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Abstract

This study established a liquid adventitious root culture for Inula crithmoides L. focusing on producing extracts rich in
hepatoprotective caffeoylquinic acids through elicitation. Adventitious roots were induced from in vitro-grown plant leaves
cultured on MS medium supplemented with 1 mg/L IBA. Growth and secondary metabolites accumulation (phenolics, fla-
vonoids, hydroxycinnamic acids) were monitored weekly to determine the optimal harvesting time. Then, the adventitious
roots were elicited for 4 weeks with varying concentrations of yeast extract—YE (50, 100 and 200 mg/L) and extracted with
ethanol. The extracts were evaluated for their hepatoprotective effects against ethanol-induced hepatotoxicity and analyzed
through high-performance liquid chromatography coupled with electrospray ionization mass spectrometry (HPLC-ESI-MS/
MS). Roots of greenhouse-cultivated plants were used to compare the results obtained from in vitro -grown adventitious
roots. IBA supplementation induced 100% adventitious root formation, with maximum biomass and phenolic accumulation
after 4 weeks. Hydroxycinnamic acid levels increased significantly with YE treatment at all the concentrations, particularly
in case of chlorogenic acid and di-O-caffeoylquinic acid isomers. The root extracts displayed significant in vitro hepatopro-
tective effects, particularly at 50 mg/L YE elicitation. Overall, the elicitation of /. crithmoides liquid root cultures with yeast
extract offers a promising, efficient, and cost-effective approach for optimizing the production of valuable caffeoylquinic
acids having potential pharmaceutical use.

Key message
Successful establishment of golden samphire adventitious root cultures demonstrates enhanced hepatoprotective
caffeoylquinic acid production through yeast extract elicitation.
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Dumort), commonly known as golden samphire, is a flow-
ering plant belonging to the Asteraceae family. It is a self-
fertile perennial dicotyledonous succulent plant that can
grow up to 1 m tall. Its flowering season is from July to
August, and the seeds ripen from August to September. It is
distributed along the Mediterranean coast, Britain and West-
ern Asian, inhabiting saltmarshes, and maritime cliffs and
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holds ethnomedicinal uses such as treating rheumatic pain
and goiter (tHALOPH 2023; Miara et al. 2021). This ver-
satile plant can therefore be used for different purposes, not
only as food but also as a source of natural products with
health benefits. The cultivation of golden samphire has been
optimized in different trials, either using soilless systems
under different salinity conditions (Lima et al. 2021) or in
neglected salt pans, irrigated using natural estuarine water
(Duarte et al. 2022). In Portugal, golden samphire is com-
mercially produced by RiaFresh in a soilless system and sold
as a gourmet vegetable.

Many Inula species, including I. crithmoides, endow
important therapeutic effects, including antimicrobial (Deriu
et al. 2008), anti-inflammatory (Hernéndez et al. 2007), anti-
oxidant (Kogure et al. 2004), and antihepatotoxic activities
(Saygi et al. 2003), related to pharmacologically active com-
pounds such as polyphenols, including many quinic acid
derivatives, abundantly present in these plants. The roots
of the golden samphire are particularly rich in these mol-
ecules, including different isomers of caffeoylquinic acids
(Ela et al. 2012), which have been described with potent
pharmacological properties, including antioxidant, antibac-
terial, antiparasitic, anti-inflammatory, anticancer, antiviral,
antidiabetic, along with neuro-, hepato- and cardioprotec-
tive effects (Liu et al. 2020). Moreover, 5-caffeoylquinic
acid (chlorogenic acid) has been recently approved by
the China Food and Drug Administration (CFDA) as an
anticancer drug for phase I (NCT02728349) and phase II
(NCT03758014) clinical trials in glioma patients (Nwafor
et al. 2022). Furthermore, the data provided by companies
to the European Chemicals Agency (ECHA) under the Clas-
sification Labelling and Packaging (CLP) system reveals that
3,5-di-O-caffeoyl quinic acid (also known as Isochlorogenic
acid A) has not been classified for any hazards so far (ECHA
2024).

