N

N

ISG*@> Ja M HvbBb 2p2 H2/i?2 .Bz2 21
++mKmH iBQM Q7 MiBQtB/ Mi M/ MiB@ ;B
M/ L2QHB;M Mb BM AM oBi Q *mHim 2b (
mbBi i BbbBKmK G
a? MF? KH "Qb2-h?B# miJmMb+?- "M m/ G MQm2
.m M;D BhmM;KmMMBiIi?mK-aQm?BH J2bb BHB- 1KBF
"2ZMQBiai@SB2 "2-J "+ *H bi 2-2i HX

hQ +Bi2 i?Bb p2 bBQM,

a? MF? K H "Qb2- h?B# mi JmMb+?- "M m/ G MQm2- G m BM2 : "Qb-
2i HXX ISG*@>_Ja M HvbBb _2p2 H2/i?2 .Bz2 ' 2MiB H ++mKmH iBQM
GB;M Mb M/ L2QHB;M Mb BM AM oBi"Q *mHIim 2b Q7 GBMmK mbBi iBb
6  QMiB2 b- kyky- RR- TTX8y3e83X RyYyXjjANf7THbXkykyX8y3e83 X ? F

> G A/, ? H@yjRR83ke
2iiTh,ff? H@MmMMBp@iQm 'bX "+?Bp2b@Qmp2 i2bX7"
am#KBii2/ QM R3 P+i kykR

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X

.Bbi'B#mi2/ mM/2  * 2 iBpR *EMOKIBRM% 9Xy AMi2 M iBQM H GB+2M


https://hal-univ-tours.archives-ouvertes.fr/hal-03115826
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

:\' frontiers
in Plant Science

ORIGINAL RESEARCH
published: 23 September 2020
doi: 10.3389/fpls.2020.508658

OPEN ACCESS

Edited by:
Jens Rohloff,
Norwegian University of Science and
Technology, Norway

Reviewed by:
Ericsson Coy-Barrera,
Universidad Militar Nueva Granada,
Colombia
Adeyemi Oladapo Aremu,
North-West University, South Africa

*Correspondence:
Nathalie Giglioli-Guivarb
nathalie.guivarch@univ-tours.fr
Bilal Haider Abbasi
bhabbasi@qgau.edu.pk

Specialty section:
This article was submitted to
Plant Metabolism and
Chemodiversity,
a section of the journal
Frontiers in Plant Science

Received: 30 October 2019
Accepted: 28 August 2020
Published: 23 September 2020

Citation:

Bose S, Munsch T, Lanoue A,

Garros L, Tungmunnithum D,

Messaili S,Destandau E,Billet K,

St-Pierre B, Clastre M, Abbasi BH,

Hano C andGiglioli-Guivarth N (2020)
UPLC-HRMS Analysis Revealed the
Differential Accumulation of
Antioxidant and Anti-Aging Lignans
and Neolignans in In Vitro Cultures of
Linum usitatissimum L.

Front. Plant Sci. 11:508658.

doi: 10.3389/fpls.2020.508658

Check for
Updates

UPLC-HRMS Analysis Revealed the
Differential Accumulation of
Antioxidant and Anti-Aging Lignans
and Neolignans in In Vitro Cultures of
Linum usitatissimum L

Shankhamala Bose !, Thibaut Munsch !, Arnaud Lanoue !, Laurine Garros 23,
Duangjai Tungmunnithum 3# Souhila Messaili 2, Emilie Destandau 2, Kévin Billet 2,
Benoit St-Pierre 1, Marc Clastre %, Bilal Haider Abbasi **°*, Christophe Hano
and Nathalie Giglioli-Guivarc 'h**

1EA2106 Biomoleules et Biotechnologies Vgetales, Universitede Tours, Tours, France? UMR7311, Institut de Chimie
Organique et Analytique, Universitd’'Orleans, CNRS, Orlans, France,3 USC1328 Laboratoire de Biologie des Ligneux et
des Grandes Cultures, Universite'Orleans, INRA, Orlans, France,* Department of Pharmaceutical Botany, Mahidol
University, Bangkok, Thailand;, Department of Biotechnology, Quaid-i-Azam University, Islamabad, Pakistan

Over the last few decades, methods relating to plant tissue culture have become prevalent
within the cosmetic industry. Forecasts predict the cosmetic industry to grow to an annual
turnover of around a few hundred billion US dollars. Here we focused ddonum
usitatissimumL., a plant that is well-known for its potent cosmetic properties. Following
the a) establishment of cell cultures from three distinct initial explant origins (root, hypocotyl,
and cotyledon) and b) selection of optimal hormonal concentrations, two vitro systems
(callus vs cell suspensions) were subjected to different light conditions. Phytochemical
analysis by UPLC-HRMS not only commed high (neo)lignan accumulation capacity of this
species with high concentrations of seven newly described (neo)lignans. Evaluation over 30
days revealed strong variations between the two differeint vitro systems cultivated under
light or dark, in terms of their growth kinetics and phytochemical composition. Additionally,
antioxidant {.e. four differentin vitro assays based on hydrogen-atom transfer or electron
transfer mechanism) and anti-aging.€. fourin vitroinhibition potential of the skin remodeling
enzymes: elastase, hyaluronidase, collagenase and tyrosinase) properties were evaluated
for the two differentin vitro systems cultivated under light or dark. A prominent hydrogen-
atom transfer antioxidant mechanism was illustrated by the DPPH and ABTS assays. Potent
tyrosinase and elastase inhibitory activities were also observed, which was strongly
in uenced by thein vitro system and light conditions. Statistical treatments of the data
showed relationship of some (neo)lignans with these biological activities. These results
con rmed the accumulation of ax (neo)lignans in differenin vitro systems that were
subjected to distinct light conditions. Furthermore, we showed the importance of optimizing
these parameters for specic applications within the cosmetic industry.

