horticulturae

Article

Nutrient Deficiency-Induced Stress Improves Skincare Effects
and Phytochemical Content of Green Extracts from Lamiaceae
In Vitro Cultures

Inés Mansinhos (¥, Sandra Gongalves 1*(7), Raquel Rodriguez-Solana "
José Manuel Moreno-Rojas

check for
updates

Citation: Mansinhos, I.; Gongalves, S.;
Rodriguez-Solana, R.; Pereira-Caro,
G.; Moreno-Rojas, ].M.; Romano, A.
Nutrient Deficiency-Induced Stress
Improves Skincare Effects and
Phytochemical Content of Green
Extracts from Lamiaceae In Vitro
Cultures. Horticulturae 2024, 10, 947.
https://doi.org/10.3390/
horticulturae10090947

Academic Editor: Jiri Gruz

Received: 2 August 2024
Revised: 28 August 2024
Accepted: 2 September 2024
Published: 5 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

3,4

2 4

. 3,
, Gema Pereira-Caro ,
and Anabela Romano 1*

1 MED—Mediterranean Institute for Agriculture, Environment and Development & CHANGE—Global

Change and Sustainability Institute, Faculdade de Ciéncias e Tecnologia, Universidade do Algarve, Campus

de Gambelas, 8005-139 Faro, Portugal; ifmansinhos@ualg.pt (I.M.)

Department of Agroindustry and Food Quality, Andalusian Institute of Agricultural and Fisheries Research

and Training (IFAPA), Rancho de la Merced Center, Carretera Cafiada de la Loba (CA-3102) Km 3.1., SN,

11471 Jerez de la Frontera, Cadiz, Spain

Department of Agroindustry and Food Quality, Andalusian Institute of Agricultural and Fisheries Research

and Training (IFAPA), Alameda del Obispo Center, Avenida Menendez-Pidal, SN, 14004 Cérdoba, Spain;

mariag.pereira@juntadeandalucia.es (G.P--C.); josem.moreno.rojas@juntadeandalucia.es (J.M.M.-R.)

4 Foods for Health Group, Instituto Maiménides de Investigacién Biomédica de Cérdoba (IMIBIC), Avenida
Menendez-Pidal, SN, 14004 Cérdoba, Spain

*  Correspondence: smgoncalves@ualg.pt (5.G.); aromano@ualg.pt (A.R.)

Abstract: The objective of this study was to investigate the impact of nutrient starvation on the
growth, biochemical, metabolomic, and biological traits of Lavandula viridis L'Hér and Thymus
lotocephalus G. Lopez and R. Morales in vitro cultures. In both species, a reduction in shoot
growth and in the production of chlorophyll and carotenoids was observed in cultures grown
under nutrient-deficient media (especially Fe and N) compared to those grown under control
conditions. The highest levels of hydrogen peroxide and lipid peroxidation, two indicators of
oxidative stress, were observed in L. viridis cultures grown under N deficiency and in T. lotocephalus
under P and Fe limitation. The results demonstrated that nutrient deficiency led to a 72% and 62%
increase in the quantified phenolic compounds in L. viridis and T. lotocephalus, respectively. The
highest concentrations of the major compound in both species—rosmarinic acid—were observed
in cultures grown under Mg-deficient (60.7 = 1.0 mg/gpw) and Fe-deficient (50.0 £ 0.4 mg/gpw)
conditions in L. viridis and T. lotocephalus, respectively. Furthermore, nutrient starvation enhanced
the capacity of green extracts to inhibit three enzymes (tyrosinase, elastase, and hyaluronidase)
associated with anti-aging and their antioxidant properties.

Keywords: Mediterranean Medicinal and Aromatic Plants; Lamiaceae; NADES; nutrient deficiency;
phenolic compounds; HPLC; enzyme inhibition; cosmetics

1. Introduction

Lamiaceae is a vast family of dicotyledonous plants that includes 236 genera and
7280 species, mostly herbs and shrubs [1]. The genera Thymus and Lavandula are two of
particular significance within this family, encompassing numerous species that are widely
distributed across the globe, notably in the Mediterranean region [2,3]. Two Mediterranean
species, Lavandula viridis L'Hér and Thymus lotocephalus G. Lépez and R. Morales, are exclu-
sively found in the Iberian Peninsula and the Algarve region (southern region of Portugal),
respectively. Despite remaining relatively unexplored, both species are of significant inter-
est due to their diverse biological properties. These include the capacity to inhibit enzymes
associated with diabetes and neurological diseases, as well as antioxidant, antibacterial,
antifungal, anti-protozoal, and nematocidal activities [4-15]. Additionally, these species
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offer protection against ultraviolet radiation [12], making them a promising resource for
various industrial applications. Nevertheless, the potential application of these two species
in the cosmetic sector has yet to be fully established, despite the growing demand for
innovative anti-aging products, particularly those of natural origin [12,16]. Furthermore, it
is becoming increasingly important to select an environmentally friendly solvent for the
extraction of plant-derived bioactive components for use in cosmetic products. Petroleum is
the source of the solvents most commonly utilized in the extraction of biocompounds across
numerous industries, including cosmetics. Despite their potent extraction and dissolution
capabilities, these solvents are highly detrimental to the environment and human health.
Recently, Natural Deep Eutectic Solvents (NADES) have emerged as novel green alterna-
tives to conventional solvents, characterized by their natural origin and biodegradable and
non-toxic properties [17].

The aging process of the skin is characterized by alterations in the dermal connective
tissue, as well as the degradation of elastin and hyaluronic acid, due to the oxidative stress
caused by reactive oxygen species (ROS) and other natural processes. This results in the
appearance of skin laxity and deep wrinkles [18]. Another issue pertaining to the aging
process of the skin is the overproduction of melanin in the melanocytes, which results in
the formation of blemishes due to alterations in pigmentation. Tyrosinase is the primary
regulatory enzyme responsible for this process [12]. In addition to their hydrating and
antioxidant properties, plant extracts are believed to confer further benefits in the context
of cosmeceutical treatments. As functional components, they may, for instance, protect skin
proteins or polysaccharides from enzymatic degradation caused by exposure to ultraviolet
rays or other environmental-related stresses. Alternatively, they could delay or stop the
activities of anti-aging-related enzymes, including elastase (Ela), hyaluronidase (Hyal), and
tyrosinase (Tyr) [19]. However, the biological characteristics of plants associated with the
presence of secondary metabolites are susceptible to changes in the environment, which
can impact their industrial applications. This was previously demonstrated by our group
in studies examining the impact of varying environmental factors associated with climate
change on the production of volatiles and phenolics (and their biological activities) in
Lamiaceae plants [12,13,20].

