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Abstract
Introduction: Peroxisome  proliferator- activated  receptor  (PPAR)  agonists  are 
known to modulate the synthesis of dermal lipids and proteins including colla-
gens. Olive (Olea europaea) leaves have been reported to contain PPAR- binding 
ligands. Collagen IV, a major dermal- epidermal junction (DEJ) protein, degrades 
with both age and disease. Here, we report the formulation of a novel multi- ligand 
complex, Linefade, and its effects on collagen IV synthesis.
Methods: Linefade prepared from the leaves of Olea europaea contains 2% w/w 
plant extract solids dissolved in a mixture of glyceryl monoricinoleate and dime-
thyl  isosorbide. In silico docking was performed with PPAR- α  (PDB ID: 2P54). 
Linefade  was  evaluated  for  PPAR- α- dependent  transcription  in  a  luciferase 
reporter  assay  system.  Cell  viability  and  collagen  IV  levels  in  human  dermal 
fibroblast cultures were measured using the MTT method and ELISA assay, re-
spectively.  Transcriptome  analysis  was  conducted  on  a  full- thickness  reconsti-
tuted  human  skin  (EpiDermFT)  model.  Ex  vivo  cell  viability  and  collagen  IV 
immunostaining were performed on human skin explants.
Results: In silico docking model of the major constituents (oleanolic acid and glyc-
eryl monoricinoleate) produced a co- binding affinity of −6.7 Kcal/mole. Linefade 
significantly increased PPAR- α transcriptional activity in CHO cells and collagen 
IV synthesis in adult human dermal fibroblasts. Transcriptome analysis revealed 
that 1% Linefade modulated the expression of 280 genes with some related to epi-
dermal differentiation, DEJ, PPAR, Nrf2 and retinoid pathways. An ex vivo human 
explant study showed that 1% Linefade, delivered via a triglycerides excipient, in-
creased collagen IV levels along the dermal– epidermal junction by 52%.
Conclusion: In  silico  modelling  and  in  vitro  and  ex  vivo  analyses  confirmed 
Linefade- mediated activation of PPAR- α and stimulation of collagen IV synthesis.
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INTRODUCTION

Collagen IV is a major anchoring protein found mostly in 
lamina densa of the dermal– epidermal junction of human 
skin. As a major constituent of the basement membrane, 
collagen  IV  provides  a  three- dimensional  scaffold  with 
other macromolecules such as  laminins,  fibronectin and 
heparan sulphate proteoglycans in promoting anastomo-
sis  between  the  epidermis  and  the  underlaying  dermis. 
It also plays a significant role in wound healing and em-
bryogenesis and promotes cell adhesion and proliferation 
[1– 3]. Six human genes code for collagen IV chains, that 
is  COL4A1,  COL4A2,  COL4A3,  COL4A4,  COL4A5  and 

COL4A6  [4].  Type  IV  collagen  anomalies  are  associated 
with several diseases, including Alport and Goodpasture's 
syndromes,  several  rheumatological  and  dermatological 
diseases.  Major  changes  and  degradation  of  collagen  IV 
are  linked to subepidermal blistering diseases,  including 
bullous  pemphigoid.  Autoimmune  subepidermal  bul-
lous diseases (AISBDs) lead to irregular collagen type IV 
immunohistochemical  staining,  which  is  a  useful  tech-
nique  for  diagnosis  of  AISBDs  [5]  and  classification  of 
cutaneous autoimmune subepidermal blistering disorders 
[6].  Blistering  diseases  are  rare  skin  diseases  that  occur 
when  the  immune  system  attacks  the  skin  and  mucous 
membranes.

Résumé
Introduction: Les  agonistes  du  récepteur  activé  par  les  proliférateurs  de  per-
oxysomes (PPAR) sont connus pour moduler la synthèse des lipides cutanés et 
des protéines du derme, y compris des collagènes. Il a été signalé que les feuilles 
d'olivier  (Olea europaea) contiennent des  ligands de  liaison aux PPAR. Le col-
lagène  IV,  une  protéine  majeure  de  la  jonction  dermo- épidermique  (DEJ),  se 
dégrade avec l'âge et la maladie. Nous rapportons ici la formulation d'un nouveau 
complexe multi ligand, Linefade, et ses effets sur la synthèse du collagène IV.
Méthodes: Le  complexe  Linefade  préparé  à  partir  des  feuilles  d'Olea  euro-
paea contient 2 % p/p de solides d'extraits végétaux dissous dans un mélange de 
monoricinoléate de glycéryle et d'isosorbide de diméthyle. Un docking in silico a 
été réalisé avec PPAR- α (PDB ID : 2P54). Linefade a été évalué pour la transcrip-
tion dépendante du PPAR- α dans un système de test rapporteur à la luciférase. La 
viabilité cellulaire et les niveaux de collagène IV dans les cultures de fibroblastes 
dermiques humains ont été respectivement mesurés en utilisant la méthode MTT 
et le test ELISA. L'analyse du transcriptome a été réalisée sur un modèle de peau 
humaine reconstitué sur toute son épaisseur (EpiDermFT). La viabilité cellulaire 
ex vivo et l'immunomarquage du collagène IV ont été réalisés sur des explants de 
peau humaine.
Résultats: Le modèle de docking in silico des principaux constituants (acide olé-
anolique et monoricinoléate de glycéryle) a produit une affinité de liaison con-
jointe de - 6,7 Kcal/mole. Linefade a augmenté de manière significative l'activité 
transcriptionnelle du PPAR- α dans les cellules CHO et la synthèse du collagène 
IV dans les fibroblastes dermiques humains chez les personnes adultes. L'analyse 
du transcriptome a révélé que 1% de Linefade modulait l'expression de 280 gènes 
dont certains étaient liés à la différenciation épidermique, à la DEJ, au PPAR, à 
la voie Nrf2 et aux voies rétinoïdes. Une étude ex vivo sur des explants humains a 
montré que 1% de Linefade, délivré via un excipient de triglycérides, augmentait 
de 52% les niveaux de collagène IV le long de la jonction dermo- épidermique.
Conclusion: La modélisation in silico et les analyses in vitro et ex vivo ont con-
firmé l'activation du PPAR- -  α et la stimulation de la synthèse du collagène IV par 
Linefade.
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Skin ageing occurs due to both intrinsic and extrinsic 
factors.  Intrinsic  ageing  is  a  physiological  process  that 
leads to thin, dry skin, fine wrinkles and gradual dermal 
atrophy. Air pollution, smoking, poor nutrition and sun 
exposure are extrinsic ageing factors that result in crepey 
skin,  loss  of  elasticity,  increase  in  sagging  and  rough- 
textured appearance [7, 8]. With advancing age, there is 
a decrease in the collagen IV expression of matured der-
mal  fibroblasts  [9].  Furthermore,  a  previous  immuno-
histochemical study revealed that significant reduction 
in the levels of collagen IV in non- photodamaged skin of 
older individuals (mean age: 71.5 years) compared with 
the younger individuals (mean age: 23.4 years) [10].