Keywords: lignans, neolignans, callus, cell culture, antioxidant activity, anti-aging activity
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INTRODUCTION 2009 and anther Nichterlein et al., 199IRutkowska-Krause
et al., 200Bexplants. Additionally, callus\(jum et al., 2017%a

Records on the cosmetic usage of natural plant products daiihir et al., 201)8and cell suspension culturestioumbreet al.,

back to ancient times as described in famous texts, including 2006z Attoumbre et al., 20060Hano et al., 20Q68eejmohun

Ayurvedic books on traditional Indian medicine (3,62M00 et al., 2007Hano et al., 20Q&orbin et al., 2013&orbin et al.,

BC), 2) Chinese pharmacopoeia, Bje Divine Farmés Herb-  2013hGabr et al., 205@&njum et al., 2017Nadeem et al., 2018

Root Classig by Shen Nong (3,494 BC), and 4) the ancientNadeem et al., 2018hmad et al., 20%Markulin et al., 201p

Greek book“De Materia Medica written by Pedanius producing higher amounts of industrially important lignans and

Dioscorids Qta and Yokoyama, 20).0However, regardless of neolignans have also been described.

a vast and well-established ethnobotanical knowledge base, veryFlax is considered to be a potential cosmetic ingredient all

few plants have been thoroughly investigated in modern timesver the world, including ChinaQhina Food & Drug

for their potential use within the cosmetic industiofignzossie  Administration, 201} It is therefore surprising that this

etal., 201y multifunction and economically important crop has hardly
Within this modern era of technology and globalization, it isbeen exploited within the cosmetic industry. Thus, the main

quite surprising to nd a shift in consumer preference from objective of this study was to establish cell lines (solid and liquid)

chemical based synthetic products to more naturalgoeeri  of L. usitatissimumproducing valuable specialized metabolites

products. This could perhaps be explained by the increasingf great importance for cosmetics.

concerns of side effects that are associated with chemical

products Hazra and Panda, 20)L.3However, due to a recent

increase in the global demand for active plant ingredients With"MATERIALS AND METHODS

the medical and cosmetic industries, medicinal plant species are

now experiencing severe mass exploitation which may ultimate{g hemicals and Reagents

lead to their extinctionin vitro plant tissue culture technology The extraction solvents used in this experiment were of analytical
can aid in supplying the growing global demand for activeyrade, supplied by Thermo Sciemti(Courtaboeuf, France),
biomolecules, without over exploitation of plant biomesyhile all other standards and reagents were purchased from
(Barbulova et al., 20).4 Sigma-Aldrich (Saint-Quentin Fallavier, France).
Moreover, the use of plant cell cultures instead of cultivated
plants for active biomolecule production may help to overcomg|ant Material and Establishment of Callus
limitations of inconsistent quality due to seasonal changeshe selection of explants (hypocotyls, cotyledons, and roots) and
cultivation methods and geographic variations. Batch to batcBa|lus formation was achievedidwing the protocol described by
inconsistencies can also be avoided by creating an environmeitng et al. (2006)with slight modi cations. Briey, hypocotyl
that is free of pathogens and contaminatidia(bulova et al.,  explants were chosen, and the best growing callus was found to be in
2019. Furthermore, due to the controlled conditions associateqjyrashige and Skoog (19a%edia containing 2 mg.E BAP and
with this technology, it can also be successfully applied tg 5 mg.L* NAA. Cultures were maintained under two illumination
increase the amount of active biomolecule production by usingonditions: 1) one with 12 h light with 25 uE frs * light intensity/
biotransformation techniques and/or elicitation of stress (biotic|2 h dark and 2) the other in total darkness (24 h per day). Light
and abiotic) conditions. intensity was measured by using Luxmeter under the light source.
Linum usitatissimumL., often referred to asax, is @ |lumination was ensured by dared/white LED (18 W, Green
commercially important plant, belonging to the Linaceae familypower TLED DR/W, Philips). The growth room temperature was

Its literature dates back to 5,000 BC when it was primarilynaintained at 24°C for both conditis. The callus was subcultured
cultivated for ber and oil in Western Europe, Mediterranean after every 30 days for both conditions.

region, North Africa and South-West Asia¢mah, 200;1Zohary
et al.,, 201p Recent studies df. usitatisimumhave elucidated Establishment of Suspension Culture
several useful properties of the plant, including anticariéein{  For initiation of cell suspension culture, approximately 1 g of
etal., 201} anti-diarrhea Palla et al., 20)@nti-microbial @akht  fresh weight (FW) callus was added to a 125 ml Erlenmeagk
et al., 201) anti-in ammatory Qomah, 200), antioxidant and  containing 25 ml of MS media forted with 2 mg.L*
prevention against cardiovascular diseages\ar et al., 20)1  benzylaminopurine (BAP) and 0.5 mg‘L1-Naphthaleneacetic
Part of these health berts has been associated with the presencgcid (NAA). The suspension cultures were kept on a gyratory
of (neo)lignans in ax. Following their consumption, plantlignans shaker at 120 rpm, at 24°C. Then suspension cultures were
are converted to enterolignans (enterolactone and enterodiol) iyaintained either in 12 h light/12 h dark or 24 h darkness and
intestinal microbes in the gut which have been reported to reducsubcultured every 14 days.
the occurrence of different cancetsaife et al., 2009Zanwar
etal., 201)L Study of Growth Kinetics

There are many reports describimg vitro tissue culture For analysis of growth kinesic(callus and cell suspension
systems used for propagatihg usitatisimumfrom hypocotyl culture), 10 sampling points were studied over a period of 30
(Cunha and Ferreira, 199®ediovaet al., 2000Salaj et al., days with 3 interval days.
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For the determination of the FW of the suspension culturepluviatolide ([M+H]*; m/z 357; RT = 11.36 min),
the cells were harvested bitration using a 0.4%m stainless (13) guaiacylglycerdd-coniferyl aldehyde ether hexoside ([M+H-
steel sieve, then washed twice with distilled water to remove a@H,0]"; m/z 519; RT = 11.74 min), (14) phillygenin ([M-H]
trace of medium. In order to remove the excess adhering watan/z 371; RT = 13.23 min). Peak integration was performed
the cells are manually pressed between titer papers several using the ApexTrack algorithm with a mass window of 0.1
times until no more traces of liquid are visible on the papers. Th®a and relative retention time window of 1 min followed by
cells are then weighed. For dry weight (DW) estimation, cellSavitzkyGolay smoothing (iteration = 1 and width = 1). The
were frozen and lyophylized 48 h (lyophilizator CHRIST Alpharesulting pairs of m/z values and retention times were also

1-5) and then weighed. manually examined.
_ As there are limited reference mass spectra available for
Plant Extract Preparation lignan and neolignan identtation, high-resolution mass

Dried cells were ground to ane powder with a mortar and spectrometry was further employed for comation of UPLC-
pestle. Fifty milligrams of the powder was extracted in 1 mDAD-MS identi cation. Chromatographic analyses were
ethanol/water solution (75%, v/v) in a sonication bath for 1 hperformed using an Ultimate 3000 RSLC system equipped with
The extracts were then centrifuged at 18,000 g for 10 mira binary pump, an autosampler and a thermostated column
Supernatant (500 pl) was collected and stored 28°C for  compartment (Dionex, Germering, Germany). Analytes were

performing bioassays and metabolic diog. separated on a Luna omega C18 column (150 x 2.1 mm; 1.6
pum, Phenomenex) at 40°C. The mobile phase atarate of 500
UPLC-MS Analyses ul.min *was composed of solvent A (0.1% formic acid in water)