A number of mineral nutrients are essential for plants to grow and develop properly.
These are classified as macronutrients [nitrogen (N), phosphorus (P), potassium (K),
calcium (Ca), magnesium (Mg), and sulfur (S)] and micronutrients [chlorine (Cl), iron
(Fe), boron (B), manganese (Mn), zinc (Z), copper (Cu), nickel (Ni), and molybdenum
(Mo)] [21]. Macronutrients (required in higher amounts) are used to generate struc-
tural and energetic components essential to plant growth and development. In contrast,
micronutrients (required in trace amounts) have a higher connection to enzymatic re-
actions [21,22]. In addition, nutrients play a pivotal role in primary metabolism and
are also involved in secondary metabolism, signal transduction, hormone reception,
energy metabolism, and molecular regulation. Consequently, deficiencies in any of the
nutrients can have a significant impact on plant physiology [23]. The agricultural sector
is confronting a multitude of concerning challenges, largely due to the prevalence of en-
vironmental issues that are adversely impacting the global landscape. The limitation of
nutrients in the soil is the result of the interaction of various stress factors, including salin-
ity and drought, which impact the availability and transportation of nutrients [24]. In
response to low nutrient availability in the soil, roots engage in chemical communication
and chain reactions, utilizing phytohormones, ROS, carbohydrates, and transcription
factors to regulate nutrient levels [21]. In response to the accumulation of ROS, plants
accumulate both enzymatic and non-enzymatic (secondary metabolites) antioxidant
elements in order to cope with oxidative stress [25]. A number of studies have validated
the efficacy of in vitro culture as a means of producing secondary metabolites (and
stimulating their production by modifying the culture conditions) while avoiding any
adverse impact on the natural populations of the species. Furthermore, the large-scale
production of uniform plants is feasible through controlled in vitro cultivation, which
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is not affected by seasonal or geographic variations [13]. The objective of this study
was to evaluate the growth, biochemical (photosynthetic pigments and oxidative stress),
phenolic profile, and bioactive (antioxidant capacity, and Tyr, Ela, and Hyal inhibition)
responses of in vitro cultures of L. viridis and T. lotocephalus to different nutrient star-
vation conditions, after growing in culture media without N, P, Ca, Mg, or Fe sources.
To the best of our knowledge, this is the inaugural investigation into the impact of the
nutrient starvation effect on these species, along with the potential of their extracts to
inhibit elastase and hyaluronidase. Furthermore, to the best of our knowledge, this
is also the inaugural investigation into the impact of Fe, Ca, or P deficiencies on the
biosynthesis of rosmarinic acid (the most prevalent biocompound in both species under
examination in the present study).

2. Materials and Methods
2.1. Plant Material and In Vitro Culture Conditions

Shoots of T. lotocephalus and L. viridis were multiplied in MS medium [26] and MS
with 0.2 mg/L 6-benzyladenine (BA), respectively, according to Dias et al. [27] and
Coelho et al. [28]. Both media contained 2% (w/v) sucrose and 0.7% (w/v) agar [9]. To
assess the impact of nutrient deprivation, the cultures of both species were cultivated in
multiplication media but lacking the sources of nitrogen (-N) [KNO3z and NH4NOg3], phos-
phorus (-P) [KH;PO4], calcium (-Ca) [CaCl,.2H;0], magnesium (-Mg) [MgS0O4.7H,0],
or iron (-Fe) [FeSO4.7H,0]. The control was established using multiplication media
of each species with the full MS composition (all nutrients). The culture media were
distributed in 12 Erlenmeyer flasks (80 mL) and sterilized by autoclaving at 121 °C for
20 min. In vitro cultures (7 shoots in each Erlenmeyer) were incubated at 25 & 2 °C with
16 h light (cool white fluorescent lamps, 40 pmol m~2 s~ 1) for 7 weeks. Following a
seven-week period, a number of parameters were assessed in shoots cultivated in all the
aforementioned culture media.

2.2. Growth Parameters

The number of shoots and the length of the longest shoot produced per culture, as
well as the total fresh and dry weight, were analyzed. To determine dry weight, about 80%
of the shoots were oven-dried at 40 °C until a constant weight was achieved.

2.3. Photosynthetic Pigments and Oxidative Stress Indicators

The contents of chlorophyll and carotenoids, malondialdehyde (MDA), and hydrogen
peroxide (H,O,) were evaluated according to Mansinhos et al. [13] using fresh material.

Twenty-five milligrams of plant material were macerated in 4 mL of pure acetone to ex-
tract the photosynthetic pigments. The absorbance was then measured using three different
wavelengths (470, 644.8, and 661.6 nm) using a T70+ UV /Vis Spectrophotometer (PG In-
struments Ltd., Leicestershire, UK). For the analysis of oxidative stress markers (HyO,
and MDA), 0.1 g of plant material was mixed with 1 mL TCA (0.1%, w/v), subjected to
centrifugation, and the resulting supernatant was collected. For the H,O, assay, 200 uL of
the supernatant was homogenized with an equal volume of potassium phosphate buffer
(10 mM). After 30 min, the absorbance was read at 390 nm. In the case of the lipid peroxi-
dation assay (MDA), 500 pL of the supernatant was mixed with 500 pL of TCA (5%, w/v)
+ TBA (20%, w/v) (positive control) or with 500 uL of TCA (20%, w/v) (negative control),
and the mixture was heated at 95 °C for 30 min. Subsequently, the reaction was stopped by
placing the mixture on ice and the absorbance was measured at 440, 532, and 660 nm. The
results of the H,O, assay were expressed as micromoles of H,O, equivalents per gram of
fresh weight (umol/grw), while those of the MDA assay were expressed as nanomoles of
MDA equivalents per gram of fresh weight (nmol/grw).
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2.4. Phenolic Extraction and Quantification
2.4.1. Green Extraction of Phenolic Compounds

The plant material was dried (40 °C) in an oven dryer until a constant weight was
achieved, after which it was pulverized to a particle size of less than 2 mm. An Ultrasound-
Assisted Extraction (UAE) (Elmasonic S 100 (H, Elma Hans Schmidbauer GmbH & Co. KG,
Singen, Germany) was performed according to Mansinhos et al. [12], using the NADES
proline-lactic acid [1:1, with 30% (w/w) water] as solvent, given its good performance in
extracting phenolics from Lamiaceae species in previous studies and its environmentally
friendly nature. To this end, 250 mg of the plant material was mixed with 10 mL of the
NADES solution. Following filtration using Whatman No. 1 filter paper (Whatman Int.
Ltd., Maidstone, UK), the extracts were stored at —20 °C until required for use.

2.4.2. Analysis of Individual Phenolics by HPLC-HRMS

The chromatographic technique HPLC-HRMS was used following the procedure of
Mansinhos et al. [13] to analyze the phenolic profile of the plant extracts. The analysis
was performed on a Dionex Ultimate 3000 HPLC system equipped with an HPLC pump
and an autosampler (operating at 10 °C) (Thermo Scientific, San Jose, CA, USA). The
separation of samples was conducted on a 150 x 4.6 mm i.d. 5 um 100 Kinetex column
(A C18) (Phenomenex, UK) at 40 °C, with a flow rate of 1 mL/min. Two mobile phases,
Milli-Q double distilled water (solvent A) and acetonitrile (solvent B), both containing
0.1% formic acid, were present in the solvent system. The gradient mode was as fol-
lows: 0 min—90% A; 10 min—74% A; 22 min—35% A; 30 min—5% A; 40 min—5% A;
40.1 min—90% A; and 45 min—90% A. The column flow rate at 0.2 mL/min was targeted to
an Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific, San José, CA, USA) sup-
plied with a heated electrospray ionization probe (HESI). The auto MS/MS (100-1000 1/ z)
scan mode was used to study negative ions. Complete scans were recorded with a res-
olution of 50,000, and a full automatic gain control (AGC) target of one million charges
and using two microscans. Additionally, the analyses relied on in-source collision-induced
dissociation scans (25 eV) with a 4000 V spray voltage, a 150 °C heater, a 320 °C capillary
temperature, 25 units of sheath gas flow, and 5 units of auxiliary gas. For data processing
and acquisition, Xcalibur software, version 3.0 (Thermo Fisher Scientific, San José, CA,
USA) was the software utilized. Every week, ready-to-use calibration mixtures of Pierce
LQT ESI Positive Ion Calibration Solution and Pierce ESI Negative Ion Calibration Solution
(Thermo Fisher Scientific, San José, CA, USA) were used to externally calibrate the Exactive
Orbitrap. To evaluate and confirm that the analytical procedure was correctly carried out,
a quality control (QC) sample was used. This sample was made up of identical aliquots
from a representative pool of the samples (plant extracts). Throughout the run, the QC
sample was injected on a frequent basis to track drifts and measure the variance of a
metabolite characteristic (below 20%). The compounds were identified using standards in
conjunction with retention time and precise mass. When the standards were not available,
the compound was first roughly identified by comparing the defined accurate mass of the
molecular ion with the theoretical precise mass of the molecular ion. It was then looked
up in a number of metabolite databases, including PubChem, Phenol Explorer, Metlin,
and ChemSpider. The compound identification was carried out following the MSI MS
levels previously established by Sumner et al. [29]. The compounds’ chemical formula,
theoretical exact mass, delta ppm, retention time (RT), and MSI MI levels are summarized
in Table S1. The assumptions used to quantify the phenolic compounds, namely linear
range, intercept, slope, R2, limits of detection (LOD), and quantification (LOQ) are sum-
marized in Table S2. LOD and LOQ ranged from 2.06 to 153.40 ng/L and from 6.24 to
464.85 ng/L, respectively. Tables S3 (L. viridis) and S4 (T. lotocephalus) provide the detailed
results expressed in micrograms per gram of dry weight (ug/gpw) or milligram per gram
of dry weight (mg/gpw).
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2.5. Antioxidant Capacity of Green Extracts

