022]; scaffold protein

binding [GO:0097110]; structural constituent of

cytoskeleton [GO:0005200]; structural constituent of

eye lens [GO:0005212]

Prelamin-A/C LMNA LMN1 0.06 0.0100 Structural molecule activity [GO:0005198]

Table V Proteases and sulphatases that degrade extracellular matrix and modulate melanogenesis via protease-activated receptors to influence pore wall

elasticity and melanogenesis in age spots

Prothrombin F2 7.46 0.0000 Serine-type endopeptidase activity

A disintegrin and

metalloproteinase with

thrombospondin motifs 1

ADAMTS1 KIAA1346

METH1

2.28 0.0064 Metalloendopeptidase activity

A disintegrin and metalloproteinase

with thrombospondin motifs 5

ADAMTS5 ADAMTS11

ADMP2

1.78 0.0134 Metalloendopeptidase activity and modulates proteoglycan synthesis

Carboxypeptidase Z CPZ 1.39 0.0232 Metallocarboxypeptidase activity

Serine protease 23 PRSS23 ZSIG13

UNQ270/PRO307

1.35 0.0149 Serine-type endopeptidase activity

Serine protease HTRA1 HTRA1 HTRA PRSS11 1.20 0.0033 Serine-type endopeptidase. Regulates availability of IGF by

cleaving IGFBP. Processes LTBP, facilitates TGFb signalling

Neurotrypsin PRSS12 0.68 0.0250 Serine-type endopeptidase activity

Matrix metalloproteinase-14 MMP14 0.65 0.0048 Metalloendopeptidase activity

Extracellular sulfatase Sulf-1 SULF1 KIAA1077 0.65 0.0011 N-acetylglucosamine-6-sulfatase activity

Thrombospondin type-1

domain-containing protein 4

THSD4

UNQ9334/PRO34005

0.64 0.0055 Metalloendopeptidase activity

Calpain-2 catalytic subunit CAPN2 CANPL2 0.10 0.0038 Calcium-dependent cysteine-type endopeptidase activity
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age spot problems, we examined changes in secretome of fibroblasts

(cell culture conditioned media), determined by mass spectrometry-

based proteomics, that might influence the fibroblasts in an auto-

crine fashion or keratinocytes or melanocytes in a paracrine fash-

ion [15,16]. Dermal fibroblasts play a key role in ECM formation

and melanocyte pigmentation [33,34]. Naturally our analysis

excludes the impact of the role of other cells in skin.

As many as 352 secreted proteins were annotated. However,

first we need to consider gene and protein expression in age spots

(and related disorders) and determine if we observe and relatable

changes in our fibroblast secretome dataset. The regulation of

genes associated with the WNT signalling pathways has been

described in age spots as well as melasma. Increased sFRP-1 and

FRZB/sFRP3 together with increased WNT1, WNT5a and Frizzled-

4 expression were found in age spots [35–37], whereas increased

WNT expression increases in WIF1, sFRP2 and WNT5a were

observed in melasma [38,39]. We observed decreased levels of

sFRP-1 and DKK1 indicating that changes in at least the former of

these fibroblast proteins induced by HSA have the potential to

reduce melanogenesis and age spot expression. Others that may act

via the WNT signalling pathway are IGFBP2 and ANGPTL4 which

are both reported to be WNT antagonists by inhibiting lipoprotein

receptor-related protein 6 [40,41]. In respect of the former mole-

cule, IGF-1 is reported to be melanogenic and IGFBP2 might also

control melanogenesis by reducing its unbound levels [42]. Adre-

nomedullin, which was also decreased following HSA treatment, is

also a WNT signalling inhibitor and a melanocyte dendritic

branching factor and may therefore decrease melanogenesis

[43,44]. The increased levels of Semaphorin 3A may also con-

tribute as it is reported to decrease melanoma motility, invasiveness

and proliferation [45]. The reductions in Netrin-1 and FGF5 may

also contribute to decreased expression of age spots as they

decrease melanocyte migration [46,47]. As we observed a

decreased age spot expression clinically following the HSA treat-

ment these changes in vitro must override any positive effects on

melanocytes induced by Cyr61 and DKK [48,49].

Table VI Protease inhibitors to prevent ECM destruction and melanogenesis to influence pore wall elasticity and melanogenesis in age spots

Alpha-2-antiplasmin SERPINF2 AAP PLI 3.90 0.0202 Serine-type endopeptidase inhibitor activity.

Plasmin involved in age spot formation.