Plant tissue culture is a promising biotechnological tool for
plants having potential commercial uses in pharma, cosmetic,
or food industries. Specifically, root culture is an effective
technique to produce important secondary metabolites that
accumulates naturally in such organ, including alkaloids,
glycosides, phenolics, flavonoids or terpenoids, allowing for
the year-round production of biomass with reduced cost and
time. Given the rising demands in the industrial sector for
bioactive secondary metabolites, the paramount significance
of optimizing metabolite production becomes evident for the
pharmaceutical industry (Khanam et al. 2022). The in vitro
production of secondary metabolite often includes the use of
elicitation techniques to improve the yield (Ramirez-Estrada
et al. 2016). Also, the cells or organs are maintained in an
optimal medium for biomass growth and then transferred to
an optimal production medium for stimulating the synthesis
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of target metabolites (Ramirez-Estrada et al. 2016; Wawrosch
and Zotchev 2021). Such elicitation can be achieved by using
different stress factors, including biotic (e.g., proteins, fun-
gus, rhizobacteria, hormones) and/or abiotic (e.g., drought,
salinity, light, temperature) (Halder et al. 2019, Alcalde et al.
2022).0ne common elicitor is the yeast extract (YE), compris-
ing a group of compounds known for their positive impact
on plant growth, productivity, microelement composition,
and the levels of phytohormones and other plant metabolites
(Halder et al. 2019). For instance, its effects have significantly
increased the accumulation of phenolic compounds in callus
cultures from Annurca apple (Laezza et al. 2024), improved
the flavonoid accumulation of adventitious roots from Oplo-
panax elatus (Jin et al. 2023), and have increased the shoot
biomass and lupeol production in Hemidesmus indicus (L.)
R. Br. ex. Schult. and Tylophora indica (Burm. F.) Merrill
(Pathak et al. 2023). However, as per reviewed literature, there
is no report on the in vitro culture of adventitious roots of
halophyte species. Thus, this work aimed to establish adventi-
tious roots from leaves of in vitro cultures of Inula crithmoides
L., targeting the production of caffeoylquinic acids.

Materials and methods
Establishment of adventitious roots culture

Golden samphire plants were grown in vitro according to
the micropropagation protocol detailed by Rodrigues et al.
(2023). Then, the leaves (approx. 1.8 cm x0.25 cm) from
in vitro propagated golden samphire plants were excised
and transferred to Murashige and Skoog medium (MS)
(Murashige and Skoog 1962) containing 30 g/L sucrose,
1% agar, supplemented with 1 mg/L indole-3-butyric acid
(IBA). Inoculated leaves sections were then incubated in the
dark at 25 + 1 °C, for 4 weeks. Each treatment was repeated
three times, with 10 explants per replicate. After this period,
the effect of IBA supplementation on initiation of adventi-
tious roots from explants was assessed by calculating the
percentage of rooting. The adventitious roots excised from
the leaf explants (0.3 g) were inoculated in Erlenmeyer
flasks (100 mL) containing 50 mL of liquid MS media sup-
plemented with the same auxin combination (1 mg/L of
IBA) and then cultured on a gyratory shaker at 120 rpm.
The adventitious roots were sub-cultured every 4 weeks.

Determination of growth curve for liquid
adventitious root culture

From an adventitious root culture with 4-week-old, mois-
ture was removed by drying the roots in sterilized filter
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paper. Different ratios of biomass were weighted (0.3, 0.5,
0.7,0.9, 1.2, and 2.1 g) of adventitious roots (in triplicate)
and transferred to a 100 mL Erlenmeyer flask contain-
ing 50 mL of MS medium supplemented with 1 mg/L of
IBA. Once the optimal growth ratio was identified (0.3 g
per 50 mL), a growth curve was established by weigh-
ing the biomass to determine fresh weight, every week
for 5 weeks. The growth index was also calculated by the
following formula: (final weight — initial weight) / initial
weight. To determine the best time of collection for higher
accumulation of secondary metabolites, the total contents
of different phenolic groups was estimated for each week
(see Sect. "Estimation of phenolic groups content").

Biotic elicitation of liquid adventitious root culture

Four-week-old adventitious root culture was used to establish
the biotic elicitation assay. Excess moisture was removed
by drying the roots in sterilized filter paper, and 0.3 g of
adventitious roots (in triplicate) and transferred to a 100 mL
Erlenmeyer flask containing 50 mL of MS medium supple-
mented with 1 mg/L of IBA and different concentrations of
yeast extract (0, 50, 100 and 200 mg/L). After 4 weeks of
culture, the experiment was stopped, the roots washed and
excess moisture removed, and then freeze dried.

