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Abstract

Although the use of phytohormones for crop improvement has great potential, little is known about the molecular effects of
phytohormones in crops. This work investigated the effect of the exogenous application of plant growth regulators (PGRs),
indole-3-acetic acid (IAA), and cytokinin-like 6-benzyl amino purine (BAP) on plant biomass and the phytochemical and
biological parameters of Mentha rotundifolia L. aerial parts and roots. The results showed that the application of IAA and
BAP significantly influenced the accumulation of phenolic compounds in the plant organs. Treatment with PGRs also induced
remarkable increases in the amounts of individual phenolic compounds, with the greatest increases observed for salvianolic
and rosmarinic acids in the aerial parts treated with 20 or 10 mg/mL of BAP. Salvianolic acid also showed the most sig-
nificant increase in the roots of plants treated at 10 mg/mL (from 18.232 to 41.317 ug/g of extract). Furthermore, enhanced
antioxidant and inhibitory enzyme effects in the treated plants was observed. Our findings suggest that exogenous hormones
could be used to improve the synthesis of phenolic compounds and, as a result, the bioactivity of medicinal or food plants.

Keywords Mentha rotundifolia L. - IAA - BAP - Exogeneous hormones - Phenolic compounds - LC-ESI-MS analysis -

Antioxidant effect

Introduction

The genus Mentha contains aromatic plant species found
in temperate climates such as the Mediterranean countries,
Australia, and South Africa [1]. The species of this genus
have received much interest because of their chemical com-
position (mainly essential oils and polyphenols) and their
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pharmacological effects [2, 3]. In particular, M. rotundifolia
(synonym: M. suaveolens Ehrh Still; Family: Lamiaceae) is
one of the six species of Mentha that grows spontaneously in
Algeria, commonly known as “timarssad” and widely used
as a spice or infusion, decoction, and hydrolat in traditional
medicine for a variety of effects including tonic, carmina-
tive, digestive, stomachic, antispasmodic and sedative [4, 5].
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These effects typical of Mentha species have been attrib-
uted to polyphenol derivatives and monoterpenoids [6, 7].
Polyphenols are the most important secondary metabolites
and bioactive compounds in plants. They are produced via
the pentose phosphate, shikimate, and phenylpropanoid
pathways [8, 9]. These natural polyphenols have recently
gained popularity in the food industry as a safer alternative
to artificial molecules such as butylated hydroxyanisole and
hydroxytoluene [10]. On the other hand, because of its high
phenolic and flavonoid content, M. rotundifolia is regarded
as a plant with high antioxidant properties [11, 12]. Its aerial
part, in particular, contains a variety of flavonoids, includ-
ing diosmin, naringenin, luteolin, flavonols like kaempferol,
and phenolic acids dominated by rosmarinic acid, a phe-
nolic compound thought to be a promising therapeutic agent
against a variety of diseases [13, 14].

The study of the effects of various chemical and physical
factors, including minerals [15], salt [16], moisture [17], and
light [18] on plant growth and the production of secondary
metabolites, as well as the mechanisms that promote these
metabolites (e.g., culture systems, elicitation, nutrient condi-
tions, removal of toxic products, and precursor feeding, plant
hormones), has received a lot of attention due to the pharma-
cological importance of these secondary plant metabolites.
Exogenous phytohormones plant growth regulators (PGRs),
in particular, have been found to stimulate plant differentia-
tion, development, and growth even at low concentrations
[15—17]. Furthermore, PGRs were suggested to increase
specialized metabolite production when applied individu-
ally or in combination. For instance, natural auxins includ-
ing indole acid acetic (IAA), indole-3-butyric acid (IBA),
phenylacetic acid (PAA), 1-naphthalene acetic acid (NAA)
have been shown to stimulate green alga (Chlorella vulgaris)
growth and metabolites production [18]. It has also been
reported that IAA treatment can stimulate multiple effects on
secondary metabolites synthesized in various plants [19, 20].
Furthermore, N6-benzyladeninepurine (BAP) was found to
promote the production of phenolic compounds in Mentha
piperita [21].

The current study sought to examine the impact of TAA
and BAP on the content of phenolic compounds in the aer-
ial part and roots of Mentha rotundifolia as well as on the
plant's bioactivity as measured by antioxidant activity and
the inhibitory effect on acetylcholinesterase and glucosi-
dase in light of a large body of evidence demonstrating the
effect of PGRs on growth and the production of secondary
metabolites in Mentha species. The findings of this study
will undoubtedly be of great interest because there has been
no previous report on this plant in this context.

@ Springer

Material and methods
Chemicals

Acetylcholinesterase (AChE) type VI-S from electri-
ceel < 1000 U/mg solid and butyryl cholinesterase (BChE)
from equine serum 100 U/mg protein. a-glucosidase type I
from Saccharomyces cerevisiae < 10 U/mg solid. 5.5 dithio-
bis [2-nitrobenzoic acid] (DTNB), butyrylthiocholine chlo-
ride, 2.2-diphenyl-1-picrylhydrazyl (DPPH), 2.2-azinobis-
3-ethylbenzothiazoline-6-sulfonic acid (ABTS), potassium
persulfate (K,S,0y), linoleic acid, p-carotene, 2.6-di-tert-
butyl-4-hydroxytoluene (BHA), tween 40, neocuproine (def-
inition) 6-benzyl amino purine (BAP), and indole acetic acid
(IAA) were from Acros organic, Belgium.