Antithrombin-III SERPINC1 AT3 PRO0309 1.75 0.0029 Serine-type endopeptidase inhibitor activity

Metalloproteinase inhibitor 3 TIMP3 1.66 0.0011 Metalloendopeptidase inhibitor activity

Tissue factor pathway inhibitor TFPI LACI TFPI1 1.55 0.0012 Serine-type endopeptidase inhibitor activity

Inter-alpha-trypsin inhibitor

heavy chain H2

ITIH2 IGHEP2 1.44 0.0020 Serine-type endopeptidase inhibitor activity

Serpin H1 SERPINH1 CBP1 CBP2

HSP47 SERPINH2 PIG14

0.80 0.0266 Serine-type endopeptidase inhibitor activity

Table VII EC50 values (lM) PPARa

Substance

EC50 (lM)

PPARa Std Err

95% EC50 confidence

limits (lM)

GW7647 (POSITIVE

CONTROL, DRUG)

0.0119 �0.0006 [0.0106–0.0134]

(R)-10-HYDROXYSTEARIC

ACID (HSA)

5.4345 �0.1839 [5.0345–5.8670]

10-HYDROXYSTEARIC

ACID (racemate)

11.8115 �0.3871 [10.9897–12.6947]

PPARa agonist drug GW7647 was used as positive control. Chiral (R)-HSA was

significantly different to the racemate (P < 0.05).

Figure 6 Surface and volume differences of conspicuous pores for product

and vehicle treatment compared to T = 0. Mean � SEM; Mann–Whitney

test, *significance P < 0.05 product vs. vehicle.
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Concerning conspicuous pores, the IGF/IGFBP pathway appears

to be altered [50,51]. Increased levels of free IGF-1 can lead to dis-

turbances in the architecture of the DEJ, pore wall slackening,

increased sebum production and hyperproliferation of ker-

atinocytes. IGFBP-3 is a major IGF-binding protein and its loss in

the rete ridges leads to keratinocyte hyperproliferation and the

associated alterations in the DEJ. Interestingly, its levels are normal

at the tips of the dermal papillae. Increased levels of K16 were

observed in the conspicuous pores. A small decrease in IGFBP3

was observed in our HSA-treated fibroblast secretome; however,

the much larger increases in IGFBP2 may mitigate the negative

effects of IGF-1 on the expression of conspicuous pores [52].

Figure 7 Reduction of conspicuous facial pores on subject #20 after treatment with product formulation (1% hydroxystearic acid). VISIA-CR images taken at

T = 0, 4, and 8 weeks: Parallel-polarized photos and pore surface segmentation near the nose (as shown as in blue).
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Moreover, midkine is known to influence keratinocyte differenti-

ation being expressed before transglutaminase-1 [53]. ANGPTL4,

which was also dramatically increased by HSA treatment, is known

to also mediate keratinocyte differentiation [54]. BIGH3 also

increases keratinocyte differentiation [55]. Levels of semaphorin 3A

were also increased that may contribute to the reduction of skin

pores by reducing keratinocyte hyperproliferation in the rete ridges

via its receptor neuropilin-1 [56]. Via this mechanism it may also

prevent UV-induced apoptosis and expression of p53 [57]. Adreno-

medullin also increases keratinocyte proliferation and its reduced

levels may also have a positive benefit [58]. Conversely, we found

increased levels of SDF-1 which is known to promote keratinocyte

hyperproliferation and we believe its likely effects are to be coun-

tered by all the above other changes in other proteins [59].

Figure 8 Left: projection of pigmentation extent in age spot region: Age spot region becomes lighter than surroundings after treatment. Right: Contrast given

by differences between ITA° values of surrounding skin and age spot for T = 4 and 8 weeks compared to baseline. Three pigmented spots per subject were cho-

sen from the profile with the largest area and best contrast. Mean � SEM; Student t-test *significance P < 0.05 product vs. vehicle.

Figure 9 Cross-polarized photos from selected pigment spot selected of subject #20 which was treated with product formulation (1% hydroxystearic acid) at

T = 0, 4, and 8 weeks. Below images encoded along the projection axis using false colours for pigmentation.
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Improving ECM production is also key in strengthening pore

walls to alleviate the expression of conspicuous pores. Of the factors

already discussed BIGH3 promotes the function of fibroblasts inter-

acting with biglycan and decorin to promote collagen aggregation

and ANGPTL4 enhances the proliferation and migration of fibrob-

lasts [60–62]. Midkine also stimulates Collagen’s I/III, glycosamino-

glycan synthesis and especially hyaluronic acid and this may be

reflected in the changes in collagen 6A2 and 6A3 levels and

HABP2 levels in our samples [63]. Other proteins that are

increased that will help are fibronectin type III repeats, vitronectin

and proteoglycan 4 (lubricin) that promote migration of dermal

fibroblasts [64–67]. PTX3 also promotes wound healing and fibrin

remodelling [68]. The increases in tenascin, versican and matrilin-

2 are also involved in ECM remodelling [69–71]. Moreover, during

extracellular matrix assembly EMLINS, which we found to be

increased, are deposited on and co-regulated with fibrillins [72].