Preparation of the extracts

Freeze dried samples were ground to powder with a pestle and
mortar, and then extracted with 96% ethanol (1:40; w/v) in an
ultrasonic water bath. The extracts were filtered with filter paper
(Whatman No. 4) and the solvent removed in a rotary evapora-
tor. Then, an extracts’ stock solution of 10 mg/mL was prepared
in 96% ethanol and stored at -20 °C until further analysis.

Estimation of phenolic groups content

The total contents of different groups of phenolic compounds
were determined using 96-well plates, as reported before (Rod-
rigues et al. 2015). The total phenolic content (TPC) was deter-
mined by the method of Folin-Ciocalteu according to Velioglu
et al. (1998), total flavonoids (TFC) by the aluminium chlo-
ride (AICl;) colorimetric technique (Zou et al. 2011)., and
the total hydroxycinnamic acids using the HCl-ethanol assay
as described in Mazza et al. (1999) and adapted to 96-well
microplates (Rodrigues et al. 2015). Results were respectively
expressed as gallic acid (GA), quercetin (Q) and caffeic acid
(CA) equivalents (E) in milligrams per gram (mg/g) of dried

extract (dry weight, DW), using a calibration curve with stand-
ard solutions at concentrations ranging from 0.002 to 2 mg/mL.

Ultrahigh-Performance Liquid Chromatography
Coupled with Electrospray lonization Mass/Mass
Spectrometry (UHPLC-Esi—-MS/MS) analyses

The chemical composition of the extracts was determined
using a Dionex Ultimate 3000RS (Thermo Scientific) UHPLC
equipment. All extracts were filtered before injection using
0.22 pm PTFE syringe filters. The compounds were separated
on a Thermo Accucore C18 column (100 mm X 2.1 mm i. d.
2.6 pm) thermostated at 25 °C (1 °C). Water (A) and meth-
anol (B) (both were acidified with 0.1% formic acid) were
used as eluents. The flow rate was maintained at 200pL/min.
The gradient elution performed as follows: 0-3 min. 95%
of mobile phase A; 3-43 min. —0% A; 43-61 min. 0% A;
61-62 min. —95% A; 62-70 min. 95% A. The UHPLC was
connected to a Thermo Q Exactive Orbitrap mass spectrom-
eter equipped with an electrospray ionization source (Thermo
Scientific). MS spectra were obtained in both positive and
negative ion modes. Settings with defined resolution, i.e.,
resolution 70000; collision energy: 30 NCE; scan range: 100
to 1500 m/z. Trace Finder 3.1 (Thermo Scientific) software
was used to analyse the raw files. The secondary metabo-
lites were identified based on our previous published works
and own online databases (Massbank of North America, m/z
Cloud etc.). In every case, the exact molecular mass, isotopic
pattern, characteristic fragment ions and retention time were
used for the identification of the metabolites. The difference
between the measured and calculated monoisotopic molecu-
lar masses was less than 5 ppm in every case.

For the quantitative determinations, the standard mix in six
different concentrations were injected and the metabolite con-
centrations were calculated based on the calibration curves.
For the two unidentified compounds, di-O-caffeoylquinic acid
isomers and 3,5-di-O-caffeoylquinic acid were used as stand-
ard because they are structural isomers, and their degree of
ionization is similar.

Evaluation of the in vitro hepatoprotective
properties

Cell culture

The HepG2 (human hepatocellular carcinoma) cell line
was maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% heat-inactivated Fetal
Bovine Serum (FBS), 1% L-glutamine (2 mM), and 1%
penicillin (50 U/mL)/streptomycin (50 pg/mL) and were
maintained at 37 °C in humidified atmosphere with 5% CO,.
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Cellular viability assay

HepG?2 cells were plated in 96-well tissue plates at a density
of 5x 10° cells/well and were incubated for 24 h. Then, the
extracts were applied at several concentrations (3.125, 6.25,
12.5,25, 50 and 100 ug/mL) for 24 h. The 3-(4,5-Dimethyl-
thiazol-2-yl)-2,5 Diphenyltetrazolium bromide (MTT) col-
orimetric test was used to determine the cellular viability
(Biochrom EZ Read 400), as formerly detailed (Rodrigues
et al. 2021). The absorbance was measured at 590 nm, and
the results were expressed in terms of cellular viability (%)
in relation to a control containing ethanol at the same con-
centration of the samples (0.5%).