Plant material

The collected plants were identified at the species level at
the University of Jijel (Algeria), and the experiment was
carried out in pot trials using a completely randomized
design (CRD). The plants were 8 cm tall when transported
on April 15th, 2018, with one plant per pot density. In
total, 15 pots, each 26 cm tall and 22 cm in diameter,
contained the same soil mixture of clay (55%) and sand
(45%). The 15 pots were divided into five groups and
each with three replicates. Each group was prepared for
treatment with a specific concentration of phytohormone.
The physical and chemical characteristics of the soil were
determined before the experiment. The parameters pH,
electrical conductivity, salinity, solids discounts totals
(TDS) were determined using a Multiparameter Pocket
Sensor (Palintest) [22]. Chemical analysis was conducted
using standard methods including the organic matter and
carbon contents [23] total nitrogen evaluated according to
the Kjeldahl method [24] assimilable phosphorus content
[25] and total calcar (CaCO;) [26]. The results for the soil

Table 1 Physicochemical characteristics of experimentation soil

Parameter Value

pH 7.72+0.05
Salinity (ppt as NaCl) 41.1+£0.01
TDS (ppm) 138+0.5
Conductivity (uS/cm) 0.192+0.9
Organic matter (%) 1.3+£0.43
Carbon (%) 0.8+0.28
Nitrogen mg N/100 g 0.49+0.03
Phosphorus (ppm) 2.06+0.56
CaCO; (%) 41.90+0.86

The results are reported as mean +SD of 3 different measurements

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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properties were given in Table 1. It is to note that through-
out the experiment, no chemical fertilizer or pesticide was
used, and weeds were manually removed; additionally,
irrigation was performed at half-field capacity with tap
water every day The pots were positioned inside a shelter
with a surface area 182.7 m? (21.5 mx 8.5 m). The average
(minimum-maximum) relative temperature and humidity
were 17 and 40 °C and 65% and 90%.

Exogenous hormone treatment and sample
collection

The hormones BAP and IAA were used at the concentra-
tions of 10 and 20 mg/mL. These concentrations have been
chosen based on previous studies reporting the concentra-
tions of these hormones that provide a significant effect
on plant development [27-30]. IAA solutions were pre-
pared by dissolving 10 mg and 20 mg of powder in 2 mL
of NaOH (1%) in a volumetric flask before dilution with
distilled water. On the other hand, the concentration of the
BAP solution was prepared by directly dissolving 10 mg
and 20 mg in distilled water, adding distilled water to make
1 L, and preparing 10 and 20 ppm solutions, respectively.
Plants were sprayed separately with a manual pressure
sprayer (50 mL each) with BAP and IAA, concentrating
on the leaves and stem until the solution dripped from the
tips of the plants. Foliar sprays with different concentra-
tions of TAA and BAP were applied twice (once every
15 days) during the vegetative (July 1) and before flower-
ing (July 15) periods. On August 25, 2018, we harvested
the aerial parts and roots after 133 days of cultivation. The
plant parts were washed, aerial and root biomass (fresh
weight) of plants were measured for each treatment. The
plant parts were desiccated for two week and dry weight
were measured. Additionally, the plant parts were ground
into a fine powder for extraction.

Measurement of total and individual phenolic
contents

Preparation of plant extracts

The preparation of the plant extracts was carried out by
maceration at room temperature for 24 h with 80% etha-
nol (80/20, v/v) at a solid—liquid ratio of 2.5/50 (w/v) under
continuous stirring (130 rpm) [31]. The mixture was then
filtered through Whatman Millipore No. 1 filter paper, and
the filtrate was concentrated using a rotary evaporator under
reduced pressure (BUCHI, R215, Switzerland). The extracts
were placed in small bottles and kept at 4 °C until further
analysis.

Total phenolic contents

Total phenol content (TPC) was determined spectropho-
tometrically by Folin-Ciocalteu as described by Dorman
et al. [6] using gallic acid to plot the standard curve. Results
were expressed as pg gallic acid equivalents per mg of
extract (ug GAE/mg). Total flavonoid content (TFC) was
quantified using a spectrophotometric method described
by Brahmi et al. based on forming an aluminum-flavonoid
complex [32]. Rutin was used as a standard, and the data
were expressed in pg of rutin equivalents per mg of extract
(ug RE/mg). The amounts of flavones and flavanols (FLC)
in aerial parts and roots were determined by using the alu-
minum-chloride (ALCl;) method reported by Kosalec et al.
[33]. Results were expressed as pg quercetin equivalents per
milligram of extract (ug QE/mg extract) calculated from the
standard curve of quercetin.

Identification of individual phenolic compounds

Identifying individual phenolic compounds was performed
using an LC/MS-2020 mass spectrometer (Shimadzu, Kyoto,
Japan). The LC system was equipped with an electrospray
ionization source (ESI), LC-20AD XR binary pump system,
SIL-20AC XR autosampler, CTO-20AC column oven, and
a DGU-20AS degasser (Shimadzu, Kyoto, Japan). Spectra
were recorded in negative ion mode, monitored, and pro-
cessed using Shimadzu Lab Solutions LC-MS software.
Compounds were separated on an Aquasil C18 column
thermostated at 40 °C (150 mm X 3 mm, 3 um), preceded
by an Aquasil C18 guard column (10 mm X 3 mm, 3 um).
The mobile phase comprised phase A (0.1% formic acid
in H,0, v/v) and phase B (0.1% formic acid in methanol,
v/v). The LC-MS conditions were as follows: 10-100% B for
0-45 min, 100% B for 45-55 min with an injection volume
of 5 uL and a flow rate of 0.4 mL/min. High-purity nitro-
gen served as a nebulizer and auxiliary gas. The ion spray
voltage was set to — 3.5 V in negative mode. The following
settings were applied: a nebulizer gas flow of 1.5 L/min, a
dry gas flow of 12 L/min, a DL (dissolution line) tempera-
ture of 250 °C, a source block temperature of 400 °C, and
a voltage detector of 1.2 V. The results were reported in ug
per g of extract.