Peroxisome  proliferator- activated  receptors  (PPARs) 
are nuclear hormone receptors similar to retinoid recep-
tors. They  act  as  transcription  factors  that  modulate  the 
expression  of  target  genes  by  binding  to  specific  DNA 
sequences.  This  ligand- activated  transcription  has  been 
shown to regulate activities across various skin cell types 
and metabolic activities. During its activation, PPAR- alpha 
heterodimerizes  with  retinoid  X  receptor  beta  (RXRβ), 
and  together,  these  receptors  activate  the  acyl- CoA  oxi-
dase  gene  promoter  [11].  Acyl- CoA  oxidase  metabolizes 
very long- chain fatty acids via oxidative processes.

The  aldo– keto  reductase  (AKR)  superfamily  metab-
olizes  carbohydrates,  steroids,  prostaglandins,  endog-
enous  aldehydes,  ketones  and  xenobiotic  compounds. 
AKR1B10  mediates  retinoic  acid  homeostasis  by  dimin-
ishing the cellular levels of retinoic acids and reducing the 
availability  of  retinaldehydes  through  the  conversion  of 
retinaldehydes into retinols [12, 13].

Olive leaf and olive leaf extract are known for beneficial 
health properties such as antioxidant, anti- inflammatory 
and  anti- bacterial  effects.  The  leaves  contain  a  complex 
variety of bioactive  substances,  including phenolic com-
pounds,  triterpenic  acids,  iridoids  and  sugars,  such  as 
oleanolic  and  maslinic  acids,  oleuropein,  oleuropeoside, 
ligustroside, hydroxytyrosol and mannitol [14]. Both ole-
anolic acid and oleuropein have been reported to activate 
the PPAR- alpha receptor [15, 16]. Furthermore, oleanolic 
acid  also  demonstrates  dual  agonist  action  on  two  iso-
forms of PPAR γ/α and a potent inhibitory action against 
AKR1B10 [17– 19].

In  other  PPAR- related  skin  care  applications, 
10- hydroxystearic  acid,  a  vegetable  oil- derived  synthetic 
fatty acid, has been reported to stimulate collagens I and 
III  in  cell  culture  models  and  improves  facial  age  spots 
and  conspicuous  pores  in  in  vivo  [20].  However,  there 
have been limited number of studies, which explore PPAR 
activation induced by complex mixtures containing more 
than one ligand [21– 23].

Different  therapeutic modalities have been proposed 
for  blistering  diseases;  however,  all  of  them  have  their 
own  limitations  and  side  effects  on  long- term  use.  A 
previous  study  observed  that  agonists  of  PPAR  can  act 
as antagonists  for AKR1B10 [24]. Therefore,  the  identi-
fication of a mixture of compounds targeting PPAR acti-
vation with minimal or no side effects for management 
of ageing skin and blistering diseases could be of value 
for  formulating  both  topical  skin  care  and  therapeutic 
products.

In  skin  care  applications,  the  availability  of  ingredi-
ents  that  are  known  to  induce  synthesis  collagen  IV  is 
limited. A compound extracted  from Psoralea corylifolia 
called bakuchiol has been shown to upregulate types I and 
IV collagen in a DNA microarray study and also showed 
stimulation  of  type  III  collagen  in  a  mature  fibroblast 
model [25].

Keeping  this  in  view,  this  study  was  conducted  to 
examine  whether  a  complex  mixture  of  PPAR  ligands 
(Linefade)  may  cooperatively  bind  in  the  PPAR- α  cavity 
to  activate  gene  expression  and  lead  to  collagen  IV  bio-
synthesis. To explore this possibility, an in silico technique 
was employed to model two of the main constituents (ole-
anolic acid and glyceryl monoricinoleate) in a co- binding 
arrangement. In vitro cell culture and transcriptome anal-
ysis were used  to confirm PPAR activation and gene ex-
pression. Stimulation of collagen IV synthesis in cultured 
human  dermal  fibroblasts  was  assessed  using  an  ELISA 
assay. Further corroboration of collagen IV synthesis was 
examined ex vivo in human skin explants using immunos-
taining and image analysis.

MATERIALS AND METHODS

Materials

Dimethyl  sulfoxide  (DMSO),  caprylic/capric  triglycer-
ide  (CCT),  magnesium  ascorbyl  phosphate  (MAP)  and 
GW590735 were obtained from various suppliers. Indigo 
Biosciences Reporter Assay System was used for luciferase 
reporter assay.

Preparation of linefade

Linefade was extracted from the powdered leaves of Olea 
europaea  via  an  alcoholic  extraction.  The  wet  cake  was 
dried  into  a  powder,  and  oleanolic  acid  was  assayed  by 
HPLC method to not less than 80.0% w/w on dried basis. 
The remaining 20% contained a variety of alcohol- soluble 
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compounds  commonly  found  in  olive  leaves.  Next,  2% 
w/w  of  the  dried  solid  powder  was  resolubilized  with  a 
1:1 solvent mixture of glyceryl monoricinoleate and dime-
thyl isosorbide. Heat and agitation were applied to achieve 
a  clear  solution  without  any  precipitate.  The  resulting 
composition  contains  not  less  than  1.6%  oleanolic  acid 
and 0.4% of undetermined compounds derived from olive 
leaves.

In silico modelling 
technique and validation

The 3D structure of PPAR- α (PDB ID: 2P54), bound with 
SRC1  peptide  and  GW590735,  was  considered  as  the 
known  PPAR- α  activator  to  determine  the  active  sites. 
The  retrieved  structure  of  PPAR- α  from  the  RSCB  da-
tabase  (PDB:  2P54)  was  optimized  by  the  addition  of 
hydrogens, removal of all water molecules and optimiz-
ing  hydrogen  bonds  using  Discovery  Studio  Visualizer 
(ver 2.5). The optimized structure was defined as target 
macromolecule  in Autodock Vina Wizard of PyRx  (ver 
0.8).  GW590735  and  major  constituents  of  Linefade 
were  docked  to  the  ligand- binding  domain.  The  dock-
ing experiment was run in the PyRx software workspace 
on  default  parameters  of  the  number  of  generations 
and energy evaluation for ten steps of the run. The pre-
dicted binding affinity was expressed as kcal/mol. While 
docking, different binding poses were generated among 
which the best and top- ranked binding pose was selected 
for  visual  inspection  using  Discovery  Studio  Visualizer 
(ver 2.5).

In vitro cell studies

PPAR transcription

Linefade  was  stored  at  room  temperature  and  was  di-
luted  in  DMSO  or  distilled  sterile  water  at  10  mg/ml. 
The  stock  solution  was  further  diluted  with  compound 
screening medium as per kit manufacturer's instructions 
(Indigo Biosciences, State College, PA, cat. # IB00111- 32, 
Technical  Manual  version  7.2).  Three  concentrations 
(4, 20 and 100 µg/ml) were tested in duplicates on CHO 
cells transfected with the PPAR- α receptor- controlled bio-
luminescent protein for ~20 h. GW590735 (0.143 µg/ml) 
was  the  positive  control.  The  chemoluminescent  signal, 
proportional  to  the  PPAR- α- driven  promoter  activation, 
was  quantified  using  Thermo  Scientific  Luminoskan 
Ascent  Microplate  Luminometer.  This  instrument  has 
passed DLReady™ validation at Promega  Corporation.