The antioxidant activity of plant extracts was accessed according to the methodology
proposed by Mansinhos et al. [12], which employed four distinct assays with varying
modes of action: Oxygen Radical Absorbance Capacity (ORAC) (a hydrogen atom transfer
(HAT)-based methodology), Ferric Reducing Antioxidant Power (FRAP) (a single electron
transfer (SET)-based method), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (a combination of the two indicated (HAT
and SET) mechanisms). The results were determined as milligrams of Trolox (for ORAC,
DPPH, ABTS assays) or ascorbic acid (for FRAP) equivalents per gram of dry weight

(mgTr/gpw or mgaAE/gDW)-

2.6. Anti-Aging Enzyme Inhibitory Capacity of Green Extracts

The evaluation of the inhibitory activities of tyrosinase (Tyr), elastase (Ela), and
hyaluronidase (Hyal) was conducted using a microplate reader (Synergy™ HTX Multi-
Mode Microplate Reader, BioTek Instruments, Inc., Winooski, VT, USA) in accordance
with the methodologies established by Gongalves et al. [9], Chiocchio et al. [30], and
Liyanaarachchi et al. [31], with minor modifications. For the assessment of Tyr inhibitory
activity, 50 pL of sodium phosphate buffer (blank), plant extract, or kojic acid (positive
control) was mixed with 50 pL of mushroom tyrosinase (46 U/mL) and 80 pL of sodium
phosphate buffer (20 mM, pH 6.8). After 10 min, 80 uL of L-DOPA (2.5 mM) was added,
and the mixture was incubated for a further 10 min. Subsequently, the absorbance was
recorded at 475 nm. The inhibition assay for Ela was conducted as follows. A total of 15 uL
of porcine pancreatic elastase (0.01 U) and 30 uL of Tris buffer (blank), plant extract, or
quercetin (positive control) were incubated at 25 °C for 10 min with 105 pL of Tris buffer
(0.1 M, pH 8.1). Fifty microliters of the substrate N-succinyl-Ala-Ala-Ala-p-nitroanilide
(2 mM) were added to the reaction mixture. After an incubation period of 5 min at 25 °C,
the variation in absorbance was monitored at 420 nm in a microplate reader under a
constant temperature of 25 °C (T0 and T5). For the Hyal assay, 10 uL of freshly prepared
type-1-S bovine testes hyaluronidase (4200 U/mL) was dissolved in acetate buffer (0.1 M,
pH 3.5) and homogenized with 50 pL of DMSO (5%) (blank), plant extract, or tannic acid
(positive control) dissolved in DMSO (5%). The mixture was then incubated at 37 °C for
20 min. Subsequently, 25 pL of calcium chloride (12.5 mM) was added to the reaction, and
a further incubation was performed for 10 min at the same temperature. The Ca?* activated
enzyme was treated with 50 uL of the substrate hyaluronic acid [3 mg/mL, dissolved
in acetate buffer] and incubated at 37 °C for 40 min. Following the incubation period,
the reaction was terminated by the addition of 10 pL of sodium hydroxide (0.9 M) and
20 pL of sodium borate (0.2 M) followed by heating for 3 min at 100 °C. After cooling
on fresh water for 2 min, 50 pL of p-dimethylaminobenzaldehyde solution [(250 mg of
p-dimethylaminobenzaldehyde in 21.88 mL of pure acetic acid and 3.12 mL of hydrochloric
acid (10 N)] was added and the mixture was incubated at 37 °C for 10 min. The final
reading was taken at 585 nm and the results were expressed as a percentage inhibition (%)
for the three enzymes.

2.7. Statistical Analysis

The data are presented as mean =+ standard error (SE) and evaluated using one-way
analysis of variance (ANOVA) and Duncan’s New Multiple Range Test (o < 0.05) (1 = 3).
The multivariate data analysis was performed using the Polar Heatmap Dendrograms
and Heatmaps functions of the OriginPro software, version 2022 (OriginLab Corporation,
Northampton, MA, USA).

3. Results and Discussion
3.1. Plant Growth and Levels of Photosynthetic Pigments

The growth of plants can be influenced by many abiotic stress factors. The limitation
of several nutrients in the substrate of plants has been demonstrated to both stimulate and
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hinder plant growth, depending on the specific nutrients present, their concentration, the
duration of exposure, and the species of plant in question [22,32-34]. Figure 1 illustrates
the visual appearance of L. viridis and T. lotocephalus in vitro-regenerated shoots cultured in
media devoid of diverse nutrients for a 7-week period.

Lavandula viridis

@
3
K]
s
@
o
]
L
@
g
g
=

Figure 1. Shoots of Lavandula viridis and Thymus lotocephalus grown in control medium (CT) and
media without sources of nitrogen (-N), phosphorus (-P), calcium (-Ca), magnesium (-Mg), or iron
(-Fe). The scale bar corresponds to 1 cm.

The number of regenerated shoots, length of the longest shoot, and biomass produced
[fresh weight (FW) and dry weight (DW)] were compared and subjected to thorough
analysis, as indicated in Table 1.

Table 1. Shoot growth parameters of Lavandula viridis and Thymus lotocephalus grown in control
medium (CT) and media without sources of nitrogen (-N), phosphorus (-P), calcium (-Ca), magnesium
(-Mg), or iron (-Fe).

Treatment No. Shoots Lonléiggglilgi:lzfnm) Fresh Weight (g) Dry Weight (g)
L. viridis
CT 6.29 +£0.702 38.83 + 2472 138 £0.21b 0.14 £ 0.02°
-N 1.71 +0.20°¢ 13.38 £ 1.00 ¢ 0.16 + 0.03d 0.02 £0.004
-P 3.134+0.32° 2322 +£1.90b 0.57 £+ 0.13 <d 0.07 +£0.01°¢
-Ca 577 +£0.552 2296 4+ 1.02P 322 +0332 0.27 +0.02 2
-Mg 4334039P 26.33 +1.74° 0.89 £ 0.26 ¢ 0.09 +0.02 ¢
-Fe 329 +041° 25.00 4 2.38 P 0.93 +0.21 b 0.08 + 0.02 ¢
T. lotocephalus

CT 14.00 + 2.63 P 20.79 £2.212 2.60+0.59P 0.18 + 0.03P
-N 147 +0.19°¢ 6.24 £0.73°¢ 0.05 + 0.004 0.01 £0.004
-P 1.63 £0.18 ¢ 1044 +1.01° 0.07 +0.02 4 0.01 +0.004
-Ca 3453+ 4922 13.81 +£1.05P 10.68 + 0.86 2 0.56 +0.052
-Mg 9.92 £2.02° 11.12 4 0.98 " 1.29 £0.28 ¢ 0.12 £0.03¢
-Fe 217 £0.28¢ 11.95 +1.13P 0.09 + 0.014 0.02 +0.004

Values are expressed as mean =+ SE. The results for each variable were examined using one-way analysis of
variance (ANOVA). The different letters (a to d) among the treatments are substantially different at p < 0.05
(Duncan’s New Multiple Range Test).