Antioxidant activity

The antioxidant activity of the extracts was determined
using various standard methods. The antiradical capacity
was examined using the DPPH method [34], and the results
were reported as 50% inhibitory concentration (ICs) in pg/
mL. As described by Djermane et al. [35] and Szydowska-
Czerniak et al. [36], ferric-reducing power and phenanth-
roline assays were used to assess the reducing capacity of

@ Springer
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iron ions, while cupric reducing antioxidant capacity assay 5 v e w $
(CUPRAC) was used to measure the reduction copper ions £ é LA 3 o §
[37]. Furthermore, the antioxidant activity was determined j::-: . § § 5 -
using a P-carotene bleaching assay [34]. Similarly, the = § g~ é
results were expressed as A 5 values corresponding to the % o - g
concentration given an absorbance of 0.5. = 2 S &
5 |5 |ggq 2|8
=) = = 2 e
Enzyme inhibitory capacity g g R =
] S
The acetylcholinesterase inhibition was evaluated by apply- 2 i ;
ing Ellman's method with acetylthiocholine as the substrate go 2o @z a —§
[38]. The a-glucosidase inhibition was assessed following g £ g Q = ‘” s
the protocol described by Lordan et al. [39]. The results were :, 3:;\ é é - %
reported using ICs, (ug/mL) and inhibition rate (%). = . § S 2 § =
Statistical analysis Eo § = g
= 5
The data were first tested for normality and group homo- < ¥ ox % 5
geneity using the QQ plot and Levene's test. A two-way 5 2 ©t2 g g
ANOVA analysis was then performed to test for significant g % § § gz 7|2
differences, with plant organ (aerial part vs. roots) and treat- g ol E
ment (TO: control, T1: 10 mg/mL TAA, T2: 20 mg/mL TAA, 5 ) iEi ol R
T3: 10 mg/mL BAP, T4: 20 mg/mL BAP) as factors. In addi- < |g [233% 2|5
tion, means were separated using Student's Least Significant 3 3] & = §
Difference (LSD) at a 5% significance level. g,) P 2
We used the Pearson correlation coefficient to determine g fug é fg 2| ¢
the relationship between phenolic compounds and the bio- T O|E [f&8% ~ =
logical effects of M. rotundifolia (i.e., antioxidant, anticho- %’ A - %
linesterase, and anti-diabetic activities). Furthermore, princi- " rorox S
pal component analysis (PCA) was used to display treatment g ;&: :’E é § E
localizations based on (1) total phenolic contents and bio- = 9 g é
logical activities and (2) individual phenolic compounds. g = L. g
; sEL g F
5 sgE |3
Results ERE: S - =
Effects of IAA and BAP on the fresh and dry weight g g Pi: o ES
£2 0 |&s: °|z
The analysis of variance, which included all parts of the 25 |B -3 v g
plant, showed significant differences between all treatments 8 g i §
(p<0.01) for fresh weight and highly significant differences % '55 £ o §
(p<0.001) for dry weight. (Table 2. As shown in Fig. 1, the E212 |f52 | 2
variation of these parameters strongly depends on the iden- g § E Sa - “| 3 =
tity of the applied growth factor and its concentration. BAP § -% - S =
had the most effect by inducing a two- to three-fold increase ;Né -§ f%o oy & = é
(compared to the control) in fresh weight of aerial parts E ‘;-; Eu [?\r § E S g ?/' §
and roots at 10 and 20 mg/mL (Fig. 1A). Similarly, plants S é £ oFE A § g g
grown in 20 mg/mL BAP exhibited a threefold increase in Sz, & 3 =
dry weight for the aerial parts. In contrast, the dry weight of § s |2 -y ¥ 8 § 2 § 2
the roots was twice as high as in control (T0) (Fig. 1B). [AA 3=3 = ;5)0 E ED =)
treatment resulted in a slight rise in these two parameters = é g § e E b i f;
in both parts, which was not statistically significant for dry % 5 % % % E EN I 2 Z
weight. =% BRI
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Effects of IAA and BAP on biochemical parameters

According to the analysis of variance (Table 2), the inter-
action part of plant X treatment significantly affected the
contents of TPC, TFC, and FLC (p <0.001). The amount of
TPC varied from 72.60 + 1.22 t0 229.59 +0.13 ug GAE/mg
and TFC from 14.16 +1.15 to 73.59 +0.68 ug RE/mg, while
FLC ranged from 8.29 +0.78 to 50.68 +0.58 ng EQ/mg.

When the biochemical parameters were compared between
plant parts, the aerial part had greater TFC and FLC than
the roots (Table 3). A difference of 271.06% in FLC con-
centration was found between the aerial part and the roots.
However, only a percentage of 9.87% was recorded for TPC
(Table 3).

The amount of TPC in the two parts strongly depends on
the treatment applied (Fig. 2A). Treatments with 10 mg/mL

Fig. 1 The effects of plant
growth regulators IAA and BAP
on aerial parts and roots of M.
rotundifolia L. A Fresh weight
and B dry weight. TO, T1, T2,
T3, and T4 correspond to con-
trol, 10 and 20 mg/mL TAA, and
10 and 20 mg/mL BAP, respec-
tively. Column values with
different letters are significantly
different at p<0.05

Table 3 Mean effect of the plant
organ (aerial part vs. roots) on
total phenolic content (TPC),
total flavonoid content (TFC),
and total flavonol content (FLC)
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Fig.2 Effect of plant growth regulators IAA and BAP on A total phe-
nolics contents (TPC), B total flavonoids contents (TFC), and C fla-
vonols contents (FLC) in the aerial parts and roots of M. rotundifolia.