For detection of phenolics, lignans, and neolignans, UPLC-M&nd solvent B (0.08% formic acid in acetonitrile); the gradient
analyses were performed according3ttet et al. (2018)Briey,  program was as follows: 97% A and 3% B from 0 to 3 min, 55% A
the analysis was performed on an ACQUWYJItra Performance and 45% B at 12 min, 10% A and 90% B from 14 to 15 min, 97%
Liquid Chromatography system coupled to a photo diode array\ and 3% B at 15.5 min, then the column was re-equilibrated
detector (PDA) and a Xevo TQD mass spectrometer (Waterginder initial conditions during 3 min. The injection volume was
Milford, MA). The Xevo TQD was controlled by MassLynx 4.12 ul. MS experiments were performed on a maXis UHR-Q-TOF
software (Waters, Milford, MA) and equipped with an electrospraynass spectrometer (Bruker, Bremen, Germany) in positive and
ionization (ESI) source. Sameparation was accomplished by negative electrospray ionization (ESI) modes. Capillary voltage
Waters Acquity HSST3 C18 column (150 x 2.1 mmpindwitha  was set at 4.5 kV in positive mode and 4.0 kV in negative mode.
ow rate of 0.4 ml.mint at 55°C. The injection volume wasyt  The ow rates of nebulizing and drying gas (nitrogen) were
The mobile phase consisted of solvent A (0.1% formic acid (FA) irespectively set at 2 bars and 9 L.mjrand drying gas was
water) and solvent B (0.1% rfoic acid in acetonitrile). heated at 200°C. The analysis was made with an acquisition
Chromatographic separationaw accomplished using a 19-min frequency of 0.6 Hz for MS and MS/MS; the mass scan range was
linear gradient from 5 to 60% mobile phase B. Mass spectrometget fromm/z 50 to 1,550. MS/MS experiments were carried out
(MS) detection was performed in both positive and negativeising data dependent acquisition (DDA) mode. Two collision
ionization modes, the source temperature being 120°C and theergies were applied accordingnidz, and the spectra were
desolvation temperature 350°C. The capillary voltage was 3,000aWeraged to obtain MS/MS spectra from 20 and 45 eW al40
and sample cone voltages were 30 and 50 V in full scan mode. Tie 35 and 78 eV ain/z 1,000. Data were processed using
cone and desolvation gaow rates were 60 and 800 L'h DataAnalysis 4.4. The molecular formula was calculated using
respectively. Analytes were annotated according to their retentiahe following parameters: elemental composittéa, *H, 0,
time, UV, and mass spectra bynggarison with pure commercial “N,_s and mass accuracy2 ppm. The HRMS data for the 14
standards and data from the literatufiable S). Integration of the  identi ed metabolites are presentedTiable 1
peaks was done using TargetLynx software. Targeted data collectionAll the 14 metabolites idented were followed during growth
was carried in selected ion monitoring (SIM) mode forgjthre  kinetic in callus and cell suspensions, and the relative abundance
guaiacylglycerdb-coniferyl alcohol ether glucoside ([M+H- of each metabolite is estimated according Arbitrary Unit (AU) by
2H,0]"; m/z 521; RT = 5.66 min), (Qhrecguaiacylglycerd- mg of DW.
coniferyl alcohol ether glucoside ((M+H-28"; m/z 521; RT =
5.79 min), (3)p-coumaric ((M-H] ; m/z 163; RT = 6.49 min), (4) Antioxidant Activity
dehydrodiconiferyl alcohol-#-D-glucoside isomer 1([M+H- DPPH Radical Scavenging Assay
H,0]"; m/z 503; RT = 7.3 min), (Sgrythroguaiacylglycerdl-  To determine the antioxidant activity in the cell culture extracts,
coniferyl alcohol ether ([M+H-2bD]"; m/z 341; RT = 7.69 min), the 2,2-Diphenyl-1-picrylngrazyl (DPPH) antioxidant free
(6) threoguaiacylglycerab-coniferyl alcohol ether ([M+H- radical scavenging assay was performed according to the
2H,0]"; m/z 341; RT = 7.85 min), (7) dehydrodiconiferyl method described byee et al. (1998)Brie y, 20 pl of cell
alcohol-4b-D-glucoside isomer 2 ([M+H-D]"; m/z 503; RT =  extract was mixed with 180 pl of DPPH reagent and kept for
8.3 min), (8) secoisolariciresinol ((M+H-28]"; m/z 327; RT = 30 min in the dark at room temperature, after which the
9.42 min), (9) lariciresinol ((2M+H]} m/z721; RT =9.77 min), (10) absorbance was noted using a microplate reader at 517 nm.
epipinoresinol (M+H-HO]" m/z 341; RT = 9.9 min), (11) Trolox C was used as positive control. The assay was performed
pinoresinol ([M+H-H2QO]+; m/z 165; RT = 10.48 min), (12) in triplicate and results expressedni of Trolox C Equivalent
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TABLE 1 | UHPLC-HR-ESI-MS data oLinum usitatissimumcell suspension extracts.

Peak RT Compound class CompoundAssignement Molecular m/z measured m/z Error

(min) formula calculated [ppm]

1 5.68  neolignan erythro-guaiacylglycerolb-coniferyl alcohol ether C26H33011 521.202052 [M+H-  521.201738 0.6
glucoside H20T"

2 5.80 neolignan threo-guaiacylglycerolb-coniferyl alcohol ether C26H33011 521.201547 [M+H-  521.201738 0.4
glucoside H20T"

3 4.26  phenolic acid p-coumaric acid C9H903 165.054376 [M+H]  165.054621 15

4 7.19  neolignan dehydrodiconiferyl alcohol-#-D-glucoside isomerl ~ C26H31010 503.1909 [M+H-H20] 503.191174 1.6

5 7.35 neolignan erythro-guaiacylglycerolb-coniferyl alcohol ether C20H24NaO7 399.14164 [M+N&]  399.14142 0.5

6 7.52  neolignan threo-guaiacylglycerolb-coniferyl alcohol ether C20H24NaO7 399.14150 [M+N&] 399.14142 0.2

7 7.80 neolignan dehydrodiconiferyl alcohol-#-D-glucoside isomer2 ~ C26H33011 521.201475 [M+H] 521.201738 1.6

8 6.78  dibenzylbutane secoisolariciresinol C20H2706 363.180449 [M+H] 363.180215 0.6

9 9.31 furan lariciresinol C20H24Na06 383.146804 [M+N&] 383.146509 0.8

10 9.37  furofuran epipinoresinol C20H2306 359.148467 [M+H]"  359.148915 12

C20H22Na06 381.131 [M+NaJ 381.130859 0.4

11 9.74  furofuran pinoresinol C20H22NaO6 381.131389 [M+N4] 381.130859 1.4

12 10.68 dibenzylbutyrolactone pluviatolide C20H2106 357.133699 [M+H] 357.133265 1.2