The number of shoots produced in both species was found to be negatively affected
by the limitation of all nutrients, with the exception of Ca, which had no significant impact
on the number of shoots produced in L. viridis (6.29 & 0.70 vs. 5.77 & 0.55) and resulted in
a higher number than the control in T. lotocephalus (more than 60%) (Table 1).

With regard to the length of the shoots, in both species, the longest was observed
in the control group and the shortest in the N deficiency group. In both L. viridis and T.
lotocephalus cultures, the absence of Ca in the culture media stimulated the production
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of biomass. However, as can be observed in Figure 1, this higher production is partially
related to hyperhydricity, a plant disorder characterized by stiff transparent shoots with
small internodes due to the increased water content (which overestimates the biomass
results). This is commonly caused by the accumulation of ethylene [12,35]. A deficiency
in calcium has been previously associated with this phenomenon in other studies, which
has been justified by the fact that low Ca levels decrease cell motility and pectin formation,
thereby compromising cell wall and membrane integrity and reducing transpiration [35].
A similar outcome was observed in a study conducted with Stevia rebaudiana, wherein the
exclusion of Ca from the MS medium led to an enhancement in the length of shoots, the
number of nodes and leaves, as well as FW and DW [32]. Conversely, the absence of N, P, K,
Ca, or Mg in the culture medium resulted in an inhibition of plant growth on Brassica rapa L.
ssp. pekinensis shoots, with the greatest impact observed in response to Ca deficiency [22].

The biometric features of both species tested in this study were particularly affected
by the absence of N (Table 1). Furthermore, negative effects on plant growth parameters
have been observed in other species belonging to distinct families that have been subjected
to N limitation. These include Eucomis autumnalis (Mill.) Chitt (Asparagaceae), Tulbaghia
ludwigiana Harv. and Tulbaghia violacea Harv. (Amaryllidaceae) [33], Arabidopsis thaliana
(Brassicaceae) [34], B. rapa (Brassicaceae) [22], Lactuca sativa L. (Asteraceae), and Castilleja
tenuiflora Benth (Orobanchaceae) [36]. In contrast, the absence of this macronutrient in
the media does not affect the growth of Japanese mint [37] or chamomile [38]. Similarly,
in the case of T. lotocephalus, as occurred for N, the absence of P and Fe also resulted in a
significant reduction in the number of shoots (88% less for P and 84.5% for Fe) and biomass
produced (97.3% less FW for P and 96.5% for Fe) (Table 1). Similar outcomes were observed
in other plant species subjected to P or Fe stress [22,33,34,39-41].

The process of photosynthesis, in which chlorophylls play a pivotal role in light cap-
ture, is of paramount importance to the growth and productivity of plants. Consequently,
it can be employed as a reliable indicator of stress tolerance [33]. In L. viridis, the highest
content of total chlorophyll content was observed in the control (0.58 £ 0.02 mg/grw), with
no significant differences evident between cultures grown under Ca (0.51 £ 0.02 mg/gpw)
or Mg (0.49 £ 0.03 mg/grw) deficiency (Figure 2).

Lavandula viridis Thymus lotocephalus

0.7 1.2,

|—|m

0.6

o

0.5

0.4
b

mg/grw
mg/grw
5

0.3 [

0.2 a

< cd
a a d
o a a 02 b
. b b e cd c
n T 0 D i . T cee | Hﬁ H% ﬂm
-N -P -Ca -Mg

cT -N -P -Ca - Mg -Fe cr -Fe

3 Total chlorophyll 3 Carotenoids

Figure 2. Total chlorophyll and carotenoid contents of Lavandula viridis and Thymus lotocephalus grown
in control medium (CT) and media without sources of nitrogen (-N), phosphorus (-P), calcium (-Ca),
magnesium (-Mg), or iron (-Fe). Values are expressed as mean =+ SE. The results for each variable
were examined using one-way analysis of variance (ANOVA), and graph bars with different letters
(a—d) are substantially different at p < 0.05 (Duncan’s New Multiple Range Test).

Conversely, deficiencies in N or Fe resulted in the lowest levels of carotenoid produc-
tion (65.4% and 55.3% reductions, respectively) and total chlorophyll (64.0% and 54.8%
reductions, respectively) in the shoots of this species. In the case of T. lotocephalus, the cur-
rent findings indicated that the deficiency of the five nutrients, especially N or Mg, resulted
in a notable reduction in the concentration of the photosynthetic pigments, chlorophylls



Horticulturae 2024, 10, 947

8 of 24

(by 50.2-93.3%), and carotenoids (by 46.7-85.7%). Indeed, as was the case with growth,
the absence of N had the greatest detrimental impact on the production of photosynthetic
pigments in both species. These results were anticipated, given that N is a major component
of nucleic acids, amino acids, proteins, and chlorophyll. It can therefore be regarded as
the major limiting macronutrient for plant growth and development [36], and its absence
can even be fatal [33]. The findings of Aremu et al. [33] indicate that N stress significantly
reduced the photosynthetic pigment content of Tulbaghia spp. compared to P stress, which
is in accordance with the present results. Additionally, the N deficiency had a detrimental
impact on the chlorophyll content of C. tenuiflora cultured in a RITA® temporary immersion
system [36].

The negative impact of Fe deficiency on pigment production observed in this study
can be explained by the fact that this nutrient is a crucial cofactor in photosystem complexes
and is found in nearly every component of the electron transport chain in the chloroplast,
where photosynthesis occurs [42]. As stated by Briat et al. [42], Fe is present in the three
primary complexes of the photosynthetic apparatus. Specifically, two Fe atoms are located
in the photosystem II (PSII) complex, six in the cytochrome b6f (Cyt béf) complex, and
fourteen are present in the photosystem I (PSI) complex. The current findings are consistent
with those of previous studies on other plant species. For example, Cucumis sativus L. [43],
Sulla carnosa [44], potato calli [39], fennel [45], and peanut [40] plants grown under Fe
limitation have been observed to register a decrease in total chlorophyll content compared
to the control.

With regard to Mg, this macronutrient constitutes a central element of chlorophyll and
an activator for upwards of three hundred enzymes, including ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco) [46]. The results obtained for T. lotocephalus are in ac-
cordance with those observed for Citrus sinensis, whereby a deficiency in Mg resulted in a
reduction in the chlorophyll content [46].