O
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Frech Weight (mg)
Dry Weight (mg)
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Q P N &")
B Acrial part HEl Root part
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TPC TFC FLC

Aerial Roots Aerial Roots Aerial Roots

169.94 +43.6* 154.67+54.5° 67.29+6.3* 20.08+5.1° 47.22+3.7* 12.73+2.7°
235.06 271.06
0.961 0.606

Means (£ SD)
Accumulation (%)* 9.87
LSDy,, 0.76

Shown are the homogeneous groups and percentage of accumulation in the aerial part compared to the
roots, which was obtained using the following formula % accumulation=((VAP — VRP))/VRP x 100),
where VAP corresponds to the value of the variable (TPC, TFC, or FLC) accumulated in the extract’ aerial
part and VRP to the value accumulated in the root part of the same extract. Values with different letters are
significantly different at p <0.05

LSDsy, refers to Least Significant difference

TFC (ugRE/mg)
FLC (ugQE/mg)

>

Bl Aerial part Bl Root part El Aerial part Hl Root part

20 mg/mL BAP, respectively. TO: correspond to the untreated sam-
ples (Control). Column values with different letters are significantly
different at p<0.05

T1, T2, T3, and T4 correspond to 10 and 20 mg/mL IAA and 10 and
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BAP and 20 mg/mL BAP (T3 and T4, respectively) resulted
in the highest TPC values in the aerial parts of 229.59+0.13
and 206.64 +1.88 ug GAE/mg, respectively. When 20 mg/
mL of BAP (T4) was applied to the roots, the maximum TPC
was 212.3 +0.4 ug GAE/mg compared to 202.89 +0.72 pg
GAE/mg obtained under 10 mg/mL of TAA (T1).

The amounts of TFC and FLC also depended on the treat-
ment and the part of the plant (Fig. 2B, C). Treatment with
10 mg/mL TAA (T1) and 20 mg/mL BAP(T4) produced the
highest values of TFC (71.62+2.12 and 73.59 +0.68 ug RE
/mg, respectively) and FLC (50.68 +£0.58, 50.23 +0.99 ug
QE/mg) in aerial part. About the roots, 10 mg/mL of TAA
(T1) gave the highest content of TFC (27.61 +0.89 ug RE/
mg), followed by 20 mg/mL of IAA (T2) with a value of
23.34+1.27 ug RE/mg, then by 20 mg/mL BAP (T4) with
a value of 19.64 +1.13 ug RE/mg, while the highest amount
of FLC (15.92+0.63 pg QE/mg) was obtained under 20 mg/
mL BAP (T4) treatment. These observations indicate that
BAP increased TPC in aerial parts and roots, while TAA
significantly enhanced TFC in roots of M. rotundifolia.

Effects of IAA and BAP on phenolic profile in aerial
part and roots of M. rotundifolia

Seventeen compounds were identified, including phenolic
acids and flavonoids in the aerial part and root extracts.

Depending on the phenolic compounds, the kind (IAA or
BAP) and amount (10 or 20 mg/mL) of growth factor, and
plant part (aerial vs. roots), treatments with growth regula-
tors resulted in considerable increases in the level of phe-
nolic compounds compared to the control. Among the phe-
nolic compounds studied, quinic acid, rosmarinic acid, and
salviolinic acid were identified as the main phenolic com-
pounds in the aerial part with amounts of 59.54, 62.57, and
73.65 ng/g, respectively (Table 4). The main phenolics in the
roots were salviolinic (41.32 pg/g), rosmarinic (32.13 pg/g),
quinic (17.10 pg/g), and caffeic (14.40 pg/g) acids, which
together made up the majority of the phenolic compounds
in the roots (Table 4).

The aerial part appeared to respond better to treatment
with BAP, which generally had the most notable impact on
the quantities of phenolic compounds. The amount of salvio-
linic acid rose from 10.44 (TO) to 73.65 pg/g in the aerial
part receiving 20 mg/mL of BAP (T4), showing the largest
increase. Additionally, the amount of rosmarinic acid in the
aerial component dramatically increased with the T3 and T4
treatments (10 and 20 mg/mL of BAP), increasing it from
17.34 to 66.27 and 62.57 ug/g, respectively. On the other
hand, trans-ferulic acid was not found in the aerial part, but
after stimulation by growth factors, amounts ranging from
0.03 to 0.06 pg/g were found. The quantity of salvianolic
acid in the roots raised the most with the T3 treatment

Table 4 Phenolic components in the aerial part and roots of M. rotundifolia treated with indole acid acetic (IAA) and N6-benzyladeninepurine

(BAP)
Tr Aerial part Roots

TIAA BAP IAA BAP

TO T1 T2 T3 T4 TO T1 T2 T3 T4
Quinic acid 2474 35523  37.042 42548  59.535 46249  9.343 8.906 9.648 17.104  15.906
Gallic acid 2258 ND ND ND ND ND 0.221 0.441 1.002 0.487 0.182
Protocachuic acid 2258 2472 6.291 1.292 1.834 1.202 4.998 7.050 5.453 8.754 6.004
Caffeic acid 7.016  1.689 14.813  2.754 1.883 3.351 12.517  11.130  10.843  14.397  10.013
Syringic acid 15.989  3.384 6.131 3.032 3.321 2.463 4.618 5.547 3.128 6.714 3.751
p-Coumaric acid 18.094  0.692 1.394 0.197 0.188 0.207 0.028 0.027 0.014 0.063 0.041
Trans-ferulic acid 25.551 ND 0.058 0.029 0.031 0.030 0.043 0.040 0.033 0.058 0.038
Rutin 22.801  0.253 0.147 0.341 0.409 0.729 0.055 0.077 0.083 0.059 0.097
Luteolin-7-0-glucoside 25.510  1.449 0.147 1.718 2.693 3.065 0.034 0.014 0.032 0.041 0.035
Naringin 27.863  1.749 0.866 1.119 1.431 1.891 ND ND ND ND ND
Apegenin-7-o-glucoside ~ 28.076  0.466 0.180 0.537 0.575 0.695 0.023 0.026 0.011 0.033 0.022
Rosmarinic acid 30.823  17.336 25944 42509  66.265  62.566 30979 23965 28.618 31.703  32.132
Salvianolic acid 30.011 10436  36.595  20.218  37.46 73.651 18232  20.810 23.283  41.317  25.962
Naringenin 31.220  0.320 0.611 0.819 0.608 0.713 1.738 1.527 5.931 1.475 2.432
Apigenin 37.027  0.186 0.586 0.430 0.273 0.399 0.126 0.098 0.401 0.122 0.482
Cirsiliol 37.578  0.079 1.037 1.119 1.966 1.987 0.650 0.669 0.546 1.120 0.767