13 10.93 neolignan guaiacylglycerab- C30H3309 537.211577 [M+H]  537.211909 0.6

coniferyl aldehyde ether hexoside
14 12.09 furofuran Phillygenin C21H24NaO6 395.146532 [M+Na] 395.146509 0.1

Antioxidant Capacity (TEAC) using a 6-point calibration curvepul of CUPRAC solution, containing 10 mM Cu(ll), 7.5 mM

(R? = 0.9994). neocuproine, and 1 M acetate buffer (pH 7.0) in a 1:1:1 (v/v/v)
ratio. The mixture was then incubated for 15 min at 25°C and the
ABTS Radical Scavenging Assay absorbance recorded at 450 nm using the BioTek ELX800

This assay, also known as Trolox equivalent antioxidant capaci@psorbance microplate reader (BioTek Instruments, Colmar,
assay, was performed with the 22inobis-(3-ethylbenzothiazoline- France). Trolox C was used as positive control. The assay was
6-sulfonate) (ABTS) radical as described hyliazucchi et al. (2010) performed in triplicate and results expressedih of Trolox C

with slight modi cations. Briey, equal volumes of 7 mM ABTS Equivalent Antioxidant Capdéy (TEAC) using a 6-points
solution were added to 2.45 mM potassium persulphate solution arehlibration curve (R= 0.9997).

incubated in the dark for 16 h at room temperature. Next, the ] o

absorbance was recorded at 734amd adjusted to 0.7, after which Anti-Aging Activity

the extracts were added. The reaction was then kept in the dark fGiollagenase Assay

15 min at 25°C, and the absorbance was measured again at 734 nnTye collagenase assay was performed accordiligittenauer

the use of BioTek ELX800 absorbance microplate reader (BioTekal. (2015)Collagenase fror@lostridium histolyticun{Sigma
Instruments, Colmar, France). Tom C was used as positive control. Aldrich) was used with the substrate N-[3-(2-furyl)acryloyl]-
The assay was performed in triplicate and results expressttion  Leu-Gly-Pro-Ala (FALGPA; Sigma Aldrich) and the decrease in
Trolox C Equivalent Antioxidant Capacity (TEAC) using a 6-pointabsorbance of FALGPA was monitored at 335 nm over a period

calibration curve (R= 0.9977). of 20 min, using a BioTek ELX800 absorbance microplate reader
(BioTek Instruments, Colmar, France). All the reactions were
FRAP Assay performed in triplicate, and the anti-collagenase activity was

Ferric reducing antioxidant paw assay (FRAP) was carried out detected as a percentage of inhibition relative to the control (by
according to the protocol described Bynzie and Strain (1996) adding the same volume of extraction solvent) for each extract.
with small modi cations. Briey, 10 ul of sample plant extract was 1,10-Phenantroline (100 pM) was used as the spéaaiibitor of
added to 190 pl of FRAP solution, which was composed of 20 midollagenase leading to an inhibition of 33.6 + 2.2%.

FeC} 10 mM TPTZ, 650, along with 300 mM acetate buffer (pH

3.6) in 1:1:10 (v/v/v) ratio. The reaction mix was incubated folElastase Assay

15 min at 25°C. The absorbance was then measured at 630 nm uskry this assay, porcine pancreaiigstase (Sigmadkich) was used

a BioTek ELX800 absorbance microplate reader (BioTekccording to the protocol described Wyittenauer et al. (2015)
Instruments, Colmar, France). Trolox C was used as positiidere, N-Succ-Ala-Ala-Alg-nitroanilide (AAAVPN; Sigma
control. The assay was performed in triplicate and resultéldrich) was used as a substrate, and the releasaitobaniline
expressed imM of Trolox C Equivalent Antioxidant Capacity was measured at 410 nm using an absorbance microplate reader

(TEAC) using a 6-pointalibration curve (R= 0.9941). (BioTek ELX800; BioTek Instrumisih All the experiments were
performed in triplicate, and the anti-elastase activity was expressed
CUPRAC Assay as a percentage of inhibition relative to the control which consisted

A modi ed method ofApak et al. (2004yvas used to determine of the same volume of extraction solvent. Oleanolic acid (10 pM)
the cupric ion reducing antioxidant capacity (CUPRAC) of thewas used as the specinhibitor of elastase leading to an inhibition
samples. Brigy, 10 pl of sample plant extract was mixed with 1900f 47.8 + 1.4%.
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Hyaluronidase Assay either alone or in combinationT@ble 2. Media containing
The assay for hyaluronidase inhibitory action was carried out agytokinin in combination with auxin resulted in the highest
described byKolakul and Sripaidkulchai (2017) For the accumulation of callus biomass. Murashige and Skoog (MS)
reaction, 1.5 units of hyaluronidase (Sigma Aldrich) was adde1969 media supplemented with 2 mgiBAP and 0.5 mg.L*

to the substraté.e. 0.03% (w/v) hyaluronic acid solution, after NAA gave the maximum growth indeXgble 2.

which, acid albumin solution [0.1% (w/v) BSA] was used to Next, we evaluated the inence of the explant origin on
precipitate undigested form of hyaluronic acid. The absorbanagallus formation using root, cotyledon, or hypocotyl starting
was recorded at 600 nm using an absorbance microplate readetplants. Callus formation was observed for each of these initial
(BioTek ELX800; BioTek Instruments, Colmar, France). All thexplants. Growth index as the ratio betweeral biomass and
experiments were performed in triplicate, and the hyaluronidastitial biomassite, 1 g FW per petri dish for 5 micro-callus) has
inhibitory action was expressed as a percentage of inhibitiobeen deduced for each case for determination at day 20 of
relative to the control which consisted of the same volume ofultivation on MS media containing 2 mgLBAP and 0.5
extraction solvent. Oleanolic acid (10 pM) was used as theg.L * NAA. The present results showed that hypocotyls
specic inhibitor of hyaluronidase leading to an inhibition of constituted the best initial explants for the establishment of
33.5 + 2.8%. calli in terms of biomass accumulatiofiable 3.

