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Abstract
Objective: Skin	ageing	is	a	multifactorial	process	involving	formation	of	reactive	
oxygen	species,	consecutive	inflammation	with	reduced	epidermal	and	dermal	cell	
viability	and	resulting	damage	to	the	extracellular	matrix.	Effective	dermocosmetic	
treatment	modalities	should	ideally	address	these	hallmarks	in	a	holistic	approach.	
Here,	we	determined	the	corresponding	activity	profile	of	bakuchiol,	a	plant-	derived	
meroterpene,	in	an	array	of	in	vitro,	ex	vivo	and	in	vivo	studies	and	compared	it	to	
retinol,	currently	considered	as	gold	standard	in	topical	antiageing	cosmetics.
Methods: The	 antioxidative	 capacity	 and	 power	 of	 bakuchiol	 and	 retinol	 were	
analysed	by	measuring	2,2′-	diphenyl-	1-	picrylhydrazyl	(DPPH)	reduction	via	its	ab-
sorption	decay	and	electron	spin	resonance	spectroscopy,	respectively.	Effects	on	
prostaglandin	E2	(PGE2),	macrophage	migration	inhibitory	factor	(MIF),	fibroblast	
growth	factor	7	(FGF7),	collagen	type	I	and	VII	(COL1A1,	COL7A1),	fibronectin	
(FN)	levels	as	well	as	the	metabolization	of	water-	soluble	tetrazolium	1	(WST-	1)	
were	 determined	 in	 human	 dermal	 fibroblasts.	 Epidermal	 regeneration	 was	 as-
sessed	utilizing	an	in	vitro	wound	healing	model.	FN	protein	levels	were	analysed	
ex	vivo	after	treatment	with	a	formulation	containing	bakuchiol,	retinol	or	vehicle	
using	suction	blister	fluid.	Skin	condition	improvement	was	determined	in	vivo	in	
a	split-	face	comparison	study	after	application	of	bakuchiol	or	vehicle.
Results: In	contrast	to	retinol,	bakuchiol	demonstrated	high	antioxidative	effi-
cacy.	 Levels	 of	 PGE2	 and	 MIF	 were	 significantly	 decreased	 by	 both	 bakuchiol	
and	retinol.	Bakuchiol	but	not	retinol	significantly	increased	FGF7	protein	lev-
els.	WST-	1	metabolization	levels	were	significantly	augmented	by	bakuchiol	and	
retinol.	 Bakuchiol	 and	 retinol	 application	 led	 to	 a	 significant	 augmentation	 of	
COL1A1,	 COL7A1	 and	 FN	 protein	 levels.	 Wounds	 supplemented	 with	 baku-
chiol	but	not	retinol	displayed	a	significant	increase	in	epidermis	regeneration.	
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Clinically,	areas	treated	with	a	bakuchiol-	containing	formulation	showed	a	sta-
tistically	significant	increase	in	FN	protein	values	after	a	4-	week	application	com-
pared	to	untreated	areas	and	areas	treated	with	vehicle.
Conclusion: These	 data	 provide	 evidence	 for	 the	 multidirectional	 efficacy	 of	
bakuchiol	 against	 cellular	 hallmarks	 of	 skin	 ageing.	 Its	 activity	 profile	 shares	
some	common	features	with	retinol	but	demonstrates	several	hitherto	unknown	
biopositive	effects	in	our	studies,	namely	stimulation	of	the	critical	extracellu-
lar	matrix	component	FN,	and	accelerated	epidermal	regeneration	and	wound	
healing.
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antiageing,	bakuchiol,	claim	substantiation	in	vivo/ex	vivo/in	vitro,	retinol,	skin	physiology/
structures

Résumé
Objectif: le	vieillissement	de	la	peau	est	un	processus	multifactoriel	impliquant	la	
formation	de	dérivés	réactifs	de	l’oxygène,	une	inflammation	consécutive	qui	en-
traîne	une	viabilité	réduite	des	cellules	du	derme	et	de	l’épiderme,	et	endommage	
la	matrice	extracellulaire.	Pour	être	efficaces,	les	traitements	dermocosmétiques	
devraient	dans	l’idéal	traiter	ces	caractéristiques	selon	une	approche	holistique.	
Ici,	nous	avons	déterminé	le	profil	d’activité	correspondant	du	bakuchiol,	un	mé-
roterpène	d’origine	végétale,	dans	une	série	d’études	in	vitro,	ex	vivo	et	in	vivo,	
et	l’avons	comparé	au	rétinol,	qui	est	aujourd’hui	considéré	comme	la	référence	
parmi	les	cosmétiques	anti-	âge	topiques.
Méthodes: la	capacité	antioxydante	et	 la	puissance	du	bakuchiol	et	du	rétinol	
ont	 été	 analysées	 en	 mesurant	 la	 réduction	 du	 2,2-	diphényl-	1-	picrylhydrazyl	
(DPPH)	selon	sa	décroissance	par	absorption	et	à	l’aide	d’une	spectroscopie	par	
résonance	magnétique	électronique,	respectivement.	Les	effets	sur	la	prostaglan-
dine	 E2	 (PGE2),	 le	 facteur	 inhibiteur	 de	 la	 migration	 (FIM)	 des	 macrophages,	
le	 facteur	 de	 croissance	 des	 fibroblastes	7	 (FGF7),	 le	 collagène	 de	 type	I	 et	 VII	
(COL1A1,	COL7A1),	les	taux	de	fibronectine	(FN),	ainsi	que	la	métabolisation	du	
tétrazolium	1	soluble	dans	l’eau	(WST-	1)	ont	été	déterminés	dans	des	fibroblastes	
dermiques	 humains.	 La	 régénération	 épidermique	 a	 été	 évaluée	 à	 l’aide	 d’un	
modèle	de	cicatrisation	des	plaies	in	vitro.	Les	taux	de	fibronectine	ont	été	analy-
sés	ex	vivo	après	un	traitement	avec	une	formulation	contenant	du	bakuchiol,	du	
rétinol	ou	un	excipient	à	l’aide	d’un	liquide	d’aspiration	sous	forme	de	vésicules.	
L’amélioration	de	 l’état	de	 la	peau	a	été	déterminée	 in	vivo	dans	une	étude	de	
comparaison	en	hémiface	après	l’application	de	bakuchiol	ou	d’un	excipient.
Résultats: Contrairement	au	rétinol,	 le	bakuchiol	s’est	avéré	présenter	une	ef-
ficacité	antioxydante	élevée.	Les	taux	de	PGE2	et	de	FIM	ont	significativement	
diminué	avec	le	bakuchiol	et	le	rétinol.	L’application	de	bakuchiol	s’est	accompa-
gnée	d’une	augmentation	significative	des	taux	de	protéine	FGF7,	mais	pas	celle	
de	rétinol.	Les	taux	de	métabolisation	du	WST-	1	ont	augmenté	de	façon	signifi-
cative	avec	le	bakuchiol	et	 le	rétinol.	L’application	de	bakuchiol	et	de	rétinol	a	
entraîné	une	augmentation	significative	des	taux	de	protéines	COL1A1,	COL7A1	
et	fibronectine.	Les	plaies	supplémentées	en	bakuchiol,	mais	pas	en	rétinol,	ont	
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INTRODUCTION

Aged	skin	is	characterized	by	wrinkles,	uneven	pigmenta-
tion,	skin	roughness	and	laxity.	These	clinical	signs	are	the	
result	 of	 structural	 and	 metabolic	 alterations	 caused	 by	
processes	of	 intrinsic	and	extrinsic	ageing.	Intrinsic	age-
ing	has	been	ascribed	to	factors	including	telomere	short-
ening,	chronic	 inflammation,	mitochondrial	DNA	single	
mutations	 and	 free	 radicals	 [1].	 Aged	 skin	 further	 com-
prises	a	reduction	of	its	antioxidative	systems	[2].	Also,	the	
rate	of	cell	proliferation	declines	due	to	the	biological	age-
ing	process	leading	to	a	loss	of	skin	structure	and	function.	
Extrinsic	ageing	 is	primarily	 triggered	by	UV	irradiation	
and	environmental	influences.	These	insults	result	in	skin	
damage	that	reinforces	the	chronological	decline	and	ac-
celerates	cutaneous	ageing.	Human	skin	further	loses	the	
ability	to	cope	with	inflammatory	conditions	throughout	
ageing,	resulting	in	a	chronic	proinflammatory	state.

The	 topical	 application	 of	 retinoids	 such	 as	 retinoic	
acid,	 retinal	 or	 retinol	 is	 regarded	 as	 the	 clinical	 gold	
standard	 for	 an	 effective	 antiageing	 treatment	 [3,	 4].	
Molecular	mechanisms	of	retinoids	have	been	extensively	
described	[5–	10].	Topical	retinoids	effectively	reduce	vis-
ible	signs	of	ageing	like	wrinkles,	laxity	or	roughness	[4,	
11]	and	decrease	dyspigmentation	of	photodamaged	skin	
including	 livedo reticularis	 and	 actinic	 lentigines	 [12].	
However,	 topical	 treatment	 with	 retinoids	 can	 lead	 to	
concentration-	dependent	skin	dryness	and	irritation	[13].	
As	 the	application	of	 retinol	causes	minor	adverse	 reac-
tions	compared	to	other	retinoids	such	as	retinoic	acid	[6,	
14],	it	is	a	widely	used	active	in	the	cosmetic	treatment	of	
facial	ageing.

In	 contrast	 to	 retinol	 that	 has	 been	 applied	 in	 skin	
care	 products	 since	 1984	 [15],	 bakuchiol	 has	 only	 re-
cently	gained	attention	as	a	topical	antiageing	compound.	
Bakuchiol	is	a	meroterpene	(Figure 1)	that	is	derived	from	
Psoralea corylifolia	 seeds.	 It	has	been	used	 in	 traditional	

Indian	 and	 Chinese	 medicine	 for	 centuries	 [16,	 17]	 and	
is	well	tolerated	[18].	Bakuchiol	was	suggested	to	exhibit	
retinol-	like	functions,	as	in	a	skin	substitute	model,	both	
substances	show	similar	gene	expression	patterns	in	vitro	
[19]	and	an	 improvement	of	cutaneous	photodamage	 in	
vivo	 [20].	Hence,	 it	has	also	been	 referred	 to	as	a	plant-	
derived	functional	retinoid	analogue	[21].	Further	studies	
demonstrated	antioxidant	[19,	22–	24],	anti-	inflammatory	
[19,	25–	27],	antibacterial	[28]	as	well	as	antiproliferative	
and	antitumor	effects	[29,	30]	of	bakuchiol.

To	 effectively	 ameliorate	 and	 delay	 the	 multifactorial	
skin	ageing	processes,	different	cellular	mechanisms	need	
to	 be	 addressed	 in	 an	 integrated	 approach.	 Bakuchiol	 si-
multaneously	 modulates	 various	 targets	 rendering	 it	 a	
promising	compound	in	this	regard.	As	oxidative	and	in-
flammatory	stresses	are	closely	related	to	cutaneous	ageing,	
their	prevention	by	bakuchiol	might	promote	 the	overall	
skin	condition.	However,	the	quality	of	the	current	scien-
tific	evidence	has	recently	been	critically	appraised	[31].	In	
this	 context,	 we	 determined	 the	 (i)	 antioxidative	 and	 (ii)	
anti-	inflammatory	capacities	of	bakuchiol	and	retinol	and	
examined	their	ability	to	improve	the	cellular	metabolism	
and	synthesis	of	growth	factor	7	summarized	as	(iii)	cell	ac-
tivity.	We	further	analysed	whether	bakuchiol	and	retinol	
impact	the	expression	of	certain	(iv)	ECM	components	and	
improve	(v)	epidermal	regeneration	and	re-	epithelization.	
Finally,	an	in vivo	study	was	conducted	to	verify	the	clini-
cal	antiageing	capacity	of	bakuchiol	in	human	skin.

montré	 une	 augmentation	 significative	 de	 la	 régénération	 épidermique.	 Sur	 le	
plan	clinique,	les	zones	traitées	avec	une	formulation	contenant	du	bakuchiol	ont	
montré	une	augmentation	statistiquement	significative	des	taux	de	fibronectine	
après	 une	 application	 de	 4	semaines	 par	 rapport	 aux	 zones	 non	 traitées	 et	 aux	
zones	traitées	avec	un	excipient.
Conclusion: ces	données	fournissent	des	preuves	de	l’efficacité	multidirectionnelle	
du	bakuchiol	contre	 les	caractéristiques	cellulaires	du	vieillissement	de	 la	peau.	
Son	profil	d’activité	partage	certaines	caractéristiques	communes	avec	le	rétinol,	
mais	démontre	plusieurs	effets	biopositifs	jusqu’alors	inconnus	dans	nos	études :	la	
stimulation	de	la	fibronectine,	composante	essentielle	de	la	matrice	extracellulaire,	
et	une	régénération	épidermique	et	une	cicatrisation	accélérée	des	plaies.