3.2. Oxidative Stress Caused by Nutrient Starvation

Abiotic stress can result in the production of high levels of reactive oxygen species
(ROS), including hydrogen peroxide (H,O,), hydroxyl radical (OH™), superoxide an-
ions (O7), and singlet oxygen (10,), which can cause damage to plant cells and impair
pigment production [12]. In this study, the absence of P (1.34 £ 0.12 umol/grw) or Fe
(1.13 = 0.14 pmol/gpw) in the culture media resulted in an increase in H,O, content in T.
lotocephalus in comparison to the control (0.47 £ 0.03 pmol/grw) (Figure 3).
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Figure 3. Hydrogen peroxide (H,O;) and malondialdehyde (MDA) contents of Lavandula viridis
and Thymus lotocephalus grown in control medium (CT) and media without sources of nitrogen (-N),
phosphorus (-P), calcium (-Ca), magnesium (-Mg), or iron (-Fe). Values are expressed as mean + SE.
The results for each species were examined using one-way analysis of variance (ANOVA), and
graph bars with different letters (a—e) are substantially different at p < 0.05 (Duncan’s New Multiple
Range Test).
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Conversely, the Ca deficiency (0.14 £+ 0.02 umol/grw) resulted in a reduction in
this parameter. In accordance with the findings of this study, the exposure of tomato
plants to P limitation [41], as well as peanut plants [40] and potato calli [39] to Fe
deficiency, has been shown to result in a significant improvement in ROS accumulation.
In L. viridis, the highest production of H,O, was observed in plants subjected to N
limitation (1.70 & 0.12 pmoly202 / grw), which was significantly different from the control
(1.51 £ 0.09 umol/grw). In contrast, the content of H,O, was significantly decreased in
this species when Mg (0.98 &+ 0.13 umol/ggw) or Fe (0.46 £ 0.05 umol/gpw) starvation
was imposed, in comparison to the control. While the present study did not analyze the
antioxidant enzyme system or the thiol-based antioxidant system, it is plausible that
these systems may play a role in protecting L. viridis under conditions of Mg and/or
Fe starvation. This hypothesis is supported by observations in other species that have
experienced similar nutrient deficits [47,48]. Furthermore, the literature suggests that
the overexpression of antioxidant metabolites and antioxidant enzymes resulting from
nutrient deficiencies may provide sufficient protection against oxidative stress [47]. In
light of the aforementioned statement and in accordance with the data presented in
Figure 4, it can be posited that certain phenolic compounds may also play a role in the
protection of L. viridis against hydrogen peroxide. This is evidenced by the negative
correlation observed between these compounds and the HyO; content. With regard to N
starvation, these findings are in alignment with the existing bibliographic data on shoots
from Matricaria chamomilla L. [38] and C. tenuiflora [36], which demonstrated elevated
H,O; production across all N-deficient variants.
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Figure 4. Heatmap corresponding to Pearson’s correlation between the shoot length, contents in
chlorophylls, carotenoids, hydrogen peroxide (HyO;) and lipid peroxidation (MDA), biological
properties of plant extracts (antioxidant activity (DPPH, FRAP, ABTS, and ORAC) and anti-aging
enzyme (tyrosinase, elastase, and hyaluronidase) inhibitory capacity, contents in total phenolics,
flavonoids, phenolic acids, and the individual phenolic compounds identified by HPLC-HRMS from
(A) Lavandula viridis and (B) Thymus lotocephalus grown in control medium (CT) and media without
sources of nitrogen (-N), phosphorus (-P), calcium (-Ca), magnesium (-Mg), or iron (-Fe). * Correlation
is significant (p < 0.01).

The production of ROS during abiotic stress results in the overproduction of malondi-
aldehyde (MDA). This compound is regarded as a biomarker of oxidative damage and the
extent of lipid peroxidation, given that the concentration of MDA increases in conjunction
with the advancement of membrane-lipid peroxidation [9,49]. As observed for the H,O,
content, the media lacking Fe (29.45 &+ 2.09 nmol/grw) or P (20.32 &+ 1.55 nmoL/grw)
exhibited the highest MDA levels, in comparison with the control (13.80 &£ 0.49 nmol/grw),
in T. lotocephalus (Figure 3). These findings indicate the presence of oxidative stress and
support the hypothesis that elevated levels of HyO; can damage cellular membranes by
generating hydroxyl radicals (OH™) and promoting lipid peroxidation [44]. The results
indicate that the disruption of thylakoid membranes in chloroplasts by lipid peroxidation,
which resulted in a reduction in chlorophyll production, was substantiated by the inverse
relationship between MDA and photosynthetic pigments (Figure 4), particularly in L. viridis.
Furthermore, a loss of membrane integrity was also previously observed in these two Lami-
aceae species under heat stress [18]. Similarly, the findings of other authors indicated that
Fe deficiency elevated MDA levels in S. carnosa [44] and peanut plants [40], and a similar
outcome was observed in Solanum lycopersicum L. grown under P limitation [41]. In contrast
to the effects of Fe or P limitation, Ca limitation resulted in a reduction in the oxidation of
lipids in T. lotocephalus (8.77 £ 1.04 nmol/grw).

In L. viridis, the highest levels of MDA were observed in cultures grown in N-deficient
(29.14 £ 1.56 nmol/gpw) or Ca-deficient media (23.68 & 1.60 nmol/grw) (Figure 3). Similar
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results were observed in the blueberry Legacy cultivar, where lipid peroxidation was more
pronounced in plants grown in N-deficient conditions [50]. In contrast, the results obtained
in Ocimum basilicum L. (Lamiaceae) demonstrated that limiting N considerably reduced the
degree of lipid peroxidation in shoots and roots for all studied genotypes (Small-leaved
basil, Genovese, Dark Opal, and Lemon basil) [49]. Similarly, as observed in the case of L.
viridis, the MDA content was found to be reduced following Mg starvation.

3.3. Phenolic Profile and Antioxidant Activity of the Green Extracts

Plants usually react to oxidative stress by inducing secondary metabolite production.
L viridis and T. lotocephalus are a rich source of phenolic compounds, particularly rosmarinic
acid. A total of 35 phenolic compounds were identified in L. viridis extracts (Table S1,
Supporting Information), of which 34 were quantified. In T. lotocephalus, 22 phenolics were
quantified out of the 29 initially identified. The total phenolic content, as determined by
HPLC-HRMS, ranged from 52.8 to 81.6 mg/gpyw in L. viridis and from 35.1 to 68.4 mg/gpw
in T. lotocephalus. These findings are illustrated in Figure 5 and described in detail in
Tables S3 and S4, respectively. The findings of this study illustrate the pivotal role that
phenolics play in enabling both species to withstand nutrient deficiencies. The proportion
of quantified compounds in L. viridis and T. lotocephalus that exhibited an increase following
exposure to stressful nutrient conditions was 72% and 62%, respectively.
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Figure 5. Total phenolic content determined by HPLC-HRMS of green extracts from Lavandula viridis
and Thymus lotocephalus grown in control medium (CT) and media without sources of nitrogen (-N),
phosphorus (-P), calcium (-Ca), magnesium (-Mg), or iron (-Fe). Values are expressed as mean + SE.
The results for each species were examined using one-way analysis of variance (ANOVA), and
graph bars with different letters (a-d) are substantially different at p < 0.05 (Duncan’s New Multiple
Range Test).

In L. viridis, the highest concentration of phenolic compounds was obtained in cultures
grown in MS media under Mg (81.6 & 1.5 mg/gpw) or P (80.2 &= 1.3 mg/gpw) starvation,
which was superior in approximately 20% to the control (Figure 5). The largest production
of phenolics was observed under Mg or P deprivation, and the lowest MDA content was
also noted under these two nutrient deficits. This may demonstrate the role of phenolics
in counteracting lipid peroxidation. This assertion is corroborated by the robust negative
correlation evident in the heatmap of L. viridis between lipid peroxidation and phenolic
production (Figure 4). Similarly, deficiencies in Mg or P have been shown to result in
increased phenolic content in citrus [46] and strawberry plants [51], respectively. In addition
to its role as a component of primary metabolites, N is also a crucial factor in the synthesis
of secondary metabolites. In comparison to the control, N deficiency also resulted in an
increase in total phenolic compounds in L. viridis. This finding is consistent with the results
of other authors who have demonstrated an inverse relationship between low N availability
and phenolic biosynthesis [36,38,49,52,53]. One hypothesis to explain this phenomenon is
that low N availability promotes the synthesis of metabolites with C, H, and O structures,
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which in turn favors the synthesis of terpenes and phenolic compounds. With regard to
metabolites containing N, such as alkaloids, cyanogenic components, and non-protein
amino acids, their biosynthesis will be inhibited [21]. In contrast to the effects of Mg, P,
or N starvation, the total phenolic content was found to decrease following exposure of
L. viridis to Ca or Fe deficiencies (Figure 5). The reduction in phenolic production under
conditions of Ca or Fe starvation may indicate that these compounds are utilized to mitigate
the elevated levels of MDA observed in L. viridis cells. This hypothesis is supported by
the strong negative correlation between lipid peroxidation and phenolics observed in this
species (Figure 4). These findings differ from those observed in S. rebaudiana, where the
Ca-deficient medium was found to stimulate the production of these compounds [32].
Nevertheless, the inhibition of phenolic production was also observed in other species
subjected to Fe limitation, namely S. carnosa [44] and Foeniculum vulgare Mill [45].