Tyrosinase Assay Study of Growth Kinetics

Tyrosinase inhibitory assay was carried out as describ&thby The growth kinetics of cell suspensidfigure 1A) and callus

et al. (2018)Brie y, the diphenolase substrat®OPA (5 mM;  (Figure 1B under light or dark were studied in usitatissimum
Sigma Aldrich) was mixed in sodium phosphate buffer (50 mMgpver a period of 30 days. We decided to focus on dry weight (DW)
pH 6.8) with 10 ul ofL. usitatissimunmextract after which, 0.2 measurements, as fresh weight (FW) cannot provide an accurate
mg.ml* of mushroom tyrosinase solution (Sigma Aldrich) wasevaluation of biomass productioRgrk and Kim, 1993 In ax
added to the reaction mixture to make @al volume of 200 pl. A callus cultures the maximum biomass accumulation (DW) was
control experiment was performed in parallel using an equabbserved on day 30 of cultuféigure 1B. In light grown cultures
amount of extraction solvent. The absorbance of the reactiofFigure 24), 1.176 g DW/ask was recorded, while 0.702 g DW/
was measured using an absorbance microplate reader (BioTeksk was measured for cultures growing in the dBigure 2B).
ELX800; BioTek Instruments) at 475 nm. All the experiments werln both conditionsi.e. dark and light, the exponential-growth
performed in triplicate, and the hyaluronidase inhibitory actionphase started from day 9 of culture, after an initial lag phase.
was expressed as a percentage of inhibition relative to the conti®hereas in cell suspension cultures, the exponential-growth phase
for each extract. Kojic acid (10 pM) was used as the speci
inhibitor of tyrosinase leading to an inhibition of 51.2 + 0.9%.

TABLE 2 | Growth indices ofL. usitatissimumcalli grownin vitroon Murashige

Statistical Analysis and Skoog media containing different 1-naphthaleneacetic acid (NAA) and 6-
Visualization of the data and data analysis were carried out Wiljﬁenzylaminopurine (BAP) hormonal concentrations after 20 days of culture.
MeV 4.9.0 softwareS@eed et al., 200FEvery experiment was naamg/L) BAP(mg/L) Growth index 1

carried out in triplicate. Statistical sigoance from different

treatments was revealed after one-way analysis of variance g'; 1 i'jgfg'ggj
(ANOVA) followed by Tukels test. Partial Least Square (PLS) | 1 1.76 + 0.05 ©
models were performed using SIMCAP+ version 13.0 (Umetrics .1 2 2.07 + 0.10°
AB, Umed, Sweden) with 14 metabolites as X variables and eight 0.5 2 2.79 + 0.03*

2 2.67 + 0.09*

biological activities as Y variables. All variables were mean-centered 1
and unit-variance (UV) scaled ipr to PLS. Correlation analysiS :Growth index represents the ratio ofnal biomass (in dry weight (DW)) divided by the initial
was performed using Past 3.0 (Qy\/ind Hammer, Natural Historyiomass (in DW) determined at day 20 of cultivation. No callus induction was observed on
Museum, University of OS|0, OS|O, Norway) using the PearsoHlurashige and Skoog megium without aintion of ahy phytohormong. Values are means +
. . . . . SD of 3 independent experiments; superscript letters indicate sigoant differences (p < 0.05).

parametric correlation test and visualized using Heatmapper
(Babicki et al., 20)6 Signi cant thresholds at p < 0.05 with
signi cant differences represented by different letters or p < 0.0%aBLE 3 | Growth indices inL. usitatissimumcalii as a function of the initial
<0.01, and <0.001 were used for atistical tests and represented explant grown on Murashige and Skoog media containing 2 mg.t 6-

by different letters or by * xx gnd ** respectively. benzylaminopurine (BAP) and 0.5 mg.Et 1-naphthaleneacetic acid (NAA).
Initial explant origin Growth index !
Root 2.55 £ 0.06"

RESULTS Hypocotyl 2.79 + 0.03%
Cotyledon 224 +0.07

EStainShment Of Ca"US CUIture *Growth index represents the ratio ofnal bi [ind ight (DW)] divided by the initial
. . . . al biomass [in dry weig ivided by the initial

The_ mos_t Optlmal callus |nduct|_on frequency \_NaS eStathI‘_]e.d l}M)mass (in DW) determined at day 20 of cultivation. Values are means + SD of three

testing different hormonal combinations of auxins and cytokininsindependent experiments; superscript letters indicate sigeant differences (p < 0.05).
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Peaks 3, 8, 9, and 11 were undoubtedly idedtiasp-coumaric

acid, secoisolariciresinol, lariciresinol, and pinoresinol

= light respectively, by comparison with pure standards. Peaks 1 and 2

e dark ' show similar MS and UV spectra. In &8ode the following ions

0.4 e o are produced; [M+H-HO]" at m/z 521, [M+H-glucosépht m/z

I *—o 377.0, and [M+H-glucose-28]" atm/z 341.1. In ESmode, an

e [M+FA-H] ion atm/z583.2 and an [M-H-glucose]on atm/z

375.2 were detected. These spectral features corresponded to the

two isomers previously reported irmx cell extractsBeejmohun

et al., 200y aserythro(peak 1) andhreo(peak 2) forms of the

guaiacylglycerdb-coniferyl alcohol ether glucosides (GGCG).

. Peaks 4 and 7 showed similar MS and UV spectra. Tmisle

0.1 they produce the following ions: [M+H-#D]" atm/z 503, [M+H-

H,0-glucose] at m/z 341. In ESmode, [M+FA-H] ions atm/z

565, [M-H-H,O-glucose] ions atm/z 339.1 and [2M-H] ions at

0 3 6 9 12 15 18 21 24 27 30 m/z 1039 were detected. These chemical features corresponded to
Days dehydrodiconiferyl alcohol-B-D-glucosides in agreement with

Beejmohun et al. (2007 Qur analyses enabled the detection of two

isomers provisionally assigned as dehydrodiconiferyl alcohel-4-

D-glucoside (DCG) isomer 1 (peak 4) and isomer 2 (peak 7),

whereas previous studies reported only one isorgoi{mbre

et al., 2006aBeejmohun et al., 20p7Peaks 5 and 6 produced

DW (g.flask)
o
w
L ]

o
o
L

vs)
— -
o8] =Y
]

=
=}

- i similar MS and UV spectra. In E®node they produced [M+H-
= ks P . 2H,0]" ions atm/z 341.0, [M+Na] ions atm/z 398.9, and [2M-
‘3’ i i 2H,0+H]" ions atm/z 717.1. In ESmode, [M-H] ions atm/z
o Y 375, [2M-H] ions atm/z 751.5, [M-H-H,O-CH,QO] ions atm/z
o o 327.1, and [M-H-HO-CH,0-CHz] ions atm/z 312. 3 were
' ~ - detected. The structures of these two isomers were tentatively
0.2 e identi ed aserythro (peak 5) andthreo (peak 6) forms of the
g ° guaiacylglycerdb-coniferyl alcohol ether (GGC), whereas only
0 . their glucoside forms have been previously reportedaix cell
0 3 6 9 12 15 18 21 24 27 30 extracts Beejmohun et al., 2007n ES mode, peak 10 produced