Cell viability and type IV collagen output in the 
adult human dermal fibroblasts

Cell line and cell culture
Human dermal fibroblasts (HDFs) from adult skin (early 
passage,  cat.#  106- 05aCell  Applications,  San  Diego,  CA) 
were  maintained  in  DMEM- based  medium  contain-
ing  10%  FBS  medium  and  1%  penicillin- streptomycin 
at  37°C  in  a  humidified,  95%  air/5%  CO2.  All  colori-
metric  measurements  were  performed  using  Molecular 
Devices  (San  Jose,  CA)  microplate  reader  MAX190  and 
SoftMax3.1.2PRO software.

Measurement of cell viability
The effect of Linefade on cell viability was determined 
using  the  MTT  assay,  which  measures  the  activity  of 
mitochondrial  dehydrogenases,  such  as  succinate  de-
hydrogenase,  implicated  in  the  respiratory  electron 
transport chain in mitochondria [26]. Linefade was dis-
solved at 20 mg/ml in DMSO and further diluted using 
distilled  water.  Samples  were  added  in  triplicates  to 
confluent  adult  human  dermal  fibroblasts.  The  posi-
tive control contained magnesium ascorbyl phosphate 
(MAP). After 72 h, the experiment was terminated, and 
the  effect  of  Linefade  on  mitochondrial  metabolism 
was measured.

Quantitative detection of collagen IV
Type  IV  collagen  was  quantified  in  the  cell  culture  me-
dium  (soluble  fraction)  via  sandwich  ELISA  assay  after 
treatment with Linefade  for 72 h, using unlabelled anti- 
type  IV  antibody  (cat.#1340- 01)  for  capture,  followed 
by  biotinylated  anti- type  IV  collagen  antibody  (cat.# 
1340- 08),  streptavidin- HRP  and  TMB  reagents  from 
SouthernBiotech (Birmingham, AL).

Assay on reconstituted skin substitutes

EpiDermFT tissues (MatTek; Ashland, MA) were equili-
brated overnight; then, samples were added in duplicates 
at 3 mg/cm2 with a positive displacement pipette and were 
spread evenly on top of the tissues. Sterile distilled water 
was the negative control. After 24 h incubation, RNA was 
extracted and purified with RNeasy Mini Kit cat.# 74104 
from Qiagen (Germantown, MD), using QiaCube Connect 
robotic station (Qiagen). Purified total RNA was assessed 
at 260 and 280 nm with NanoDrop Lite (Thermo Fisher 
Scientific, Waltham, MA).

Isolated  RNA  samples  were  sent  on  dry  ice  to 
Thermo Fisher Scientific Microarray Research Services 
Laboratory  (Santa  Clara,  CA)  for  transcriptome 
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profiling  using  Clariom  S  cartridge  on  GeneTitan™ 
Microarray System instrumentation. The resulting CHP 
files  containing  probe  set  analysis  results  generated 
with Affymetrix software were uploaded, and differen-
tial  gene  expression  as  well  as  functional  interaction 
networks were analysed using the TAC software version 
4.0.2.15 (Applied Biosystems by Thermo Fisher).

Ex vivo study

The ex vivo study was conducted as per the Good Laboratory 
Practices (Decree of August 10, 2004), as well as in compli-
ance with the validated procedures and SOP of Laboratoire 
BIO- EC.  Forty- two  explants  of  an  average  diameter  of 
11  mm  (±1  mm),  including  15  delipidated  explants, 
were  prepared  from  an  abdominoplasty  coming  from  a 
28- year- old  woman  (reference  P2302- AN28)  with  a  skin 
phototype V. These  skin  tissues were obtained  from sur-
gical residues and are in compliance with the Declaration 
of Helsinki and the article L.1243- 4 of  the French Public 
Health  Code.  The  delipidated  set  was  utilized  for  ex-
amining  ceramide  synthesis  (to  be  reported  elsewhere). 
Explants were placed in BEM culture medium (BIO- EC’s 
Explants  Medium)  at  37°C  in  a  humid,  5%  CO2  atmos-
phere. The Linefade complex was solubilized in caprylic/
capric  triglyceride  (CCT)  at  1%  and  2.5%  v/v  concentra-
tions.  The  study  samples  were  divided  into  four  groups: 
untreated control, excipient control, test 1 and test 2. The 
untreated control group was a blank. The excipient control 
group was treated with CCT alone. Test 1 and test 2 groups 
were treated with 1% and 2.5% Linefade, respectively. CCT 
with or without Linefade was topically applied to skin ex-
plants at days 0 and 2 on the basis of 2 μl per explant (2 mg/
cm2) and spread using a small spatula. On day 2, half of the 
culture medium was replaced by fresh medium. On day 0, 
the untreated control explants were collected and cut into 
two parts: One part was fixed in buffered formalin solution 
for 24 h, and the other part was frozen at −80°C. On day 
3, three explants from each batch were collected and pro-
cessed in the same way as the untreated control.

Tissue morphology

The  explants  were  fixed  for  24  h  in  buffered  formalin, 
dehydrated  and  then  impregnated  in  paraffin  using  a 
Leica  PEARL  dehydration  automat.  The  samples  were 
embedded  using  a  Leica  EG  1160  embedding  station. 
Next,  5- μm- thick  sections  were  made  using  a  Leica  RM 
2125  Minot- type  microtome,  and  the  sections  were 
mounted on Superfrost® histological glass slides. The tissue 
morphology of the epidermal and dermal structures was 

assessed  through  microscopic  observation  of  formalin- 
fixed  paraffin- embedded  (FFPE)  skin  sections  after 
Masson's trichrome staining, Goldner variant. The degree 
of staining was assessed by microscopic observation.

Quantification of collagen type IV

The  frozen  explants  were  cut  into  7- μm- thick  sections 
using a Leica CM 3050 cryostat. The sections were  then 
mounted  on  Superfrost®  plus  silanized  glass  slides.  The 
microscopic  observations  were  realized  using  a  Leica 
DMLB, an Olympus BX43, or BX63 microscope. Pictures 
were  digitized  with  a  numeric  DP72  or  DP74  Olympus 
camera  with  cellSens  storing  software.  Collagen  IV  im-
munostaining  was  performed  on  frozen  sections  with  a 
monoclonal anti- collagen IV antibody (Dako, ref. M 0785, 
clone CI22) diluted at 1:50 in PBS- BSA 0.3%- Tween 20 and 
incubated  for  1  h  at  room  temperature  and  revealed  by 
AlexaFluor488  (Life  technologies,  ref.  A11008).  The  nu-
clei were counterstained with propidium iodide. The im-
munostaining  was  assessed  by  microscopic  examination 
and  image  analysis.  All  the  images  were  analysed  using 
Cell^D software.

Statistical analysis

All data are expressed as Mean ± Standard Deviation (SD) 
or Mean ± Standard Error of Mean (SEM). The differences 
between control and treatment groups were evaluated by 
Student's double- tailed t- test. Statistically, significant vari-
ation was defined as ≥20% variation from the control with 
a p- value < 0.05.