Hepatoprotective assay

The non-toxic concentrations (> 80% of cellular viability)
of the extracts were evaluated for their capacity to protect
hepatic cells from ethanol-induced cytotoxicity. HepG2 cells
were plated in 96-well tissue plates at the same density of
the cellular viability assay. After an incubation of 24 h, the
samples were applied at the non-toxic concentrations (3.125,
6.25, 12.5, 25, 50 and 100 pg/mL) for 24 h. The extracts
were removed and 500 mM ethanol solution (allowing for a
reduction of 50% of cell viability) was added and incubated
for more 24 h. Afterwards, the cellular viability was meas-
ured as described in Sect. "Cellular viability assay".

Statistical analyses

The results were expressed as the mean + standard error
(SE), and the experiments were conducted at least in tripli-
cate. Significant differences were assessed by ANOVA and
Dunnett's tests. p values lower than 0.05 were considered
significant. All the statistical analyses were done using the
XLSTAT statistical platform for Microsoft Excel (version
2013, Microsoft Corporation).

Results and discussion

Establishment of adventitious roots cultures:
growth curve and phenolics accumulation

Plant roots contain highly bioactive compounds crucial for
functions like nutrient absorption, defense, stress response,
storage, signaling, and environmental interactions, with
potential applications in pharmaceuticals, agriculture, and
natural products (Isah 2019; Oladipo et al. 2022). Actu-
ally around 60% of traditional herbal preparations contain
plant roots as main ingredients in their formulations, which
highlights the importance of such plant organ as a source of
health promoting ingredients (Hussain et al. 2022).
Furthermore, the synthesis and accrual of commercially
valuable bioactive secondary metabolites, including phe-
nols, terpenoids, and alkaloids, via adventitious root cul-
ture, represents a promising avenue for the eco-friendly
generation of pharmaceutical-grade natural products.
This is primarily due to their heightened growth rate and
consistent metabolite output (Hussain et al. 2022). In this
sense, adventitious root cultures of golden samphire were
established from leaf explants from in vitro cultured plant-
lets (Rodrigues et al. 2023), in solid media supplemented
with 1 mg/L IBA (Fig. 1A), achieving 100% of adventi-
tious roots formation after 4 weeks of inoculation, being
then transferred to liquid media and further cultivated for
5 weeks (Fig. 1B). Biomass production was monitored,
along with the total levels of phenolics, flavonoids and
hydroxycinnamic acids (Fig. 2). The maximum root bio-
mass accumulation (17.2 g per 50 mL) was observed after
4 weeks of growth (Fig. 2A), showing a growth index
of 62.3. Similarly, the maximum content in phenolics
(31.31 mg GAE/g DE), flavonoids (29.49 mg QE/g DW),
and hydroxycinnamic acids (75.34 mg CAE/g DW) was
also observed at the 4th week of culture, remaining signifi-
cantly similar up to the 5th week (Fig. 2B). Nevertheless,

Fig. 1 Four-week adventitious roots in solid MS media containing 1 mg/L of IBA (A), after 1 (B) and 4 weeks (C) of being transferred to the

same liquid media
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Fig.2 Growth curve (A) and A
phenolics accumulation (B) per

week of culture (W1: week 1; 20
W2: week 2; W3: week 3; W4: 18

week 4; and W5: week 5). Val-
ues correspond to mean+SEM
of six independent experiments
(n=6). For each group, columns
marked with different letters
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the levels of phenolics, flavonoids, and hydroxycinnamic
acids showed a decline in week 2, rebounding in week 3 to
levels comparable to those observed in week 1 (Fig. 2B).
The roots morphology and color remained the same
throughout the experiment (data not shown). Thus, the
best collection time for increased biomass and phenolics
accumulation was defined as the 4th week of culture.