Days the following ions: [M+H-HO]* at m/z 341.1, [M+H-2HO]" at
m/z 323.0, and [M+H-HO-2CH,]* atm/z 311.1. In ESmode an
oo ML ion almiz 715.2, [M+EAH] on atmz 4031, [M-+
wzrigr:f’(Jlr;;:/()ar:)f callusrgrowr?in theglight (Blue); drySveight of callusygrown?; the HZO] ion atm/z 339.1 and [M'H'an ion atm/z 327.2 were

dark (Red)(B) Dry weight (DW) of cell suspension culture grown in the light detected. These chemical features were similar to those observed
(Blue); dry weight of cell suspension culture grown in the dark (Red). for pinoresinol (peak 11) and might be assigned to its enantiomer
epipinoresinol. The compound has been previously reported in
was activated earlier on day 3 in the light condition and on day 6 ifrorsythia intermediacell suspension culturess¢hmitt and

the dark condition Figure 1A). The highest suspension cell Petersen, 209and now, for the rst time, in ax cells. In ES
culture DW in the light was recorded on day 27 (0.39%gk) mode, peak 12 produces an [M+H:®] " ion atm/z 339.1, and an
whereas in the dark the highest biomass was recorded on day [M+H-2H,0]" ion at m/z 321.0. In ESmode, the same peak
(0.359 g/ask). These two opposing conditions, light (Figure  produces an [M-H-HO] ion atm/z 337.1 and an [M+FA-H]

2C) and dark Figure 2D), were studied to see if there was anyion at m/z 400.9. The formation of the two characteristic
effect of the photoperiod on biomass accumulation. Light did nofragments [A] ion at m/z 137 and [B] ion at m/z 161 allowed

have an effect on the growth of suspension cell cultures. for unambiguously assigning these compounds as pluviatolide as
previously described from aerial parts lof usitatissimum

ldenti cation of Metabolites by (Schmidt et al., 2008 The presence of pluviatolide ib.

UPLC-DAD-MS usitatissimumcell suspension cultures is described for thet

To identify the phenolic compounds in cell extracts lof time in this study. In ESmode, peak 13 produces an [M+H-
usitatissimum qualitative UPLC-DAD-MS/MS analysis in both H,O]" ion at m/z 519.2, an [M+H-HO-hexosid€] ion at m/z
ES and ES modes were carried out, and major peaks wereg57.0 (hexose neutral lossl62 Da). In ES mode, peak 13
annotated according to their MS and UV featurBalfle 1, Figure  produces an [M-H+FA] ion at m/z 581.1, an [M-H-HQO] ion
S1 and Table S). The 14 major analytes were assigned byat m/z 517 and an [M-H-HO-hexose] ion at m/z 355 (hexose
comparison with pure standards or data from the literatureneutral loss: 162 Da), with the UV spectrum showingd max at
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FIGURE 2 | Pictures of representative.. usitatissimumcultures. (A) Callus culture in the light after 30 daygB) Callus culture in the dark after 30 days.
(C) Suspension culture in the light after 27 days of culture. Suspension culture in the dark after 24 days of cul{@e

277 and 344 nm. These MS and UV characteristics correspondedmparatively higher than under dark conditionSigures
to the hexoside form of guaiacylglycebetoniferyl aldehyde 3B, S2B.
ether described byrao et al. (2018)Consequently, this Epipinoresinol and pluviatolide were the major lignans af
compound was tentatively assigned as guaiacylglyberol-callus and cell suspension cultir@heir biosynthesis appeared to
coniferyl aldehyde ether hexoside. To our knowledge, we are the growth associated with maximum accumulation at the end of the
rst to report its presence inax cells. In ESmode peak 14 exponential growth phase. No sigrant difference was observed
produces an[M+Nd]ion atm/z 394.9, an [M+H-HO-CH3]"ion  between the accumulations in callsscell suspension. However, a
atm/z 341.0, and in ESnode an [M-H-H,0] ion atm/z 352.9  stimulation of the light on theiaccumulation has been observed.
and an [M-H-2CH;] ion atm/z 341. These MS spectral featuresFor the accumulation of other lignans, phillygenin was higher in the
enabled us to provisionally assign this compound as phillygenidark-grown callus, while secoisolariciresinol and lariciresinol
as previously described in sesame seed extradtsi(d contents were higher in the cell suspension under light

et al., 200B conditions. Under these conditions, pinoresinol accumulation did
_ o ] not show any marked variation.
Accumulation of Specialized Metabolites DCG (isomer 1) was the main neolignan produced in both

The accumulation of these compounds in the cell cultures wasulture and cell suspension conditions. The DCG (isomer 1)
measured over a period of 30 days. We observed thaccumulation was twofold more important in cell suspension (day
accumulation of 14 different specialized metabolited.in 6) than in callus (day 3), with an observed stimulating effect of light.
usitatissimumecallus and cell suspension cultures, followingin both types ofin vitro culture, its maximum accumulation was
UPLC-HRMS analysid={gures 3 S2. observed both at the beginning and at the end of the culture cycle.

The analysis of specialized metabolite accumulation in callu/ith the exception oerythreguaiacylglycerdb-coniferyl alcohol
grown under lightversusdark conditions showed a higher ether glucosidegrythreguaiacylglycerdb-coniferyl alcohol ether,
accumulation of these metabolites on day 18 of cultivatioand threeguaiacylglycerdb-coniferyl alcohol ether, all of which
under light conditions Figures 3A S2A). Similar results were peaked at day 18 inax cell suspension under light conditions, the
obtained for cell suspension cultures propagated under ligl#ccumulation of other neolignans under other conditions remained
conditions, where the production of specialized metabolites waslatively stable throughout the culture cycle.
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FIGURE 3 | (A) Comparison of metabolic variations ii.. usitatissimumcallus cultures in the light and dark(B) Comparison of metabolic variations if.
usitatissimumcell suspension cultures in the light and dark. A.U. m§ refers to the sum of arbitrary unit of each compound per mg of DW.