RESULTS

In silico modelling

PPAR- α (PDB ID: 2P54) contains 16 helices, 4 beta- strands, 
11 bends and 16 turns (Sierra et al., 2007). GW590735 oc-
cupies the binding pocket formed by the helices, bends and 
beta- strands. The binding site of GW590735 in the ligand- 
binding pocket of PPAR- α is composed of the amino acid 
residues  CYS- 275,  CYS- 276,  GLN- 277,  THR- 279,  ALA- 
333, MET- 330, MET- 355, SER- 280, TYR- 314, HIS- 440 and 
TYR- 464. GW590735  formed hydrogen bonds with SER- 
280,  TYR- 314,  HIS- 440  and  TYR- 464  [27].  The  binding 
affinity of GW590735 and major constituents of Linefade 
with target receptor (PDB ID: 2P54) was observed to be in 
the range of −5.7 Kcal/mole to −10.4 Kcal/mole (Figure 1 
and Table 1).

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=2P54
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In vitro cell studies

PPAR transcription

Linefade stimulated the activation of transcription of the 
luciferase  reporter  gene  under  the  PPAR- α- controlled 
promoter by 511%  (p- value = 0.000) at  a 20 µg/ml dilu-
tion  when  applied  from  a  DMSO  stock  solution.  When 
applied  from  a  water  stock  solution,  Linefade  stimu-
lated  the  activation  of  transcription  of  the  luciferase  re-
porter  gene  under  the  PPAR- α- controlled  promoter  in  a 

dose- dependent manner with an increase of 418% occur-
ring at a 100 µg/ml dilution. DMSO aids the dispersion of 
lipid- soluble Linefade in this cell culture model but is not 
required to produce a significant activation. The positive 
control GW590735 (0.143 µg/ml) strongly upregulated the 
expression of the reporter gene (p- value = 0.001) indicat-
ing experimental reliability (Figures 2 and 3).

Cell viability and collagen IV of human dermal 
fibroblasts (HDFs)

Cell viability was examined to exclude cytotoxic concen-
tration of Linefade. Linefade did not show any cytotoxic 
effect on HDFs at concentrations of up to 200 μg/ml com-
pared  with  water- treated  control.  Linefade  significantly 
stimulated type IV collagen output, being the most active 
at a concentration of 100 μg/ml. It was observed that treat-
ment with 100 μg/ml Linefade led to a 319% increase in 
collagen IV level compared with the water- treated control 
(p- value = 0.000) (Figure 4).

Transcriptome analysis

Differential  expression  comparing  a  water  blank  (five 
samples) and Linefade (two samples) was processed with 
TAC 4.0 software at a fold change of either >2 or <−2 and 
p- value <0.05. Total number of genes in the data set was 
21 448. Of  these, 280  (1.31%) genes passed  the  filter cri-
teria,  among  which  76.79%  genes  were  upregulated  and 
23.21%  genes  were  downregulated.  Activity  in  relevant 
pathways  was  assessed  with  WikiPathways  by  signifi-
cance and count in Table 2.

T A B L E  1   Binding affinity of major constituent of Linefade and GW590735 with PPAR- α and their hydrogen bond interactions at the 
active site. Bold- typed residues represent common interacting residues with GW590735

Compound name
Binding affinity
(−Kcal/mol)

Amino acid interacting residues at a distance 
criterion of 5Ȧ

Number of common 
amino acid 
interacting residues 
with GW590735

GW590735
(synthetic PPAR- α 

agonist standard)

−10.4 SER- 280, TYR- 314, TYR- 464, HIS- 440, CYS- 275, 
CYS- 276, GLN- 277, THR- 279, ALA- 333, MET- 330, 
MET- 355

_

Oleanolic acid −5.7 HIS- 274, CYS- 278, TYR- 334, HIS- 47, LEU- 254 0

Glyceryl monoricinolate −6.1 THR- 279, GLU- 21, CYS- 275, CYS- 276, SER- 280, ARG- 
271, ILE- 272, PHE- 273, HIS- 274, THR- 246, LEU- 247, 
CYS- 248, MET- 249, ALA- 250, GLU- 251

4

Oleanolic acid
+
Glyceryl
monoricinolate

−6.7 CYS- 276, SER- 280, LEU- 254, CYS- 275, THR- 279, ILE- 
272, MET- 330, LEU- 331, MET- 355, GLN- 277, THR- 
283, LEU- 247, ALA- 250, GLU- 251

7

F I G U R E  1  Major constituents of Linefade— oleanolic acid 
(OA) and glyceryl monoricinolate (GMR)— docked in the active site 
of PPAR- α (PDB ID: 2P54), highlighting cooperative interactions
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Genes  related  to  epidermal  differentiation  (keratino-
cyte cornification), retinoid metabolism and collagen de-
grading MMPs were identified as shown in Table 3.

Human explants (Collagen IV)

An ex vivo study was performed using human skin ex-
plants to further investigate whether Linefade could in-
crease  collagen  IV  synthesis  in  the  ex  vivo  model.  On 
days 0 and 3, tissue morphology was observed to be good 
in  the epidermis and papillary dermis  in  the untreated 
control  explants.  On  day  3,  the  excipient- treated  con-
trol  (CCT) samples showed slight alteration  in  the epi-
dermis.  The  samples  treated  with  1%  Linefade  showed 
slight alteration  in  the epidermis while  treatment with 
2.5% Linefade did not  result  in any modification when 

compared  with  the  untreated  control  group.  On  day 
3,  the  samples  treated  with  1%  Linefade  did  not  show 
any  modification  in  the  epidermis  and  papillary  der-
mis, while treatment with 2.5% Linefade led to a slight 
improvement  in  tissue  viability  in  the  epidermis  when 
compared  to  the  excipient  control  group  as  shown  in 
Table 4 and Figure 5.

Immunostaining revealed a significant increase in col-
lagen IV along the DEJ as compared to untreated control 
and excipient- treated control groups on day 3.

Image  analysis  of  collagen  IV  was  analysed  in  terms 
of percentage of collagen IV surface. It was observed that 
on  day  3,  1%  Linefade  showed  a  significant  increase  in 
collagen  IV along  the DEJ  (52%; p- value <0.01) as com-
pared to untreated control group. Furthermore, treatment 
with 1% Linefade resulted in a significant increase in col-
lagen  along  the  DEJ  (41%;  p- value  <0.05)  as  compared 

F I G U R E  2  Degree of transcriptional activation of Linefade by PPAR- α depicted by the Reporter Assay System with DMSO- prepared 
stock solution of Linefade. Data are presented as Mean values ± SEM, n = 16; **p- value < 0.01 vs. water blank [Colour figure can be viewed 
at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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to  excipient- treated  control  group.  Treatment  with  2.5% 
Linefade did not produce a statistically significant result 
(Figures 6 and 7).