F I G U R E  1  Structure	of	bakuchiol
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MATERIALS AND METHODS

Test materials

Bakuchiol	 was	 obtained	 from	 Sytheon	 Ltd	 (Boonton,	
New	Jersey,	United	States).	Retinol	was	purchased	from	
Sigma-	Aldrich	 (St.	 Louis,	 Missouri,	 United	 States).	 For	
cell	culture	experiments,	both	test	substances	were	freshly	
diluted	in	DMSO	(Merck,	Darmstadt,	Germany).	For	the	
DMSO	stock	solutions,	 the	applied	concentration	of	 test	
substances	 was	 1000-	fold	 above	 the	 highest	 concentra-
tion	applied	in	cell	culture	yielding	0.1%	DMSO	in	media	
or	buffer.	Further	dilutions	were	performed	using	media	
or	buffer	with	0.1%	DMSO.	Hence,	all	cell	culture	experi-
ments	were	carried	out	in	the	presence	of	0.1%	DMSO.	For	
the	in vivo	studies,	topical	retinol	was	formulated	in	the	
same	vehicle	as	bakuchiol.

In vitro studies

Determination	of	the	antioxidative	capacity

Bakuchiol,	 retinol	 (both	 applied	 at	 a	 final	 concentration	
of	100	μM)	or	the	high	standard	trolox	(Merck,	final	con-
centration	of	25	μM)	were	diluted	in	DMSO.	Briefly,	30	μL	
of	these	compounds	(10-	fold	higher	concentrated	than	the	
final	assay	concentration)	were	added	to	a	96-	well	flat	bot-
tom	plate.	Subsequently,	270	μL	of	39	μg/mL	DPPH	(Merck,	
diluted	in	a	1:1	water/ethanol	mixture)	were	quickly	added	
to	each	well	yielding	a	final	concentration	of	10%	DMSO.	
As	a	control,	the	DPPH	solution	was	incubated	with	DMSO	
lacking	test	substances.	Further,	blank	controls	were	per-
formed	 by	 incubating	 bakuchiol	 or	 retinol	 with	 water/
ethanol	(1:1)	or	only	the	water/ethanol	(1:1)	mixture	con-
taining	10%	DMSO	in	the	absence	of	DPPH.	After	10,	30	
and	60	min,	the	absorbance	at	524	nm	was	measured	using	
a	Spark	multimode	microplate	reader	(Tecan,	Männedorf,	
Switzerland).	Signals	of	blank	controls	were	subtracted.

Determination	of	the	antioxidative	power

Measurements	 of	 the	 antioxidative	 power	 (AP),	 which	
is	a	parameter	 to	quantify	both	 the	antioxidant	capacity	
and	reactivity,	were	performed	utilizing	the	X-	band	elec-
tron	 spin	 resonance	 (ESR)	 spectrometer	 Miniscope	 MS	
300	 (Magnettech,	 Berlin,	 Germany).	 As	 described	 previ-
ously	[32],	DPPH	(Sigma-	Aldrich)	was	used	as	a	detector	
molecule.	 At	 least	 three	 concentrations	 of	 bakuchiol	 or	
retinol	(diluted	in	50%	ethanol)	were	prepared	and	added	
to	 DPPH	 (dissolved	 in	 96%	 ethanol)	 to	 obtain	 an	 initial	
radical	concentration	of	0.1	mM.	The	ESR	signal	intensity	

decay	of	 each	concentration	of	 samples	was	 recorded	at	
different	 times	 during	 the	 reaction	 until	 saturation	 was	
reached	and	all	antioxidant	active	molecules	had	reacted	
with	the	test	radical.

The	 AP	 was	 calculated	 by	 means	 of	 the	 following	
equation:

where	RA	is	the	constant	reduction	amplitude	(1/e2),	Nspins	
the	quantity	of	reduced	free	radicals	characterized	by	 free	
electrons	(spins)	of	DPPH,	tr	the	reduction	time	and	wc	the	
characteristic	 weight	 of	 the	 antioxidant	 product	 (patent	
number:	DE102005026133B4).

For	a	direct	comparison	of	different	antioxidants,	 the	
AP	 method	 is	 standardized	 to	 the	 activity	 of	 vitamin	 C	
(Sigma-	Aldrich).	The	antioxidative	activity	of	a	solution	of	
1 ppm	vitamin	C	is	defined	as	an	antioxidative	unit	(AU).

Cell	culture

Human	dermal	fibroblasts	(HDFs)	from	multiple	donors	
were	obtained	from	Tissue	Solutions	Ltd	(Glasgow,	UK),	
Lonza	 (Basel,	 Switzerland),	 tebu-	bio	 (Heerhugowaard,	
Netherlands)	 or	 isolated	 from	 full-	thickness	 skin	 ex-
plants	 purchased	 from	 Alphenyx	 (Marseille,	 France)	
as	 described	 before	 [33].	 Briefly,	 human	 full-	thickness	
skin	explants	were	 incubated	 for	2 h	at	37°C	 in	Dispase	
II	 solution	 (Roche,	 Penzberg,	 Germany)	 for	 separation	
of	 the	 dermis	 from	 the	 epidermis.	 To	 yield	 HDFs,	 de-	
epidermized	dermis	explants	were	cultured	in	Dulbecco's	
Modified	 Eagle	 Medium	 (DMEM)	 containing	 10%	 calf	
serum,	1%	penicillin/streptomycin	and	1%	GlutaMAX	(all	
from	Thermo	Fisher	Scientific,	Waltham,	Massachusetts,	
United	States).	This	medium	was	also	applied	for	further	
culturing	 of	 HDFs.	 All	 suppliers	 from	 whom	 tissues	 or	
primary	 cells	 were	 purchased,	 performed	 tissue	 acquisi-
tion	 under	 regional	 authorization	 rules.	 Permission	 for	
the	use	of	tissues	in	research	applications	was	obtained	by	
informed	consent	 from	the	donor,	nearest	 relative	or	by	
legal	authorization.

Determination	of	PGE2	levels

HDFs	were	seeded	in	96-	well	plates	with	10	000	cells/well	
in	100	μl	medium	containing	10%	calf	serum	and	incubated	
for	24	h.	Subsequently,	old	medium	was	discarded,	and	me-
dium	containing	250	ng/mL	lipopolysaccharides	(LPS)	iso-
lated	from	Salmonella minnesota	(Merck)	was	added	to	cells.	
Bakuchiol	and	retinol	were	applied	in	final	concentrations	
of	1.25,	2.5,	5	and	10 μM.	As	controls,	HDFs	were	treated	

AP = RA ×Nspins (DPPH)∕ tr × wc
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with	medium	only	or	medium	containing	LPS.	DMSO	levels	
in	the	medium	of	controls	were	adjusted	to	0.1%.	As	a	fur-
ther	control,	LPS	and	the	high	standard	diclofenac	(25	ng/
mL,	 Merck)	 were	 jointly	 added	 to	 HDFs.	 Blank	 controls	
were	performed	by	incubating	medium	without	cells.	After	
24	h,	 supernatants	 were	 collected	 and	 frozen	 at	 −80°C.	
Supernatants	 were	 analysed	 using	 a	 commercially	 avail-
able	PGE2	ELISA	kit	following	the	manufacturer's	instruc-
tions	(Cayman	Chemical	Company,	Ann	Arbor,	Michigan,	
United	 States)	 and	 measured	 utilizing	 a	 SpectraMax	 mi-
croplate	 reader	 (Molecular	 Devices,	 San	 Jose,	 California,	
United	States).	Signals	of	blank	controls	were	subtracted.

Determination	of	MIF	protein	levels

HDFs	were	seeded	in	96-	well	plates	with	8000	cells/well	in	
100	μL	medium	containing	10%	calf	serum	and	incubated	
for	24	h.	Depleted	medium	was	discarded,	and	100	μL	me-
dium	containing	bakuchiol	or	retinol	in	a	final	concentra-
tion	of	1 μM	or	10 μM	was	added.	After	24	h	of	incubation,	
the	medium	was	again	removed,	and	cells	were	stressed	
by	a	10 min	incubation	with	100	μl	Dulbecco's	phosphate-	
buffered	 saline	 (DPBS)	 lacking	 calcium	 and	 magnesium	
(Thermo	 Fisher	 Scientific).	 As	 a	 control,	 cells	 were	 in-
cubated	 with	 medium	 instead	 of	 DPBS.	 Subsequently,	
100	μL	fresh	medium	containing	1 μM	and	10 μM	baku-
chiol	or	1 μM	and	10 μM	retinol	was	added	to	 the	cells.	
After	 24	h,	 supernatants	 were	 collected	 and	 frozen	 at	
−80°C.	Cells	treated	with	0.1%	DMSO	lacking	bakuchiol	
or	retinol	were	used	as	an	additional	control.	Blank	con-
trols	were	performed	by	incubating	medium	without	cells.	
Supernatants	were	analysed	using	a	commercially	avail-
able	 MIF	 ELISA	 kit	 according	 to	 the	 manufacturer's	 in-
structions	 (Bio-	Techne	 GmbH,	 Wiesbaden,	 Germany).	
Measurements	were	performed	using	a	Spark	multimode	
microplate	reader	(Tecan).	Signals	of	blank	controls	were	
subtracted.

Determination	of	FGF7	protein	levels

HDFs	were	seeded	in	6-	well	plates	with	150	000	cells/well	
in	2 mL	medium	containing	10%	calf	serum	and	incubated	
for	 24	h.	 Subsequently,	 old	 medium	 was	 discarded,	 and	
cells	were	treated	with	medium	containing	2%	calf	serum	
and	bakuchiol	or	retinol	in	a	final	concentration	of	10 μM.	
Control	HDFs	were	supplemented	with	0.1%	DMSO	lack-
ing	bakuchiol	or	retinol.	Blank	controls	were	performed	
by	 incubating	 medium	 without	 cells.	 After	 24	h,	 the	
conditioned	 medium	 was	 transferred	 to	 Vivaspin	 pro-
tein	concentrator	spin	columns	(5000	MWCO;	Sartorius,	
Göttingen,	 Germany)	 and	 concentrated	 approximately	

10-	fold.	Volumes	of	all	medium	supernatants	were	equal-
ized	 by	 re-	addition	 of	 the	 flow	 through.	 FGF7	 protein	
levels	of	the	concentrated	conditioned	medium	were	ana-
lysed	 using	 a	 commercially	 available	 ELISA	 kit	 follow-
ing	the	manufacturer's	instructions	(Bio-	Techne	GmbH).	
Measurements	were	performed	using	a	Spark	multimode	
microplate	 reader	 (Tecan).	 Signals	 obtained	 from	 blank	
controls	 were	 subtracted	 and	 FGF7	 protein	 levels	 were	
normalized	to	the	total	cell	number	that	was	determined	
utilizing	a	cell	counter	(Scepter,	Merck).

Determination	of	WST-	1	metabolization

HDFs	were	seeded	in	96-	well	plates	with	3000	cells/well	
in	 100	μL	 medium	 containing	 10%	 calf	 serum	 and	 incu-
bated	for	24	h.	Depleted	medium	was	discarded,	and	cells	
were	 treated	 with	 100	μL	 medium	 containing	 retinol	 or	
bakuchiol	in	a	final	concentration	of	1 μM	or	10 μM,	re-
spectively.	 Control	 HDFs	 were	 supplemented	 with	 0.1%	
DMSO	 lacking	 bakuchiol	 or	 retinol.	 As	 a	 further	 con-
trol,	cells	were	treated	with	10%	triton-	X	(Merck).	Blank	
controls	were	performed	by	incubating	medium	without	
cells.	After	72	h,	cells	were	stained	using	the	commercially	
available	 cell	 proliferation	 reagent	 WST-	1	 according	 to	
the	manufacturer's	instructions	(Merck).	Absorbance	was	
measured	at	450	and	620	nm	using	a	Tecan	infinity	M200	
microplate	reader	(Tecan).	The	difference	of	these	meas-
urements	was	used	for	analysis.	Signals	of	blank	controls	
were	subtracted.