Antioxidant and Anti-Aging Activities antioxidant activity observed on day 18 of culture foriall
A complete evaluation of antioxidant and anti-aging activities ofiitro assays (with TEAC of 558.5 uM (ABTS), 334.7 uM (DPPH),
all the cell extracts df. usitatissimumwas performed. In total, 142.8 uM (CUPRAC), and 108.5 uM (FRAP)).
four different types of assays were performed in order to provide a Next, we examined the anti-aging capacity df alkitatissimum
complete view on the antioxidant capacities of the extracts: tweell extracts by performing four different assays. Tyrosinase, elastase,
assays (DPPH and ABTS) to detect antioxidants acting throughallagenase, and hyaluronidaseliitors are of great interest to the
hydrogen-atom transfer (HAT) mechanism, and two other assaysosmetics industry. From heat map&ire 5), it can be interpreted
(CUPRAC and FRAP) acting through a single electron transfethat anti-tyrosinase and antiastase activities displayed a
(ET) mechanismHrior et al., 199@&nd Apak et al., 2007 comparatively higher propensity in the dark than in the light. But

It is clear fromFigure 4and Table S2hat ABTS and DPPH in more details, cell suspension, in particular SL18 exiract€ll
activities were higher in comparison to the CUPRAC and FRARuspension grown under light conditions on day 18 of culture)
activities. Nonetheless, cell suspension extracts grown undaesented the maximum inhibitory action for tyrosinase and
light conditions showed the best result, with the highestlastase enzymes with observed inhibitions of 50.6 and 34.9%,
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FIGURE 4 | Heat map showingin vitro antioxidant activity in all the cell cultures of cell suspensions and callus extractd ofisitatissimumover a time period of 30
days. Antioxidant activities are expressed in uM of Trolox C Equivalent Antioxidant Capacity (TEAC). Values are preseniadle S2 . DPPH, 1,1-Diphenyl-2-picryl-
hydrazyl; ABTS, 2,2-azinobis-(3-ethyl-benzothiazoline-6-sulfonic acid); FRAP, ferric reducing antioxidant power; CUPRAC, cupric reductiaxiaant capacity; HAT,
hydrogen atom transfer antioxidant mechanism; ET, electron transfer antioxidant mechanism.

FIGURE 5 | Heat map showing relativen vitro anti-aging activity inhibitory activity against skin remodeling enzymes) of cell suspensions and callus extradts of
usitatissimumover a time period of 30 dayslIn vitroanti-aging activities are expressed in inhibition % relative to the control (same volume of extraction solvent).
Values are presented ifTable S3.

respectivelyKigure 5 Table S3. Better results have been achievedalcohol-4b-D-glucoside isomer2, guaiacylglycevetoniferyl

with collagenase and hyaluronidamhibition of callus cultures. aldehyde ether hexoside), the lignans (secoisolariciresinol,
Neverthelessl.. usitatissimumextracts did not have major epipinoresinol, pinoresinol) and the anti-oxidant tests (ABTS,
inhibitory effects on collagenase enzyme activity, with &RAP and CUPRAC) suggested that under light treatment these
maximum inhibition of 11.9% observed for CL3 extraict,( metabolites are induced resulting in higher antioxidant activities. It is
callus grown under light conditions on day 3 of culture). On thenoteworthy that biomass asmulation (DW and FW) was not
contrary, the same CL3 extract showed the maximum inhibitonassociated with the variableorresponding to metabolic
potential for the hyaluronidase enzyme with a 52.8%composition and biological activities. For callus cultures, the PLS

inhibition observed. score plot of the tworst components shown irigure 6Cexplained
_ ] o 77% of the variation and a slight effect of light/dark treatment was
Multivariate Statistical Analyses observed similarly to cell suspemsioultures. Interestingly, the

Partial Least Square models were performed on the data sets fremriables associated with thehtigreatment were the same in the
cell suspensions and callus cultures to extract relevant changeself suspension and callus cultureig(res 6B, D suggesting that in
metabolic composition and biological activities under light or darkooth callus and cell suspension culturedofisitattissimuright
treatments, as well as over time. For cell suspension cultures, theatment induced the production of several lignans and neolignans.
PLS score plot of the twarst components shown iRigure 6A To evaluate the connection between phytochemicals and biological
explained 72.3% of the variation and revealed a slight effect of thetivities of the extracts, Pearson cciefit correlations (PCCs) were
light/dark treatment along component 1 axis. The loading plotcalculatedFigure 7 Table S4. From this analysis, according to their
(Figure 6B showed the variables potentially responsible for thénigh and signicant PCC values, the lignans epipinoresinol,
discriminations observed iRigure 6A secoisolariciresinol, and rpresinol and the neolignans
As an example, the projection ooroponent 1 positive values of dehydrodiconiferyl alcohol-d-D-glucoside (isomer 2) appeared as
the neolignans gfythreguaiacylglycerdb-coniferyl alcohol ether, the main potential contributors teard the ABTS antioxidant assay. In
threcguaiacylglycerdd-coniferyl alcohol ether, dehydrodiconiferyl addition to these compounds, the two neolignaryhre andthree
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guaiacylglycerdd-coniferyl alcohol ether and guaiacylglycdrol- Administration, 201». Therefore, our objective was to
coniferyl aldehyde ether hexdsiwere highly correlated to the characterize cell suspension estisethat could be used within this
FRAP antioxidant assay. The same compounds were stronglgld. An undoubted advantage of using cell cultures as opposed to
associated with the CUPRAC antioxidant assay, except for DO@hole plants is that they can be usedcigitly for a continuous
(isomer 2) and secoisolariciresinol. No sigant correlation was production of bioactive metabolitesifl et al., 201,&eorgiev et al.,
noted for DPPH radical scavenging assay. 201§. This in turn guarantees more reproducible production of
The lignan epipinoresinol and theealignans dehydrodiconiferyl economically important extracts and under controlled sanitary
alcohol-4b-D-glucoside (isomer 2) and guaiacylglycérabniferyl  conditions. Most importantly, thproduction of these extracts can
aldehyde ether hexoside emergeithasnain possible contributors to  be adjusted to the demand at any time.
tyrosinase enzyme inhibition. A high and sigr@nt correlation Flax cell suspensions have been proposed as a useful system for
pointed to the possibleniplication of pluviatolide in the inhibition the production of plant biomass able to produce and accumulate
of elastase enzyme. A moderate but highly sigmit correlation  bioactive compoundsA{toumbre et al., 200§bL. usitatissimum
between inhibition of hyaluronidase enzyme and neolignans erythraallus-derived cell suspension has been previously initiated from
guaiacylglycerob-coniferyl alcohol ether glucoside and various starting materials: root explantst¢umbre et al., 2006a
dehydrodiconiéryl alcohol-4b-D-glucoside (isomer 1) and lignan Attoumbre et al., 200§phypocotylsiiano et al., 20G&orbin et al.,
epipinoresinol was measured. 20133, or shoots Gabr et al., 20)6Ef ciency in obtaining higher
biomass was assessed starting withardiit tissues. Unsurprisingly,
considering the high organogenesis competency of hypocotyl
DISCUSSION epidermal and sub-epidermal cellsaiblin et al., 2007 these
tissues gave the best results. In the present study, the most optimal
Flax extract is considered to be a potential cosmetic ingredient @illus induction frequency was established by testing different
over the world, including ChinaGhina Food & Drug hormonal combinations of auxins and cytokinins. Murashige and

FIGURE 6 | Partial Least Square models of metabolic composition and biological activities of cell suspengianB) and callus(C, D) cultures under light/dark
treatment. Score plots(A, C) with round size relative to the biomass expressed as dry weight and numbered with the corresponding days of culture. Loading plots
(B, D) with X variables in green and Y variables in blue.
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FIGURE 7 | Pearson correlation analysis (PCC) of the relation between the main phytochemicals framxin vitro culture extracts and the different antioxidant
(ABTS, DPPH, CUPRAC, and TBARS) and anti-aging (tyrosinase, hyaluronidase, elastase, and collagenase) activities. **¢asigmpi < 0.001; ** signicant p < 0.01;
* signi cant p < 0.05; actual PCC values are indicated ifflable S4.