Week 1 represents the end of lag phase, where cells are
still metabolically active but not dividing and the growth rate
is slow, where cells still synthesize some secondary metabo-
lites in response to stress factors. In turn, the decreased in
secondary metabolites observed in week 2, may be related
to the degradation of these molecules favoring the synthesis
of primary metabolites supporting the optimal growth and
development of roots during the exponential growth phase.
In contrast, secondary metabolites are increasingly produced
during the end or near the stationary phase of growth due
to increased stress conditions, such as nutrient depletion
(Salam et al. 2023).

a
b b
<
a
I | |

—
N
w
'S
w0

Week

a

a a
h I
| I

Flavonols

Hydroxycinnamic acids

m Wi W2 mW3 mW4 W5

Data on adventitious root cultures in golden samphire is
lacking; nevertheless, studies on various Asteraceae family
species, including Chrysanthemum indicum Linné (Ghimire
et al. 2022), Acmella radicans (Jacq.) R.K. Jansen (Bernabé-
Antonio et al. 2023), and the halophyte Cineraria maritima
Linn. (Banerjee et al. 2004), have reported the addition of
IBA to induce adventitious root growth. Moreover, the use of
IBA have also been described for other halophytes species as
Corema album (L.) D.Don (Alves et al. 2021), Urginea mar-
itima (L.) Baker (Aasim et al. 2008) or Limonium bicolor
(Bunge) Kuntze (Yuan et al. 2014). Indeed, IBA functions
as an auxin and plays a central role in promoting the forma-
tion of adventitious roots (Bai et al. 2020). It is known for its
stability and effectiveness over IAA in its ability to induce
adventitious roots formation in explants cultured in vitro.
Consequently, it is extensively utilized for clonal propaga-
tion (Bellini et al. 2014).

Regarding the accumulation of phenolic compounds,
it showed an analogous and dependent trend on the
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accumulation of biomass, where the highest growth and
phenolic content was reached from the 4th week onwards.
This tendency was also observed for other liquid adventi-
tious root cultures, as for Polygonum multiflorum L. (Ho
et al. 2018), or Castilleja tenuiflora Benth. (Gémez-Agu-
irre et al. 2012), where the highest accumulation of phe-
nolics was achieved by the end of logarithmic and begin-
ning of stationary phases. As mentioned above, this phase
involves a slowing down of growth and a shift towards the
synthesis of secondary metabolites, noted by the increased
phenolic content, typically produced in response to
increased stress conditions (Salam et al. 2023). The find-
ings emphasize the importance of growth phase dynam-
ics in influencing the synthesis of secondary metabolites,
shedding light on potential strategies for optimizing the
production of bioactive compounds in golden samphire.
Overall, the establishment of golden samphire adventitious
root cultures was achieved with success, demonstrating
the ability to gather substantial amounts of biomass and
phenolic compounds (primarily hydroxycinnamic acids)
within a span of 4 weeks.

Fig.3 Biomass (A) and
phenolics accumulation (B) 140
of the adventitious roots of 1.

5

Effects of elicitation on adventitious growth
and phenolics accumulation

Supplying highly demanding markets can be challenging due
to the low production yield of specific metabolites, which
can only be produced during specific developmental stages,
or in response to particular environmental conditions (Atan-
asov et al. 2015). But, plant tissue culture tools have been
optimized to allow the control of metabolite synthesis under
ideal conditions. Elicitation techniques have thus emerged as
a highly effective strategy in enhancing the biotechnologi-
cal synthesis of valuable compounds (Ramirez-Estrada et al.
2016; Wawrosch and Zotchev 2021). However, the selec-
tion of proper elicitors and dosage need to be optimized to
enhance the product yield (Wawrosch and Zotchev 2021). In
this context, adventitious root cultures of golden samphire
were elicited by applying yeast extract at three concentra-
tions, followed by the assessment of its effects on biomass
yield (Fig. 3A), and on the accumulation of phenolic com-
pounds. The total phenolics levels of ethanolic root extract
of greenhouse-grown plants, which were used to establish
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the in vitro cultures, were also determined, and used for
comparison (Fig. 3B).