Rt retention time, ND not detected

Values represent the quantities of individual compounds in pg/g of extract. TO, control; T1, 10 mg/mL IAA; T2, 20 mg/mL IAA; T3, 10 mg/mL

BAP; T4, 20 mg/mL BAP
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(10 mg/g), going from 18.23 to 41.32 ug/g, whereas just a
modest rise was seen for the other treatments.

Effects of IAA and BAP on antioxidant activity

Antioxidant activity has been significantly influenced by
treatment, plant part, and interaction (p < 0.001) (Table 2).
The results also demonstrated that the extracts had vari-
able activity levels, as shown by the IC5; and A, 5 val-
ues (Fig. 3). Lower ICs5, and A 5 values in this figure
imply stronger antioxidant activity. The kind of phyto-
hormone, its concentration, and the part of the plant all
affected how the DPPH antiradical effect varied. The
aerial part was generally more effective than the roots
in DPPH scavenging (Fig. 3A). Compared to the control
(IC5y=42.42+1.46), T1 treatment had the highest anti-
oxidant activity in the aerial part (IC5,=8.41 pug/mL).

Fig.3 Antioxidant activities

of M. rotundifolia treated by
different concentrations of IAA
and BAP. A DPPH, B cupric-
reducing antioxidant capacity
(CUPRAC), C ferric-reducing
power, D phenanthroline, and
E p-carotene assays were used.
T1, T2, T3, and T4 correspond
to 10 and 20 mg/mL TAA

and 10 and 20 mg/mL BAP,
respectively. TO: correspond to Q Q> g
the untreated samples (Control).
Column values with different
letters are significantly different
atp<0.05

IC, (ug/mL)

El Aerial part

ICs, (ug/mL)

Hl Root part

For the roots, however, the T2 treatment had the highest
antioxidant activity with an ICs;, value of 11.88 +1.39 ug/
mL (compared to the control: IC5,=49.69 +1.45 ng/
mL). Overall, the effect of the treatment on the reduction
of DPPH radical in the aerial part and roots can be pre-
sented in the following decreasing orders, respectively:
T1>T3>T4>T2>T0, and T2>T1>T4>T3>TO0
(Fig. 3A).

Figure 3B illustrates how the various treatments reduced
the copper ions. Compared to the control, T4 in the aerial
part and T2 in the roots were shown to have the greatest
capacities (A;5=10.58 +0.36 and 14.48 +0.26 ug/mL,
respectively). The other treatments reduced copper ions
with moderate to good activity; the A, 5 values for T2, T3,
and T1 in the aerial part were 15.62 +£0.54, 20.93 +£0.84 pg/
mL and 31.07 +0.08 pg/mL, respectively. While values of
22.21+0.11, 23.15+0.12, and 28.58 +0.37 ug/mL were
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Fig.4 Inhibitory rate and ICs, values of M. rotundifolia extracts
under different conditions. A, B show AChE inhibitory assay for the
aerial part and roots, respectively. C, D show a-glucosidase assay
for aerial part and roots, respectively. T1 and T2 correspond to treat-

found in the roots of samples treated with T3, T1, and T4,
respectively.

All extracts showed a significant capacity to decrease iron
ions (Fig. 3C). The ferric-reducing power diminishes in the
aerial part in the following order: T1>T4>T3>T2>TO,
and in the roots, T3>T4>T1 >T2>TO (Fig. 3C). The fer-
ric-reducing capacity of the aerial part (A, 5 values ranging
from 9.77 +0.15 to 36.02+0.61 pg/mL) was significantly
higher than that of the roots (Fig. 3C). The phenanthroline
method for reducing iron ions also revealed remarkable
reducing capacities in all extracts (Fig. 3D). Compared to the
control, growth regulator treatments significantly increased
the reducing capacity. Except for the T2 treatment in the
roots, which indicated the lowest A 5 (4.48 +0.13 pg/mL),
the aerial part showed a significantly better effect than the
roots. The A, 5 values changed between 5.68 +0.04 and
9.37+0.46 pg/mL within the aerial part in comparison to the
control (15.25+0.41 ug/mL). Though they shifted between
4.48+0.13 pg/mL and 18.22 +0.30 ug/mL in the roots com-
pared to the control (A 5=24.35+0.39 pg/mL) (Fig. 3D).

The results of the antioxidant activity examined by the
f-carotene/linoleic acid system showed that the aerial part
remarkably inhibited the bleaching of p-carotene. The
treatments significantly favored this activity compared to
the control (Fig. 3E). T1 had the most significant impact
in the aerial part (IC5,=28.18 +0.51 pg/mL), followed by

@ Springer
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ments with 10 and 20 mg/mL of IAA, whereas T3 and T4 represent
treatments with 10 and 20 mg/L BAP. TO refers to untreated samples
(Control). Column values with different letters are significantly differ-
ent at p<0.05

T3 (IC5,=36.89+0.51 pg/mL), T4 (IC5,=48.08 +0.47 pg/
mL), and lastly, T2 (ICs5,="73.65 +0.64 ug/mL), which had
the same effect as the control (IC5,=75.56+0.55 pg/mL).
Remarkably, while T2, T3, and T4 treatments increased root
activity, T1 decreased it (IC5y=647.47 +10.70 g/mL) com-
pared to the control (IC5,=571.31+5.95 ug/mL) (Fig. 3E).