Determination	of	COL1A1	and	COL7A1	
protein	levels

HDFs	 were	 seeded	 in	 96-	well	 plates	 with	 10  000	 cells/
well	 in	 100	μL	 medium	 containing	 10%	 calf	 serum	 and	
incubated	 for	 24	h.	 Bakuchiol	 or	 retinol	 were	 diluted	 in	
100	μL	medium	without	calf	serum,	and	supplemented	to	
the	present	medium	in	a	 final	concentration	of	1 μM	or	
10 μM,	respectively.	The	control	was	supplemented	with	
100	μL	 serum-	free	 medium	 yielding	 a	 concentration	 of	
0.1%	 DMSO	 corresponding	 to	 the	 retinol	 and	 bakuchiol	
treatment.	 As	 a	 high	 standard,	 10  ng/mL	 transforming	
growth	 factor-	β	 (TGF-	β)	 and	 11	μg/mL	 sodium	 ascor-
bate	 (both	 Merck)	 were	 applied.	 Blank	 controls	 were	
performed	 by	 incubating	 medium	 without	 cells.	 After	
4  h,	 COL1A1	 and	 COL7A1	 protein	 levels	 of	 the	 condi-
tioned	medium	were	analysed	using	commercially	avail-
able	ELISA	kits	following	the	manufacturer's	instructions	
(Novus	 Biologicals,	 Littleton,	 Colorado,	 United	 States).	
Measurements	were	performed	using	a	Spark	multimode	
microplate	reader	(Tecan).	Signals	of	blank	controls	were	
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subtracted.	COL1A1	and	COL7A1	protein	levels	were	nor-
malized	 to	 the	 total	 cell	 lysate	 protein	 amount	 that	 was	
determined	using	a	commercially	available	bicinchoninic	
acid	assay	kit	(Thermo	Fisher	Scientific)	according	to	the	
manufacturer's	instructions.	A	prerequisite	for	the	use	of	
the	 results	 was	 the	 positive	 reaction	 of	 cells	 to	 the	 high	
standard	TGF-	β	and	sodium	ascorbate.

For	analysis	of	COL7A1	protein	levels	after	an	extended	
incubation	time,	HDFs	were	seeded	in	96-	well	plates	with	
3000	 cells/well	 in	 100	μL	 medium	 containing	 10%	 calf	
serum.	All	treatments,	controls	and	the	analysis	were	per-
formed	as	described	above	with	the	exception	that	baku-
chiol	and	retinol	were	only	used	in	a	final	concentration	
of	10 μM.	Cells	were	harvested	when	subconfluence	was	
reached,	in	particular,	after	72	or	96	h.

Determination	of	FN	protein	levels

HDFs	were	seeded	in	96-	well	plates	with	10 000	cells/well	
in	 100	μL	 medium	 containing	 10%	 calf	 serum	 and	 incu-
bated	for	24	h.	Old	medium	was	replaced	by	medium	con-
taining	2%	calf	serum	and	bakuchiol	or	retinol	in	a	final	
concentration	 of	 10  μM.	 The	 control	 was	 supplemented	
with	0.1%	DMSO	lacking	bakuchiol	or	retinol.	Blank	con-
trols	were	performed	by	incubating	medium	without	cells.	
After	24	h,	FN	protein	levels	of	the	conditioned	medium	
were	analysed	using	a	commercially	available	ELISA	kit	
following	the	manufacturer's	instructions	(R&D	Systems,	
Minneapolis,	 Minnesota,	 United	 States).	 Measurements	
were	 performed	 using	 a	 Spark	 multimode	 microplate	
reader	(Tecan).	Signals	of	blank	controls	were	subtracted.	
FN	protein	levels	were	normalized	to	the	total	cell	lysate	
protein	amount	that	was	determined	as	aforementioned.

Determination	of	epidermal	regeneration	in	an	
in	vitro	wound	healing	model

The	experiments	were	conducted	as	described	previously	
[34].	For	 the	 treatment	of	wound	healing	models,	baku-
chiol	or	retinol	were	diluted	in	DPBS	and	added	in	a	final	
concentration	 of	 100	μM	 to	 the	 wound	 region	 (5  μL	 per	
wound).	The	reference	wounds	were	supplemented	with	
the	same	amount	of	DPBS	containing	0.1%	DMSO	with-
out	bakuchiol	or	retinol.	Additional	wounds	were	left	un-
treated	as	a	further	control.	Wound	healing	models	were	
incubated	 for	 43	h	 at	 95%	 humidity,	 5%	 CO2	 and	 37°C.	
Subsequently,	 the	 samples	 were	 snap-	frozen	 in	 isopen-
tane	pre-	cooled	with	liquid	nitrogen	and	stored	at	−80°C.	
Re-	epithelialization	 was	 evaluated	 in	 haematoxylin	 and	
eosin-	stained	cryostat	sections	by	measuring	the	length	of	

the	regenerated	epidermis	using	a	Leica	DMLS	microscope	
(10×),	a	Leica	MC	170	HD	CCD	camera	and	the	Leica	LAS	
V4.9	 software	 (Leica	 Microsystems,	 Wetzlar,	 Germany).	
Quantification	was	performed	in	a	blinded	fashion.

In vivo studies I and II

For	both	in vivo	studies,	the	recommendations	of	the	cur-
rent	version	of	the	Declaration	of	Helsinki	and	the	guide-
line	 of	 the	 International	 Conference	 on	 Harmonization	
Good	 Clinical	 Practice	 were	 observed	 as	 applicable	 to	 a	
cosmetic	study.	The	protocol	of	study	I	was	approved	by	
the	 Independent	 Ethics	 Committee	 Freiburg	 (feki	 code	
08/2610).	In	both	studies,	all	volunteers	provided	written,	
informed	consent.	Subjects	had	healthy	skin,	belonged	to	
Fitzpatrick	 skin	 type	 I	 to	 III	 and	 the	 start,	 or	 change	 of	
hormonal	medication	was	an	exclusion	criterion.

During	a	10-	day	preconditioning	period	and	through-
out	 the	 entire	 study	 period,	 subjects	 were	 required	 to	
refrain	 from	 UV	 exposure	 on	 the	 test	 areas.	 Sweat	 pro-
moting	activities	were	prohibited	24	h	prior	to	scheduled	
assessments.

An	 investigator	 demonstrated	 the	 correct	 application	
of	formulations	using	an	amount,	which	corresponded	to	
the	usual	skin	care	regimen	of	subjects.

Study I: Ex vivo determination of FN 
protein levels

Out	 of	 52	 female	 subjects,	 who	 were	 enrolled	 into	 this	
vehicle-	controlled	study,	33	subjects	completed	the	study	
and	data	of	31	subjects	(30–	64	years,	mean	age:	50.9	years)	
were	 included	 in	 data	 analysis.	 Dropouts	 occurred	 due	
to	 the	 SARS-	CoV-	2	 pandemic	 and	 personal	 reasons	 (13	
subjects)	as	well	as	due	to	incompatibility	reactions	(five	
subjects,	 caused	 by	 retinol	 treatment).	 Retinol-	mediated	
incompatibility	 reactions	 as	 well	 as	 sampling	 issues	
caused	different	numbers	of	subjects	tested	for	each	con-
dition	(see	results	for	details).

Seven	 days	 prior	 to	 scheduled	 assessments,	 the	 use	
of	skin	care	products,	cleansers	and	soaps	on	the	 fore-
arms	 was	 prohibited.	 On	 the	 first	 study	 day,	 four	 test	
areas	 were	 established	 on	 the	 inner	 forearms.	 On	 two	
test	 areas,	 two	 verum	 formulations	 were	 applied	 con-
taining	 0.5%	 bakuchiol	 or	 0.15%	 retinol,	 respectively.	
In	 an	 opinion	 published	 by	 the	 Scientific	 Committee	
on	 Consumer	 Safety	 in	 2016,	 the	 applied	 retinol	 con-
centration	was	considered	as	a	cosmetic	treatment	[35].	
On	 the	other	 two	 test	areas,	 the	corresponding	vehicle	
was	used,	or	the	area	was	left	untreated.	The	positioning	
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of	 treatment	 locations	 was	 permuted.	 After	 4	weeks	 of	
twice-	daily	application	of	test	formulations,	volunteers	
returned	 to	 the	 test	 institute.	 In	 each	 test	 area	 three	
suction	 blisters	 (7	mm	 in	 diameter)	 were	 generated	 as	
previously	 described	 [36,	 37].	 Briefly,	 custom-	made	
suction	blister	cups	were	put	onto	 the	 test	areas	and	a	
vacuum	 of	 550–	850	mbar	 was	 applied.	 After	 approxi-
mately	 90–	150	min,	 when	 suction	 blisters	 had	 formed,	
the	 vacuum	 was	 released,	 and	 the	 fluid	 was	 aspirated	
from	 the	 blister	 using	 a	 24-	gauge	 needle.	 Fluids	 were	
frozen	 immediately	at	−80°C	on	dry	 ice	until	analysis.	
FN	protein	levels	were	quantified	in	suction	blister	fluid	
samples	using	a	commercially	available	ELISA	kit	(R&D	
Systems).	Measurements	were	performed	using	a	Spark	
multimode	 microplate	 reader	 (Tecan).	 FN	 levels	 were	
normalized	to	total	protein	levels	of	suction	blister	fluid	
samples	that	were	determined	as	aforementioned.

Study II: In vivo determination of skin 
condition improvement

In	 total,	 43	 female	 volunteers	 were	 enrolled	 into	 this	
vehicle-	controlled	split-	face	comparison	study.	According	
to	medical	assessments,	subjects	showed	mixed	skin	types	
(dry,	normal,	oily	and	combination	skin).	34	subjects	(39–	
66	years,	mean	age:	56.2	years)	 completed	 the	 study	and	
were	included	in	the	analysis.	Dropouts	were	caused	by	
technical	problems	and	non-	compliance	(eight	subjects),	
as	well	as	incompatibility	reactions	(one	subject,	caused	
by	vehicle	and	bakuchiol	treatment).

Two	 weeks	 prior	 to	 the	 beginning	 of	 the	 study	 and	
during	the	entire	study	period,	volunteers	were	required	
to	refrain	from	using	self-	tanning	products	or	intensive	fa-
cial	cosmetic	treatments	(e.g.	removal	of	superficial	skin	
layers).	 During	 the	 10-	day	 preconditioning	 period	 and	
throughout	the	study,	subjects	were	asked	to	abstain	from	
performing	 permanent	 make-	up,	 eyelash	 and	 eyebrow	
treatments,	eye	masks	and	patches.	Three	days	prior	to	the	
first	assessment,	subjects	were	asked	to	refrain	from	using	
face	care	products.	On	the	evening	prior	to	the	scheduled	
grading,	subjects	were	required	to	stop	the	application	of	
decorative	cosmetics.

In	the	first	7	days	of	the	10-	day	preconditioning	phase,	
subjects	received	a	cream	jar	containing	the	study	vehi-
cle	cream	(lacking	any	information	on	the	content)	and	
applied	 it	 twice-	daily	 to	 their	 entire	 face.	 At	 baseline,	
volunteers	performed	a	self-	grading.	In	particular,	they	
visually	 assessed	 the	 overall	 appearance	 of	 their	 facial	
skin	by	observing	 its	 freshness	and	radiance	as	well	as	
any	signs	of	skin	ageing.	Thereby	a	visual	analogue	scale	
ranging	from	1	(very	fatigued,	aged)	to	10	(very	fresh,	no	
signs	of	aged	skin)	was	applied.	Then,	subjects	received	

two	 blinded	 cream	 jars	 containing	 the	 verum	 (vehicle	
containing	0.5%	bakuchiol)	or	the	vehicle,	respectively,	
without	 any	 specification	 on	 the	 content.	 During	 the	
study	 period	 of	 12	weeks,	 one	 facial	 side	 was	 treated	
twice-	daily	with	verum	while	 the	other	 facial	 side	was	
treated	 twice-	daily	 with	 the	 vehicle.	 The	 allocation	 of	
treatments	to	the	test	sites	was	permuted.	After	12	weeks	
of	 regular	 use,	 volunteers	 again	 performed	 the	 self-	
grading	as	afore	mentioned.

Statistical analysis

Statistical	 analyses	 were	 performed	 using	 Microsoft	
Excel	 for	 Office	 365	 (Microsoft	 Corporation,	 Redmond,	
Washington,	 United	 States),	 SAS	 Software	 Package	
for	 Windows	 V9.4	 (SAS	 Institute	 GmbH,	 Heidelberg,	
Germany)	and	GraphPad	Prism	V8	(GraphPad	Software,	
San	Diego,	California,	United	States).

The	 normal	 distribution	 of	 data	 was	 assessed	 using	 a	
Shapiro–	Wilk's	test.	If	normal	distribution	was	confirmed,	
a	repeated	measure	analysis	of	variance	(RM-	ANOVA)	with	
post-	hoc	pairwise	comparison	was	performed.	If	 the	nor-
mality	 hypothesis	 was	 rejected,	 Blom-	transformed	 ranks	
of	 the	 original	 data	 were	 assessed	 using	 a	 RM-	ANOVA	
with	post-	hoc	pairwise	comparison	or	original	data	were	
assessed	by	using	a	Wilcoxon	sign	rank	test.	All	statistical	
tests	were	two-	sided	at	significance	level	alpha = 0.05.