Skoog media containing cytokinin in combination with auxie,2  been mentioned as a stress inducer in several plant species, which
mg.L ! BAP and 0.5 mg.l! NAA) resulted in the highest biomass triggers specialized metabolite biosyntheSiso(iael et al., 2006
accumulationAttoumbre et al. (20061gIso reported higher biomass Younas et al., 201&ahir et al., 201,8Shah et al., 20).9In our
production of L. usitatissimumcell suspension in LS medium study, all the 14 annotated metabolites were followed in callus and
(Linsmaier and Skoog, 19&upplemented with NAA at 1 mgl,  cell suspensions at light or dark for 30 days in order to estimate the
whereassabr et al. (2016eported higher biomass production with effect of the culture parameters on their accumulation. The sum of
B5 medium (Gamborg et al., 19%8upplemented with 2,4D at 1.0 lignans and neolignans in both callus and cell suspensions is nearly
mg.L' and GA at 0.5 mg.L%. Here, the optimal hormonal the same, except for two lignans (epipinoresinol and pluviatolide)
concentrations are in good agreement with our previous resuland one neolignan (DCG isomer 1). A bedial in uence of light
(Hano et al., 20G6Beejmohun et al., 200Hano et al., 2008 on this accumulation was presubiya observed considering their
Corbin et al., 2013aCorbin et al., 2013Markulin et al., 201p relative higher accumulation. Thtial high level of DCG isomer 1
The presence of two lignans (secoisolariciresinol diglucoside [SD&uld be due to the osmotic stress during the subculture as it has
and lariciresinol diglucoside [LDG]) and two neolignansalready been observed with othglienylpropanoids and lignans
(dehydrodiconiferyl alcohol glucoside [DCG] and guaiacylglycerokSeidel et al., 2002Interestingly, phillygenin is the only lignan
b-coniferyl alcohol ether glucoside [GGCG]jrinvitro cultured cells  produced in the same amount in callus, whatever the light
has already been reported lin usitatissimum(Attoumbre et al., condition, while the accumulation of phillygenin in the cell
2006aAttoumbre et al., 2006b1ano et al., 20Q61ano et al., 2008  suspension was stimulated in the dark.

Corbin et al., 2013&orbin et al., 2013tabr et al., 2036\njum In a nal step, we were interested in the biological activities of
et al., 20178Anjum et al., 2017Zahir et al., 20L8Nadeem et al., interest for cosmetic application by using antioxidant and enzymatic
201§ Nadeem et al., 20;18hmad et al., 203 Markulin et al., 2019  anti-aging tests. We observed that light condition produced cell
In this study, using a high relsing chromatographic method extracts with higher antioxidant activity, whereas dark condition
(UPLC), we show for therst time that our newly establishedx  was linked with a higher anti-aging activity. Therefore, light not
callus and their corresponding derived cell suspension lines are ablely activates biosynthesis of lignans and neolignans.in

to accumulate at least 14 lignans, neolignans, and derivatives. Thaséatissimumcells, but also plays a signant role in the
compounds include the four compounds already described and Hological properties of extracts which have been suggested by
metabolites never found before iax cell suspension systems. ThisArias et al. (2016for cell suspension dfhevenia peruviand he
shows the versatility of these cell systems and the usefulnesscofrelation analysis of phytochemicals and biological activities
developing newL usitatissimumcell lines to enhance speci contributed to the identication of metabolites correlated with
metabolic development according to targeted applications. Callastioxidant or anti-aging activity. Some metabolites are commons
and cell suspension oéx of our study presented a similar qualitative for both activity such as epipinoresinol, DCG (isomer 2) and
metabolic prole. However, stress from the status modtion (from  guaiacylglycerds-coniferyl aldehyde ether hexoside, while others
callus to the suspension), physiological and/or chronologicare more directly related to antioxidant activity, such as
conditions €.g, growth) or light conditions may alter the secoisolariresinol, as it wasepiously showed for some of its
accumulation of each component in the extracts. Light has alreadigrivatives Prassad, 199Kitts et al., 1999Hano et al., 2017
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Socrier et al., 20)8r anti-aging, such as pluviatolide. Surprisingly, FUNDING

phillygenin was not associated with anti-aging activity, probably due

to its narrow accumulation prde, because it was primarily present This research was supportdry Cosmetosciences, a global
in dark cultured cells. It is also dfult to conclude that the activity training and research program dedicated to the cosmetic
of the extract is attributable to a speximetabolite, although some industry. Located in the heart of the Cosmetic Valley, this
accumulation patterns of similar metabolites tend to be closelgrogram led by University of Orleans is funded by the Region
related to certain biological activities. To explore further theCentre-Val de Loire (VALBIOCOSM 17019UNI).

properties of each molecule, analysis with gdimolecules will

be necessary. In fact, the variability in the relative abundance of the

extract may also be the key to the possible biological activities of the

extract. It is commonly agreed that the biological activities of pIarr{\CKN OWLEDGMENTS

extracts may result in the synergistic action of several metabolite: . .
y ynerg SSB, TM, LG and SM acknowledge Cosmetosciences for their

which can be almost inactivan their own in their puried form. ol hio. BHA ack led h h fell hio of L
Therefore, the study of a specicombination of such molecules elowship. BRA acknowledges the research feflowship ot Le
Studium-Institute for Advanced Studies, Loire Valley,

may be interesting. Finally, it is also important to bear in mind that
) - . 8£Ieans, France.

our analysis was centered on lignans and neolignans, but extra . .
The authors would like to acknowledge networking support

contained several other unidergd compounds that may be part of

their biological activity. Nevertheless, ounrdings reinforced and by the CNRS GDR3711 COSMCTIFS.
further strengthened the interest in the cosmetic applicationsof
lignans and neolignans produced in plant cell culture growin in

vitro systems under distinct light conditions. SUPPLEMENTARY MATERIAL
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