Influences of IAA and BAP on acetylcholinesterase
(AChE) and a-glucosidase inhibitory effects

According to the analysis of variance, all the factors signifi-
cantly affect the AChE and a-glucosidase inhibitory activ-
ity (p<0.001) (Table 2). However, treatments with IAA
and BAP led to slight increases in the inhibitory effect of
AChE and a-glucosidase (Fig. 4). The roots impact both
enzymes better than the aerial parts (Fig. 4). Compared
to TAA, BAP treatments had the highest effect against
AChE in both plant organs (Fig. 4A, B). The most potent
inhibitory capacity against AChE in the aerial parts was
observed with T3 (IC5,=146.39 +4.24 ng/mL) followed
by T2 (IC5,=172.87 +0.86 ug/mL), while the control
showed weak inhibitory activity (ICs5,=199.60 +2.05 pg/
mL) (Fig. 4A). T3 and T4 treatments displayed greater
inhibitory capabilities for the roots, with ICy, values of
99.66 +0.43 pg/mL and 85.75 +2.80 pg/mL, respectively,
as compared to the control (IC5,=129.89 +1.94 pg/mL). In
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Fig.5 Pearson’s correlation coefficients among biological activities and total and individual phenolic components of M. rotundifolia extracts.

Values ticked with an “X” are statistically non-significant

contrast, T1 and T2 treatments had poor inhibitory capabili-
ties, with ICs, values of 105.43 +2.18 and 119.55+1.33 pg/
mL, respectively.

The highest inhibitory effect on a-glucosidase was
observed with T2 in the roots (ICs,=22.28 +0.57 pg/mL)
(Fig. 4D). Compared to the control (IC5,=83.24 +£0.27 ng/
mL), T4, T1, and T3 treatments also induced remarkable
increases in inhibitory activity in roots (ICs, values of
41.12+1.15,48.50+1.05, and 58.92 +0.58 pg/mL, respec-
tively). Except for T2 treatment, which gave a remarkable
effect IC5y=127.00+0.24 pg/mL), most of the extracts of
the aerial part showed a weak a-glucosidase inhibitory activ-
ity with ICs,” 200 ug/mL in all cases (Fig. 4C).

The relationship between biological activities
and total and individual phenolic compounds

The correlation coefficients between measures evaluating
antioxidant activity and TPC, TFC, and FLC ranged from
— 0.517 to — 0.864 (p<0.05). TPC was correlated with
DPPH (r=- 0.66), CUPRAC (r=- 0.60), ferric-reducing
power (r=— 0.50), and phenanthroline (r=— 0.52). TFC
and FLC showed strong relationships with ferric-reducing
power (r=— 0.74 and r=— 0.76, respectively), -carotene
bleaching activity (r=— 0.81 and — 0.86, respectively), and
moderate relationships with phenanthroline (r=— 0.57 and
— 0.52, respectively) (Fig. 5).

The correlation analysis of individual phenolic com-
pounds revealed that rosmarinic acid, salviolinic acid,
and cirsiliol were negatively connected with the CUPRAC
assay (Fig. 6). Quinic, p-coumaric, and salvianolic acids

and rutin, apigenin, and acacetin were associated with
the iron-reducing activity. Ferric-reducing power was
also negatively correlated with quinic acid, p-coumaric
acid, salviolinic acid, rutin, luteolin-7-o-glucoside, nar-
ingin, apegenin-7-O-glucoside, apigenin, cirsiliol, and
acacetin. f-Carotene assay was negatively correlated
with the following phenolic compounds: quinic acid,
p-coumaric-acid, rutin, luteolin-7-o-glucoside, naringin,
apigenin-7-0-glucoside, rosmarinic acid, salviolinic acid,
apigenin, cirsiliol, and acacetin. Furthermore, the phenan-
throline assay showed negative associations with quinic
acid, apigenin-7-O-glucoside, apigenin, cirsiliol, and
acacetin (Fig. 6). Regarding inhibitory activity, AChE,
and a-glucosidase were significantly and negatively cor-
related with gallic acid, protocatechuic acid, caffeic acid,
and naringenin. In contrast, they were significantly and
positively correlated with quinic acid, p-coumaric acid,
rutin, luteolin-7-O-glucoside, naringin, apigenin-7-O-
glucoside, and acacetin.

According to the first PCA biplot (Fig. 6A), T1, T2, T3,
and T4 had the highest TFC, FLC, and inhibitory activity
(AChE and a-glucosidase) in the aerial part. On the other
hand, T1, T2, T3, and T4 roots had the highest levels of
B-carotene assay. The second PCA biplot (Fig. 6B) showed
that in the aerial part, T1 had high levels of trans-ferric
acid, while T2, T3, and T4 had high levels of luteolin-7-O-
glucoside, apigenin-7-O-glucoside, rosmarinic and quinic
acids, acacetin, rutin, and luteolin-7-O-glucoside. T3 roots
contained high levels of syringic, protocatechuic, and caf-
feic acids, whereas T1, T2, and T4 roots contained higher
levels of gallic acid and naringenin.
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Fig.6 Biplots show the gathering of treatments based on A total phenolic compounds and biological activities and B individual phenolic com-
pounds in the aerial part and roots of treated and untreated M. rotundifolia extracts

Discussion

Several articles have reported the ability to stimulate the
accumulation of phytochemicals using PGRs in vivo and
in vitro of many species of the Lamiaceae family [40—43].
Accordingly, the effects of IAA and BAP on the synthe-
sis of polyphenolic compounds in M. rotundifolia and its

@ Springer

biological activity has been investigated through the present
work.