RESULTS

In vitro studies

Determination	of	antioxidative	effects

To	 analyse	 the	 (i)	 antioxidative	 effects	 of	 bakuchiol	 and	
retinol,	we	performed	two	different	assays	using	DPPH	as	
a	detector	molecule.

Antioxidative capacity
The	antioxidative	capacity	was	determined	by	measur-
ing	the	reduction	of	DPPH	via	its	absorption	decay.	The	
high	standard	trolox	showed	a	significantly	elevated	an-
tioxidative	capacity	relative	to	the	control	(p = 0.0000	for	
all	indicated	time	points)	verifying	proper	measurement	
(Figure  2a).	 In	 relation	 to	 the	 control,	 the	 absorbance	
in	 bakuchiol-	treated	 samples	 was	 also	 significantly	 re-
duced	at	all	timepoints	investigated	(10 min:	p = 0.0003,	
30	and	60	min:	p = 0.0000)	demonstrating	an	increased	
antioxidative	 capacity.	 In	 contrast,	 Retinol	 showed	
no	 significant	 antioxidative	 capacity	 compared	 to	 the	
control.
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Antioxidative power
Electron	 spin	 resonance	 was	 applied	 to	 assay	 the	 AP	
of	 test	 substances,	 whereby	 a	 solution	 of	 1  ppm	 vita-
min	C	is	defined	as	1 AU.	Retinol	had	a	 longer	reaction	

time	 (2.59	min)	 than	 bakuchiol	 (0.99	min)	 or	 vitamin	 C	
(0.24	min)	indicating	a	lower	reactivity	of	retinol	with	free	
radicals.	 Further,	 the	 wc	 values	 showed	 that	 bakuchiol	
(0.028	mg)	 had	 an	 increased	 capacity	 to	 react	 with	 free	

F I G U R E  2  Antioxidative	and	anti-	inflammatory	capacity	of	bakuchiol	and	retinol.	(a)	Antioxidative	efficacy	of	bakuchiol	(100	μM)	or	
retinol	(100	μM)	compared	to	the	high	standard	trolox	(25	μM)	and	the	solvent	control	determined	by	a	DPPH	antioxidant	assay	through	
absorbance	measurement	at	524	nm	after	10,	30	and	60	min.	N = 12.	(b)	Antioxidative	power	expressed	in	antioxidative	units	of	bakuchiol,	
retinol	or	the	high	standard	vitamin	C	(vit.	C)	determined	using	electron	spin	resonance	spectroscopy.	(c)	ELISA-	based	measurement	of	
prostaglandin	E2	(PGE2)	levels	in	unstressed	human	dermal	fibroblasts	(HDFs),	LPS-	stressed	control	HDFs,	and	in	LPS-	stressed	HDFs	treated	
with	the	high	standard	diclofenac	(25	ng/mL),	bakuchiol	or	retinol	(both	applied	at	1.25,	2.5,	5,	10 μM)	for	24	h.	N = 12.	(d)	Macrophage	
migration	inhibitory	factor	(MIF)	protein	levels	in	unstressed	HDFs,	in	HDFs	stressed	by	a	DPBS	incubation	and	in	stressed	HDFs	treated	
with	bakuchiol	or	retinol	(both	applied	at	1	and	10 μM)	for	48	h	determined	by	ELISA.	N = 10.	Results	are	depicted	as	mean	±	SD.	Statistics	
were	performed	by	RM-	ANOVA	with	post-	hoc	pairwise	comparison	based	on	Blom-	transformed	ranks	for	Figure 2a	or	by	a	pairwise	
Wilcoxon	signed	rank	test	for	Figure 2c	and	d.	Significant	differences	are	marked	with	an	asterisk	(**p ≤	0.01,	***p ≤	0.001,	****p ≤	0.0001)	
[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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F I G U R E  3  Effects	of	bakuchiol	
and	retinol	on	cell	activity	and	major	
ECM	components.	(a)	Fibroblast	growth	
factor	7	(FGF7)	protein	levels	in	control	
HDFs	and	in	HDFs	treated	with	10 μM	
bakuchiol	or	retinol	for	24	h.	N = 13.	(b)	
Quantification	of	WST-	1	metabolization	
in	control	HDFs	and	in	HDFs	treated	
with	10%	triton-	X,	bakuchiol	or	retinol	
(both	applied	at	1	and	10 μM)	for	72	h.	
Difference	in	absorbance	at	620	and	
450	nm	is	depicted.	N = 12.	(c)	Collagen,	
type	VII,	alpha	1	(COL7A1)	protein	levels	
in	control	HDFs	and	in	HDFs	treated	
with	the	high	standard	TGF-	β	(10 ng/mL)	
and	sodium	ascorbate	(SA;	11	μg/mL),	as	
well	as	with	bakuchiol	or	retinol	(4 h:	1	
and	10 μM,	extended	incubation:	10 μM	
for	both	test	substances)	for	4 h	or	for	an	
extended	incubation	time	(72	h	or	96	h	
depending	on	cell	confluence).	N = 10	
for	4 h,	n = 11	for	extended	incubation.	
(d)	Collagen,	type	I,	alpha	1	(COL1A1)	
protein	levels	in	control	HDFs	and	in	
HDFs	treated	with	the	high	standard	
TGF-	β	and	SA	as	aforementioned,	
bakuchiol	or	retinol	(both	applied	at	1	and	
10 μM)	for	4 h.	N = 11.	(e)	Fibronectin	
(FN)	protein	levels	in	control	HDFs	and	
in	HDFs	treated	with	10 μM	bakuchiol	or	
retinol	for	24	h.	N = 11.	All	protein	levels	
were	determined	by	ELISA.	Results	are	
depicted	as	mean	±	SD.	Statistics	were	
performed	by	RM-	ANOVA	with	post-	hoc	
pairwise	comparison	for	Figure 3a,	b	
and	e	or	by	a	pairwise	Wilcoxon	signed	
rank	test	for	Figure 3c	and	d.	Significant	
differences	are	marked	with	an	asterisk	
(*p ≤	0.05,	**p ≤	0.01,	***p ≤	0.001,	
****p ≤	0.0001)	[Colour	figure	can	be	
viewed	at	wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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radicals	compared	to	retinol	(0.151	mg).	Both	these	char-
acteristics	lead	to	an	AP	value	of	12	125	AU	for	bakuchiol	
and	848	AU	for	retinol	(Figure 2b).

Determination	of	anti-	inflammatory	effects

For	the	investigation	of	the	(ii)	anti-	inflammatory	effects	
of	bakuchiol	and	retinol,	we	determined	the	 level	of	 the	
proinflammatory	cytokines	PGE2	and	MIF.

PGE2 levels
Prostaglandin	 E2	 levels	 of	 LPS-	treated	 HDFs	 were	 sig-
nificantly	 elevated	 relative	 to	 the	 untreated	 control	
(p  =  0.0005)	 indicating	 successful	 stress	 induction	
(Figure  2c).	 As	 expected,	 the	 pharmacologically	 well-	
known	 high	 standard	 diclofenac	 induced	 significantly	
decreased	PGE2	levels	in	LPS-	treated	HDFs	compared	to	
the	stressed	control	(p = 0.0005).	In	LPS-		and	bakuchiol-	
treated	cells,	PGE2	levels	were	significantly	reduced	rel-
ative	 to	 HDFs	 only	 treated	 with	 LPS	 (p  =  0.0005	 for	 all	
indicated	 concentrations).	 Application	 of	 retinol	 at	 con-
centrations	 equal	 or	 higher	 to	 2.5  μM	 also	 significantly	
diminished	PGE2	levels	in	relation	to	the	stressed	control	
(2.5 μM:	p = 0.0024;	5	and	10 μM:	p = 0.0005).

MIF protein levels
As	 depicted	 in	 Figure  2d,	 stressed	 control	 HDFs	 dis-
played	 a	 significant	 increase	 in	 MIF	 protein	 levels	
relative	 to	 the	unstressed	control	 (p = 0.0020)	demon-
strating	efficient	stress	induction.	Treatment	of	stressed	
HDFs	with	bakuchiol	resulted	in	significantly	decreased	
MIF	protein	levels	(1 μM:	p = 0.0020;	10 μM:	p = 0.0039)	
compared	to	the	stressed	control.	Application	of	retinol	
also	 significantly	 lowered	 MIF	 protein	 levels	 (1	 and	
10 μM:	p = 0.0020).

Analysis	of	cell	activity

To	 examine	 the	 impact	 of	 bakuchiol	 and	 retinol	 on	 (iii)	
cell	activity,	FGF7	protein	levels	and	WST-	1	metaboliza-
tion	were	measured.

Determination of FGF7 protein levels
Treatment	 of	 HDFs	 with	 10  μM	 bakuchiol	 significantly	
increased	 FGF7	 protein	 levels	 relative	 to	 control	 cells	
(p = 0.0396),	while	10 μM	retinol	displayed	no	significant	
effect	(Figure 3a).

Determination of WST- 1 metabolization
As	illustrated	in	Figure 3b,	triton-	X	significantly	lowered	
WST-	1	metabolization	 levels	 in	HDFs	relative	 to	control	

cells	 (p  =  0.0000)	 indicating	 proper	 assay	 implementa-
tion.	HDFs	treated	with	1	and	10 μM	bakuchiol	displayed	
significantly	increased	WST-	1	metabolization	levels	com-
pared	to	the	control	(p = 0.0000	for	both	concentrations).	
Treatment	with	1 μM	retinol	also	caused	a	significant	aug-
mentation	 of	 WST-	1	 metabolization	 levels	 (p  =  0.0066)	
relative	 to	control	cells,	while	10 μM	retinol	had	no	sig-
nificant	effect.

Expression	of	ECM	components

To	 assess	 bakuchiol-		 and	 retinol-	mediated	 effects	 on	
the	expression	of	 (iv)	ECM	components,	we	determined	
COL7A1,	COL1A1	and	FN	protein	expression.

Determination of COL7A1 and COL1A1 protein levels
COL7A1	 protein	 levels	 in	 cells	 treated	 with	 the	 high	
standard	TGF-	β	and	sodium	ascorbate	were	significantly	
higher	 relative	 to	 control	 cells	 (4  h:	 p  =  0.0020,	 72	 or	
96	h:	p = 0.0010)	as	displayed	in	Figure 3c.	Treatment	of	
cells	with	bakuchiol	or	retinol	in	a	concentration	of	1 μM	
(p  =  0.0020	 for	 both	 test	 substances)	 and	 10  μM	 (baku-
chiol:	 p  =  0.0195,	 retinol:	 p  =  0.0059)	 significantly	 aug-
mented	COL7A1	protein	levels	already	after	4 h	compared	
to	 the	control.	After	an	extended	incubation	time,	HDFs	
stimulated	with	10 μM	bakuchiol	or	retinol	also	displayed	
a	significant	increase	in	COL7A1	protein	levels	(bakuchiol:	
p = 0.0029,	retinol:	p = 0.0420)	relative	to	control	cells.

HDFs	treated	with	the	high	standard	TGF-	β	and	so-
dium	 ascorbate	 additionally	 showed	 a	 significant	 in-
crease	in	COL1A1	protein	levels	(p = 0.0010)	as	shown	
in	Figure 3d.	Similarly,	COL1A1	protein	levels	were	sig-
nificantly	increased	after	4 h	of	stimulation	with	baku-
chiol	(1 μM:	p = 0.0020,	10 μM:	p = 0.0322)	or	retinol	
(1 μM:	p = 0.0244,	10 μM:	p = 0.0098)	relative	to	control	
cells.

Determination of FN protein levels
Figure 3e	illustrates	that	HDFs	treated	with	10 μM	baku-
chiol	or	retinol	demonstrated	a	significant	increase	in	FN	
protein	levels	(bakuchiol:	p = 0.0090,	retinol:	p = 0.0302)	
relative	to	control	cells.

Study I: Ex vivo determination of FN 
protein levels

An	 ex	 vivo	 study	 was	 carried	 out	 to	 investigate	 whether	
the	previous	data	translate	into	ex	vivo	results.	As	depicted	
in	 Figure  4a,	 bakuchiol-	treated	 sites	 showed	 a	 statisti-
cally	 significant	 increase	 in	FN	protein	 levels	 in	 relation	
to	untreated	control	areas	(p = 0.0340)	and	areas	treated	
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with	vehicle	(p = 0.0088).	Retinol-	treated	sites	displayed	
no	significant	alteration	of	FN	protein	levels	in	relation	to	
untreated	 or	 vehicle-	treated	 areas.	 However,	 incompat-
ibility	reactions	caused	a	lower	number	of	subjects	tested	
for	retinol	treatment	(untreated:	n = 26,	vehicle:	n = 29,	
bakuchiol:	n = 30,	retinol:	n = 19).	Additional	minor	de-
viations	in	the	numbers	of	subjects	tested	were	caused	by	
sampling	issues.