The accumulation of phenolics in T. lotocephalus cultures was significantly increased
by Mg and Fe starvation, particularly micronutrient deficiency, which stimulated the
production of more than 29.5% of these compounds compared to the control (Figure 5).
Similarly, the Fe-deficient medium has been demonstrated to enhance the production of
phenolics in strawberry plants [51] and potato calli [39]. Conversely, N or P limitation was
observed to decrease phenolic accumulation in T. lotocephalus, as has been documented
in other species subjected to N or P stresses, namely E. autumnalis, T. ludwigiana, and T.
violacea [33]. Kovacik et al. [54] observed that nutrient deprivation resulted in elevated total
phenolics and phenolic acids, which are associated with elevated/preserved phenylalanine
ammonium lyase (PAL) activity (the first key enzyme involved in the synthesis of phenolics).
An increase in PAL activity has been previously observed in T. lotocephalus and L. viridis
subjected to other abiotic stress, namely temperature [13].

The majority of the phenolics produced by these two species (77% in L. viridis and 84%
in T. lotocephalus) belong to the class of phenolic acids. The majority of these (68.6% for L.
viridis and 57.1% for T. lotocephalus of total phenolics) are rosmarinic acid (RA) derivatives
(RA coupled with additional aromatic moieties and its derivatives) [55]. The phenolic
acid RA (or x-o-caffeoyl-3,4-dihydroxyphenyllactic acid), which is synthesized through the
esterification of caffeic acid, represents the major compound in L. viridis (comprising 67-74%
of the total compounds) and T. lotocephalus (comprising 51-73% of the total compounds). Its
production was stimulated by the limitation of the nutrients in the culture media, namely
Mg, N, or Pin L. viridis and Mg or Fe in T. lotocephalus (Figures 5 and 6, and Tables S3 and S4).
The highest concentration of RA in L. viridis was observed in the Mg-deficient medium
(60.7 £ 1.0 mg/gpw), representing a significant increase of over 22.7% compared to the
control (46.9 + 0.9 mg/gpw). In T. lotocephalus, the culture medium lacking Fe was the most
effective in stimulating the production of RA (50.0 = 0.4 mg/gpw), with an accumulation
of over 33.6% compared to the control (33.2 & 1.3 mg/gpyw). Similarly, the biosynthesis of
RA has been observed to be stimulated by nutrient limitation in other species belonging
to the Lamiaceae family, including Origanum vulgare L. [56], Perilla frutescens [57], and O.
basilicum [49]. Nevertheless, to the best of our knowledge, this is the first study to report
that Fe or P starvation is an effective method for stimulating RA. While less abundant than
rosmarinic acid, methyl-O-galloyl-D-glucopyranoside was also a prominent compound
in both species (Figure 6 and Tables S3 and S4), as previously identified by our research
group [12,13]. However, in both species, the production of this galloyl ester was not affected
by nutrient starvation, with no statistically significant difference observed compared to the
controls. It is noteworthy that the resilience or lack of efficacy of this compound to abiotic
stress has been previously documented in L. viridis subjected to temperature stress [13] and
in T. lotocephalus exposed to drought [12].
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Figure 6. Variation in main phenolic compounds determined by HPLC-HRMS of green extracts
from Lavandula viridis and Thymus lotocephalus grown in control medium (CT) and media without
sources of nitrogen (-N), phosphorus (-P), calcium (-Ca), magnesium (-Mg), or iron (-Fe). Values
are expressed as mean =+ SE. The results for each species were examined using one-way analysis of
variance (ANOVA), and graph bars with different letters (a—f) are substantially different at p < 0.05
(Duncan’s New Multiple Range Test).
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The two species under investigation in the present study are rich in different salvianolic
acids, which are known as RA derivatives. The most abundant salvianolic acids in L. viridis
and T. lotocephalus, respectively, are salvianolic acid B (isomer IV) (3.0-7.8 mg/gpw) and
salvianolic acid A (isomer I) (0.4-2.1 mg/gpw) (Figure 6 and Tables S3 and S4). The highest
production of salvianolic acid B (isomer IV) was obtained in L. viridis grown under P
deficiency (7.8 £ 0.02 mg/gpw), which corresponds to more than 50% of that produced
by the control (Figures 6 and 7, and Tables S3 and S4). The production of salvianolic acid
A (isomer I) was markedly enhanced under Mg deficiency conditions in T. lotocephalus
exhibiting a 66.3% increase relative to the control (Figures 6 and 7, and Tables S3 and 54).
Another RA derivative and abundant compound (the fourth in L. viridis and the third in T.
lotocephalus) was identified in both species: dimethyl lithospermate B. The nutrient-limiting
conditions in the culture media did not result in alterations to the production of this RA
derivative in L. viridis. However, the accumulation of this compound was increased in T.
lotocephalus when the cultures were subjected to N, P, or Fe starvation (Figures 5 and 6, and
Tables S3 and S4).

RA and its derivatives have been shown to possess a number of biological properties,
including anti-inflammatory, antibacterial, antiviral, antioxidant, and antiangiogenic ac-
tivities. Furthermore, preclinical pharmacological studies have indicated that RA and its
derivatives represent a promising strategy for cancer treatment and prevention. However,
their low bioavailability limits their pharmacological effects, necessitating the develop-
ment of innovative approaches for nanoformulation, for instance [55]. In addition to
salvianolic acids and dimethyl lithospermate B, other RA derivatives were identified and
quantified (although in smaller quantities) in both species, namely methylrosmarinic acid,
monomethyl lithospermate, salviaflaside, and yunnaneic acid F. Furthermore, the RA
derivatives rabdosiin hexoside and yunnaneic acid D were identified and quantified in L.
viridis (Tables S3 and S4).

The flavonoid theaflavic acid represents the fifth major compound of both studied
species, whose production was stimulated by the limitation of Mg in L. viridis and Mg or Fe
in T. lotocephalus (Figures 5 and 6, and Tables S3 and S4). Some of the identified compounds
in both species under investigation are being reported for the first time. To the best of our
knowledge, this is the first occasion on which dimethyl lithospermate B has been identified
in the Lavandula and Thymus genera. However, it has previously been identified in other
species of the Lamiaceae family, namely Salvia miltiorrhiza [58]. Furthermore, this is also the
first identification of monomethyl lithospermate in the Lavandula genus and T. lotocephalus,
although it has been identified in other Thymus species [59,60]. The identification of
rabdosiin hexoside in the Lavandula genus represents a novel finding. Yunnaneic acid D
and yunnaneic acid F were identified for the first time in L. viridis species, although both
have been previously identified in Lavandula austroapennina [61]. Furthermore, this is also
the inaugural report identifying yunnaneic acid F in Thymus species. The results of the
hierarchical cluster analysis presented in the form of a polar heatmap with a dendrogram
(Figure 7) indicate that, based on the HPLC-HRMS results, the extracts from L. viridis with
a composition more similar are CT and Mg, followed by P and N. This corresponds to the
four nutrients whose absence most stimulated the production of phenolics. Conversely,
cultures derived from Ca- or Fe-deficient media exhibited a high degree of similarity, likely
due to the limited accumulation of phenolic compounds, as indicated by the negative
correlations (Figure 7). With regard to T. lotocephalus, the greatest distance is observed
between the CT-N-Fe and Ca-Mg-P clusters.
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Figure 7. Polar heatmap with dendrogram indicting the clustering of distance (or similarity) among
extracts and individual phenolic compounds. The polar heatmap corresponds to Pearson’s correlation
of the compounds identified by HPLC-HRMS in the extracts from (A) Lavandula viridis and (B) Thymus