The application of the yeast extract in liquid adventi-
tious root cultures did not significantly affect the biomass
yield up to the concentration of 100 mg/L (100 — 87%;
P <0.05). However, at 200 mg/L a reduction in the root
biomass production was observed, down to 60%, when
compared to the control conditions (Fig. 3A). A simi-
lar tendency was observed for the accumulation of total
phenolics and flavonols content, i.e., adventitious roots
grown in media supplemented with yeast extract induced
an increase in their levels up to the concentration of
100 mg/L, followed by a decrease at the concentration
of 200 mg/L (Fig. 3B). The greenhouse-grown plants
exhibited the lowest contents of total phenolics, while
the levels of flavonols were similar to those detected in
adventitious roots grown in the control medium (Fig. 3B).
In turn, the overall amount of hydroxycinnamic acids in
roots induced with yeast extract closely resembles the lev-
els found in greenhouse-grown plants but is significantly
higher than those in roots from the control experiment
(Fig. 3B).

Studies have shown that endophytic fungi play a sup-
portive role for plants by aiding in germination, enhanc-
ing shoot growth, and fortifying plants against various
stressors, leading to the accumulation of beneficial bio-
active secondary metabolites (Wen et al. 2022). Given
the common exposure of plant roots to fungi, we selected
yeast extract as an elicitor to mimic this interaction, trig-
gering the activation of the plant's defense mechanisms
to increase the production of secondary metabolites
(Koprivova and Kopriva 2022). Our observations align
with this trend, indicating a rise in secondary metabolite

Table1 UHPLC-ESI-MS/MS identification and quantification
(ug/mg DW) of metabolites present in the ethanol extract of the
adventitious roots of golden samphire cultivated in control media
(Ctul; MS+1 mg/L IBA), elicited with yeast extract (YE) at three

production in response to the yeast extract elicitation
treatment. Moreover, the application of stressors in
plant science often results in biostimulant and elicitor
responses, enhancing plant performance and immunity.
But these stressors may also induce some toxicity, and
the effects occur in a dose-dependent manner, reflect-
ing the concept of “hormesis”, a biphasic dose-response
to an environmental agent characterized by a low dose
stimulation or beneficial effect and a high dose inhibi-
tory or toxic effect (Mattson 2008, Godinez-Mendoza
et al. 2023). Our findings align with this pattern, as we
observed a decline in the accumulation of biomass in
adventitious roots, accompanied by a reduction in the
production of secondary metabolites under elevated elici-
tor concentrations, which indicate an increase in stress
conditions.

Given the interesting content of hydroxycinnamic
acids found in golden samphire adventitious root cul-
tures, the extracts were analyzed by UHPLC-ESI-MS/
MS to discriminate and quantify the compounds present
in the extracts (Table 1 and Fig. 4). As expected, most
of the detected compounds were hydroxycinnamic acids,
namely chlorogenic (3), caffeic (4), and p-coumaric (6)
acids, as well as three di-O-caffeoylquinic acid isomers
(8 = 10). Compounds of less represented groups included
quinic acid (2), syringaldehyde (5), and ethyl chloro-
genate (7). The most abundant compounds in golden
samphire adventitious root cultures (2.82 — 7.39 ug/mg
of DW) were the 3,5-di-O-caffeoylquinic acid (10), di-
O-caffeoylquinic acid isomer 2 (9), and chlorogenic acid,
also known as 5-caffeoylquinic acid (3). These molecules
were also those more affected by elicitation: the levels of
3,5-di-O-caffeoylquinic acid (10) progressively increased

concentrations (YE 50 — 50 mg/L; YE 100 — 100 mg/L; YE 200 —
200 mg/L), and of roots from mother plants grown in the greenhouse
(GH)

No Compound name Formula Rt [M+H]* [M—H]™ Ctrl YES50 YEI100 YE200 GH
Sucrose or isomer C,H,,0y, 1.78 341.10839  + + + + +
Quinic acid C,;H,,04 1.85 191.05557 0.097 0.011 0.014 0.024 0.022

3! Chlorogenic acid C6H,50, 17.15  355.10291 2.82 3.37 3.55 3.25 0.85
(3-O-Caffeoylquinic acid)

4! Caffeic acid CyHg0, 17.40 179.03444  0.057 0.071 0.069 0.102 0.022

51 Syringaldehyde (3,5-Dimethoxy- CyH,,0, 19.62  183.06574 <1 0.006  0.007 0.011 0.006

4-hydroxybenzaldehyde)