The plant weight (fresh and dry) significantly increased
after treatment with I[AA and BAP.. similarly, the treatment
of Guizotia abyssinica (L.f.) Cass with IAA and BAP-signif-
icantly increased the aboveground biomass [44]. Also BAP
spraying led to an optimal biomass production in Thymus
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leucotrichus Hal. Shoots [45], and a three-fold increase in
M. piperita's root dry weight was observed [16]. In particu-
lar, the application of 10 mg/L of BAP clearly increases
the fresh weight and plant height of Phellodendron Chinese
seedlings. [29]. The authors of these studies hypothesized
that BAP might play a role in controlling cell division, shoot
and root development, apical dominance, and the develop-
ment of lateral buds, Indeed, exogenous BAP plays a key
regulatory role in the growth of different plants, which could
explain the observed results [16, 46].

Our study showed that, compared with untreated plants,
all PGRs treatments contributed to a higher TPC, TFC, and
FLC. In general, although the effects of auxin and cytokinin
on polyphenols synthesis are not well understood, it is com-
mon that a single plant hormone can regulate a wide range
of physiological and growth processes [16]. However, the
underlying mechanism of BAP regulating plant secondary
metabolic biosynthesis pathway has yet to be elucidated, but
it has been proven that kinetin (cytokinin type), for example,
can incorporate into tRNA, influencing therefore amino acid
metabolism and protein synthesis and it is to be suggested
that by affecting the gene expression of key enzymes during
the plant development process, the production of polyphe-
nols could be affected [47]. Also, auxins trigger a signal
transduction pathway that produces secondary messengers
that immediately activate pre-existing H*-ATPases and
boost the expression of several genes involved in growth
and development. A specially, IAA plays a key role in
cell division, elongation, differentiation and in regulating
the interaction with the environment [48]. Shah et al. [47]
recorded that polyphenol synthesis was initiated after the
cells embarked upon the phase of most rapid growth in Cas-
sia tissues cultured in vitro. It makes sense to assume that
by promoting cell proliferation in a certain hormonal milieu
that encourages the derivative cells for enhanced polyphenol
production, it may be impacting polyphenol production [37].

Overall, the effect of IAA and BAP has been widely stud-
ied in vitro cultures and have reported that various second-
ary metabolites can be stimulated by affecting metabolic
pathways and increasing sensitivity to endogenous PGRs,
resulting in high variability and several unpredictable events
[49]. For example, in hairy root crops of the Tartarian buck-
wheat cultivar, IAA increased anthocyanin production [17].
Similarly, the level of phenolic compounds was increased
in the hairy roots of Panax ginseng C. A. Meyer grown on
a medium supplemented with a low concentration of TAA
[50]. Also, BAP enhanced total phenolics and flavonoids
in Thymus vulgaris and Origanum vulgare and improved
total phenolics in the aerial parts of M. piperita [21, 51],
according to Jessica et al. [52] Amburana cearensis (cumar)
extracts treated with BAP during in vitro cultivation show
higher flavonoid component levels than extracts from plants
produced under conventional conditions.

It is suggested that the production of polyphenols could
affect by the gene expression of key enzymes during the
plant development process [47]. For example, anthocyanin
accumulation in Arabidopsis thaliana is increased by expo-
sure to benzyl adenine (BA), which induces the expression
of phenylalanine ammonia-lyase, a key enzyme in cinna-
mate biosynthesis [53]. Although the role of IAA or BAP
in the phytochemical’s biosynthesis pathway need further
studies in order to decipher the somewhat complex interac-
tions but there has been direct evidence for the influence of
IAA and BAP on polyphenols accumulation in field-grown
plant. For instance, Li et al. [54] have reported the ability
of TAA to enhance flavonoid accumulation in field-grown
Glycyrrhiza uralensis significantly.. In another study [48], it
was declared that exogenous application of IAA significantly
increased phenol content in Hibiscus sabdariffa L., confirm-
ing the results of the present work. Besides, the hormone
BAP has been reported to significantly enhance the antho-
cyanin content of grape fruits and the expression levels of
F3GT, CHS, and PAL in 90 days after harvest [55]. Also,
It was reported that foliar application of BAP induced the
expression of the MaF3GT, Ma4CL, MaPAL and MaCHS
genes, which regulate flavanol synthesis [56]. Indeed, PAL,
CHS, 4CL and F3GT are considered as the key enzymes in
flavonoids synthesis pathway [57, 58]. In this study, [AA
and BAP treatments significantly increased salvianolic, ros-
marinic, and quinic acids, among other phenolic compounds.
These findings are consistent with the literature on using
growth factors to stimulate secondary metabolite production
in cell cultures. Weremczuk-Jeyna et al. found an increase in
salvianolic and rosmarnic acids production in Dracocepha-
lum forrestii shoots grown in a medium supplemented with
varying concentrations of IAA and BAP [59]. Grzegorczyk-
Krolak et al. also observed stimulation of flavone produc-
tion (baicalin, wogonoside, luteolin, luteolin-7-O-glucoside,
verbascoside) in Scutellaria altissima shoot cultures sup-
plemented with various growth factors, including BAP [43].
Moreover, the application of 30 mg/L of BAP significantly
improved the contents of rutin, isoquercitrin, and astraga-
lin contents, and it dramatically promoted the expression of
genes involved to flavonoids production [56]. Indeed, inves-
tigations have shown that BAP promotes the accumulation
of bioactive compounds at certain amounts. For example,
Hellodendron chinense seedlings treated with 10 or 20 mg/L
BAP significantly exhibited greater amounts of berberine
and phellodendrine [29]. According to Taha et al. growth
factors influence the biosynthesis by regulating the expres-
sion of enzymes involved in biosynthetic reactions and by
controlling the rate of expressed proteins [60].