Improvement	of	the	epidermal	
regeneration	and	re-	epithelization

To	study	the	effects	of	bakuchiol	and	retinol	on	(v)	epi-
dermal	 regeneration	 and	 re-	epithelization,	 an	 in	 vitro	
wound	healing	model	was	applied.	Figure 4b	illustrates	
that	 bakuchiol-	treated	 wounds	 showed	 a	 significant	
increase	 in	 the	 length	 of	 the	 regenerated	 epidermis	 in	
relation	 to	 untreated	 (p  =  0.0251)	 and	 control	 wounds	
(p  =  0.0102).	 In	 contrast,	 wounds	 supplemented	 with	
retinol	displayed	no	significant	change	 in	 the	 length	of	
the	 regenerated	 epidermis	 compared	 to	 both	 controls.	
Figure 4c	exemplifies	the	progress	of	wound	healing	43	h	
after	bakuchiol	or	retinol	treatment	as	well	as	in	control	
and	untreated	wounds.

Study II: In vivo determination of skin 
condition improvement

After	12	weeks	of	treatment	with	the	bakuchiol-	containing	
formulation	(t1),	subjects	(n = 34)	rated	the	difference	in	the	
youthful	appearance	of	their	skin	to	the	baseline	determi-
nation	(t0)	with	a	mean	t1-	t0	value	of	2.57	±	2.14.	Compared	
to	the	t1-	t0	value	of	the	vehicle-	treated	site	(2.06	±	1.89),	the	
youthfulness	 of	 the	 bakuchiol-	treated	 area	 was	 rated	 as	
significantly	improved	(p = 0.0275).	Both	treatments	were	
rated	as	significantly	better	than	baseline	(p = 0.0000).

In vivo studies: Tolerability

Results	 showed	 that	 the	 bakuchiol-	containing	 formu-
lation	 in	 both	 in  vivo	 studies	 was	 well	 tolerated.	 Over	
the	 entire	 duration	 of	 usage,	 one	 adverse	 skin	 reac-
tion	 was	 observed,	 which	 was	 documented	 for	 both	
the	 bakuchiol-	containing	 formulation	 and	 the	 vehicle.	
After	treatment	with	retinol-	containing	formulations	in	
study	I,	23%	of	the	entire	panel	of	52	subjects	reported	
incompatibility	reactions	such	as	erythema,	desquama-
tion,	 dryness	 and	 itching,	 which	 led	 to	 the	 dropout	 of	
five	subjects.

F I G U R E  4  Analysis	of	bakuchiol	and	retinol	in	an	ex	vivo	study	and	in	an	in	vitro	wound	healing	model.	(a)	ELISA-	based	ex	vivo	
determination	of	FN	protein	levels	in	suction	blister	fluids	obtained	from	an	untreated	control	site	and	after	a	4-	week	treatment	(twice-	
daily)	with	a	formulation	containing	0.5%	bakuchiol,	0.15%	retinol	or	vehicle.	N = 26	(untreated),	n = 29	(vehicle),	n = 30	(bakuchiol),	
n = 19	(retinol).	Epidermal	regeneration	in	an	in	vitro	wound	healing	model:	(b)	length	of	the	regenerated	epidermis	43	h	after	wounding	
in	untreated	and	control	wounds	and	in	wounds	treated	with	100	μM	bakuchiol	or	retinol.	N = 11.	(c)	Examples	for	the	progress	of	wound	
healing.	Black	arrows	indicate	the	leading	end	of	the	regenerating	epidermis.	Results	are	depicted	as	mean	±	SD.	Statistics	were	performed	
by	RM-	ANOVA	with	post-	hoc	pairwise	comparison.	Significant	differences	are	marked	with	an	asterisk	(*p ≤	0.05,	**p ≤	0.01)	[Colour	figure	
can	be	viewed	at	wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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DISCUSSION

Previous	 studies	 have	 implied	 that	 bakuchiol	 acts	 as	 a	
functional	 analogue	 of	 retinol	 [19–	21].	 Bakuchiol,	 thus,	
appears	to	be	a	promising	alternative	to	retinol	for	facial	
antiageing	treatments.	As	cellular	ageing	is	multifactorial,	
we	investigated	effects	of	bakuchiol	in	comparison	to	reti-
nol	on	different	key	processes	to	analyse	its	potential	for	a	
holistic	treatment	approach.

As	depicted	in	(Table S1),	we	determined	the	(i)	antiox-
idative	and	(ii)	anti-	inflammatory	capacities	of	bakuchiol	
and	retinol.	We	further	analysed	how	they	influence	(iii)	
cell	activation,	impact	the	formation	of	(iv)	ECM	compo-
nents	and	(v)	skin	regeneration.	In	our	investigation,	we	
determined	 that	 bakuchiol	 shares	 functional	 similarities	
with	retinol	and	at	the	same	time	exhibits	unique,	benefi-
cial	characteristics	(Figure 5).

Our	data	demonstrated	that	bakuchiol	but	not	retinol	
showed	a	high	(i)	antioxidative	capacity	and	power.	These	
data	are	in	line	with	previous	studies	illustrating	that	ba-
kuchiol	decreases	oxidative	stress,	prevents	mitochondrial	
lipid	 peroxidation	 and	 protects	 mitochondrial	 function	

[22,	 24,	 38].	 Retinol,	 however,	 has	 not	 been	 reported	 to	
exert	antioxidative	actions.

As	the	induction	of	ROS	leads	to	inflammatory	stress,	
we	 investigated	 the	 effects	 of	 bakuchiol	 and	 retinol	 on	
the	expression	of	the	two	(ii)	proinflammatory	cytokines	
PGE2	and	MIF.

We	first	analysed	PGE2,	which	is	a	major	prostaglan-
din	 generated	 in	 the	 human	 skin.	 PGE2	 reduces	 colla-
gen	 production	 and	 induces	 matrix	 metalloproteinase	
1	 (MMP-	1)	 expression	 in	 fibroblasts	 in	 vitro	 [39].	 These	
PGE2-	mediated	 processes	 are	 cutaneous	 ageing	 mech-
anisms	 [39].	 Thus,	 targeting	 PGE2	 might	 be	 a	 promis-
ing	 strategy	 to	 oppose	 age-	associated	 collagen	 depletion	
[40].	 Normally,	 low	 amounts	 of	 PGE2	 are	 synthesized.	
However,	in	skin	ageing,	fibroblasts	show	elevated	PGE2	
levels	[40,	41].	Herein,	we	show	for	the	first	time	that	ba-
kuchiol	 and	 retinol	 significantly	 reduce	 PGE2	 levels	 in	
HDFs	 in	 a	 dose-	dependent	 fashion.	 However,	 the	 effect	
induced	 by	 retinol	 was	 less	 pronounced	 than	 by	 baku-
chiol.	Our	results	are	supported	by	a	previous	study	using	
an	in vivo	inflammation	model	in	which	topically	applied	
bakuchiol	significantly	reduced	the	PGE2	content	in	the	

F I G U R E  5  Schematic	illustration	
of	the	multidirectional	effects	of	
bakuchiol	counteracting	skin	ageing	
processes	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]

www.wileyonlinelibrary.com


   | 389BLUEMKE et al.

arachidonic	 acid-	induced	 response	 [42].	 Similarly,	 reti-
noids	were	shown	to	suppress	PGE2	expression	in	human	
oral	epithelial	cells	[43]	and	in	human	oral	squamous	car-
cinoma	cells	[44].

MIF	is	another	proinflammatory	cytokine	that	is	ubiq-
uitously	 expressed	 in	 various	 organs	 including	 the	 skin	
[45].	 It	 is	 crucial	 for	 cell	 proliferation,	 angiogenesis	 and	
differentiation	 [46].	 In	 the	 context	 of	 photoageing,	 both	
UVA	and	UVB	irradiation	increase	MIF	secretion	by	kera-
tinocytes	and	dermal	fibroblasts	[46,	47].	Urschitz	et	al.	re-
ported	a	4-	fold	upregulation	of	MIF	mRNA	in	photoaged	
preauricular	 skin	 [48].	Our	 results	 showed	a	 significant,	
similar	reduction	of	MIF	protein	levels	in	HDFs	induced	
by	 bakuchiol	 and	 retinol	 indicating	 anti-	inflammatory	
properties.	Indeed,	it	has	been	evidenced	by	earlier	studies	
that	bakuchiol	exerts	anti-	inflammatory	actions	 [19,	25–	
27,	38].	However,	the	regulation	of	MIF	protein	levels	by	
bakuchiol	or	retinol	has	not	yet	been	documented.

Although	 PGE2	 and	 MIF	 are	 both	 increased	 in	 cuta-
neous	ageing	[46,	49],	their	regulation	occurs	via	two	dif-
ferent	signalling	pathways.	Therefore,	the	bakuchiol-		and	
retinol-	induced	decreases	of	both	factors	represent	a	broad	
anti-	inflammatory	approach	in	antiageing	treatment.

Oxidative	and	 inflammatory	stresses	put	 the	regener-
ative	capacity	of	the	skin	at	a	serious	risk.	Further,	cuta-
neous	 regeneration	 diminishes	 with	 age.	 We,	 therefore,	
investigated	the	effect	of	bakuchiol	and	retinol	on	the	cu-
taneous	regenerative	capacity	through	analysing	(iii)	cell	
activity.

Keratinocytes	 are	 proposed	 to	 stimulate	 fibroblasts	 to	
synthesize	growth	factors,	which,	in	turn,	stimulate	kera-
tinocyte	proliferation	 in	a	double	paracrine	manner	 [50].	
The	growth	factor	FGF7	is	an	example	for	such	a	mitogen	
[51].	 It	 is	also	 referred	 to	as	keratinocyte	growth	 factor-	1	
[51]	and	enhances	the	proliferation	of	keratinocytes	[52]	as	
well	as	their	interaction	with	ECM	components	[53].	Our	
study	demonstrates	 that	bakuchiol-	treated	HDFs	showed	
significantly	 increased	 FGF7	 protein	 levels.	 In	 contrast,	
FGF7	protein	levels	were	slightly	reduced	by	retinol	treat-
ment.	 This	 novel	 finding	 indicates	 that	 bakuchiol	 might	
support	skin	regeneration	and	repair	processes	by	directly	
upregulating	keratinocyte	and	indirectly	increasing	fibro-
blast	proliferation.	Bakuchiol	thereby	acts	against	the	de-
cline	of	growth	factor	levels	that	occurs	during	ageing	[54].

Another	factor	that	impacts	the	regenerative	potential	
of	the	skin	is	the	age-	associated	reduction	in	the	number	
[55]	and	growth	rate	[56]	of	dermal	fibroblasts.	Since	an	
increase	in	WST-	1	metabolism	indicates	an	improved	cell	
viability	[57],	proliferation	[58]	and	metabolic	activity [59],	
we	 analysed	 WST-	1	 metabolization	 after	 application	 of	
bakuchiol	 or	 retinol.	 Our	 results	 suggest	 that	 bakuchiol	
and	to	a	certain	extent	also	retinol	can	stimulate	these	cell	
activity-	related	characteristics	in	HDFs.

In	line	with	the	reduction	of	cell	activity,	ageing	skin	
is	 characterized	 by	 a	 diminished	 production	 of	 collagen	
and	 other	 ECM	 components	 as	 well	 as	 an	 augmented	
MMP	 expression	 [60–	65].	 These	 alterations	 result	 in	
ECM	damage,	disturbed	skin	functions	and	subsequently	
the	 formation	of	wrinkles.	We	hypothesized	 that	 the	 in-
creased	 fibroblast	activity	and	decreased	PGE2	and	MIF	
levels	 mediated	 by	 bakuchiol	 could	 promote	 ECM	 com-
ponents.	Indeed,	Chaudhuri	and	co-	workers	showed	that	
bakuchiol	upregulates	COL1A1	on	gene	and	protein	level	
[19].	To	investigate	the	effects	of	bakuchiol	and	retinol	on	
the	ECM	of	HDFs,	we	analysed	protein	expression	of	the	
(iv)	structural	ECM	factors	COL1A1	and	COL7A1	and	the	
ECM	adhesion	factor	FN.

COL1A1	is	the	most	abundant	structural	protein	in	the	
skin	[66].	However,	aged	fibroblasts	display	a	reduced	ca-
pacity	for	collagen	synthesis	[67].	COL7A1	forms	anchor-
ing	 fibrils	 in	 dermoepidermal	 junctions	 and	 enhances	
the	 mechanical	 skin	 stability	 [68].	 During	 photoageing,	
COL7A1	 levels	 decrease	 causing	 a	 weakened	 bond	 be-
tween	the	dermis	and	epidermis	[69–	71].