LTBP2 is also enhanced in intrinsically aged skin reducing TGFb
activity and its suppression in our samples may aid ECM produc-

tion [73]. The increases in CYP61 are known to increase MMP-1

levels [74]. This might be considered to be negative for skin bene-

fits, but all ECM remodelling requires turnover of the existing ECM

[75]. The reduced levels of other proteins following HSA treatment

are unclear (CD44, ELN, VIM, LMNA).

Several proteases are increased in solar lentigines and their sup-

pression may aid both the increased melanogenesis and ECM

destruction in both these and conspicuous pores. However, some

may be involved in ECM remodelling. In this respect, we found

increases in prothrombin and ADAMTS1 that may be involved in

fibroblast chemotaxis and migration, while ADAMTS5 has a role to

play in optimal versican content [76–80]. We also observed

increases in the levels of HtrA1 which facilitates TGFb signalling

by processing LTBP-1 [81]. Reduced MMP-14 may lead to

increased ECM. The role of increased CPZ and PRSS23 together

with decreased levels of THSD4, CAPN2 and sulphatase-1 is

unknown in this respect.

Increased alpha-2-antiplasmin may help to mitigate plasmin

destruction of the DEJ and activation of MMPs [82,83]. The

increased levels of antithrombin III may be to balance the

(pro)thrombin activity [84]. TIMP-3 has the broadest MMP

inhibition of all TIMPs and may mitigate excessive MMP prote-

olysis in the pore walls of conspicuous pores similarly increased

levels of TFPI and ITIH2 may control other proteases [85–87].
The latter may also have a role to play in hyaluronic acid

metabolism, as it is a HABP. Serpin H1 (Hsp47) is a collagen-

specific chaperone and the slight decline in its levels is uncer-

tain but expression kinetics may have a role to play as previ-

ously discussed [88].

Some changes in protein levels were consistent with increased

PPAR activity e.g. increased levels of ANGPTL4 and IGF/IGFBP

responses [54,89–91]. We focussed on PPARa activity as we

could not detect any activity in PPARbdc in reporter gene assays

(>15 lM). Its EC50 of 5.54 lM for the enantiopure HSA was

superior to the racemate and other HSA isomers. The in silico

docking studies showed that the carboxylic acid moiety of HSA

forms H-bonds with Tyr 314(H5), His440(H11) and Tyr464

(H12) and Ser280 (H3) in the PPAR-binding pocket, which

also forms a H-bond to the hydroxy group in HSA [24]. This

hydrogen bond network is key in stabilizing the active confor-

mation of PPARa required for heterodimerization with its part-

ner, the retinoid receptor (RXR), that is necessary for PPAR

activity [25].

We believe targeting PPARa to be important in targeting con-

spicuous pores and age spots as levels of its mRNA are diminished

in photodamaged skin [92–94]. Moreover, its levels were dimin-

ished in irradiated fibroblasts. Wy14643, a PPARa agonist, was

also shown to limit procollagen diminution and MMP expression

induced by UV irradiation in HDF and mouse skin consistent with

our findings.

PPARa agonists have, in particular, been shown to improve ker-

atinocyte differentiation [95]. Clearly HSA can directly target the

keratinocytes but changes in the fibroblast secretome that then

influence keratinocytes in a paracrine fashion are clearly possible

but still yet to be proven.

Although controversial, activators for PPARa and c are also

reported to enhance or diminish melanogenesis [96–100]. How-

ever, the most recent evidence indicates a potential reduction in

melanogenesis for PPARa [101]. Moreover, it is reported that

PPARa expression is downregulated in other skin pigmentary dis-

orders such as melasma [39]. Although we have not measured

melanogenesis in vitro, we anticipate such an effect from HSA as

a direct PPARa target in melanocytes and indirectly from its

PPAR activity on the fibroblast and keratinocyte secretome as our

clinical results were unequivocal. Studies are ongoing to deter-

mine the most important potential paracrine signalling molecules

in vitro.

In conclusion, HSA is a novel fatty acid for use in cosmetic for-

mulations that we believe binds to PPARa to induce changes in

skin cells, particularly fibroblasts, to mitigate the presence of con-

spicuous skin pores and age spots.
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