lotocephalus grown in control medium (CT) and media without sources of nitrogen (-N), phosphorus
(-P), calcium (-Ca), magnesium (-Mg), or iron (-Fe).
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A low MDA level may be indicative of the functionality of the enzymatic antioxi-
dant system, thereby enabling the plant to defend itself against stress. Furthermore, a
reduction in MDA accumulation may be associated with an increase in phenolic content
and the associated antioxidant activity. The results obtained with L. viridis (Figure 4) are
in accordance with those previously reported by Jakovljevi¢ et al. [49], who observed a
negative correlation between MDA and phenolic contents in basil cultivars subjected
to stressful nutrient conditions. A negative correlation between MDA and phenolic
contents indicates that phenolics can act as antioxidants, scavenging ROS and thus
decreasing lipid peroxidation. The negative correlation found between the results of
the four antioxidant capacity assays and MDA contents in L. viridis, as observed in our
study, lends further support to this hypothesis. Similarly, in a previous study, phenolic
compounds and the associated antioxidant capacity of extracts from this species indi-
cated that they play an important role in protecting the in vitro cultures against lipid
peroxidation caused by temperature stress [13]. The protection of this species from lipid
peroxidation induced by nutrient starvation appears to be primarily attributed to the
action of specific isomers of salvianolic acids (A, B and I), yunnaneic acid D, fertaric
acid, monomethyl lithospermate, dihydromorelloflavone, theaflavic acid, and rosmarinic
acid (Figure 4). Some of these compounds have previously been demonstrated to elicit
a defensive response in L. viridis against the deleterious effects on lipid membranes
induced by elevated temperatures [13]. In the case of T. lotocephalus, a negative cor-
relation between MDA and total phenolic accumulations or antioxidant activity was
not observed, suggesting that other main protective mechanisms may be at play in this
species. These could include the enzymatic antioxidant system, such as superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), etc. Nevertheless, some
individual phenolics from T. lotocephalus appear to possess the ability to safeguard this
species from lipid peroxidation, including some isomers of the salvianolic acids A, B,
and I, methylrosmarinic acid, herniarin, and protocatechuic aldehyde (Figure 4).

With regard to antioxidant activity, a robust positive correlation was identified be-
tween the four antioxidant assays tested (DPPH, FRAP, ABTS, and ORAC) and the total
phenolic, flavonoid, and phenolic acid contents in both species (Figure 4). This finding
substantiates the antioxidant potential of phenolic compounds derived from the L. viridis
and T. lotocephalus extracts. In particular, salvianolic acids A, B, and I, methylrosmarinic
acid, monomethyl lithospermate, rosmarinic acid, theaflavic acid, and protocatechuic alde-
hyde were identified as the compounds that most contributed to the antioxidant capacity
of L. viridis. The most important compounds in T. lotocephalus were salvianolic acids A
and B, methylrosmarinic acid, rosmarinic acid, theaflavic acid, luteolin-7-O-glucuronide,
and methyl-O-galloyl-D-glucopyranoside. The antioxidant capacity of plant extracts in
L. viridis was found to be stimulated by N, P, or Mg limitations, but conversely, Ca or
Fe deficiencies were observed to have a detrimental effect (Figure 8). The antioxidant
activity of T. lotocephalus extracts was found to be elevated in the presence of Mg or Fe
starvation, as evidenced by the four assays employed (ABTS, DPPH, FRAP, and ORAC).
Conversely, the lowest antioxidant capacity of T. lotocephalus was observed in extracts from
cultures grown in N-limited media. Nutrient-limiting conditions, specifically N [49,52,53],
Ca [32], Fe [44,51], or K [33], have also been shown to significantly enhance the antioxidant
properties of diverse plants.



Horticulturae 2024, 10, 947

17 of 24
ABTS DPPH
20
0 a a 2 2 ' 2 b ab g
) 100 b be e
c C
b cd
. ¢ . % 80 d
> [
§ i - ¢
]
> g
£ -
£ » 40
20
cT -Ca -Mg -Fe cT -N =P -Ca -Mg -Fe
FRAP ORAC
a
260 . . 500
240 450
220
o 400 .
180. a a 350 a a
= [ —
§, L E 300 c [ c
R R be d 8 20 2 be be
3, 120 13 c d
E 100 E 200
80 150
60 100
40
20 =
o o
cT -Ca -Mg -Fe cT -N -P -Ca -Mg -Fe
3 L. viridis B3 T. lotocephalus

Figure 8. Antioxidant capacity assessed by 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), ferric reducing antioxidant power (FRAP), and
oxygen radical absorbance capacity (ORAC) methodologies of the extracts from Lavandula viridis
and Thymus lotocephalus grown in control medium (CT) and media without sources of nitrogen (-N),
phosphorus (-P), calcium (-Ca), magnesium (-Mg), or iron (-Fe). Values are expressed as mean + SE.
The results for each species were examined using one-way analysis of variance (ANOVA), and
graph bars with different letters (a—d) are substantially different at p < 0.05 (Duncan’s New Multiple
Range Test).

3.4. Effect of Nutrient Deficiency on the Inhibitory Anti-Aging Enzymatic Capacity

The present study was conducted to investigate anti-tyrosinase (Tyr), anti-hyaluronidase
(Hyal), and anti-elastase (Ela) activities. To the best of our knowledge, this is the first report
on the impact of nutrient deficiency on the inhibition of these four enzymes. Furthermore, it
is the inaugural report assessing the bioactive potential of L. viridis and T. lotocephalus toward
the inhibition of the enzymes Hyal and Ela. Furthermore, the utilization of innovative and
environmentally friendly solvents (Natural Deep Eutectic Solvents, NADES) in Lavandula
and Thymus extracts with the potential to inhibit Hyal and Ela enzymes is being reported for
the first time. Our group has previously employed NADES to extract phenolic compounds
with the capacity to inhibit Tyr in T. lotocephalus [12] and Lavandula pedunculata [17]. The
natural origin, biodegradability, and non-toxicity of NADES present untapped potential
for the development of novel extracts with distinctive phytochemical profiles and biolog-
ical characteristics, which could be employed safely in a variety of industries, including
cosmetics [12].

As illustrated in Table 2, the inhibitory effect towards Tyr ranges from 17.08 to 39.35%
in L. viridis and from 20.17 to 61.14% in T. lotocephalus, exhibiting the most pronounced
inhibitory activity among the three tested enzymes.
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Table 2. Tyrosinase, hyaluronidase, and elastase inhibitory activities (%) of the extracts from Lavandula
viridis and Thymus lotocephalus grown in control medium (CT) and media without sources of nitrogen

(-N), phosphorus (-P), calcium (-Ca), magnesium (-Mg), or iron (-Fe).