Our	data	demonstrate	 that	bakuchiol	and	retinol	 in-
crease	 COL1A1	 levels	 confirming	 earlier	 observations.	
A	previous	study	found	out	that	bakuchiol	significantly	
enhances	expression	levels	of	COL1	mRNA	and	signifi-
cantly	reduces	MMP-	1	mRNA	levels	[72].	COL1A1	gene	
expression	 was	 shown	 to	 be	 augmented	 in	 vivo	 after	
4	weeks	 of	 0.1%	 retinol	 treatment	 [73].	Topical	 applica-
tion	of	0.4%	retinol	also	significantly	increased	COL1A1	
protein	 expression	 in	 the	 ECM	 in	 aged	 human	 skin	
in	 vivo	 [74].	 However,	 our	 data	 clarify	 that	 in	 HDFs,	
COL1A1	and	COL7A1	protein	expression	are	 increased	
already	4 h	after	stimulation	with	bakuchiol	and	retinol.	
We	 further	 show	 that	 COL7A1	 protein	 expression	 per-
sists	at	least	for	72	h.

Another	 factor	 we	 investigated	 was	 the	 ubiquitous	
ECM	adhesion	protein	FN	found	in	two	isoforms,	namely	
plasma	and	cellular	FN.	It	plays	a	crucial	role	in	develop-
mental	 processes,	 cell	 adhesion,	 migration	 and	 differen-
tiation	 [75,	76].	Cellular	FN	 is	generated	and	assembled	
into	 fibril	 networks,	 impacting	 ECM	 homeostasis	 and	
ECM-	cell	interactions	[77].	Chronic	UV	exposure	leads	to	
a	down-	regulation	of	FN	gene	expression	in	human	skin	
biopsies	[78].	Our	data	revealed	a	significant	upregulation	
of	cellular	FN	protein	expression	in	HDFs	after	stimula-
tion	with	bakuchiol	and	retinol.	A	previous	in vivo	study	
shows	that	topical	treatment	with	0.4%	retinol	leads	to	sig-
nificantly	increased	FN	protein	levels	in	the	ECM	of	aged	
human	skin	[74].	It	has	not	yet	been	reported,	though,	that	
application	of	bakuchiol	can	induce	enhanced	FN	protein	
expression	 in	 HDFs.	 To	 analyse	 whether	 these	 in	 vitro	
data	translate	into	in	vivo	results,	we	determined	the	ef-
fect	of	bakuchiol	and	retinol	on	FN	protein	levels	in	an	ex	
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vivo	study.	After	a	4-	week	application,	bakuchiol-	treated	
areas	showed	a	significant	increase	in	FN	protein	values	
compared	to	the	vehicle.	Retinol	application	also	resulted	
in	augmented	FN	protein	levels;	however,	this	effect	was	
not	significant.	This	might	be	caused	by	retinol-	mediated	
incompatibility	reactions	that	reduced	the	number	of	sub-
jects	tested.

As	 a	 major	 component	 of	 the	 ECM,	 FN	 plays	 a	 cru-
cial	role	in	wound	healing,	being	essential	for	tissue	for-
mation	and	connective	tissue	repair.	FN	functions	in	all	
phases	of	wound	healing	and	thereby	interacts	with	dif-
ferent	cell	types	to	build	the	ECM	[79].	FGF7	is	another	
important	 factor	 for	 wound	 healing.	 In	 acute	 human	
wounds	 FGF7	 gene	 expression	 is	 rapidly	 up-	regulated.	
FGF7	mostly	locates	to	dermal	fibroblasts	adjacent	to	the	
wound	and	 in	 fibroblasts	of	 the	granulation	tissue	[52].	
The	wound	healing	process	is	delayed	with	ageing	[80].	
This	 is	due	 to	 impaired	cell	proliferation	and	migration	
of	fibroblasts	and	keratinocytes,	a	diminished	reaction	to	
growth	factors	and	a	decreased	synthesis	of	ECM	compo-
nents	[80].	These	observations	correlate	with	the	general	
changes	 occurring	 during	 skin	 ageing	 [81].	 Following	
aesthetic	 procedures	 such	 as	 Fraxel	 laser	 treatment	 the	
generation	of	micro-	wounds	initiates	microscopic	wound	
healing	processes	leading	to	improved	skin	structure	and	
rejuvenation	 [82].	 Therefore,	 the	 ability	 of	 antiageing	
compounds	 to	 stimulate	 regenerative	 processes	 can	 in-
dicate	their	skin	rejuvenating	potential.	Considering	the	
involvement	of	FN	and	FGF7	in	wound	healing	and	the	
bakuchiol-	induced	upregulation	of	these	factors	in	vitro,	
we	 next	 determined	 the	 effects	 of	 bakuchiol	 and	 reti-
nol	on	(v)	epithelial	regeneration.	Therefore,	an	in	vitro	
wound	 healing	 model	 was	 applied	 [34].	 The	 length	 of	
the	 regenerated	 epidermis	 of	 bakuchiol-	treated	 wounds	
was	 significantly	 increased,	 while	 retinol	 had	 no	 effect.	
These	data	reflect	the	more	pronounced	in	vitro	effect	of	
bakuchiol	 on	 the	 wound	 healing-	associated	 parameters	
FGF7,	FN	and	cellular	metabolic	activity	when	compared	
to	retinol.

To	 determine	 whether	 bakuchiol,	 besides	 its	 bio-
positive	 activities,	 also	 improves	 the	 perceived	 skin	 ap-
pearance,	 a	 second	 self-	grading	 based	 in  vivo	 study	 was	
performed.	Study	participants	graded	the	youthfulness	of	
their	facial	skin.	When	compared	to	baseline	self-	grading	
at	t0,	treatment	with	both	the	vehicle	and	the	bakuchiol-	
containing	 formulation	 for	 12	weeks	 significantly	 en-
hanced	 the	 perceived	 skin	 appearance.	 The	 vehicle	 was	
selected	to	be	as	little	nourishing	as	possible.	However,	a	
certain	improvement	in	self-	grading,	especially	regarding	
measurement	at	t0	after	3	days	of	not	using	any	skin	care	
products,	cannot	be	excluded.	Nonetheless,	after	applica-
tion	of	 the	bakuchiol-	containing	 formulation,	 subjective	
grading	of	the	youthful	skin	appearance	was	significantly	

increased	compared	to	the	corresponding	vehicle	with	re-
gard	to	t1-	t0	values.

In	our	in vivo	studies,	bakuchiol	had	a	good	skin	com-
patibility.	This	 is	 in	 line	 with	 a	 previous	 study	 showing	
that	 a	 bakuchiol-	containing	 moisturizer	 was	 well	 tol-
erated	 in	 subjects	 with	 sensitive	 skin	 [18].	 In	 contrast,	
retinol	 application	 performed	 in	 study	 I	 caused	 skin	 ir-
ritations	 in	 several	 volunteers.	 It	 is	 well	 documented	
that	retinol	can	induce	various	skin	issues	including	ery-
thema,	itching,	desquamation	or	papules	[6,	14].	Further,	
retinoids	 are	 associated	 with	 photosensitization	 and	 are	
degraded	by	exposure	to	air	or	light	to	biologically	inac-
tive	substances	[11].	Hence,	 the	efficacy	of	retinol	 in	an	
antiageing	 treatment	 strongly	 depends	 on	 its	 delivery	
mode.	Bakuchiol,	on	the	other	hand,	 is	photostable	and	
can	 be	 applied	 diurnally.	 The	 photostabilizing	 effect	 of	
bakuchiol	on	retinol,	as	demonstrated	by	Chaudhuri	et	al.	
[83],	provides	a	promising	rationale	for	the	combination	
of	both	compounds.

Our	results	expand	the	scientific	knowledge	about	ba-
kuchiol	and	advance	our	understanding	of	cutaneous	ef-
fects	exerted	by	retinol.	Figure 5	summarizes	the	proposed	
actions	of	bakuchiol.	Moreover,	our	data	provide	evidence	
for	the	multidirectional	efficacy	of	bakuchiol	against	sev-
eral	 cellular	 hallmarks	 of	 skin	 ageing,	 exceeding	 the	 ef-
fects	of	plant-	derived	functional	retinoid	analogues.

CONCLUSION

Treatment	with	bakuchiol	provides	an	advanced,	holistic	
and	multidirectional	treatment	approach	for	skin	ageing	
as	it	acts	(i)	antioxidative,	(ii)	anti-	inflammatory,	impacts	
(iii)	 cell	 activity,	 increases	 the	 expression	 of	 critical	 (iv)	
ECM	components	and	improves	(v)	epidermal	regenera-
tion	and	re-	epithelization.

ACKNOWLEDGEMENTS
The	authors	would	like	to	thank	Dr.	Silke	Gallinat	for	her	
support	in	preparing	the	manuscript.

CONFLICT OF INTEREST
Anika	 Bluemke,	 Annika	 P.	 Ring,	 Jeannine	 Immeyer,	
Anke	Hoff,	Tanya	Eisenberg,	Wolfram	Gerwat,	Franziska	
Meyer,	Sabrina	Breitkreutz,	Lina	M.	Klinger,	Frank	Rippke	
and	Dorothea	Schweiger	are	employees	of	Beiersdorf	AG.	
Grit	 Sandig	 and	 Marietta	 Seifert	 are	 employees	 of	 the	
Gematria	Test	Lab	GmbH.	Doerte	Segger	is	an	employee	
of	the	SGS	Institute	Fresenius	GmbH.	None	of	the	authors	
state	a	conflict	of	interest.

ORCID
Anika Bluemke  	https://orcid.org/0000-0002-8207-2950	

https://orcid.org/0000-0002-8207-2950
https://orcid.org/0000-0002-8207-2950


   | 391BLUEMKE et al.

REFERENCES
	 1.	 Zouboulis	 CC,	 Makrantonaki	 E,	 Nikolakis	 G.	 When	 the	 skin	

is	 in	 the	 center	 of	 interest:	 an	 aging	 issue.	 Clin	 Dermatol.	
2019;37(4):296–	305.

	 2.	 Silva	 SAME,	 Michniak-	Kohn	 B,	 Leonardi	 GR.	 An	 overview	
about	 oxidation	 in	 clinical	 practice	 of	 skin	 aging.	 An	 Bras	
Dermatol.	2017;92:367–	74.

	 3.	 Kligman	LH,	Duo	CH,	Kligman	AM.	Topical	retinoic	acid	en-
hances	the	repair	of	ultraviolet	damaged	dermal	connective	tis-
sue.	Connect	Tissue	Res.	1984;12:139–	50.

	 4.	 Shin	 JW,	 Kwon	 SH,	 Choi	 JY,	 Na	 JI,	 Huh	 CH,	 Choi	 HR,	
et	al.	Molecular	mechanisms	of	dermal	aging	and	antiaging	ap-
proaches.	Int	J	Mol	Sci.	2019;20:E2126.

	 5.	 Kim	HJ,	Bogdan	NJ,	D'Agostaro	LJ,	Gold	LI,	Bryce	GF.	Effect	
of	topical	retinoic	acids	on	the	levels	of	collagen	mRNA	during	
the	 repair	 of	 UVB-	induced	 dermal	 damage	 in	 the	 hairless	
mouse	and	the	possible	role	of	TGF-	beta	as	a	mediator.	J	Invest	
Dermatol.	1992;98:359–	63.

	 6.	 Kang	S,	Duell	EA,	Fisher	GJ,	Datta	SC,	Wang	ZQ,	Reddy	AP,	
et	 al.	 Application	 of	 retinol	 to	 human	 skin	 in	 vivo	 induces	
epidermal	 hyperplasia	 and	 cellular	 retinoid	 binding	 pro-
teins	 characteristic	 of	 retinoic	 acid	 but	 without	 measur-
able	 retinoic	 acid	 levels	 or	 irritation.	 J	 Invest	 Dermatol.	
1995;105:549–	56.

	 7.	 Bailly	J,	Crettaz	M,	Schifflers	MH,	Marty	JP.	In	vitro	metabo-
lism	by	human	skin	and	fibroblasts	of	retinol,	retinal	and	reti-
noic	acid.	Exp	Dermatol.	1998;7:27–	34.

	 8.	 Varani	J,	Warner	RL,	Gharaee-	Kermani	M,	Phan	SH,	Kang	S,	
Chung	JH,	et	al.	Vitamin	A	antagonizes	decreased	cell	growth	
and	 elevated	 collagen-	degrading	 matrix	 metalloproteinases	
and	stimulates	collagen	accumulation	in	naturally	aged	human	
skin.	J	Invest	Dermatol.	2000;114:480–	6.