DISCUSSION

Skin ageing is a continuous process, accelerated by oxi-
dative stress and governed by intrinsic age- related meta-
bolic changes. PPAR- α is a key regulator of this process 
via prevention of damage and control of repair after ex-
posure  to endogenous or environmental  stressors  [33]. 
PPAR- α mediates the transcription of lipid metabolizing 
genes and regulates  the genes  involved  in maintaining 
the redox homeostasis, energy metabolism and integrity 
of tissues [34].

Altered  DEJ  is  a  characteristic  of  skin  ageing.  Type 
IV  collagen,  a  fundamental  constituent  of  the  DEJ,  pro-
vides a scaffold for other macromolecules and plays a key 
part in maintaining mechanical steadiness and resilience 
[35]. Therefore, the identification of compounds that can 

increase the  level of collagen IV in DEJ is advantageous 
for managing changes associated with skin ageing.

To elucidate  the mechanism of action of Linefade on 
skin ageing, in silico, in vitro and ex vivo studies were per-
formed. In silico docking analyses showed that Linefade 
forms  H- bonds  with  CYS- 276,  SER- 280,  CYS- 275,  THR- 
279,  MET- 330,  MET- 355  and  GLN- 277  in  the  PPAR- α 
binding pocket. Utsugi et al. (2019) proposed a synthetic 
covalent PPAR agonist based on the unique character of 
the  PPAR  ligand- binding  pocket  (LBP)  that  can  be  pos-
sessed  by  different  ligands  owing  to  its  expansive  depth 
coupled  with  the  synergistic  activation  of  the  transcrip-
tional  switch of PPAR [36]. Takeda et al.  (2018)  showed 
that tiliroside, a PPAR- α agonist, can stimulate ceramide- 
related  enzyme  expression  and  increase  PPAR- α  expres-
sion.  Interestingly,  in  this  study,  10%  tiliroside  delivered 
as  part  of  a  complex  mixture  obtained  from  strawberry 
extractions resulted  in superior bio- activity as compared 
to equivalent concentrations of the purified tiliroside [37]. 
PPAR- α signalling plays a crucial role in skin development 
and barrier formation through induction of keratinocyte 

F I G U R E  3  Degree of transcriptional activation of Linefade by PPAR- α in the Reporter Assay System with water- prepared stock 
solution of Linefade. Data are presented as Mean values ± SEM, n = 16; **p- value < 0.01 vs. water blank [Colour figure can be viewed at 
wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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proliferation  and  differentiation  [38,  39].  In  the  present 
study, we found that Linefade activates PPAR- α with high 
potency, as compared to  the positive control GW590735, 
in in vitro luciferase reporter gene assay. This finding may 
be attributed to the Y- shaped binding cavity of PPAR con-
taining  several  sub- pockets  that  enable  co- binding  for  a 
mixture of compounds, such as Linefade.

Since hydroxystearic acids have previously been shown 
to act as both PPAR agonists and stimulators of collagen syn-
thesis, in this study, we utilized a glyceryl monoricinoleate 
(glycerol 12- hydroxyoleate) prepared from the esterification 

of plant- derived ricinoleic acid (a hydroxy acid) and glycer-
ine. This ester was used to solubilize the oleanolic acid and 
other constituents of an olive leaf extraction, thereby creat-
ing a liquid mixture of PPAR agonists. Our modelling work 
demonstrated a potential for cooperative binding between 
the two major constituents (OA + GMR) of Linefade. Taken 
together, these compounds exhibited seven common inter-
actions with the 11 amino acid residues interacting with the 
synthetic control PPAR- α agonist GW590735.

To  further  elucidate  the  mechanism  of  action  of 
Linefade,  transcriptome  analysis  was  performed  in  the 

F I G U R E  4  Dose- dependent stimulatory effect of Linefade on the synthesis of collagen type IV expressed as percentage of water control, 
wherein 50 µg/ml MAP is a positive control. Data are presented as Mean values ± SEM, n = 6; **p- value < 0.01 vs. water blank [Colour 
figure can be viewed at wileyonlinelibrary.com]

T A B L E  2   Gene expression after treatment with water vs. Linefade assessed using Transcriptome Analysis Console 4.0.2.15 under filter 
criterion of fold change >2 or <−2 and p- value <0.05

WikiPathways
Path 
significance Up Down

NRF2 1.81 CES4A, EGR1 HSPA1A, PGD, SLC39A2, SLC39A14

Nuclear receptor meta pathway 1.03 CES4A, EGR1 CDK4, SLC39A2, SLC39A14, ACOX1, 
PGD, HSPA1A

PPAR- alpha pathway 0.51 -  CKD4

PPAR signalling pathway 1.82 SORBS1 MMP1, ACOX1, MMP1

PPAR- gateway pathway 1.64 -  PLIN2, PCK2

PPAR- gamma pathway 1.64 -  PLIN2, PCK2

Retinoid metabolism and transport 0.38 -  RDH11

Integrin- mediated cell adhesion 1.27 SORBS1, CAPN3 ITGAE, CAPN1

Matrix metalloproteinases 1.64 -  MMP1, MMP3

https://onlinelibrary.wiley.com/
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T A B L E  3   Gene expression after treatment with water vs. Linefade assessed using Transcriptome Analysis Console 4.0.2.15 under filter 
criterion of fold change >1.5 or <−1.5 and p- value <0.05

Fold 
Change p- value Gene symbol Description Comments

Cornified envelope precursor genes

6.99 0.0263 LCE1D Late cornified envelope 1D Late cornified envelope (LCE) genes within the 
epidermal differentiation complex4.52 0.0166 LCE1F Late cornified envelope 1F

4.26 0.0249 LCE1A Late cornified envelope 1A

4.14 0.0286 LCE1B Late cornified envelope 1B

3.07 0.0471 LCE1C Late cornified envelope 1C

2.51 0.0481 LCE2D Late cornified envelope 2D

2.33 0.0181 LCE5A Late cornified envelope 5A

2.8 0.0358 S100A7A S100 calcium binding protein A7A S100A7 (Psoriasin) interacts with epidermal 
fatty acid- binding protein and localizes in 
focal adhesion- like structures in cultured 
keratinocytes [28]

1.61 0.0127 S100A7 S100 calcium binding protein A7

2.26 0.0063 S100A12 S100 calcium binding protein A12

2.51 0.0193 SPRR3 Small proline- rich protein 3 The small proline- rich proteins constitute a 
multigene family of differentially regulated 
cornified cell envelope precursor proteins [29]

1.91 0.0311 SPRR2G Small proline- rich protein 2G

−1.8 0.0486 CRNN Cornulin

3.07 0.0424 KPRP Keratinocyte proline- rich protein Keratinocyte proline- rich protein deficiency in 
atopic dermatitis leads to barrier disruption [30]

Matrix metallopeptidases

−2.38 0.0163 MMP3 Matrix metallopeptidase 3 Matrix metalloproteinase- 3 is the key effector of 
TNF- α- induced collagen degradation in skin [31]

−2.82 0.0437 MMP1 Matrix metallopeptidase 1 Matrix metalloproteinase- 1 is the major 
collagenolytic enzyme responsible for collagen 
damage in UV- irradiated human skin [32]

−1.78 0.021 MMP14 Matrix metallopeptidase 14 
(membrane- inserted)