Treatment Tyrosinase Hyaluronidase Elastase
L. viridis

CT 39.35 +2.852 7498 +4.14° 1131 £ 0.36 P

-N 2425+ 122¢ 1.60 £ 0.454 1345+ 0.17b

-P 17.08 + 0.63 4 41.46 +1.46° 14.20 +£0.50 b

-Ca 30.97 +1.37° 71.70 + 7.612 12.03 +£1.78"b

-Mg 20.27 + 3.94 ¢d 2337 +4.41°¢ 11.30 +1.23b

-Fe 34.03 + 0.50 @b 12.77 4+ 0.27 <d 20.48 £ 0.052

T. lotocephalus

CT 20.17 + 1.04 ¢ 52.86 + 4.01° 16.18 +£1.09b
-N 21.67 + 0.65 ¢ 13.47 +1.39 4 11.88 4+ 0.31 <

-P 28.30 + 0.97 ° 36.91 +2.61°¢ 23.00 + 0.29 2

-Ca 2216+ 151¢ 7344 + 5492 15.46 + 1.67P

-Mg 2261 +1.02°¢ 53.93 +2.70P 9.74 + 0944
-Fe 61.14 +1.142 26.27 + 0.45°¢ 14.10 £ 1.10 b¢

Positive control 93.38 + 0.15 73.15 + 0.61 65.95 + 1.15

Values are expressed as mean =+ SE. For each variable, the values followed by distinct letters (a to d) are significantly
different at p < 0.05 (Duncan’s New Multiple Range Test). Concentration of plant extract used for each enzyme
inhibition assay: tyrosinase (250 ug/mL); hyaluronidase (500 ug/mL); elastase (2500 ug/mL). Concentration of
positive controls: kojic acid (200 ug/mL); tannic acid (500 pug/mL); quercetin (600 ug/mL).

The extracts from cultures grown under control media and Fe-deficient conditions in L.
viridis were demonstrated to be the most potent in inhibiting Tyr, a result that was replicated
in T. lotocephalus subjected to Fe limitation. The highest correlation with Tyr inhibition
in L. viridis was observed for epigallocatechin gallate and luteolin. In T. lofocephalus,
several compounds demonstrated a good correlation, including yunnaneic acid F, methyl-
O-galloyl-D-glucopyranoside, salvianolic acid A (isomer III) and B (isomer VI), theflavic
acid, dimethyl lithospermate B, methylrosmarinic acid, and rosmarinic acid (Figure 4).
Some of these compounds have previously been shown to be correlated with Tyr inhibition
in other investigations of T. lotocephalus species [12]. Previous studies have reported the anti-
Tyr effect of other Lavandula [3,62—-65] and Thymus species [2,60,66-75], but these studies
used water or organic solvents to extract the biocompounds.

A review of the literature revealed no reports on Hyal inhibition by other Lavandula
spp. extracts. Only one study was identified concerning the capacity of the essential oils
from Lavandula hybrida, Lavandula latifolia, and Lavandula hybrida to inhibit Hyal [76]. With
regard to the Thymus genera, only one study was identified that examined the capacity of T.
vulgaris to inhibit Hyal. The authors of this study reported that the water and acetone-water
(25:75%) extracts (100 pg/mL) (which have high dielectric constants) demonstrated notable
inhibition of Hyal (>85%), in contrast to hexane, ethyl acetate, acetone, and acetone-water
(75:25 and 50:50%) [18].

In the present study, the most effective inhibition of Hyal by L. viridis extracts was
observed in cultures grown under control conditions (74.98 + 4.14%) or Ca-deficient
conditions (71.70 & 7.61%). These results were comparable to those obtained with the
positive control (tannic acid, 73.15 £ 0.61%), which was applied at the same concentration
as the plant extracts (500 ng/mL). Similarly, the most significant anti-Hyal activity of T.
lotocephalus extracts was observed in cultures subjected to Ca limitation (73.44 & 5.49%)
(Table 2). In the case of L. viridis, the flavonoids dihydromorelloflavone and luteolin
demonstrated a significant strong correlation with Hyal inhibition, particularly the former.
In T. lotocephalus, the methylrosmarinic acid isomer I exhibited the strongest correlation.
Furthermore, the salvianolic acids A (isomers I and II) and I (isomer V) and herniarin were
identified as promising candidates for the development of Hyal inhibitors (Figure 4). It
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has previously been demonstrated that luteolin [19,77,78] and salvianolic acid A [79] are
effective targets for the inhibition of Hyal.

The Ela inhibitory capacity of the extracts of both species was found to be the lowest
among the three tested enzymes. Nevertheless, the most effective anti-Ela results were
observed in cultures of L. viridis (20.48 % 0.05%) and T. lotocephalus (23.00 = 0.29%) cultivated
under Fe or P starvation, respectively (Table 2). Pearson’s correlation analysis revealed that
salvianolic acids B (isomers I and II) exhibited the highest correlation with Ela inhibition
in both species (Figure 4). This RA derivative has previously demonstrated efficacy in
the reduction in porcine pancreatic elastase-induced emphysema in the lungs of rats [80].
Furthermore, salvianolic acid I (isomer II) may also play a significant role in the anti-Ela
activity of T. lotocephalus extracts. Similar to our own findings, the inhibition of Ela was found
to be poor in Thymus carnosus [71]. In contrast, greater capacities to inhibit Ela were identified
in other Lavandula and Thymus species, including Lavandula officinalis [64], Thymus vulgaris [18],
T. brachychilus [66], T. pulegioides [74], T. pubescens [2], and T. fragrantissimus [73].

4. Conclusions

This is the first report to investigate the impact of the nutrient starvation effect on
two endemic aromatic and medicinal plants from the Mediterranean, namely L. viridis and
T. lotocephalus. The findings indicate that a deficiency in nutrients resulted in oxidative stress
in both species, with ROS accumulation, which is directly linked to lipid peroxidation. As a
consequence, a detrimental impact on plant growth and pigment production was observed.
Conversely, oxidative stress resulted in enhanced production of phenolic compounds (e.g.,
rosmarinic acid and its derivatives salvianolic acids A, B, F, and I, methylrosmarinic acid,
salviaflaside, and yunnaneic acid F, as well as theaflavic acid and herniarin), which in
general also augmented the antioxidant and anti-aging enzyme inhibition capabilities of
plant extracts (Figure 9). In light of these findings, it can be posited that the extracts of these
species prepared with green solvents have the potential to be used for cosmetic applications.
Furthermore, it can be suggested that in vitro culture associated with temporary nutrient
starvation represents an effective platform for the production of phenolic compounds with
bioactivity in Lamiaceae species.

Nutrient stress

!
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—

|

‘ —— Lipid peroxidation ——]

Phenolics production éo.
)Y

Antioxidant Anti-aging
activity enzyme inhibition

Photosynthetic
pigments
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Figure 9. A working model representing the potential mechanisms of nutrient stress in Lavandula
viridis and Thymus lotocephalus. Nutrient starvation induces oxidative stress by triggering reactive
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oxygen species (ROS) accumulation, leading to lipid peroxidation with subsequent impairment in
photosynthetic pigment production and plant growth. On the other hand, oxidative stress causes an
improvement in phenolic compound production, enhancing the antioxidant and anti-aging enzyme
inhibition potentials of plant extracts. Notes: (—) induction; (=) inhibition.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/horticulturae10090947 /51, Table S1: HPLC-HRMS data of identified phenolic
compounds in Lavandula viridis and Thymus lotocephalus extracts; Table S2: Summary of HPLC-HRMS
criterion for quantification of phenolic compounds in Lavandula viridis and Thymus lotocephalus extracts;
Table S3: Quantity (ug/gpw or mg/gpw*) of the phenolic compounds in Lavandula viridis extracts grown
in control medium (CT) and media without sources of nitrogen (-N), phosphorus (-P), calcium (-Ca),
magnesium (-Mg) or iron (-Fe); Table S4: Quantities of (ug/gpw or mg/gpw™) phenolic compounds in
Thymus lotocephalus extracts grown in control medium (CT) and media without sources of nitrogen (-N),
phosphorus (-P), calcium (-Ca), magnesium (-Mg) or iron (-Fe).
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