	 9.	 Kang	 S.	The	 mechanism	 of	 action	 of	 topical	 retinoids.	 Cutis.	
2005;75:10–	3;	discussion	13.

	10.	 Bellemère	 G,	 Stamatas	 GN,	 Bruère	 V,	 Bertin	 C,	 Issachar	 N,	
Oddos	T.	Antiaging	action	of	retinol:	from	molecular	to	clinical.	
Skin	Pharmacol	Physiol.	2009;22:200–	9.

	11.	 Mukherjee	 S,	 Date	 A,	 Patravale	 V,	 Korting	 HC,	 Roeder	 A,	
Weindl	 G.	 Retinoids	 in	 the	 treatment	 of	 skin	 aging:	 an	
overview	 of	 clinical	 efficacy	 and	 safety.	 Clin	 Interv	 Aging.	
2006;1:327–	48.

	12.	 Ortonne	JP.	Retinoid	therapy	of	pigmentary	disorders.	Dermatol	
Ther.	2006;19:280–	8.

	13.	 Griffiths	 CE,	 Kang	 S,	 Ellis	 CN,	 et	 al.	 Two	 concentrations	 of	
topical	 tretinoin	(retinoic	acid)	cause	similar	 improvement	of	
photoaging	but	different	degrees	of	irritation.	A	double-	blind,	
vehicle-	controlled	 comparison	 of	 0.1%	 and	 0.025%	 tretinoin	
creams.	Arch	Dermatol.	1995;131(9):1037–	44.

	14.	 Fluhr	 JW,	 Vienne	 MP,	 Lauze	 C,	 Dupuy	 P,	 Gehring	 W,	 Gloor	
M.	 Tolerance	 profile	 of	 retinol,	 retinaldehyde	 and	 retinoic	
acid	 under	 maximized	 and	 long-	term	 clinical	 conditions.	
Dermatology.	1999;199(Suppl	1):57–	60.

	15.	 Rolewski	SL.	Clinical	review:	topical	retinoids.	Dermatol	Nurs.	
2003;15(447–	450):459–	65.

	16.	 Uikey	SK,	Yadav	AS,	Sharma	AK,	et	al.	The	botany,	chemistry,	
pharmacological	and	therapeutic	application	of	Psoralea coryli-
folia	L.	-		a	review.	Intern	J	Phytomed.	2010;2:100–	7.

	17.	 Shrestha	 S,	 Jadav	 HR,	 Bedarkar	 P,	 Patgiri	 BJ,	 Harisha	 CR,	
Chaudhari	SY,	et	al.	Pharmacognostical	evaluation	of	Psoralea 
corylifolia	Linn.	Seed.	J	Ayurveda	Integr	Med.	2018;9:209–	12.

	18.	 Draelos	ZD,	Gunt	H,	Zeichner	J,	Levy	S.	Clinical	evaluation	of	
a	 nature-	based	 bakuchiol	 anti-	aging	 moisturizer	 for	 sensitive	
skin.	J	Drugs	Dermatol.	2020;19:1181–	3.

	19.	 Chaudhuri	RK,	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;36:221–	30.

	20.	 Dhaliwal	S,	Rybak	I,	Ellis	SR,	Notay	M,	Trivedi	M,	Burney	W,	
et	al.	Prospective,	randomized,	double-	blind	assessment	of	top-
ical	bakuchiol	and	retinol	for	facial	photoageing.	Br	J	Dermatol.	
2019;180(2):289–	96.

	21.	 Sadgrove	NJ,	Oblong	JE,	Simmonds	MSJ.	Inspired	by	vitamin	A	
for	anti-	ageing:	searching	for	plant-	derived	functional	retinoid	
analogues.	Skin	Health	Dis.	2021;1:e36.

	22.	 Haraguchi	 H,	 Inoue	 J,	 Tamura	 Y,	 Mizutani	 K.	 Inhibition	 of	
mitochondrial	lipid	peroxidation	by	bakuchiol,	a	meroterpene	
from	Psoralea corylifolia.	Planta	Med.	2000;66:569–	71.

	23.	 Haraguchi	 H,	 Inoue	 J,	 Tamura	 Y,	 Mizutani	 K.	 Antioxidative	
components	 of	 Psoralea corylifolia	 (Leguminosae).	 Phytother	
Res.	2002;16:539–	44.

	24.	 Adhikari	 S,	 Joshi	 R,	 Patro	 BS,	 Ghanty	 TK,	 Chintalwar	 GJ,	
Sharma	 A,	 et	 al.	 Antioxidant	 activity	 of	 bakuchiol:	 experi-
mental	 evidences	 and	 theoretical	 treatments	 on	 the	 possi-
ble	 involvement	 of	 the	 terpenoid	 chain.	 Chem	 Res	 Toxicol.	
2003;16:1062–	9.

	25.	 Backhouse	CN,	Delporte	CL,	Negrete	RE,	et	 al.	Active	con-
stituents	 isolated	 from	 Psoralea glandulosa	 L.	 with	 antiin-
flammatory	 and	 antipyretic	 activities.	 J	 Ethnopharmacol.	
2001;78:27–	31.

	26.	 Pae	 HO,	 Cho	 H,	 Oh	 GS,	 Kim	 NY,	 Song	 EK,	 Kim	 YC,	 et	 al.	
Bakuchiol	 from	 Psoralea corylifolia	 inhibits	 the	 expression	 of	
inducible	nitric	oxide	synthase	gene	via	the	inactivation	of	nu-
clear	transcription	factor-	kappaB	in	RAW	264.7	macrophages.	
Int	Immunopharmacol.	2001;1:1849–	55.

	27.	 Matsuda	 H,	 Kiyohara	 S,	 Sugimoto	 S,	 Ando	 S,	 Nakamura	 S,	
Yoshikawa	 M.	 Bioactive	 constituents	 from	 Chinese	 natural	
medicines.	 XXXIII.	 Inhibitors	 from	 the	 seeds	 of	 Psoralea co-
rylifolia	 on	 production	 of	 nitric	 oxide	 in	 lipopolysaccharide-	
activated	macrophages.	Biol	Pharm	Bull.	2009;32:147–	9.

	28.	 Katsura	H,	Tsukiyama	RI,	Suzuki	A,	Kobayashi	M.	In	vitro	an-
timicrobial	activities	of	bakuchiol	against	oral	microorganisms.	
Antimicrob	Agents	Chemother.	2001;45:3009–	13.

	29.	 Chen	Z,	Jin	K,	Gao	L,	Lou	G,	Jin	Y,	Yu	Y,	et	al.	Anti-	tumor	
effects	 of	 bakuchiol,	 an	 analogue	 of	 resveratrol,	 on	 human	
lung	 adenocarcinoma	 A549	 cell	 line.	 Eur	 J	 Pharmacol.	
2010;643:170–	9.

	30.	 Kim	 JE,	 Kim	 JH,	 Lee	 Y,	 Yang	 H,	 Heo	 YS,	 Bode	 AM,	 et	 al.	
Bakuchiol	 suppresses	 proliferation	 of	 skin	 cancer	 cells	 by	 di-
rectly	 targeting	 Hck,	 blk,	 and	 p38	 MAP	 kinase.	 Oncotarget.	
2016;7:14616–	27.

	31.	 Spierings	NMK.	Cosmetic	commentary:	 is	bakuchiol	 the	new	
"skincare	hero".	J	Cosmet	Dermatol.	2020;19:3208–	9.

	32.	 Jung	K,	Richter	J,	Kabrodt	K,	Lucke	IM,	Schellenberg	I,	Herrling	
T.	The	antioxidative	power	AP	–		A	new	quantitative	time	de-
pendent	 (2D)	 parameter	 for	 the	 determination	 of	 the	 antiox-
idant	capacity	and	reactivity	of	different	plants.	Spectrochim.	
Acta	A	Mol.	Biomol.	Spectrosc.	2006;63:846–	850.

	33.	 Roggenkamp	 D,	 Falkner	 S,	 Stäb	 F,	 Petersen	 M,	 Schmelz	 M,	
Neufang	 G.	 Atopic	 keratinocytes	 induce	 increased	 neur-
ite	 outgrowth	 in	 a	 coculture	 model	 of	 porcine	 dorsal	 root	



392 |   
MULTIDIRECTIONAL ACTIVITY OF BAKUCHIOL AGAINST CELLULAR MECHANISMS OF FACIAL 

AGEING -  EXPERIMENTAL EVIDENCE FOR A HOLISTIC TREATMENT APPROACH 

ganglia	 neurons	 and	 human	 skin	 cells.	 J	 Invest	 Dermatol.	
2012;132:1892–	1900.

	34.	 Brandner	JM,	Houdek	P,	Quitschau	T,	et	al.	An	ex-	vivo	model	
to	evaluate	dressings	and	drugs	for	wound	healing.	EWMA	J.	
2006;6:11–	15.

	35.	 Bernauer,	U.,	Bodin,	L.,	Celleno,	L.	et	al.	Scientific	Committee	
on	Consumer	Safety	SCCS	OPINION	ON	Vitamin	A	(Retinol,	
Retinyl	Acetate,	Retinyl	Palmitate).	hal-	01493552	(2016).

	36.	 Kiistala	U.	Suction	blister	device	for	separation	of	viable	epider-
mis	from	dermis.	J	Invest	Dermatol.	1968;50:129–	37.

	37.	 Südel	KM,	Venzke	K,	Knußmann- Hartig	E,	Moll	I,	Stäb	F,	Wenck	
H,	et	al.	Tight	control	of	matrix	metalloproteinase-	1	activity	in	
human	skin.	Photochem	Photobiol.	2003;78:840–	5.

	38.	 Xin	Z,	Wu	X,	Ji	T,	Xu	B,	Han	Y,	Sun	M,	et	al.	Bakuchiol:	a	newly	
discovered	 warrior	 against	 organ	 damage.	 Pharmacol	 Res.	
2019;141:208–	13.

	39.	 Shim	JH.	Prostaglandin	E2	induces	skin	aging	via	E-	Prostanoid	
1	 in	 normal	 human	 dermal	 fibroblasts.	 Int	 J	 Mol	 Sci.	
2019;20:E5555.

	40.	 Li	 Y,	 Lei	 D,	 Swindell	 WR,	 Xia	 W,	 Weng	 S,	 Fu	 J,	 et	 al.	 Age-	
associated	increase	in	skin	fibroblast-	derived	prostaglandin	E2	
contributes	to	reduced	collagen	levels	in	elderly	human	skin.	J	
Invest	Dermatol.	2015;135:2181–	8.

	41.	 Liu	 X,	 Wu	 H,	 Byrne	 M,	 Jeffrey	 J,	 Krane	 S,	 Jaenisch	 RA.	
Targeted	 mutation	 at	 the	 known	 collagenase	 cleavage	 site	 in	
mouse	 type	 I	 collagen	 impairs	 tissue	 remodeling.	 J	 Cell	 Biol.	
1995;130:227–	37.

	42.	 Ferrándiz	 ML,	 Gil	 B,	 Sanz	 MJ,	 Ubeda	 A,	 Erazo	 S,	 González	
E,	 et	 al.	 Effect	 of	 bakuchiol	 on	 leukocyte	 functions	 and	
some	 inflammatory	 responses	 in	 mice.	 J	 Pharm	 Pharmacol.	
1996;48:975–	80.

	43.	 Mestre	JR,	Subbaramaiah	K,	Sacks	PG,	Schantz	SP,	Tanabe	T,	
Inoue	 H,	 et	 al.	 Retinoids	 suppress	 epidermal	 growth	 factor-	
induced	transcription	of	cyclooxygenase-	2	in	human	oral	squa-
mous	carcinoma	cells.	Cancer	Res.	1997;57:2890–	5.

	44.	 Mestre	JR,	Subbaramaiah	K,	Sacks	PG,	Schantz	SP,	Tanabe	T,	
Inoue	H,	et	al.	Retinoids	suppress	phorbol	ester-	mediated	 in-
duction	of	cyclooxygenase-	2.	Cancer	Res.	1997;57:1081–	5.

	45.	 Calandra	 T,	 Roger	 T.	 Macrophage	 migration	 inhibitory	 fac-
tor:	 a	 regulator	 of	 innate	 immunity.	 Nat	 Rev	 Immunol.	
2003;3:791–	800.

	46.	 Shimizu	 T.	 Role	 of	 macrophage	 migration	 inhibitory	 factor	
(MIF)	in	the	skin.	J	Dermatol	Sci.	2005;37:65–	73.

	47.	 Watanabe	 H,	 Shimizu	 T,	 Nishihira	 J,	 Abe	 R,	 Nakayama	 T,	
Taniguchi	 M,	 et	 al.	 Ultraviolet	 A-	induced	 production	 of	 ma-
trix	metalloproteinase-	1	is	mediated	by	macrophage	migration	
inhibitory	 factor	 (MIF)	 in	 human	 dermal	 fibroblasts.	 J	 Biol	
Chem.	2004;279:1676–	83.