Retinoid metabolism

1.71 0.0241 CRABP1 Cellular retinoic acid- binding 
protein 1

1.55 0.0316 RDH13 Retinol dehydrogenase 13 
(all- trans/9- cis)

Catalyses conversion of retinol to retinal

−1.59 0.0466 DHRS3; 
MIR6730

Dehydrogenase/reductase  
(SDR family) member 3; 
microRNA 6730

−1.65 0.0248 ALDH1A3 Aldehyde dehydrogenase 1 family, 
member A3

−1.71 0.0328 RARB Retinoic acid receptor, beta

−1.73 0.017 PALM Paralemmin

−1.76 0.0037 APOE Apolipoprotein E

−2.08 0.0034 RDH11 Retinoldehydrogenase 11 
(all- trans/9- cis/11- cis)

−1.76 0.0231 AKR1C1 Aldo– keto reductase family 1, 
member C1

Reduces retinaldehyde to retinol conversion, 
limiting availability of retinoic acid
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full- thickness  reconstituted  human  skin  (EpiDermFT) 
model.  Consistent  with  PPAR  activation,  we  found  sig-
nificant modulation of cornified envelop precursor genes, 
including LCE  (late  cornified envelop) genes, S100  fam-
ily  genes,  SPRR  (small  proline- rich  proteins)  and  other 
regulators of epidermal differentiation (such as cornulin 
and  keratinocyte  proline- rich  protein).  Furthermore,  we 
observed  downregulation  of  collagen  degrading  matrix 
metalloproteinase- 1  and  matrix  metalloproteinase- 3. 
PPAR  activation  is  known  to  suppress  TNF- α  and  these 
inflammatory markers.

Upon  screening  via  Wikipathways,  we  found  sig-
nificant  modulation  of  the  Nrf2  and  PPAR  pathways. 
Both transcription factors play key roles in establishing 
a cellular antioxidative defence  system and are known 
to  crosstalk  [40,  41].  Lastly,  we  found  modulation  in 
10  genes  involved  in  retinoid  metabolism.  While  the 
downregulation of AKR1C1 and upregulation of cellu-
lar retinoic acid- binding protein 1 and retinol dehydro-
genase 13 may support increased availability of retinoic 
acid  at  the  retinoid  receptors,  the  downregulation  of 
retinaldehyde  dehydrogenase  3,  dehydrogenase/reduc-
tase  3  and  retinol  dehydrogenase  11  would  reduce  RA 
availability.  This  retinoid  pathway  modulation  may  be 
attributed  to  the  inhibitory  action  of  oleanolic  acid  on 
AKR1B10.

Altered DEJ in aged skin shows diminished connec-
tivity  in  surface  area  [42].  Loss  of  DEJ  surface  range 
contributes  to  the  expanded  skin  delicacy  related  to 
age  and  leads  to  diminished  connectivity  between  the 
dermal  and  the  epidermal  layers  [43]. We  assessed  the 
type IV collagen levels in human dermal fibroblasts and 
human skin explants. Our results indicate that Linefade 
treatment  significantly  increased  the  levels  of  collagen 
type IV in in vitro and ex vivo models. We also observed 
slight alterations in cellular morphology after 3 days of 
treatment with the excipient CCT ex vivo. It is notewor-
thy  that  treatment  with  2.5%  Linefade  did  not  lead  to 

T A B L E  4   Tissue morphology microscopic assessments of the 
epidermal and dermal structures of all explant batches is shown 
here

Explant batch

Tissue morphology observations

Epidermis Dermis

Untreated Control Day 0 G G

Untreated Control Day 3 FG G

Excipient Control Day 3 SA G

1% Linefade Day 3 SA G

2.5% Linefade Day 3 FG G

Note: Morphology legend: G = good, FG = fairly good, VSA = very slightly 
altered, SA = slightly altered, MA = moderately altered, FCA = fairly clearly 
altered, CA = clearly altered, VCA = very clearly altered.

F I G U R E  5  Tissue morphology of day 0 and day 3 batches
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F I G U R E  7  Quantification of collagen expression levels in Figure 6 (n = 9 with 3 images per explant) Data are presented as mean ± 
standard deviation. Calculated proportion of the surface to collagen IV along the DEJ. Treated samples vs. untreated control (Day 0); ** for 
p- value < 0.01. Treated samples vs. untreated control (Day 3); §§ for p- value < 0.01. Treated vs. excipient control (Day3); † for p- value < 0.05 

F I G U R E  6  Effects of Linefade on collagen IV synthesis in skin explants vs. untreated and excipient- treated controls. Collagen IV was 
detected by immunostaining using specific antibodies. Number of explants per condition = 3 
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any undesirable alterations in the tissue morphology in 
excipient- treated  samples;  however,  this  concentration 
also  did  not  induce  a  statically  significant  collagen  IV 
expression as was observed with the 1% treatment. This 
finding indicates that Linefade may exhibit a protective 
activity, which counters the alterations induced by CCT 
treatment,  yet  the  2.5%  dose  may  interfere  with  colla-
gen deposition in the explants model. Glyceryl monori-
cinoleate  and  dimethyl  isosorbide  have  surfactant  and 
solvency  properties  which  may  explain  why  this  2.5% 
group showed several explants with  increased collagen 
IV while others explants in this group did not show in-
creases in collagen IV staining.

Even though PPAR- α agonists can stimulate the expres-
sions of serine palmitoyltransferase (SPT) 2 and ceramide 
synthase (CerS) 3, and improve the skin barrier function 
and moisture retention in ceramide- deficient skin condi-
tion, Linefade was not observed to modulate  the expres-
sion of serine palmitoyltransferase (SPT) 2 and ceramide 
synthase  (CerS)  3.  This  may  suggest  that  PPAR  ligand 
activation may occur with partial,  full or varied configu-
rations  altering  its  ability  to  mediate  gene  transcription. 
Furthermore,  it  is  unclear  whether  the  agonist- bound 
PPAR- α can directly transactivate collagen IV gene with-
out promoter analysis. PPAR- α might  indirectly  increase 
collagen  IV  synthesis  by  modulating  other  transcription 
factors. Lastly, we have to consider that about 0.4% of the 
Linefade complex may contain a variety of other alcohol- 
soluble compounds including maslinic acids, oleuropein, 
oleuropeoside, ligustroside and hydroxytyrosol. While, at 
the  experimental  dilutions,  these  compounds  are  found 
at  negligible  concentrations,  we  cannot  ignore  a  possi-
bility that these trace compounds may contribute to bio- 
activities  especially  given  that  Takeda  et  al.  (2018)  had 
observed a strawberry extract standardized  to 10% tiliro-
side (PPAR agonist) outperform a highly purified form of 
tiliroside.

CONCLUSION

Linefade  contains  2%  olive  leaf  extract  solids  dissolved 
in  glyceryl  monoricinoleate  and  dimethyl  isosorbide. 
Linefade  binds  to  PPAR- α  ligand- binding  domain  and 
induces  transcriptional  activation,  wherein  it  modulates 
280 genes and induces collagen IV synthesis in vitro and 
ex  vivo.  Future  studies  must  focus  on  the  potential  ap-
plications  of  Linefade,  such  as  formulation  of  skin  care 
products to manage the visible and mechanical changes of 
ageing skin, adjuvant- type applications for OTC skin pro-
tectants and therapeutic applications in cases of skin blis-
tering and  separation of  the epidermis  from  the dermis. 