Despite the antioxidant activity of the naturally grown M.
rotundifolia being extensively reported [61, 62], this is the
first report on the effect of PGRs on antioxidative activities
in the aerial parts and roots of this species using different
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methods. Our results showed that when the extracts were
exposed to different concentrations of IAA and BAP, their
antioxidant effect was significantly enhanced, consistent
with previous studies that confirmed the effect of growth
regulators on the antioxidant properties of treated plants.
In vitro cultivated M. piperia, for example, was observed to
increase inhibition of linoleic acid peroxidation and decrease
hydroperoxide production when treated with BAP [21]. Fur-
thermore, S. alpina shoots grown in the presence of benzyl
adenine and auxin were reported to produce a significant
effect on free radical scavenging and the ferric-reducing
ability.

The enhancement of antioxidant activity observed in this
study is primarily due to the composition of the extracts,
specifically the presence of polyphenolic compounds, which
are considered powerful natural antioxidants. Flavonoids, in
particular, are a class of polyphenols known for their vari-
ous pharmacological effects on the human body; they have
been identified as potent antioxidants, which explains the
significant antioxidant effect of M. rotundifolia extracts.
Furthermore, the observed variability in antioxidant activity
could be attributed to differences in polyphenol accumula-
tion among the samples and the assay's mechanism of action.
This result is confirmed by the correlation analysis showing
a moderate to strong correlation between the antioxidant
capacity and the TPC, TFC, and FLC. Overall, many other
studies have observed such kinds of relationships between
the antioxidant activity of plant extracts and their polyphe-
nolic contents [63-65].

Correlation analysis also revealed moderate correla-
tions between certain individual phenolic compounds and
the various antioxidant tests used. It has been argued that
individual phenolic compounds can exert their antioxidant
effect independently or interact with each other, producing
a synergistic or antagonistic effect [66]. These compounds
can neutralize free radicals and act as reductones by donat-
ing electrons to regenerate an oxidized molecule or stop
the chain reaction of free radicals [67]. Furthermore, the
variation in the level of different individual compounds can
directly influence antioxidant activity depending on their
mechanism of action [68].

Plants exposed to PGRs had significantly greater inhibi-
tory capacity than untreated plants. In contrast to the anti-
oxidant effect, where the aerial parts were found to be more
potent than the roots, the roots were more effective in inhib-
iting acetylcholinesterase and a-glucosidase despite their
low polyphenol content, indicating the presence and con-
tribution of other compounds to the activity. In particular, a
concentration of 20 mg/L. BAP induced the most substantial
effect on root acetylcholinesterase, which is consistent with
the literature stating that the type of PGR can determine
the quality and quantity of synthesized metabolites [49].
Some authors have linked the anticholinesterase effect of

@ Springer

M. rotundifolia to the presence of specific compounds such
as luteolin, hesperidin, and salvianolic acid [69, 70]. Others
have also reported the influence of auxins and cytokinins on
the accumulation of rosmarinic acid in Coleus blumei [71],
which is associated with the presence of other flavonoids that
contribute to the inhibition of acetylcholinesterase [72, 73].
Moreover, consistent with previous reports [74], this study
showed significant relationships between AChE inhibitory
activity and concentrations of caffeic acid and naringenin.
The a-glucosidase is a key enzyme in the degradation
of dietary carbohydrates and is the main target of hypo-
glycemic drugs in managing type 2 diabetes. In this study,
roots showed excellent anti-diabetic activity compared to
the aerial parts indicating that the nature of the phenolic
compounds or the presence of other phytochemicals strongly
determines this activity. Polyphenols are known for their
ability to bind to proteins and carbohydrates through multi-
ple hydrogen bonds and hydrophobic associations resulting
in the blocking of catalytic sites of enzymes [75]. Finally,
few naturally grown Mentha species have been tested for
a-glycosidase inhibition, including M. rotundifolia, M. spi-
cata and M. longifolia, which have shown excellent potential
in polyphenol and flavonoid accumulation [31, 76, 77]. How-
ever, to the best of our knowledge, this is the first report on
the effect of PGRs on the anti-diabetic activity of M. rotun-
difolia by measuring their abilities to inhibit a-glucosidase.

Conclusions

The current study examined the effect of the growth regula-
tors IAA and BAP on the accumulation of phenolic com-
pounds in M. rotundifolia and consequently on its bioac-
tivity. The contents of phenolic compounds significantly
increased after treatment with growth regulators in the aerial
parts and roots. In addition, an increase in individual phe-
nolics was mainly observed for salvianolic and rosmarinic
acids in the aerial parts treated with 20 or 10 mg/mL of
BAP. Correlations between phenolic contents or individual
phenolics and the bioactivity of extracts was observed. More
particularly, the treatment with the exogeneous hormones
promoted the antioxidant activity and the anti-a-glucosidase
ability of the roots. These results can lead to two main con-
clusions: first, M. rotundifolia may serve as a potent source
of bioactive compounds with a variety of biological effects,
and second, the results may provide a basis for the treatabil-
ity of naturally grown plants to improve their phytochemi-
cal yield and their bioactivity which could constitute an
economic interest for their exploitation. However, further
genetic studies are needed to identify the underlying roles
of cytokinins and auxins in polyphenols accumulation and
clarify the regulatory mechanism by which IAA and BAP
affect the polyphenols synthesis.
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