6! p-Coumaric acid CyHgO4 20.56 163.03952  0.007 0.012  0.014 0.024 0.004
Ethyl chlorogenate C,gH»0y 23.75 381.11856  + + + + +

8 Di-O-caffeoylquinic acid isomer 1~ CysH,,0,,  24.34 515.11896  0.477 0.546  0.678 0.409 0.373
Di-O-caffeoylquinic acid isomer 2~ C,5H,,0,,  24.55 515.11896  3.22 4.05 3.19 1.97 -

10" 3,5-Di-O-caffeoylquinic acid C,sHy, 0, 2473 515.11896  4.53 5.12 5.59 7.39 2.32

!confirmed by standard +: presence; -: not detected
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Fig.4 Predominant mol-

ecules identified in golden

samphire adventitious root

cultures (Table 1; adapted from 0
PubChem) 4 1L

Chlorogenic acid

with the yeast extract concentration, from 4.53 pg/mg
DW in the roots grown in control medium to 7.39 ug/
mg DW in roots elicited with 200 mg/L of yeast extract
(Table 1).

The di-O-caffeoylquinic acid isomer 2 (9) content rose
from control conditions (3.22 pg/mg DW) to 4.05 pg/mg
DW with a yeast extract concentration of 50 mg/L. How-
ever, the concentration declines with higher yeast extract
concentrations (100 mg/L: 3.19 pg/mg DW; 200 mg/L:
1.97 ug/mg DW). The levels of di-O-caffeoylquinic acid
isomer 1 (8) presented a similar trend, but the maximum
content was found in roots treated with 100 mg/L of
yeast extract (0.678 pg/mg DW). The concentration of
chlorogenic acid (3) slightly increased from the control
treatment (2.82 ug/mg DW) when compared to the yeast
extract elicitation, but without considerable differences
between the different yeast extract concentrations (3.25
—3.55 ug/mg DW). Although less representative, the con-
tent of minor compounds was also influenced by elicita-
tion. For example, quinic (2), caffeic (4), and p-coumaric
(6) acids, as well as syringaldehyde (5) contents have
increased with the increasing concentration of the yeast
extract, reaching the highest levels with its application
at 200 mg/L (Table 1). In general, all compounds were
detected in lower amounts in the roots of greenhouse-
grown mother plants.

Our results are in line with others disclosing that the
roots of the golden samphire are rich in quinic acid deriva-
tives, such as different isomers of caffeoylquinic acids (Ela
et al. 2012). which boosts the interest of the pharmaceuti-
cal industry in developing ways to optimize its production
with increased yields but reduced production time and cost
(Khanam et al. 2022).

Yeast extract is considered a biotic elicitor, rich in
nucleotides, proteins, amino acids, sugars, and a variety
of trace elements, which positively impact plant growth,
productivity, microelement composition, as well as the
levels of phytohormones and other plant metabolites (Tao
et al. 2023). Elicitation with yeast extract increased the

@ Springer

3,5-Di-O-caffeoylquinic acid

production of several metabolites in different plant spe-
cies, including rosmarinic acid in Thymus lotocephalus
G.Lépez & R.Morales in vitro shoot cultures, isoflavo-
noids in Pueraria candollei var. mirifica cell cultures, and
plumbagin in Plumbago zeylanica L. root callus (Gon-
calves et al. 2019; Rani et al. 2020; Singh et al. 2020).
Its application was also effective in improving diverse
secondary molecules in adventitious root cultures, namely
different phenolics in Polygonum multiflorum Thunb (Ho
et al. 2018), flavonoids in Oplopanax elatus Nakai (Jin
et al. 2023), and tanshinones in Perovskia abrotanoides
Kar. (Bayesteh et al. 2021).

Besides, various plant in vitro cultures have demon-
strated increased production of caffeoylquinic acids,
mainly of chlorogenic acid. Among these, Leonurus
sibiricus AtPAP1 transgenic roots, Lonicera macran-
thoides and Eucomia ulmoides cell suspension cultures
stand out for their remarkable productivity over 20 mg/g
DW of chlorogenic acid (Skata et al. 2020). However, di-
and tri caffeoylquinic acids are less prevalent in plants,
which underscores the significance of advancing biotech-
nological tools to effectively improve and scale up their
production and expanding their application in various
fields (Skala et al. 2020). However, there are no reports
describing this approach for any halophyte species, or
even species belonging to the same genus or family of L.
chrithmoides.