The key insight of our study was that Linefade, a lipidic 
mixture, acts as a PPAR- α agonist and activates collagen 
IV  biosynthesis  in  the  skin,  thereby  increasing  the  pool 
for  replacement  and  inhibiting  changes  related  to  skin 
ageing. Further studies will determine whether Linefade 
effects are translated into clinical benefits in aged and dis-
eased skin.

ACKNOWLEDGEMENTS
These studies (reference numbers: INSILICOJune282020, 
20E4894 and 20E4966) were funded by Contrast Product 
Development, LLC under the DL Linefade project budget. 
This research work was dedicated to the author’s parent 
who  was  diagnosed  with  bullous  pemphigoid.  The  au-
thors  wish  to  thank  Deveraux  Specialties  for  the  use  of 
their laboratory equipment in compounding the test ma-
terial Linefade.

ORCID
George P. Majewski   https://orcid.
org/0000-0002-4504-8601 
Smrita Singh   https://orcid.org/0000-0003-1107-8447 
Krzysztof Bojanowski   https://orcid.
org/0000-0001-8692-050X 

REFERENCES
  1.  Mouw  J.  K.,  Ou  G.,  Weaver  V.  M.  Extracellular  matrix  as-

sembly:  a  multiscale  deconstruction.  Nat  Rev  Mol  Cell  Biol. 
2014;15:771– 785.

  2.  Sudhakar A., Kalluri R.. Molecular Mechanisms of Angiostasis. 
In: Dartt D. A., editor. Encyclopedia of the Eye. The Netherlands: 
Academic Press; 2010. p. 52– 59. ISBN 9780123742032

  3.  Theocharidis G., Connelly J. T. Minor collagens of the skin with 
not so minor functions. J Anat. 2019;235:418– 429.

  4.  Abreu- Velez A., Howard M. Collagen IV in normal skin and in 
pathological processes. N Am J Med Sci. 2012;4(1):1.

  5.  Yeol L. H., Ham S. P., Choi Y. W., Park H. J. The value of type 
IV collagen  immunohistochemical  staining  in  the differential 
diagnosis of autoimmune subepidermal bullous diseases. Acta 
Dermatovenerol Croat. 2018;26:133– 138.

  6.  Nuno Menezes M. D. Pemphigus vulgaris: Still a difficult dis-
ease to treat. J Am Acad Dermatol. 2008;58:AB85.

  7.  Krutmann J., Bouloc A., Sore G., Bernard B. A., Passeron T. The 
skin aging exposome. J Dermatol Sci. 2017;85:152– 161.

  8.  Huertas  M.,  Schmelzer  C.  E.,  Hoehenwarter  W.,  Heyroth  F., 
Heinz A. Molecular- level insights into aging processes of skin 
elastin. Biochimie. 2016;128– 129:163– 173.

  9.  Feru J., Delobbe E., Ramont L. Aging decreases collagen IV ex-
pression  in vivo  in  the dermo- epidermal  junction and  in vitro 
in  dermal  fibroblasts:  possible  involvement  of  TGF- β1.  Eur  J 
Dermatol. 2016;26:350– 360.

 10.  Abigail A., Langtona K., Halaia P., Christopher E. M., Sherrattc 
M. J., Rachel E. B. The impact of intrinsic ageing on the protein 
composition  of  the  dermal- epidermal  junction.  Mech  Ageing 
Dev. 2016;156:14– 16.

https://orcid.org/0000-0002-4504-8601
https://orcid.org/0000-0002-4504-8601
https://orcid.org/0000-0002-4504-8601
https://orcid.org/0000-0003-1107-8447
https://orcid.org/0000-0003-1107-8447
https://orcid.org/0000-0001-8692-050X
https://orcid.org/0000-0001-8692-050X
https://orcid.org/0000-0001-8692-050X


   | 675MAJEWSKI et al.

 11.  Keller H., Dreyer C., Medin J., Mahfoudi A., Ozato K., Wahli W. 
Fatty acids and retinoids control lipid metabolism through acti-
vation of peroxisome proliferator- activated receptor- retinoid X 
receptor heterodimers. Proc Natl Acad Sci. 1993;90:2160– 2164.

 12.  Crosas B., Hyndman D. J., Gallego O.. Human aldose reductase 
and human small intestine aldose reductase are efficient retinal 
reductases: consequences for retinoid metabolism. Biochem J. 
2003;373:973– 979.

 13.  Ruiz  F.  X.,  Gallego  O.,  Ardèvol  A.,  Moro  A.,  Domínguez  M., 
Alvarez  S.,  Alvarez  R.,  de  Lera  A.  R.  et  al.,  Aldo- keto  reduc-
tases  from  the  AKR1B  subfamily:  retinoid  specificity  and 
control  of  cellular  retinoic  acid  levels.  Chem  Biol  Interact. 
2009;178:171– 177.

 14.  Medina E., Romero C., García P., Brenes M. Characterization 
of bioactive compounds in commercial olive leaf extracts, and 
olive leaves and their infusions. Food Funct. 2019;10:4716.

 15.  Lee H. K., Nam G. W., Kim S. H., Lee S. H. Phytocomponents of 
triterpenoids, oleanolic acid and ursolic acid, regulated differ-
ently the processing of epidermal keratinocytes via PPAR- alpha 
pathway. Exp Dermatol. 2006;15:66.

 16.  Malliou F., Andreadou I., Gonzalez F. J. The olive constituent 
oleuropein, as a PPARα  agonist, markedly  reduces  serum tri-
glycerides. J Nutr Biochem. 2018;59:17.

 17.  Loza- Rodríguez  H.,  Estrada- Soto  S.,  Alarcón- Aguilar  F.  J., 
Huang F., Aquino- Jarquín G., Fortis- Barrera A. et al., Oleanolic 
acid  induces  a  dual  agonist  action  on  PPARγ/α  and  GLUT4 
translocation:  A  pentacyclic  triterpene  for  dyslipidemia  and 
type 2 diabetes. Eur J Pharmacol. 2020;883:173252.

 18.  Toshiyuki M., Yasuhiro W., Satoshi E., Midori S., Ossama E., 
Akira  H..  Aldo– Keto  reductase  1b10  and  its  role  in  prolifer-
ation  capacity  of  drug- resistant  cancers.  Front  Pharmacol. 
2011;3:1- 5.

 19.  Gallego O., Ruiz F. X., Ardèvol A., Domínguez M., Alvarez R. 
Structural basis  for  the high all- trans- retinaldehyde reductase 
activity  of  the  tumor  marker  AKR1B10.  Proc  Natl  Acad  Sci. 
2007;104:20764– 20769.