	48.	 Urschitz	 J,	 Iobst	 S,	 Urban	 Z,	 et	 al.	 A	 serial	 analysis	 of	 gene	
expression	 in	 sun-	damaged	 human	 skin.	 J	 Invest	 Dermatol.	
2002;119:3–	13.

	49.	 Fuller	 B.	 Role	 of	 PGE-	2	 and	 other	 inflammatory	 mediators	
in	 skin	 aging	 and	 their	 inhibition	 by	 topical	 natural	 anti-	
inflammatories.	Cosmetics.	2019;6(1):6.

	50.	 Werner	 S,	 Krieg	 T,	 Smola	 H.	 Keratinocyte-	fibroblast	 interac-
tions	in	wound	healing.	J	Invest	Dermatol.	2007;127:998–	1008.

	51.	 Rubin	JS,	Osada	H,	Finch	PW,	Taylor	WG,	Rudikoff	S,	Aaronson	
SA.	 Purification	 and	 characterization	 of	 a	 newly	 identified	
growth	factor	specific	for	epithelial	cells.	Proc	Natl	Acad	Sci	U	
S	A.	1989;86:802–	6.

	52.	 Marchese	C,	Rubin	J,	Ron	D,	et	al.	Human	keratinocyte	growth	
factor	 activity	 on	 proliferation	 and	 differentiation	 of	 human	
keratinocytes:	differentiation	response	distinguishes	KGF	from	
EGF	family.	J	Cell	Physiol.	1990;144:326–	32.

	53.	 Putnins	EE,	Firth	JD,	Lohachitranont	A,	Uitto	VJ,	Larjava	H.	
Keratinocyte	 growth	 factor	 (KGF)	 promotes	 keratinocyte	 cell	
attachment	 and	 migration	 on	 collagen	 and	 fibronectin.	 Cell	
Adhes	Commun.	1999;7:211–	21.

	54.	 de	Araújo	R,	Lôbo	M,	Trindade	K,	Silva	DF,	Pereira	N.	Fibroblast	
growth	 factors:	 a	 controlling	 mechanism	 of	 skin	 aging.	 Skin	
Pharmacol	Physiol.	2019;32(5):275–	82.

	55.	 Gunin	AG,	Kornilova	NK,	Petrov	VV,	Vasil'eva	OV.	Age-	related	
changes	 in	 the	number	and	proliferation	of	 fibroblasts	 in	 the	
human	skin.	Adv	Gerontol.	2011;24:43–	7.

	56.	 Lago	JC,	Puzzi	MB.	The	effect	of	aging	in	primary	human	der-
mal	fibroblasts.	PLoS	One.	2019;14:e0219165.

	57.	 Yin	LM,	Wei	Y,	Wang	Y,	Xu	YD,	Yang	YQ.	Long	term	and	stan-
dard	incubations	of	WST-	1	reagent	reflect	the	same	inhibitory	
trend	of	cell	viability	 in	rat	airway	smooth	muscle	cells.	 Int	J	
Med	Sci.	2013;10:68–	72.

	58.	 Carlson	 MA.	 Technical	 note:	 assay	 of	 cell	 quantity	 in	 the	
fibroblast-	populated	 collagen	 matrix	 with	 a	 tetrazolium	 re-
agent.	Eur	Cell	Mater.	2006;12:44–	8.

	59.	 Stapelfeldt	 K,	 Ehrke	 E,	 Steinmeier	 J,	 Rastedt	 W,	 Dringen	 R.	
Menadione-	mediated	 WST1	 reduction	 assay	 for	 the	 deter-
mination	 of	 metabolic	 activity	 of	 cultured	 neural	 cells.	 Anal	
Biochem.	2017;538:42–	52.

	60.	 Shuster	S,	Black	MM,	McVitie	E.	The	influence	of	age	and	sex	
on	 skin	 thickness,	 skin	 collagen	 and	 density.	 Br	 J	 Dermatol.	
1975;93:639–	43.

	61.	 Branchet	 MC,	 Boisnic	 S,	 Frances	 C,	 Lesty	 C,	 Robert	 L.	
Morphometric	 analysis	 of	 dermal	 collagen	 fibers	 in	 nor-
mal	human	skin	as	a	 function	of	age.	Arch	Gerontol	Geriatr.	
1991;13:1–	14.

	62.	 Schwartz	 E,	 Cruickshank	 FA,	 Christensen	 CC,	 Perlish	 JS,	
Lebwohl	M.	Collagen	alterations	 in	chronically	 sun-	damaged	
human	skin.	Photochem	Photobiol.	1993;58:841–	4.

	63.	 Castelo-	Branco	C,	Duran	M,	González-	Merlo	J.	Skin	collagen	
changes	 related	 to	 age	 and	 hormone	 replacement	 therapy.	
Maturitas.	1992;15:113–	9.

	64.	 Kligman	 LH,	 Schwartz	 E,	 Sapadin	 AN,	 Kligman	 AM.	
Collagen	loss	 in	photoaged	human	skin	is	overestimated	by	
histochemistry.	 Photodermatol	 Photoimmunol	 Photomed.	
2000;16:224–	8.

	65.	 El-	Domyati	M,	Attia	S,	Saleh	F,	et	al.	 Intrinsic	aging	vs.	pho-
toaging:	 a	 comparative	 histopathological,	 immunohisto-
chemical,	 and	 ultrastructural	 study	 of	 skin.	 Exp	 Dermatol.	
2002;11:398–	405.

	66.	 Uitto	 J,	 Pulkkinen	 L,	 Chu	 M-	L.	 Collagen.	 In:	 Fitzpatrick	
TB,	 Eisen	 AZ,	 Wolff	 K,	 Freedberg	 IM,	 Austen	 KF,	 editors.	
Dermatology	 in	 General	 Medicine.	 New	 York:	 McGraw-	Hill;	
2003.	p.	165–	79.

	67.	 Varani	 J,	 Dame	 MK,	 Rittie	 L,	 Fligiel	 SEG,	 Kang	 S,	 Fisher	 GJ,	
et	 al.	 Decreased	 collagen	 production	 in	 chronologically	 aged	
skin:	roles	of	age-	dependent	alteration	in	fibroblast	function	and	
defective	mechanical	stimulation.	Am	J	Pathol.	2006;168:1861–	8.

	68.	 Burgeson	RE.	Type	VII	collagen,	anchoring	fibrils,	and	epider-
molysis	bullosa.	J	Invest	Dermatol.	1993;101:252–	5.

	69.	 Craven	NM,	Watson	RE,	Jones	CJ,	Shuttleworth	CA,	Kielty	CM,	
Griffiths	 CE.	 Clinical	 features	 of	 photodamaged	 human	 skin	



   | 393BLUEMKE et al.

are	associated	with	a	reduction	in	collagen	VII.	Br	J	Dermatol.	
1997;137:344–	50.

	70.	 Contet-	Audonneau	 JL,	 Jeanmaire	 C,	 Pauly	 G.	 A	 histological	
study	of	human	wrinkle	structures:	comparison	between	sun-	
exposed	areas	of	the	face,	with	or	without	wrinkles,	and	sun-	
protected	areas.	Br	J	Dermatol.	1999;140:1038–	47.

	71.	 El-	Domyati	 M,	 Medhat	 W,	 Abdel-	Wahab	 HM,	 Moftah	 NH,	
Nasif	 GA,	 Hosam	 W.	 Forehead	 wrinkles:	 a	 histological	 and	
immunohistochemical	 evaluation.	 J	 Cosmet	 Dermatol.	
2014;13:188–	94.

	72.	 Yu	Q,	Zou	HM,	Wang	S,	Xu	YM,	Li	JM,	Zhang	N.	Regulative	
effect	of	bakuchiol	on	ESF-	1	cells	anti-	aging	gene.	Zhong	Yao	
Cai.	2014;37:632–	5.

	73.	 Kong	R,	Cui	Y,	Fisher	GJ,	Wang	X,	Chen	Y,	Schneider	LM,	et	al.	
A	comparative	study	of	the	effects	of	retinol	and	retinoic	acid	
on	 histological,	 molecular,	 and	 clinical	 properties	 of	 human	
skin.	J	Cosmet	Dermatol.	2016;15:49–	57.

	74.	 Shao	Y,	He	T,	Fisher	GJ,	Voorhees	JJ,	Quan	T.	Molecular	basis	
of	retinol	anti-	ageing	properties	in	naturally	aged	human	skin	
in	vivo.	Int	J	Cosmet	Sci.	2017;39:56–	65.

	75.	 Schwarzbauer	 JE,	 DeSimone	 DW.	 Fibronectins,	 their	 fibrillo-
genesis,	and	in	vivo	functions.	Cold	Spring	Harb	Perspect	Biol.	
2011;3:a005041.

	76.	 Sawicka	 KM,	 Seeliger	 M,	 Musaev	 T,	 Macri	 LK,	 Clark	 RA.	
Fibronectin	 interaction	 and	 enhancement	 of	 growth	 fac-
tors:	 importance	 for	 wound	 healing.	 Adv	 Wound	 Care	 (New	
Rochelle).	2015;4:469–	78.

	77.	 To	WS,	Midwood	KS.	Plasma	and	cellular	fibronectin:	distinct	
and	 independent	 functions	 during	 tissue	 repair.	 Fibrogenesis	
Tissue	Repair.	2011;4:21.

	78.	 Knott	 A,	 Drenckhan	 A,	 Reuschlein	 K,	 et	 al.	 Decreased	 fibro-
blast	contractile	activity	and	reduced	fibronectin	expression	are	
involved	in	skin	photoaging.	J	Dermatol	Sci.	2010;58:75–	7.

	79.	 Lenselink	EA.	Role	of	fibronectin	in	normal	wound	healing.	Int	
Wound	J.	2015;12:313–	6.

	80.	 Sgonc	 R,	 Gruber	 J.	 Age-	related	 aspects	 of	 cutaneous	 wound	
healing:	a	mini-	review.	Gerontology.	2013;59:159–	64.

	81.	 Farage	MA,	Miller	KW,	Elsner	P,	Maibach	HI.	Characteristics	of	
the	aging	skin.	Adv	Wound	Care	(New	Rochelle).	2013;2:5–	10.

	82.	 Degitz	K.	Nichtablative	fraktionierte	Lasertherapie:	Aknenarben	
und	 weitere	 Indikationen	 [nonablative	 fractional	 lasers:	 acne	
scars	and	other	indications].	Hautarzt.	2015;66:753–	6.

	83.	 Chaudhuri	RK,	Ou	B.	Bakuchiol	to	stabilize	retinol	and	polyun-
saturated	lipids.	Cosmet	Toil.	2015;130:64–	75.

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 in	 the	
online	version	of	the	article	at	the	publisher’s	website.

How to cite this article:	Bluemke	A,	Ring	AP,	
Immeyer	J,	Hoff	A,	Eisenberg	T,	Gerwat	W,	et	al.	
Multidirectional	activity	of	bakuchiol	against	
cellular	mechanisms	of	facial	ageing	-		Experimental	
evidence	for	a	holistic	treatment	approach.	Int	J	
Cosmet	Sci.	2022;44:377–	393.	doi:10.1111/ics.12784

https://doi.org/10.1111/ics.12784

	Multidirectional activity of bakuchiol against cellular mechanisms of facial ageing - Experimental evidence for a holistic treatment approach
	Abstract
	Résumé
	INTRODUCTION
	MATERIALS AND METHODS
	Test materials
	In vitro studies
	Determination of the antioxidative capacity
	Determination of the antioxidative power
	Cell culture
	Determination of PGE2 levels
	Determination of MIF protein levels
	Determination of FGF7 protein levels
	Determination of WST-1 metabolization
	Determination of COL1A1 and COL7A1 protein levels
	Determination of FN protein levels
	Determination of epidermal regeneration in an in vitro wound healing model

	In vivo studies I and II
	Study I: Ex vivo determination of FN protein levels
	Study II: In vivo determination of skin condition improvement
	Statistical analysis

	RESULTS
	In vitro studies
	Determination of antioxidative effects
	Antioxidative capacity
	Antioxidative power

	Determination of anti-inflammatory effects
	PGE2 levels
	MIF protein levels

	Analysis of cell activity
	Determination of FGF7 protein levels
	Determination of WST-1 metabolization

	Expression of ECM components
	Determination of COL7A1 and COL1A1 protein levels
	Determination of FN protein levels


	Study I: Ex vivo determination of FN protein levels
	Improvement of the epidermal regeneration and re-epithelization

	Study II: In vivo determination of skin condition improvement
	In vivo studies: Tolerability

	DISCUSSION
	CONCLUSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	REFERENCES