Effects of elicitation on hepatoprotective properties

Ethanolic extracts from roots of the golden samphire, rich in
caffeoylquinic acids, have been reported with strong hepato-
protective properties in model rats (Ela et al. 2012).
Before the hepatoprotective assay, the extracts were
tested alone at concentrations ranging from 3.125 to
100 pg/mL to assess their potential cytotoxicity and
select the non-toxic concentrations. In this context, none
of the extracts exerted significant cytotoxicity on hepatic
cells, presenting cellular viabilities amongst 99 — 134%
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Fig.5 In vitro hepatoprotective effect of ethanol extracts of adven-
titious roots cultures of I. crithmoides grown into control media
(MS +1 mg/L IBA), elicited with yeast extract (YE) at three concen-
trations (50 mg/L, 100 mg/L and200 mg/L), and roots from green-
house-grown plants. HepG2 hepatocarcinoma cells were pre-incu-
bated with the extracts at the concentration of 100 pug/mL for 24 h,

at all concentrations tested (data not shown). Moreover,
the incubation of HepG2 cells with 500 mM of ethanol
induced a reduction in cellular viability to 46.8% (Fig. 5).
To determine the capacity of the adventitious root cultures
extract’ to protect cells from ethanol-induced cytotoxic-
ity, cells were pre-treated with the extracts before being
challenged with ethanol. Application of the extracts from
roots under control conditions and those elicited with
yeast extract at 50 mg/L led to increased cellular viabil-
ity after ethanol treatment. Notably, the latter showed
the highest increase, reaching 97%, indicating a com-
plete recovery after ethanol-induced toxicity. However,
extracts from roots treated with 100 and 200 mg/L of yeast
extract, as well as those from greenhouse-grown plants
did not demonstrate significant hepatoprotective ability.
As expected, golden samphire root extracts enriched in
caffeoylquinic acid derivatives prevented cell death of
hepatic cells exposed to ethanol. In fact, different iso-
mers of caffeoylquinic acids isolated from the roots of
golden samphire, including 3,5-di-O-caffeoylquinic acid,
have been reported with hepatoprotective properties by
decreasing the levels of serum glutamic-oxaloacetate
transaminase (SGOT), serum glutamic-pyruvic transami-
nase (SGPT), alkaline phosphatase (ALP), and biliru-
bin in rats (Ela et al. 2012). Moreover, chlorogenic acid
also have shown hepatoprotective effect in lipopolysac-
charide (LPS)-treated rats towards glucose-6-phosphate

followed by the application of ethanol at 500 mM for 24 h. Values
correspond to mean+SEM of six independent experiments (n=06).
Columns marked with an asterisk are considered statistically differ-
ent from the control (EtOH 500 mM) when analyzed by Dunnett's test
(p<005)

translocase and mitochondrial respiratory chain enzymes
(Hemmerle et al. 1997; Chen et al. 2019).

Overall, the liquid adventitious root culture of golden
samphire has shown enhanced in vitro hepatoprotective
capacity than roots from plants grown in soil, mainly
attributed to the increased synthesis of caffeoylquinic
acids after yeast extract elicitation. This highlights the
potential of using in vitro liquid roots culture for an
improved production of caffeoylquinic acids for possible
pharmaceutical use on alcohol-associated liver toxicity.

Conclusions

This study demonstrates the successful establishment
of in vitro induced adventitious root cultures from the
medicinal halophyte golden samphire (I. crithmoides)
and the enhanced production of caffeoylquinic acids
through yeast extract elicitation in liquid condition. The
ethanol extracts obtained from elicited root cultures had
significant in vitro hepatoprotective properties. In sum-
mary, the results highlight the efficacy of adventitious
root cultures as a valuable tool for producing bioactive
compounds from medicinal plants. This is particularly
evident after yeast extract elicitation of 1. crithmoides
roots, showcasing its potential to enhance the production
of hepatoprotective caffeoylquinic acids..

@ Springer
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