 20.  Schutz R., Rawlings A. V., Wandeler E., Jackson E., Trevisan S., 
Monneuse J. M., Bendik I., Massironi M., Imfeld D. Bio- derived 
hydroxystearic acid ameliorates skin age spots and conspicuous 
pores. Int J Cosmet Sci. 2019;41:240.

 21.  Shang  J., Brust R., Mosure S. A., Bass  J., Munoz- Tello P., Lin 
H.,  Hughes  T.  S.,  Tang  M.,  Ge  Q.,  Kamenekca  T.  M.  et  al., 
Cooperative cobinding of synthetic and natural ligands to the 
nuclear receptor PPARγ. Elife. 2018;7:e43320.

 22.  Kuwabara N., Oyama T., Tomioka D., Ohashi M., Yanagisawa J., 
Shimizu T., Miyachi H. Peroxisome proliferator- activated recep-
tors (PPARs) have multiple binding points  that accommodate 
ligands  in  various  conformations:  phenylpropanoic  acid- type 
PPAR  ligands  bind  to  PPAR  in  different  conformations,  de-
pending on the subtype. J Med Chem. 2012;55:893– 902.

 23.  Majewski  G.,  Craw  J.,  Falla  T.  Accelerated  barrier  repair  in 
human  skin  explants  induced  with  a  plant- derived  PPAR- α 
activating  complex  via  cooperative  interactions.  Clin  Cosmet 
Investig Dermatol. 2021;18(14):1271– 1293.

 24.  Julius A., Hopper W. Natural aldose reductase inhibitors act as 
potent agonists of PPARγ. J Young Pharm. 2018;10:62– 65.

 25.  Chaudhuri R. K., Bojanowski K. Bakuchiol: a retinol- like func-
tional  compound  revealed  by  gene  expression  profiling  and 

clinically  proven  to  have  anti- aging  effects.  Int  J  Cosmet  Sci. 
2014;36(3):221– 230.

 26.  Berridge  M. V., Tan  A.  S.  Characterization  of  the  cellular  re-
duction  of  3- (4,5- dimethylthiazol- 2- yl)- 2,5- diphenyltetrazoli
um bromide (MTT): subcellular localization, substrate depen-
dence, and involvement of mitochondrial electron transport in 
MTT reduction. Arch Biochem Biophys. 1993;303(2):474– 482.

 27.  Sierra  M.  L.,  Beneton  V.,  Boullay  A.  B.  Substituted 
2- [(4- aminomethyl)phenoxy]- 2- methylpropionic  acid 
PPARalpha  agonists.  1.  Discovery  of  a  novel  series  of  potent 
HDLc raising agents. J Med Chem. 2007;50:685– 695.

 28.  Ruse M., Broome M., Eckert R. L. S100A7 (Psoriasin) interacts 
with epidermal fatty acid binding protein and localizes in focal 
adhesion- like  structures  in  cultured  keratinocytes.  J  Invest 
Dermatol. 2003;121:132– 141.

 29.  Hohl D., de Viragh P. A., Arniguet- Barras F., Gibbs S., Backendorf 
C., Huber M. The small proline- rich proteins constitute a mul-
tigene family of differentially regulated cornified cell envelope 
precursor proteins. J Invest Dermatol. 1995;104:902– 909.

 30.  Suga H., Oka T., Sugaya M., Sato Y. et al., Keratinocyte proline- 
rich protein deficiency in atopic dermatitis leads to barrier dis-
ruption. J Invest Dermatol. 2019;139:1867– 1875.

 31.  Mirastschijski U., Lupše B., Maedler K., Sarma B. Matrix metal-
loproteinase- 3 is key effector of TNF- α- induced collagen degra-
dation in skin. Int J Mol Sci. 2019;20:5234.

 32.  Brennan M., Bhatti H., Nerusu K. C., Bhagavathula N., Kang S., 
Fisher G. J., Varani J., Voorhees J. J. Matrix metalloproteinase- 1 
is  the  major  collagenolytic  enzyme  responsible  for  collagen 
damage  in  UV- irradiated  human  skin.  Photochem  Photobiol. 
2003;78:43– 48.

 33.  Sung  B.,  Park  S., Yu  B.  P.,  Chung  H. Y.  Modulation  of  PPAR 
in  aging,  inflammation,  and  calorie  restriction.  J  Gerontol. 
2004;59:B997– B1006.

 34.  Howroyd P., Swanson C., Dunn C., Cattley R. C., Corton J. C. 
Decreased longevity and enhancement of age- dependent lesions 
in  mice  lacking  the  nuclear  receptor  peroxisome  proliferator- 
activated receptor α (PPARα). Toxicol Pathol. 2004;32:591.

 35.  Oliver R. F., Barker H., Cooke A., Grant R. A. Dermal collagen 
implants. Biomaterials. 1982;3:38.

 36.  Waku  T.,  Shiraki  T.,  Oyama  T.,  Maebara  K.,  Nakamori  R., 
Morikawa  K.  The  nuclear  receptor  PPARγ  individually  re-
sponds  to  serotonin-   and  fatty  acid- metabolites.  EMBO  J. 
2010;29:3395.

 37.  Takeda  S.,  Shimoda  H.,  Takarada  T.,  Imokawa  G.  Strawberry 
seed extract and its major component, tiliroside, promote cer-
amide synthesis in the stratum corneum of human epidermal 
equivalents. PLoS One. 2016;13:e0205061.

 38.  Kuenzli S., Saurat J. H. Peroxisome proliferator- activated recep-
tors in cutaneous biology. Br J Dermatol. 2003;149:229.

 39.  Katzberg  A.  A. The  area  of  the  dermo- epidermal  junction  in 
human skin. Anat Rec. 1958;131:717.

 40.  Lee  C.  Collaborative  power  of  Nrf2  and  PPARγ  activators 
against metabolic and drug- induced oxidative injury. Oxid Med 
Cell Longev. 2017;2017:1378175.

 41.  Miroslava  K.,  Dovinova  I..  (2017)  Functioning  of  the  PPAR 
gamma and its effect on cardiovascular and metabolic diseases. 
In  Metabolic Syndrome,  www.smgeb ooks.com.  Heidelberg 
Germany: SM Group; 2017. p. 1- 41.

http://www.smgebooks.com


676 |   PPAR AGONIST COMPLEX INDUCES COLLAGEN IV SYNTHESIS

 42.  Fenske N. A., Lober C. W. Structural and functional changes of 
normal aging skin. J Am Acad Dermatol. 1986;15:571.

 43.  Man M. Q., Choi E. H., Schmuth M., Crumrine D., Uchida Y., 
Elias P. M. et al., Basis  for  improved permeability barrier ho-
meostasis  induced  by  PPAR  and  LXR  activators:  liposensors 
stimulate  lipid  synthesis,  lamellar  body  secretion,  and  post- 
secretory lipid processing. J Invest Dermatol. 2006;126:386.

How to cite this article: G.P. Majewski, S. 
Singh, K. Bojanowski, Olive leaf- derived PPAR 
agonist complex induces collagen IV synthesis in 
human skin models. Int. J. Cosmet. Sci. 43, 662– 676 
(2021). https://doi.org/10.1111/ics.12742

https://doi.org/10.1111/ics.12742

